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PREFACE

I t is a pleasure to present the proceedings of the t h i r d NIKHEF-K

Miniconference. In our view, there is a great need to have such smaller

conferences in addit ion to the large internat ional conferences on nuclear

physics. Special subjects, however important, never can receive su f f i c i en t

attent ion when embedded in a large conference program. Due at tent ion is

only assured i f one organizes smaller topical meetings.

The t h i r d meeting held in Amsterdam focussed on the physics of

coincidence reactions with electron and photon beams. There has already

been a considerable a c t i v i t y i n th is f i e l d in the last years - including

here at Amsterdam. This type of experiments addresses many of the current

questions i n nuclear physics: nucleon corre la t ions, wave functions of

individual nucleons (and holes) in nuc le i , the contributions from the

non-nucleonic degrees of freedom. How important coincidence measurements

are as a tool i s emphasized by the fac t that there are now plans at several

f a c i l i t i e s to bu i ld accelerators with 100 % duty factor to make such

experiments easier.

In organizing th is conference, we have t r i e d to cover both the

experimental and theoret ical aspects of coincidence react ions. We thank

the speakers for contr ibut ing ta lks of such high qua l i ty and a l l the

part ic ipants for a l i v e l y and c r i t i c a l discussion.

The organizing committee: J.H. Koch

C. de Vries

P.K.A. de Wit t Huberts
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PROGRESS IN THE STUDY OF PROTON HOLE STATES WITH HIGH-RESOLUTION
(E,E'P) EXPERIMENTS

Peter K.A. de Witt Huberts

NIKHEF-K
P.O. Box 4395, 1009 AJ Amsterdam

The Netherlands

1. Introduction

A key observable in studies of single-particle aspects of nuclear
structure is the spectroscopie factor S*, occuring in single-nucleon trans-
fer and one-nucleon knockout reactions leading to specific quantum states

{a}. In a long standing tradit ion proton stripping and pickup reactions

involving (possibly polarized) hadronic projectiles (d,3He), ( t ,a ) have

confirmed the val idi ty of the mean-field (or shell-model) approximation

for states near the surface of the Fermi sea.

Essentially what we have learned from these very valuable studies

is that the relative spectroscopie factors for various f inal states are

in the majority of cases in good agreement with the shell-model

calculations.

Absolute spectroscopie factors are much more d i f f i cu l t to get a t ,

though. The d i f f i cu l ty is caused by a series of subtleties in the

analysis of the hadronic experiment:

i ) Distortion and strong absorption effects acting on the projectiles

and eject i les. These effects are (approximately) handled in a

DWBA approach with an optical potential with parameters chosen

to reproduce elastic scattering cross sections. Because the DWBA

effects on the cross sections are large (sometimes an order of

magnitude x}) small changes of the optical potential may cause

sizeable changes in spectroscopie factors. For weakly excited

final states two-step and coupled-channel effects must be taken

into account.

i i ) Spectroscopie factors are extremely sensitive to the ansat2 for

the bound-state wave function ^ ) ; e.g. a one percent change in

the root mean square radius of the radial wave function R

causes typically a ten percent change in S*.



These problems become a larger burden in the study of dee|/.y~bound

hole states, which are at present at the focus of experimental 3) and

theoretical ^ interest.

What is often done but not always expl ic i t ly stated in the spectro-

scopie analysis, is to satisfy the zero order sumrule ( i . e . the total

number of nucleons observed in state {a} = {n l j } equals (2j+l)) by

constraint» This procedure i s , in some sense, reminiscent of the use of

renormalized (effective) operators in shell-model calculations. However

the real nuclear-physics interest l ies in the deviations from the shell

model rather than in i ts confirmation.

The two foremost issues in this f ie ld concern the importance of

high-momentum components in the nuclear wave function and the related

question of coupling to highly excited states ' . These (ground-state)

correlations are in part induced by the short-range nucleon-nucleon

interaction and lead to a spreading of the single-particle strength,

notably for deeply-bound hole states.

They play an important role in various structure problems of

current interest. For example, the alleged role of extra-nuclear (A-

hole) degrees of freedom in the observed systematic quenching of magnetic

strengt!' in Ml transitions depends directly on the avai labi l i ty of a

real ist ic (correlated) wave function in the nucleon-sector ' K

The above considerations l i e at the roots of our present efforts

to study the proton-knockout reaction (e,e'p) at NIKHEF-K. In this

reaction the weak coupling of the electromagnetic probe to nuclear matter

makes the nucleus transparant for photons. Photons can therefore be

absorbed in the nuclear in ter ior , creating a deep-hole state in the

process unhampered by two-step processes of the incoming project i le.

The fu l l exploitation of the potential of (e,e'p) reactions has been

hampered unt i l recently by a limited energy resolution and a rather poor

ratio of real-to-random coincidences. A historical survey of the progress

of (e,e'p) instrumentation is shown in table 1 .

Recently a major step forward in instrumentation for (e,e'p)

reactions has been made with the two high-resolution spectrometers ' of

NIKHEF-K; by application of a novel beam-dispersion matching technique '

a missing-mass resolution of * 150 keV has been achieved, comparable to

the resolution of hadronic reactions.



Table 1 Historical survey of the evolution of (e,e'p) fac i l i t i es

Laboratory

Frascati
1963-1972

Tokyo
1970-1972

Saclay
1971-

Amsterdam
1982-

e o
(MeV)

500-780

700-750

500

300-500

d.f.
(%)

3

<4

1

2.5

A tc
(ns)

10

~ 5

2.5

0.8

AEm
(MeV)

5-10

7

0.9

<;0.2

APm
(MeV/c)

?

16

8

3

In the present paper we w i l l discuss some of the new vistas opened
up by the greatly improved sensit ivi ty of the apparatus. In section 2 the
experimental method is outlined, in section 3 some essentials of the
reaction mechanism and of the data analysis are described. Various obser-
vations and preliminary results of the (e,e'p) reaction for a series of
nuclei (3He, 1 C, ^V ancj 90jr) w i l l be presented in section 4.

2. Experimental method

The NIKHEF-K electron-scattering instrumentation comprises a high-

resolution (6p/p * 8.10"5) QDD spectrometer and a large solid angle

(Af2 = 17 msr) good resolution (Sp/p < 3.10"^) QDQ spectrometer. Both

spectrometers have a 10 % momentum-band. The superb resolution of the

spectrometer pair is a prerequisite to obtain optimal resolution of the

missing-mass variable Em, defined for the reaction

1 + T + 2 + 3 + M

as Em = ( ; ( l )+M j -e (2 ) -e (3 ) -K M where e( j ) is the total energy of
particle ( j ) and the recoil energy of the daughter nucleus (M) has been
neglected. I t can be shown ' that the contribution of the primary-beam
energy spread to the missing mass resolution AEm can be nu l l i f ied to f i r s t
order by a generalized dispersion matching technique.



In f i g . 2 is shown the dependence of AEm on the beam dispersion Dg

on target for the reaction H(e,e'p). For heavier targets with typical

thickness of 30 mg/cm2 a resolution of ^ 170 keV can be routinely achieved.

The enormous improvement in sensit ivity thus achieved is i l lustrated in

f i g . 3a,b where the Era-spectrum for the reaction 27Al(e,e'p)26Mg ( f i g . 3a)

is compared to a spectrum measured at Saclay a few years ago ' . The next

step to improve the signal to noise ratio in this type of experiments is

i l lustrated in f i g . 4 where the time resolution of the interspectrometer

coincidence logic is shown. The high angular resolution of the spectro-

meters and wire-chamber detectors allows to accurately reconstruct

particle trajectories and to correct for f l i gh t time differences. The

coincidence time resolution At = 750 ps (fwhm) is the present lower l imi t

set by the (multiple-scattering limited) angular resolution of the

part icle-orbit reconstruction.

500-

^H je.e'p)

e =277 MeV/c
e' »215 MeV/c
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Fig. 2 Dependence of missing mass
resolution A2? on beam dis-
persion V-Q.

Fig. 4 Effect of accurate flight
time correction on the
coincidence-time resolu-
tion.



3. Reaction mechanism

The reaction A(e,e'p)B is i l lustrated by the diagram of f i g . 5. The

virtual photon with energy-momentum (oa,q) is absorbed by a quasi-free

proton (Em»Pm) which leaves the rest system with (p ,p). Switching off

a l l complication (Coulomb distortion of the incoming electron, radiative

effects and the f inal state interaction (p-B)) the plane wave impulse

approximation (PWIA) sixfold dif ferent ial cross section is given by:

.Pj (3.1)

Here, the nuclear observable S (the spectral function) is factorized from

the kinematic factor (k) and "elementary" electron-proton cross section

ae p . The spectral function is dependent on the variables missing-energy

(Em) and missing momentum (pm) defined by:

i = e 0" e O "

= e - e ' - p
(3.2)

One has S(Em>Pm) = (P(Em)I<f>(Pm !) where S is the j o i n t probabi l i ty o fm >P m ) Em) Pm

finding a proton with (Em»Pm) in the nucleus and

i .e. the Fourier transform of the wave

function in r-space at missing energy

Em- The measurement consists of mapping

out S(Em,pm) in a region of the (Em,pm)

plane by selecting a series of kinema-

t ics. Two styles of kinematics are

commonly used i ) parallel kinematics

( f i g . 6b) where pm is parallel to the

momentum transfer q. | p j is varied by

changing 0e< and thus q; i i ) perpendi-

cular kinematics ( f i g . 6a) with

and (pm) is varied by varying 0 .

(Po.p)

Fig. 5 Diagram of the
(e3e

 rp) reaction

Fig. 6 Kinematice
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Each one has i t s own particular virtues depending on which aspects of the

reaction mechanism need to be emphasized '.Let us now discuss the afore

mentioned complications of the reaction.

a. The "elementary" electron proton cross section a is different from

the free (e-p) cross section because the proton is off the mass shel l .

At i ts root the problem is rather profound because i t is not known how to

write down exactly the current of a bound nucleon. However, the problem
2^12^has been approximately solved ' and the variance of a -results from

the few physically acceptable approximations is smaller than 5 % for

appropriate (near quasi-elastic) choices of kinematics. However, as far

as we can see, there is no fundamental impediment to a more basic and

thus more accurate treatment of the problem.

b. Coulomb distortion of the incoming and outgoing electron has been

neglected up to now in the Saclay (e,e'p) analysis of nuclei up to Ca.

The claim is that the effect on the cross section is of the order of a

few percent ' but may become non-negligible for heavier targets. The

effect of Coulomb distortions in (e,e'p) reactions has been treated by

Viol l ier and Alder ' in a framework similar to the one used in inelastic

electron scattering. These authors generalize the traditional concept of

bound-state transition charge- and current-density to include a continuum

final state, e.g. the matrix element for the charge operator p is

P t r ( r ) = ^ n ' ^ f |p| l i ' i> w i t n 4*0 t n e w a v e Unction of the knocked-out
proton. This approach can readily be incorporated in the machinery of
available accurate DWBA codes for inelastic electron scattering.

c. Radiative corrections to the spectral function can be handled in a way
similar to the one used for single-arm electron scattering processes.

In f i g . 7 are shown a corrected and a non-corrected spectral
12 11

function for the reaction C(e,e'p) B. Note that within the error bars
S = 0 in the missing energy region Em > 16 MeV, between the ground state

11and the f i r s t excited state of B. This demonstrates the correctness of
the radiative unfolding procedure of our code RADCOR .
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12 11
Kg. 7 Spectral function for the reaction C(e,e'p) B.

a) without and b) with radiative correctn',ons applied.

d. Final state interaction.

The effect on the cross section of the interaction of the knocked-out

proton with the recoiling (A-l) system is the most important but least

understood complication of the plane wave impulse picture of the reaction.

In order to set the stage for the discussion let us recall that the FSI

effects roughly amount to a shi f t Apm in the missing momentum such that

the observed (asymptotic) momentum j) = p -Apm and a reduction of flux

na(p) due to absorption. With the presumably reasonable ansatz that the
FSI can be treated in the frame of an optical-potential model FSI effects
on S(E ,p ) have been calculated.



SGeV/c':

-100

recoil momentp

0 100 MeV/c*

Fig. 8 Spectral function f of the
lpg/2 hole state in ^C3
not corrected for radia-
tive effects. The curves
shown are DWA calculations
with two different sets of
bound states and optical
potentials.

In f i g . 8 is shown the calculation of Boffi et a l . ' for the

reaction C(e,e'p) B(gs).The Saclay dataset shown ' performed in

parallel kinematics is one of the rare examples of an (e,e'p) experiment

specif ically designed to test the reaction mechanism.

There are two notable features apparent in the figure. The f i r s t

observation is that the FSI effects are modest in magnitude. The absorp-

tion factor for this particular case is ni~ = 0.66, a value in the range

of (0.3-0.7) found ; for valence shells in the range of nuclear masses

A= 12-58. The second point is that the calculated asymmetry with respect

to Pm = 0 is not in accordance with the experimental observation. This

asymmetry is caused by an imaginary spin-orbit term in the optical

potential. The specific choice of optical model parameters used gives the

best f i t to elastic p-nucleus scattering. Whether the discrepancy with

experiment is caused by parameter choice or whether the optical-model

framework as such is inadequate is an open problem. I t seems clear to us

that an appreciable theoretical effort along new lines is needed for a

fu l l exploitation of the potential of the (e,e'p) reaction. There are

several exciting possibi l i t ies for th is . As has been pointed out by

C. Mahaux in his contribution the microscopic description of both deeply-

and weakly-bound nucleons in a nucleus has reached a high degree of

sophistication. This approach may be extended to a microscopic treatment

of the unbound continuum state as wel l . Also, the recent efforts to

construct a re la t iv is t ic optical potential model ' have been remarkably

successful in the calculation of polarized proton-nucleus scattering.

An application of this model to the (e,e'p) reaction is clearly of great

interest.
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One task for experimentalists is to provide a testing ground for

theory with accurate (e,e'p) data in a range of, say 50-100 MeV (out-

going proton) kinetic energies in various kinematic conditions.

Our present efforts are directed toward that goal along the

following l ines.

i ) A study of few-body nuclei (e.g. He(e,e'p)d, (pn)j offers the

possibi l i ty to investigate various aspects of the reaction

mechanism in systems with "known" wave functions. Given "exact"

wave functions for the bound state the theoretical treatment

(e.g. via a diagrammatic method discussed in this conference by

J.M. Laget)of FSI can be experimentally tested.

These fundamental systems are best suited to search for high-

momentum components and to investigate the role of short-range

correlations that may shi f t spectroscopie strength to regions

of large missing energy.
12 11

i i ) In the reaction C(e,e'p) B the high-resolution potential

of our apparatus can be fu l ly exploited. Reaction mechanism

aspects involving weakly excited f inal states and well known

stronger states can be studied in deta i l .

i i i ) In heavier nuclei the main interest l ies in investigating two

problems: a) the spreading width of deep-hole states and

b) the related question of missing spectroscopie strength '

in pickup- and stripping-reactions.

In this endeavour i t is clearly important to avail of a systematic set

of data throughout the periodic table. We are in the process of studying

the following nuclides with the (e5e'p) reaction (27A1, 51V, 90Zr) and
116 208

plan to extend the series in the near future with Sn and Pb.
In the remainder of this report we wi l l discuss some observations

on and preliminary results of the data that are being analyzed at

present.
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4. Experimental results

The basic physics motivation to carry out the experiment is to

study high momentum components (out to pm = 500 MeV/c) in He. In a deep

inelastic single-arm (e,e') experiment at high q and at the small energy-

loss ta i l of the quasi-elastic peak, a surprisingly large enhancement

of momentum components relative to the Faddeev calculation has been

found as discussed by I . Sick at this conference. The property of

y-scaling has been exploited to interpret the (e,e') data. However, the

results of a recent (e,e'p) experiment by Jans et a l . ' is in disagree-

ment with the (e,e') result. This is shown in f i g . 9 where the rat io of

experimental and theoretical spectral function is plotted for the two

types of experiments. Recently significant progress has been made in the

theoretical treatment of some aspects of the reaction mechanism (see

also the talk of O.M. Laget at this conference).

Somewhat unexpectedly for an inclusive (e,e') experiment the process

of the correlated (p-n) pair knockout is claimed ' to enhance the (e,e')

cross section appreciably. The cross section for this process can be

written as in equation 3.1 with the elastic (e-d) cross section ae£j

instead of aep. In order to test the proposed mechanism part of our

experiment consists of detecting deuterons in the direction of momentum

transfer q in various kinematic conditions. At present we have measured

the proton spectral function of He at a few missing momentum values.

The good Em resolution obtained is shown in f ig.10. In f ig.11 preliminary

results 1*) are shown together with the previous Sac!ay data. There is

good agreement between the two data sets, considering the largely

different kinematical conditions of the two experiments (360 MeV (500 MeV)

beam energy at NIKHEF-K (Saclay)).
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Fig. 11 Cross section for tao-body breakup of He from He(e,e'p)d.
Saclay and NIKHEF-K data and a spectral function calculated
with Faddeev wave function are shown.
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4.2 ^C(e,e;pJ^B

Following the theoretical Cohen and Kurath (C-K) work on spectro-

scopie factors in the lp-shell ' , in the single-step dominated (e,e'p)

reaction three low-lying states of B (3/2" ground state), 1/2" (2.12 MeV)

and 3/2" (5.021 MeV) should be preferentially populated. This is indeed

observed, as shown in f i g . 1? where the spectral function S(Em,pm)

(corrected for radiative effects) integrated in the o^ interval (125-155)

MeV/c is plotted.

For the relative spectroscopie strength of the three states

(3/2" (gs), 1/2", 3/2") we obtain (2.85,0.5,0,3) in fa i r agreement with the

(C-K) values (2.85, 0.75, 0.38). In the comparison with the spectra from

the proton knockout reaction (p,2p) at Ep = 50 MeV and E = 100 MeV,

shown in f i g . 13 some results remarkable features appear. The 5/2"

(4.44 MeV) and the non-resolved doublet l /2+ ( l s 1 / 2 , 2s1/2-hole?), 7/2"

{ at x 6.74 MeV are strongly excited. Inasmuch as there are

negligible ^7/2 a n d l f5/2 c o mP o n e n t s i n t n e ground state wave function

of C these states should not be excited in a single-step reaction

(pickup-forbidden states). Presumably the levels excited in the (p,2p)
21) 3

react'on (and similarly ' in the (d, He) pickup reaction) are manifest-

ations of multistep reaction processes.

I 31

2 -

1 -

125 < Pra < 155 MeV/c

_ AEm - 130 keV

3/2" 1/2" 5/2" 3/2" 7/2" 5/2"
g.s 2.12 4.45 5.02 6.74 7.30 MeV

( 1 I t

20 22 24

22 11
Fig. 12 Speatral function for the Cfe^e'p) B reaction
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In the analysis of the (p,2p) cross sections üevins et a l . 2 2 )

come to the conclusion that the 5/2" and 7/2" levels show a 1 = 1 angular

distribution and that no appreciable 1 = 3 strength is detected. Lacking

an expl ic i t coupled-channels calculation these authors conclude that the

intermediate reaction step serves as an overall damping mechanism and

does not affect the angular distr ibut ion. The lack of strength at Ex =

4.4 MeV in the (e.e'p) data does not support the value of 20 % l f -

components in the C ground state, calculated in a deformed Hartree-Fock

basis >. Let us turn our attention to the l /2+ state at 6.79 MeV

excitation energy. The structure of this state is of great interest to

assess the role of core-excited states in lp shell nuclei where the

He-core is not closed. However, the state could also be due to excitation

into the 2Sj,2 shel l . Recent developments in large-scale shell-model

calculations 24) where one particle from the l s y 2 shell may be excited,

indicate up to 16 % l s j ^ -no te strength. In the spectrum at missingj ^ g p u m t mssing
momentum value Pm=30 MeV/c shown in f i g . 14 we have observed the l /2+

state. The observation that the level only shows up at small missing

200

150

1/1

c

3 200

100

n

lo . C ' J (p .2p lB"

|

ï l
8 CO

50 MeV

i
4 f j N Cd !

1 ïi i
t o » ï
ï »•• »' M

B"

S/2-

-

100

50

l2C(p,2p)"B
Ep = IOOMeV

8, =25°

Channel
8 0 6.0 4.0 2.0 0.0
EXCITATION ENERGY (M«V)

Figr. 13 Missing mass spectrum of the proton knockout reaaticm. on
at two different projectile energies.
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momentum value is an indication of 1 =0 knockout. I f we assume that the
state is exclusively dua to l s , / 9 knockout the strength observed in

12(e.e'p) is not inconsistent with the (9-16) % probability in the C

ground state calculated by Teeters and Kurath 24) Additional, better

stat ist ics data are needed for a more in-depth investigation into the

question of He-core excited states in the lp-shel l .

120

80

40

0

12C(e,ep)11B
p -30MeV/c

ythu.ti.Jj

E x(MeV

Fig. 14 Missing mass spectrum of the ' JC(ete'p) B reaction at small
missing momentum value.
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4 - 3

51,Inasmuch as the l f ^ neutron shell closes at N=28, V(Jir = 7/2~)
may be described as a (HV^) proton configuration. One expects, on the
basis of the seniority coupling scheme, to populate a quartet of states
(J7r = 0+,2+,4+,6+) in 5 0Ti. In addition 1=0 and 1=2 knockout from the
next lower (2s,Id) shells is expected. This is indeed observed, as shown
in fig. 15 where the spectral function at the missing momentum values
(pm = 38 and 130 MeV/c) is shown.

100

Vfe.e'p)50!-!

Pm= 38 MeV/c

51V(e,e-p)50Ti

Pm= 130 Mev/c

r 2*
1.56

4* 6*
2 6.8 3 21

3
4.42

5.44

I »
,i

4-
6.10

5* 6.46

ll
( I *

10 12 14
Em(MeV)

I
16

Fig. 15 Missing mass spectrum of V(e3e'p) Ti at two values of
missing momentum pm- The orbital angular momentum (I) dependence
on pm is illustrated.
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The low-lying (lf ? / 2)2-quartet (0+)B 2+(1.56 MeV), 4+ (2.68 MeV),
6+ (3.21 MeV) is populated preferentially at pffl = 130 MeV/c whereas at
pm = 38 MeV/c i t is not, as expected for a 1 = 3 knockout process. The
spectroscopie factors (C S) are directly calculable from the coefficients
of fractional parentage of the ( I f?^) configuration: (C S(J ) = 0.75 (0 ),
0.44 (2+), 0.75 (4+) and 1.08 (6+)). The spectral function of all four
states has a p -dependence characteristic of 1 = 3 knockout, as shown in
fig. 16. The theoretical curves are Fourier
transforms of ^7/2 radial wave functions
calculated in a Woocis-Saxon basis with
well parameters determined from the very
precize M7-form factors of elastic
magnetic scattering from V K A f i t
of these curves to the quartet-data
yields spectroscopie factors 0+(0.72),
2+(0.31), 4+(0.65) and 6+(1.08),
normalized with respect to the theo-
retical C2S = 1.08 for the 6+ s tate.

Upon application of an absorp-
tion factor ' to account for the
final state interaction, we come
fairly close to exhaust the 1 = 3 sum-
rule. However, we reiterate that for
absolute spectroscopie factors a
more refined analysis is required,
based on an improved theoretical
treatment of final-state effects.
The agreement of our results with the spectroscopie factors deduced from
(d, He) experiments is fair. Newman and Hiebert ; have analyzed two
such experiments at Ed = 34 MeV and Ed = 52 MeV with the result:
C2S(J7r) = 0.73 (0+), 0.38 (2+), (0.64-0.75) (4+),(1.05-1.14) (6+). In
another experiment 2 7 ' at Ed = 21.6 MeV a 1 =1 admixture has been
detected in the 2+ transition and C S (1=3) = 0.33 has been obtained,
in close agreement with the present (e,e'p) result. Our spectroscopie
factor of the 2+ state (C2S = 0.31) is significantly smaller than the
theoretical value 0.44.

I
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/ / '

/ /
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"" v 1.51 MeV

s

\
x \

\

\

2.6BMeVV\
v ^ 4* \

\

\
\

321MeV \
6* \

100 , , ,200
pm (MeV/c)

3 0 0

Fig. 16 Missing momentum
dependence for 1 = 3
knockout from 5*V.
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With the better statistics (e.e'p) data now underway it should be
possible to investigate such question as 1 = 1 admixtures (detectable at
p values smaller than 80 MeV/c, say) and the details of 1 = 3 overlap
functions, depending on the energetics of the ( l f ^ ) configurations.

In 1 = 0 knockout from the 2s 1 / 9 shell final states with J
7r=3~,4"

50

may be populated. The strongest 3" state in Ti is the collective
4.42 MeV level and the 6.1 MeV state has been tentatively assigned 4" '.
These states are indeed observed in the current experiment with (relative)
spectroscopie factors 0.95 (3") and 1.1 (4"). The p -dependence of the
spectral function, shown in rig. 17 indicates pure 2s,,~ knockout in

o 26 ̂ '
agreement with the (d. He) result ; except for the 6.15 MeV state
observed in the pickup reaction at E^ = 21.6 MeV where a 1 =2 admixture
has been detected. The (d, He) spectroscopie factors shew a large scatter
(0.5-0.8) for 3" and (0.91-1.1) for 4" which is mainly due to projectile-
energy dependence. Strong states, due to knockout from the Id-shell, have
been observed at 5.44 MeV and 5.85 WeV in pickup reactions. In the
current experiment we also observe these strong states (see fig. 18).

-8
10-

-B
10-

-9
10-

-10
10

\ r

100

(2s,. knockout)

442
3

6 10
<4r

V

200
)

300

( 2s •1d) knot-out

pm (MeV/c)
2'00 300

Fig. 1? Speetx>al f motion of 3
and (4)~ states with 1 = 0
hamonio oscillator (BO)
and Woods-Saxon (WS) aweves.

Fig. 18 Spectral fUnation of two
states with mixed 1 = 0 and
1 = 2 pm~dependenoe.
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I t is surprising, though, that the pm-dependence (see f i g . 18) indicates
a strong 1 =0 admixture for these states, with no immediately obvious
reason for the discrepancy with the pickup results. From = 7 MeV excitation
energy up to 20 MeV a rather featureless continuum develops in the (e.e'p)
spectra with a pm~dependence suggestive of 1 = 2 knockout. Detailed 1-
dependence analysis is underway.

We note that one rationale to select V for the (e,e'p) study is
that a detailed inelastic electron scattering study is performed at this
Institute ' with the goal to identify both collective 3~ and 4" states
and the magnetic response function including M2 and M4 strength, corres-
ponding to excitation of 2~- and 4"-states in 5 0 T i .

4.4

As is known from the pickup reaction ' and in accordance with the

shell-model picture the removal of one valence proton from 90Zr leads to

1/2" (gs), 9/2+ (0.91 MeV), 3/2" (1.51 MeV) and 5/2" (1.75 MeV) states in

Y. In this case the great value of the proton pickup reaction with

polarized deuterons has been demonstrated ' in that unique j-assignments

have been made from the vector analyzing-power measurements. A spectrum of
90 -* ? 89

the Zr(d, He) Y reaction with 150 keV resolution is shown in f i g . 19.
Population of the valance-pickup
states, discussed above, is observed
and the spectroscopie factors» cal-
culated in a local zero-range DWBA
framework, exhaust the 2p1 /2(gs),
2p3 /2 (1.51 MeV) and l f 5 / 2 (1.75 MeV)
sumrule strength.

Of greater interest is the
region of excitation energy E from
^2 MeV upward. In this region a
continuum develops with discrete

. states at 5 MeV and 6.8 MeV super-
imposed on a giant-resonance l ike
bump extending out to Ex = 13 MeV.
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Fig. 19 Spectrum of the
90Zr(d3

sHe) reaction
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9 0 Z r ( e , e ' p ) 8 9 Y

Pm(MeV/c)

220 MeV/c

160 MeV/c

130 MeV/c

70 MeV/c

0 2 4 6 8 10 12 14 16

Ex(MeV)

pm = 10 MeV/c

89'p)Fig. 20 Spectral function of the Zr(e3e 'p) Y reaction at various p -
values. Spectra are not normalized and not corrected for
radiative effects.
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90

90-7
ZR

89

The j-assignment for these structures is 7/2. These features have
been systematically observed with tha same (d,3He) reaction on neighbourina
nuclei 3 1 l

Let us now consider what structural aspects are manifest in the

Zr(e,e'p) Y reaction. In f i g . 20 are shown spectral functions for

several values of the missing momentum pm. These are nonnormalized spectra

with neither random subtraction nor radiative corrections applied. Due to

the good missing-mass resolution the low-lying states in 89Y are well

separated; the pm-dependence of the spectral functions is in agreement

with the 1-assignments from the pickup reactions.

In f i g . 21 we show typical 1 =3

and 1=4 distributions. Although

the 1-dependence of the spectral

function is not as pronounced as

in pickup reactions, the 1-selec-

t i v i t y is fa i r . In f i g . 22 is

shown a spectral function at

pm = 160 MeV/c that has undergone

the entire data reduction chain

including radiative corrections.

At Ex = 3 MeV a continuum

structure starts, developing with

increasing £x into a plateau with

a structure of discrete peaks

superimposed. The continuum

feature occurs in the spectral

function also at the other p
rm

values. We surmise that, due to
the simplicity of the reaction,
the continuum cross section is
due to a direct knockout process,
with some spreading mechanism at

Fig. 21 pm-dependenae of speotral work.
function for 1 = 3 and
1 = 4 knockout.
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«O

O

ÜJ

CO

8 -

6 -

4 -

2 -

,r/,w,w ,w*r,'̂  ,

90Zr(e,e'p)89Y

pm = 160MeV/c

O 1 4 5 Ex(MeV) 8

90,Pig. 22 Spectral function of the (e3e
r-p) reaction on Zr.

All correct-ions have been applied.

With the analysis in progress, at this point we cannot make a

definite statement about the 1-character of the continuum strength. If

we follow the procedure, customary in the hadronic analysis, to subtract

a smooth background (see fig. 20) the strength of the peak at

E x = 5 MeV is a factor 10 smaller than the strength of the 5/2" state at

1.75 MeV. This observation is in agreement with the ratio of spectroscopie

factors C2S (1.75 MeV)/C2S (5.0 MeV) = 8.9/0.8 deduced from the (d\3He)

reaction. Most surprisingly, there is no sign whatsoever in the (e,e*p)

data of the giant resonance-like structure seen in the pickup reaction.

The integrated strength in the (e,e'p) spectrum after background sub-

traction ( full line in fig. 22) amounts to 4, much smaller than the

value 9.2 from (d, He). This would lead to the preliminary conclusion

that much of the 1 = 3 strength is missing in our reaction. A more definite

statement must await the results of the detailed analysis underway.



23

Summary

We have i l lustrated the large increase in sensit ivity of the (e,e'p)

reaction, achieved with the high-resolution setup at NIKHEF-K. With this

asset the electron induced proton-knockout reaction has become a spectro-

scopie tool with a resolution comparable to that of single-nucleon trans-

fer reactions.

We have argued that the tradit ional virtues of the electromagnetic

probe, well-known interaction and weak distortion and absorption, are best

exploited in the study of both deeply-bound and weakly-excited states. The

few-body systems are in particular suited to investigate the importance of

high momentum components in the wave function. Given the limited data set

available and with the analysis in progress, we have only discussed some

salient features of the data. In a comparison with the hadronic reactions

((d, He), (p,2p)) in general good agreement for the relative strength of

strongly populated f inal states is found. In the more interesting case of

deeply-bound hole states some intriguing discrepancies with hadronic

reactions were observed. These are probably manifestations of the more

complicated reaction mechanism with hadronic probes. I t would be remiss,

however, to not appreciate the unique property of j-assignment of

reactions with polarized hadrons. In order to extract absolute spectro-

scopie factors with real is t ic error bars from the (e,e'p) data we feel i t

is important to radically improve the theoretical treatment of the f inal

state interaction.

The work, reported on here, is the result of a concerted effort of

a large number of people. I wish to acknowledge in particular the

contributions of the following workers in the (e,e'p) f i e l d : P.C. Dunn,

J.W.A. den Herder, E. Jans, P.H.M. Keizer, L. Lapikas and E.N.M. Quint.
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DEEP-HOLE STATES STUDIED WITH ELECTROMAGNETIC AND HADRONIC

PROBES

Gerhard J. Wagner

Physikalisches Institut der Universiteit

D-74OO Tubingen, Germany

ABSTRACT: The paper addresses the question of which open

problems might be attacked with the NIKHEF (e,e'p) facility

now being in operation. To this aim after a brief status

summary of proton removal experiments, i.e. (p,2p), (e,e'p)

and (d, He) reactions, the uncertainties in our treatment of

the reaction mechanisms are recorded. Then a list of open

nuclear structure problems is presented which are within

reach of present facilities.
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1. INTRODUCTION

The preceding talk by P.K.A. de Witt Huberts shows

that due to the unprecedented energy resolution of 150 keV in

(e,e'p) reactions we find ourselves at the beginning of a new

era in the study of deep-hole states. At this moment it is

appropriate not so much to praise our achievements but rather

to concentrate on the future tasks. Therefore, the present

talk will not contain a review of either pick-up or knock-out

reactions, which are the dominant tools to study deep hole

states; recent review articles may be found in refs.

Only a very brief status summary will be given in sect.2.

Then I shall concentrate on open problems with the reaction

mechanisms of knock-out and pick-up reactions with emphasis

on (e,e'p) and (d, He) reactions, respectively (sect.3).

Finally, in sect.4, I like to mention a few selected problems

concerning the structure of deep-hole states which might be

solved with the (e,e'p) facility of NIKHEF.

2. BRIEF STATUS REPORT ON PROTON-REMOVAL EXPERIMENTS

2.1 Status of (p,2p) reactions

Even though the field was opened by (p,2p) reactions

in about 1957{ref.4), this line of research has not been the

most successful one. Reasons are both the strong absorption

of the three involved hadrons and the limited beam qualities

and duty factors of the synchrocyclotrons which had to be

used until recently. With the availability of high-quality

beams and coincidence spectrometers at IUCF and TRIUMF (p,2p)

reactions stand a good chance to become a serious competitor

to (e,e'p) reactions. Energy resolutions of 150 keV have been

obtained and elaborate DWIA programs have been developed.

In addition to having a larger intrinsic cross section (p,2p)

reactions are superior to (e,e'p) reactions in two aspects:
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(i) (p,2p) reactions with polarized protons allow a determi-

nation of the total angular momentum of the knocked-out pro-

ton ; (ii) neutron knock-out can be performed with a cross

section comparable to proton knock-out , whereas in the typi-

cally Coulomb dominated (e,e'p) reactions neutron knock-out

is strongly suppressed.

2.2 Status of (e,e'p) reactions

After de Witt Huberts' talk little needs to be said

about the spectacular progress of (e,e'p) reactions which may

be most easily characterized by the total energy resolution

which has increased by two orders of magnitude within the last

15 years. This progress was parallelled by similar improve-

ment with detection efficiency and data handling. One exciting

aspect of the improved technique is the possibility of a de-

tailed comparison to the results from proton pick-up experi-

ments. This very welcome competition will hopefully stimulate

an improved treatment of the reaction mechanism of pick-up

reactions. Let us briefly recall the main advantages of (e,e'p)

reactions,

(i) The fundamental interaction is known, however, with some

restrictions which will be mentioned later (sect.3.1).

(ii) The electromagnetic interaction is relatively weak and

may well be described by a one-photon exchange mechanism.

(iii)The distortion effects are minimized as only one hadron

channel is involved in the reaction.

2.3 Status of pick-up reactions

In this audience of (e,e'p) experts it may be appropriate

to discuss the status of pick-up reactions in more detail.

Pick-up reactions are superior to the presently available

(e,e'p) reactions in four aspects.
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(i) Pick-up reactions are

sensitive to the angular

momentum 1 of the trans-

ferred nucleon as may be

seen from the angular dis-
4O

tributions of the Ca(d,t)

reaction 'at 52 MeV (see

fig.1) where differential

cross sections from 1 = 0

to 1 = 4 transfer are very

distinct. This is the re-

sult of the strong absorp-

tion which leads to a dif-

fraction pattern; it also

means that the cross sec-

tions are roughly propor-

tional to the amplitude

squared of the wave func-

tion of the transferred

nucleon. This leads to

cross sections which

rapidly vanish with in-

creasing separation energy.

10

0.01

0.001-

40Ca(d,t)3SCa

E„=2.47 MeV -

Ex=2.79MeV Z

Ex=3.03MeV "=

Ex=5.13MeV

JTC= (5/2.3/2)*

Ex=8.80MeV -

Jrt=(3/2,1/2)- -

0° 10° 20° 30° 40° 50° 6C

Fig.1

(ii) When polarized projectiles are available, the analysing

powers allow a determination of the total angular momentum j

of the transferred nucleon. As an example fig.2 shows the

characteristic patterns of the vector analysing powers iT^

of 1p.j/o (top row) and Ip,/^ (bottom row) transfer from nuclei
' 12 28 'ranging from C to Si (ref.9).
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Fig.2
"N[S ll«C -

(iii) The energy resolution is still superior to that of

knock-out experiments. With semi-conductor telescopes a re-

solution of 80 - 100 keV is easily obtainable, with spectro-

meters a record value of 12 keV resolution at 45 MeV bombar-

ding energy has recently been obtained in the Bi(df He)
2O8Pb reaction10).

shows a spectrum of the 48Ca(d,3He)47K at 80 MeV11

(iv) Due to the principally large cross sections very small

spectroscopie factors can be measured. As an example fig.3

which

shows a tiny group corresponding to 1.97 MeV excitation of

K. In re f. ' it is shown that this group results from f7/->
2pick-up with a spectroscopie factor C S = 0.08 resulting from

ground state correlations of Ca.

400

200

spmup

"k 3.42 MtV
"N U 2 M V
"B 2.12 MtV

<

aKtS7*U/

• " * l A9*
fKfl*
I . "

Fig. 3

200 «0 600
CHANNEL NUMBER
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3. PROBLEMS WITH REACTION MECHANISMS

3.1 Problems with (e,e'p) cross sections

(i) Off-shell amplitudes: Even for the "well-known"

electro-magnetic interactions there are uncertainties at the

photon-nucleon vertex resulting from the uncertainties in the

off-energy-shell extrapolation. This problem is attacked in

T. de Forest's talk (see also ref.12). For the present dis-

cussion it is sufficient to keep in mind that even when recom-

mended procedures and suitable kinematical conditions are

chosen there remain up to 10 % differences between the pre-

dicted cross sections, with no theory available to estimate

the absolute error of either of these procedures.

(ii) The role of two-body mechanisms in virtual photon ab-

sorption: It is well-known (see e.g. ref.13) that in photonuc-

lear reactions proton and neutron emission are of comparable

magnitude. This is explained by the quasi-deuteron effect

which is a typical two-body process. The success of this model

has provoked the question whether the one-body mechanism which

is normally assumed in the interpretation of (e,e'p) cross

sections is indeed appropriate. A possible solution to the

problem may come from the observation that two-body absorption,

notably meson exchange currents, are of importance for trans-

versely polarized photons (s. J.M. Laget's talk) while one-

body absorption prevails for longitudinal polarization as is

typical for existing (e,e'p) data. Obviously, a straight-for-

ward but cumbersome experimental approach to this important

question would be a series of (e,e'p) experiments performed

under kinematical conditions which allow a decomposition into

longitudinal and transverse components.

(iii) Final state interactions: The largest uncertainty by far

results from the treatment of the final state interactions

between the'outgoing proton and the residual nucleus. The
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state-of-the-art-procedures of the DWIA calculations have been
14)described by S. Boffi et al . They show that the necessary

inclusion of the spin-orbit part into the optical potential

unfortunately prevents the convenient factorisation into an

e-p cross section and a distorted spectral function. The

imaginary spin-orbit potential introduces an asymmetry into

the spectral function (see fig.4) which qualitatively repro-

duces the asymmetry in the O(e,e'p) data , however, with

deviations of up to 20 %. If these problems originate from

the imaginary spin-orbit potential it is questionable whether

the much desired increase of the outgoing proton energy will

reduce the problems resulting from the optical potential. For,

while it is true that the mean free path decreases with in-

creasing proton energy, the systematic investigations at the

IUCF show that also the imaginary spin-orbit potential in-

creases with E .

P
A related problem stems from the fact that the optical po-

tential for excited states will be more absorptive than the

phenomenological potential deduced from elastic scattering

from the ground state of nuclei because of the reduced role
17)of the Pauli principle . This observation so far has not

been introduced into the

analysis of (e,e'p) reac-

tions. If the resulting

reduction of the mean free

path is appreciable it

could have considerable

effects on the role of

multiple scattering of the

outgoing proton, correc-

tions which so far have

P3/2

-300 -200
200 *M//C

Fig.4

only been very crudely

estimated in a Monte

Carlo approach.
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It should be emphasized that the influence of the multiple

scattering processes cannot be incorporated into the ab-

sorptive part of the optical potential as is evident from the

possibility that one even might observe the "wrong" proton in

an (e,e'p) reaction.

(iv) Interference of sequential and quasi-free coincidence

cross sections: This will only be

a problem for relatively low inci-

dent energies when the quasi-elas-

tic peak stretches into the giant

multipole region. When this inter-

ference occurs, however, it se-

verely spoils the otherwise simple

angular correlations obtained in

pure sequential or in pure quasi- ?

s«N,(e.e)

free scattering processes18)
as

58Ni(e.e)

E0 = 300MeV

9 =86'

q., :2081m-1

10 20 30
Ex[MeV]

50

has recently been discussed for a %
19)induced coincidence reactions

A treatment of quasi-free scatte-

ring and sequential processes on

equal footing in inclusive elec-

tron-scattering has recently been

attempted both theoretically '
21)and experimentally '. From the

latter work we take Fig.5 which Fig.5

shows spectra of electrons scattered inelastically from Ni.

We observe the transition from a giant resonance dominated

spectrum at low momentum transfer to the featureless slope

of the quasi-free scattering peak at high momentum transfer.

This list of difficulties probably sheds too much doubt on

the value of (e,e'p) reactions. After all one should not for-

get that this reaction is the only one where one can claim a

25 % accuracy of the absolute spectroscopie strength with

some confidence.
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3.2 Problems with pick-up cross sections

Pick-up reactions leading to deeply bound hole states

are normally analyzed in terms of local, zero-range DWBA cal-

culations which use single particle bound state wave functions

in an assumed Woods-Saxon potential. No claim for reliable ab-

solute spectroscopie factors can be derived from this proce-

dure; one is satisfied to obtain spectroscopie factors whose

sums roughly exhaust the shell mo-

del sum rules. This is in fact

quite remarkable in view of the

many uncertainties:

(i) Spectroscopie factors strongly

depend on the radius of the Woods-

Saxon potential; typically one

finds a 1O ? change of the spec-

troscopie factor for a 1 % change

in the potential radius. In ref.22

it is shown that the use of rms-

radii derived from electron scat-

tering reduces the spectroscopie

factor by 30 - 40 % below the

standard value.

(ii) Non-locality and finite-range

corrections also reduce the spec-

troscopie factors by typically

25 % each23).

(iii) As is obvious single particle

bound state wave functions are

justified only for transitions with

spectroscopie factors close to

unity. The correct procedure to be

used for a fragment of the hole

strength distribution is not known.

-20 -15 -10

Q (MeV)

Fig.6
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(iv) Finally, the study of deeply bound hole states by pick-

up reactions is plagued by a background whose nature is not

well-understood (but see the contribution by S. van der Werf

to this conference).

This is exemplified by spectra (Fig.6) obtained in the (d, He)
24)

reactions on several nuclei of the Zr-region '. This back-

ground cannot possibly be part of the one-body spectral func-

tion as otherwise the spectroscopie sum would exceed the num-

ber of available nucleons by far.
4. SELECTED PROBLEMS

4.1 Absolute spectroscopie factors

One of the central problems of nuclear physics is the

question whether single particle or single hole states with

spectroscopie factors of unity exist or whether one has, as

a consequence of long-range correlations, to sum over the low-

energy (E <10 MeV) part of the spectrum to obtain a spectros-

copic sum of unity or if, eventually, a spectroscopie sum of

unity is prevented through the influence of short-range cor-

relations. An experimental approach to these questions clear-

ly demands the measurement of absolute spectroscopie factors.

Let me mention a few of the rare attempts to measure absolute

spectroscopie factors.

(i) The so far most extensive DWIA-analysis of an (e,e'p)

study on O has yielded spectroscopie factors of~0,55

for the transitions to the ground and 6.3 MeV states of N

which are normally considered as good single hole states

relative to the (correlated) O ground state. In any case
25)we know from pick-up experiments that the fragmentation

of both the 1P-j/2
 a n d ^P3/2~ strengths is very weak.

(ii) The somewhat opposite conclusion is reached from a recent

0- O scattering experiment ' where 91 % of the full spec-
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troscopic strength are reported for the ground state transi-

tion. Obviously, this result depends on the reliability of the

exact finite-range DWBA analysis of the heavy ion reaction.

22)(iii) Finally, an analysis ' of existing pick-up data which

takes bound state radii from electron scattering into account

suggests that only spectroscopie sums of 0.6 to 0.7 are ob-

tained in situations where originally one had obtained values

of ~ 1 .

I propose a combined effort to measure (e,e'p) and (d, He) re-

actions with high precision on the same, preferentially double-

magic, target nucleus to approach these problems. Naturally

both groups would have to perform a state-of-the-art analysis

of their data.

4.2 Overlap functions

A great potential of (e,e'p) reactions which normally

does not come to mind immediately in this context, is the

measurement of overlap functions between initial and final

states. I see two immediate applications for our understanding

of the nuclear shell model.

(i) The wave function for removal of protons from normally-

empty shells is generally treated in an utterly wrong way

when approximating the wave function by a single particle

wave function in an unreasonably deep Woods-Saxon potential.
40

The transfer of 1f7/2 protons from Ca which has been ob-

served in pick-up reactions (see e.g. ref.8) would be a good

candidate for the study.

(ii) The effect of the residual interactions on the radial

shape of the overlap functions could e.g. be studied in the
51V(e,e'p) reaction leading to the O+,2+,4+,6+ states of 5OTi.
To the extent that this quadruplet of states may be described

2
by an t-i/o configuration, differences of the measured mo-
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mentum distributions would have to be attributed to the

effects of the residual interactions of the f- , 2 pair in

various total angular momentum states.

4.3 Energies of deep hole states

In this context immediately the open problems of the

1s hole strength come to mind which is not well-known for

nuclei beyond 1 60. However, with the difficulties from

multiple scattering etc. in mind I propose to concentrate on

some long-standing open problems which are less beam-time

consuming and more easily accessible.

(i) 1p hole strengths in nuclei of the upper 2s-1d shell:

The observation of the full 1p hole strength in (d,3He) reac-

tions was possible up to 22Ne recently27* (see fig.7) whereas

the discussion in ref.9 shows that for heavier target nuclei

it is very difficult to locate the full 1p3/r2 strengths in

pick-up experiments. In this situation the availability of

high-quality (e,e'p)

experiments would be

extremely useful, even

though their lack of

j-sensitivity will al-

ways demand supple-

mentary pick-up stu-

dies with polarized

projectiles.

150
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(ii) 2s-1d shells in nuclei of the 1p-2f shells: The 1d

hole strength distribution has been studied up to 48Ca

(refs. 8,11). It would be important to know this quantity in

still heavier nuclei, as this would allow to determine the

difference of the 1d3^2 and 1d5/,2 centroid separation energies
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which is just the operationally defined 1d spin-orbit split-

ting. According to ref.28 the spin-orbit splitting should in-

crease when going from a spin-non-saturated nucleus such as

Ca to an essentially spin-saturated nucleus such as Ni.

As this fundamental nuclear property is not well-understood

it would be important to test this prediction experimentally.

The centroid separation energies of the 2s., ,~ and 1d-,/o hole
1/2 3/2

strengths has been systematically investigated up to A = 64
nuclei by pick-up reactions. From an earlier summary of this

29)situation ' we display
fig.8 which shows 2s.. ,~

and Id^-2 proton sepa-

ration energies from va-

rious target nuclei. Both

the strong isospin de-

pendence and the crossing

over of the two sub-shell

near51v was ascribed to

a simple effective inter-

action. More recently,

we have tentatively re-

ported 2 3' 2 4 ) the possib-

10

6 -

FVxrton Separation Energies

2 - Proton

2 -Proton

«Mn

•b,

-16

-14

-10

Fig.8le observation of a

broad (r~3 MeV) 2s hole
90 ~* "•* 89

state in the Zr(d,~'He) Y reaction corresponding to a se-

paration energy of about 24 MeV. This weakly excited group

was not observed in neighbouring nuclei so far. For various

available many-body theories it would be interesting to veri-

fy this observation where a degree-of-freedom of the Ca

core was excited. The (e,e'p) reaction is well-suited to

study this problem as it is particularly sensitive to low

angular momentum transfer. Of course, the simultaneous study

of 1d3>2 hole strength would be equally interesting and in

addition provide more insight into the mechanism of the 1d

spin-orbit splitting.
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(iii) The M.-..~ strength in the Zr-region: The 1f7/2 hole

strength is presently being systematically and successfully

studied with (d, He) reactions with polarized deuterons of
24)52 MeV ' (see fig.6). I am afraid that a similarly systematic

investigation by (e,e'p) reactions would be forbiddingly time-

consuming. On the other hand the study of one particular cape,
9Osay Zr, would be extremely important in order to test the

absolute spectroscopie factors from pick-up reactions.

4.4 Widths of deep-hole states

30)

Attempts to understand, in a simple model, the spreading

widths r* of 1de/., hole strength distributions as a conse-

quence of phonon-hole coupling were surprisingly successful"

Meanwhile the important

ï role of this damping

mechanism is well esta-

blished31 ' 3 2 ) . The pre-

sently available elabo-

rate calculations not

only predict the widths

- second moments of

strength distributions

whose determination

would require infinite

sample sizes - but in

addition details of the

distributions with in-

termediate structures. Such structures with a characteristic

width of 200 - 500 keV, well matched to the energy resolution

of present (e,e'p) experiments, are e.g. visible (fig.9) in

the 1f-/9-hole strength distribution measured in the (d, He)

reaction on

subtracted.

86Kr (ref.24); the background of fig.6 has been
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Evidently, a theoretical reproduction of these structures

represents a much more stringent test of theories than that

of the ill-defined widths. After all, the latter behave

simply as predicted for infinite Fermi gas systems32).

r#= a2-(E-e ) 2 with a = 1/(15 MeV). This is shown in fig.10
"->* "? 24} 86

for f7 .--holes observed in the (d, He)-reactions on Kr,
9O 92 92

' Zr and Mo, respectively; in preparing fig.10 care had

to be taken to correct the Fermi energies e„ for partially

occupied shells.

In short, for an under-

standing -)f the damping

mechanism of deep-hole

states an experimental

determination of detailed

strength distributions

would be important. Clear-

ly the domain of (e,e'p)

reactions would be in the

more deeply-bound states

with separation energies

larger than, say, 15 MeV.

An obvious question would

be whether intermediate

structures persist up to

excitation energies that

Fig.10

high.

5. CONCLUSIONS

Very little was said rijout the major achievements of (e,e'p)

reactions, namely the investigation of inner shells

relation between sum rules and many-body theories

1)and the

Pre-

sently, progress in this field is limited by uncertainties

in the reaction mechanism. An experimental approach to the

problems of reaction mechanisms would demand large-scale
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studies with varying kinematical conditions parallelled by

theoretical efforts. With the exciting new tool of the NIKHEF

(e,e'p) facility now available it appears more economic to

study nuclear structure problems for less deeply-bound states.

Some open problems were mentioned above.

There is a region of separation energies where pick-up reac-

tions and (e,e'p) reactions compete. A comparison of both

methods will be instructive for either field. I expect sub-

stantial impact on an improved analysis of pick-up data. This

would be important to fully exploit the j-sensitivity of pick-

up reactions', with polarized projectiles shich makes them an

interesting and competitive tool in the field of deep-hole

states for some time to come.
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THEORETICAL ASPECTS OF DEEP HOLE STATES

C. Mahaux

Institut de Physique B5, Universitë de Liège,

Sart Tilman, B-4000 Liêge 1, Belgium

Abstract. The definition and main properties of the spectral

function are discussed, in particular in the case of nuclear

matter. We emphasize the relevance of the mass operator, or

equivalently of the optical-model potential at negative energy,

1. INTRODUCTION

Except for the very lightest nuclei, the nuclear wave

function depends upon so many variables that any model wave

function only has an extremely small overlap with the exact

one. Fortunately, the experimental data which correspond to

sufficiently simple reaction mechanisms yield information on

integral quantities, i.e. on matrix elements which depend upon

very few variables. For instance, the elastic electron scatte-

ring cross section is determined by the diagonal part of the

one-body density r.atrix. Likewise, the hole spectral function

can approximately be obtained from knock-out reactions. Here,

we shall not deal with the reaction mechanism. Rather, we

shall discuss the main properties of the spectral function and

emphasize the usefulness of considering the related mass opera-

tor, i.e. the optical-model potential at negative energy.

In a nucleus, the spectral function and the mass opera-

tor depend upon seven variables. In nuclear matter, transla-

tional invariance reduces the number of variables to two; this

is why we shall restrict most of the equations to this ins-

tructive case.
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2. NUCLEAR MATTER

A more detailed discussion of the definitions and pro-

perties listed below can be found in ref. . Although we res-

trict the discussion to nuclear matter, all the quantities and

properties have their analog in a nucleus. This is why we can

refer to nuclear matter as a A-nucleon system, and to nuclear

matter minus one nucleon as a (A-l)-nucleon system.

2 . 1 . Hole Green function

We denote by |A> the exact ground s ta te of nuclear

matter. In a knock-out reaction one punches a hole with momen-
t-

turn k in th is target |A> at time t = 0 . The resul t ing

configuration

iMÏc;t=0) = a(k;t=0) |A> (2.1)

is not normalized (see Eq. (2.6b) below) and is not an eigen-

state of the Hamiltonian H with (A-l) nucleons. The proba-

bility amplitude for finding the system with (A-l) nucleons

in the same configuration at a later time t > 0 is given by

the hole. GKzzn function

Gh(k;t) = i<A|a
+(k,t) a(k,0)|A> e(t) . (2.2)

A Fourier transform over t yields

r
eF Sh(k;co)

Gh ( k' E ) - E -\ * in d" (2'3)

J — OO

where e_ is the Fermi energy, i.e. the ionisation energy of
F

nuclear matter (eF * - 16 MeV < 0) , while

Sh(k;a)) = dE1 |<(A-1)E, |a(k) |A>|2 «(u-E1) . (2.4)
— 0 0

Here, |A-1>_, is the normalized eigenstate of the Hamiltonian

for (A-l) nucleons with excitation energy |E'-e | .

The hole spectral function S. (k;w) gives the joint

probability for finding a nucleon with momentum k in the
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target ground state and for leaving the residual nucleus with

excitation energy |w-e„| . In the plane wave impulse approxi-

mation, the (e,e'p) knock-out cross section is proportional

to the spectral function.

A typical shape of Sh(k;cu) is represented by the part

of the full curve which is located at the left-hand side of

in the middle graph of Fig. 1. If the shell model is a suf-

eo(k)

S0(k,w)

SI^CD)

k<kr

e(k)

Fig. 1. The spectral function

for- a momentum state k < k„ .

The domain u < en contains

the hole spectral function and

the domain w > e the parti-

cle spectral function. The ex-

act spectral function is sche-

matically represented in the

middle party while the upper

and the lower parts correspond

to the Hartree-Fock and quasi-

particle approximations, res-

pectively. The shaded area

gives 1 - n(k) .

U)

ficiently good approximation, S(k;co) has a well-defined maxi

mum for w * e(k) , where e(k) is the quasiparticle energy.

If e(k) is close to the Fermi energy

cle peak" is asymmetric, since for u> -
'F
:F

this "quasiparti-

S(k;w) (2.5)
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2.2. Momentum distribution

The momentum distribution is given by

n(k) = <A|a+(k) a(k)|A>

= <^(k,t=0) U(k,t=O) > ,

(2.6a)

(2.6b)

where we use the notation (2.1). In the noninteracting Fermi

gas, all momentum states are fully occupied up to the Fermi

momentum k_ , while the momentum states with k > k„ are em-

pty. In a normal Fermi liquid, the momentum distribution takes

the shape shown in Fig. 2 when the nucleon-nucleon interaction

is turned on.

1.0

£ 0.5

0

NM

\

0 0.5 1.5
k/k,

Fig. 2. Schematic representation of the momentum distribution

in a normal Fermi liquid. The dashed line corresponds to the

noninteracting Fermi gas and the full curve to the correlated

system.

The momentum distribution can be calculated from the

hole spectral function :

n(k) • r
1 —a

S,(k;ai) (2.7)

Since the number of nucleons is conserved when the interac-

tion is turned on one has
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k2 n(k) dk = \ k„3 = ^ TT2P , (2.8)

)0 3 F 2

where p is the density of nuclear matter.

2.3. Mean removal energy and average binding energy

The d2.ntnoX.ii or mnan tizmovat e.ne.figy is given by

£F
E(k) = [n(k)] " (o Sh(k;w) dw . (2.9)

It can be interpreted as the average of the excitation ener-

gies of the residual nucleons once a nucleon with momentum k

has been knocked out.

When only two-body interactions exist, the average bin-

ding energy per nucleon is given by

B = i 2 n(k) {|^ + E(k)} . (2.10)

This sum rule relates two quantities which are in principle

measurable, namely B and S, (k;w) . However, experimental

attempts to verify it, and to detect thereby the possible exis-

tence of many-body forces, face the forbidding difficulty that

S(k;w) cannot be accurately measured for large | u> | . Thus,

the quantities E(k) and also n(k) are poorly known. This

remark applies a fortiori to the mean square deviation

a2(k) = [n(k)]"1 {[ a)2 S(k;o)) du - E2(k)} . (2.11)

2.4. Time-ordered Green function

The pant-Lalo. Green function i s defined by

G (k;t) = - i <A|a(k;t) a+(k;0)|A> 6(t) . (2.12)

A Fourier transform over t yields

S (k;aj)

P

e
V k ; E ) - E -. + in

eF
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where S (k;a>) is the pant-Lcle. spectral function. The quantity

S (k;w) dw measures the joint probability of being able to

add a nucleon with momentum k on top of the correlated ground

state and of finding that the energy of the resulting (A+l)-

nucleon system is contained in the energy interval (w , in + dm) .

The full (time-ordered) Green function G{k;E) is the

sum of the hole and particle Green functions

G(k;E) = Gh(k;E) + G (k;E) . (2.14)

Similarly, the full spectral function S(k;<i>) is the sum

S(k;io) = S (k;a)) + Sh(k;w) . (2.15)

For to < e_, one has S (k;u) = 0 ; for w > e_ , one hasr p r
S,(k;a)) = 0 . A typical shape of S(k;a>) for k < kF is

sketched in the middle part of Fig. 1. The following sum rule

holds

f S(k;cü) du = 1 . (2.16)

2.5. The mass operator

The ma&6 0p2.Ka.t0K or the. 6e.lfi-e.ne.Kgy M(k;E) is defi-

ned by the relation

G(k;E) = {E - k2/2m - M(k;E)}"1 . (2.17)

This quantity is complex :

w) = V(k;o)) + i W(k;w) . (2.18)

We adopt the sign convention W(k;u) > 0 . The full spectral

function is given by

S(k;u») = u"1 ^ ^ > . (2.19)
[u - k2/2m- V(k;o)) ] 2 + [W(k;a>) ] 2

The hole spectral function can be calculated directly

without computing the mass operator. Except perhaps for the

very light nuclei, it appears more appropriate to take advan-



50

tage of the theoretical and empirical knowledge which has been

accumulated concerning the mean field M(k;o)) . For w > e„ ,

tnis quantity can indeed be identified with the optical-model

potential, of which numerous theoretical and phenomenological

investigations exist. Much less information is available con-

cerning the optical-model potential for hole states, i.e. for

o» < e . However, recent calculations performed in nuclear mat-

ter and in nuclei indicate that W(k;u)) is approximately an

even function of u - e_ for

V(k;o>) for

from the domain

in Fig. 3.

u> - e p | £ 5 0 MeV , and t h a t
< e i s the smooth e x t r a p o l a t i o n of V(k;w)

> e. The first statement is illustrated

0)

(MeV)

2) Dependence upon a) - of theFig. 3. Taken from Ref.

quantity W(k;ut) for u < u„ idashes) and for u > w (full

in a semi-realistic model of nuclear matter. Here,

denotes the Fermi energy.

curve) ,

By a Fourier transformation over k , one obtains the

nonlocal operator M(|r-r'[;E) . Hence, the self-energy

M(k;E) is a nonlocal, energy-dependent operator.
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2.6. Quasiparticles and quasiholes

If V(k;w) is a smooth function of energy, S(k;w)

presents a peak near the root ui = e (k) of the equation

ai = k2/2m + V(k;u>) (2.20)

One has

S(k; iü)

where

Z(k) W(k;e(k))

-k2/2m- V(k;e(k}) ] 2 + [Z(k) W(k;e(k))]2
(2.21)

Z(k) = [1 - -i V(k;w)] _
do) w—_

= m/m (2.22)

is the quasiparticle pole strength. The right-hand side of Eq.

(2.22) defines the co-mass m .

The quasiparticle approximation (2.21) amounts to the

optical model, i.e. to assuming that the time dependence of the

hole (or of the particle) Green function G, (k;t) is exponen-

tial. In this approximation, the configuration ij;(k;t=O) defi-

ned by Eq. (2.1) is qaaii-itatlonnafiy. The quasiparticle life-

time is equal to

x(k) = [2 Z(k) W(k;e(k))]-1 (2.23)

The quantity W(k;e(k)) can in f irst approximation be identi-

fied with the imaginary part of the empirical local optical-

model potential at the energy E(k) . It i s plotted in Fig.

4, which i s in keeping with our earlier statement that W(k;w)

Fig. 4. Taken from Hef. 4 ) .

The curves show the dependence

upon zip) of the quantity

W(p3e(p)J as calculated from

two different approximations

in a semi-realistic model of

nuclear matter. The open and

full circles represent empiri-

cal values.-80 160
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is an even function of <u - e_ for | w - eF| < 40 MeV .

The mean free path is obtained by multiplying T(k) by

the group velocity m:: , where m:: is the e$ ̂eci-tvc ma&i defi-

ned by

-. - T F • (2-24)
m"

In the quasiparticle approximation S(k;a>) is replaced

by a Lorentzian. This is sketched by the dashed curve at the

bottom of Fig. 1. The area under the dashed curve is equal to

Z(k) ; it can be larger or smaller than 1 ; however, it is

always smaller than 1 for k close to k . This is due to

the asymptotic behaviour (2.5). The quantity Z(kp) is equal

to the discontinuity of the momentum distribution at k = kp ,

see Fig. 2.

3. NUCLEI

3.1. Representations

In a finite system the Green function, the mass opera-

tor and the spectral function depend upon seven variables. For

instance, the hole spectral function is defined by

S(q,q';u)) = <A|a (q1) 6 (u> + H - E - e ) a(q)|A> (3.1)

in the plane wave representation; here, E
A_i

 i s t n e energy

of the (A-l)-nucleon ground state. One can introduce a com-

plete set {ip } of single-particle states and express the

spectral function in the shell-model representation :

(S(q,q';u)) = 2 <pK(q') S (u>) «p (q) (3.2)

where the sum over a or 3 implies an integration if one

introduces scattering single-particle states in the basis.

Most theoretical works assume that the spectral function

is diagonal either in the plane wave or in the shell-model re-

presentation. The latter is more convenient for the discussion

of pickup reactions and of spectroscopie factors. The former

assumption is often used in knock-out reactions because the
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plane wave Born approximation only involves the diagonal ele-

ment S(q,q;w) . In the distorted wave Born approximation it

would appear advantageous to use an optical-model basis. This

raises a problem because empirical as well as theoretical op-

tical-model potentials depend upon energy; they are not Her-

mitean and the corresponding eigenstates do not form an ortho-

normal basis. It seems that a Hartree-Fock basis would be a

good compromise, that we shall implicitly adopt below.

3.2. Distribution of single-hole strength

The HafitMLz-Vock approximation amounts to the indepen-

dent particle model. The corresponding mass operator is real.

The full single-particle strength S . is located at the

Hartree-Fock single-particle energy, as represented by the

dashed vertical lines in Fig. 5 and at the top of Fig. 1.

1 -

1 —

10

HF

x10

i

5 10

E - e F (MeV)

HF

—r
15 20

E - e F (MeV)

Fig. 5. The vertical das-

hed line represents the

single-particle strength

in the Hartree-Fock ap-

proximation. The residual

interaction spreads this

strength into the levels

represented by the full

segments. The top graph

corresponds to a weakly

bound single-particle

state and the bottom part

to a deeply bound hole

state. In the latter case,

only the doorway states

are shown.
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When the residual interaction is taken into account, the

spectral function S . (E) differs from zero at the energies
n JC j

of the bound states of the (A-l)-nucleus which have angular

momentum j and parity (-1) . It has a continuous spectrum

for excitation energies larger than the separation energy. Two

extreme situations can be distinguished.

(a) The Hartree-Fock single-particle energy is close to

the Fermi energy. Then a large fraction of the single-particle

strength usually remains located in one low-lying single-par-

ticle state. Tne rest is shifted to higher excitation energies

and to the (A+l)-nucleon system (see below). This is sketched

at the top of Fig. 5 and a physical example is shown in Fig.

6(a). If ground state correlations are taken into account, the

sum of the pickup spectroscopie factors is imalte./i than (2j+l)

and is equal to the number of protons in the (n,£,j) orbit

in the correlated ground state, see Eq. (2.7). The rest of the

sum rule (2.16) could in principle be detected by stripping

into the normally occupied single-particle states cp . , see
I13o j

shaded area in Fig. 1.

(b) The Hartree-Fock single-particle energy lies far

away from the Fermi energy. Then, a large fraction of the sin-

gle-particle strength is usually shared among levels of the

(A-l)-nucleus which are contained in the domain

IE " EHFI < rn£j = 2 Wn£j '

x
where r is the spreading width and W the strength of the

imaginary part of the optical-model potential at negative

energy. This is sketched at the bottom of Fig. 5 and a physi-

cal example is shown in Fig. 6(b). Part of the single-particle

strength should in principle be detected by pickup experiments

which leave the (A-l)-nucleus into highly excited states, and

the rest by stripping into the normally occupied single-parti-

cle state <PnJl-! •

3.3. Quasiholes

In the situation sketched at the bottom of Fig. 5, the

envelope of the strength distribution near £„_ is a Lorent-
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zian. This envelope can be calculated numerically if the resi-

dual levels are bound and resolved. For deeply-bound hole sta-

tes, the level density in the residual nucleus is so large

that only the envelope can be observed experimentally. It is

this envelope that the theory should aim at reproducing.

In a calculation, only the main doorway configurations

can be treated explicitly, and the effect of the other ones

should be taken into account by adding a complex component to

the microscopic mass operator. This approach has recently

been adopted in Ref. ; the results are illustrated in Fig. 7.

T0.6

0.4

10.2

0.0

-

"5Sn

-20 -16 -12
(MeV)

-8

8)
Fig. 7. Taken from Ref. . Comparison between the calculated

(full curve) g9/2 spectral function in 115Sn and the mea-
9 )sured one (histogram and dotted curve, Ref. ).

3.4. Occupation number

Ground state correlations deplete the Fermi sea. The

fraction of the depletion due to long range correlations va-

ries from orbit to orbit and can be calculated microscopically;

the fraction due to short range correlations is probably fair-

ly independent of the orbit and is believed to be about 15 per

cent. Figure 8 shows the level-average occupation probability

in 2 0 8Pb as evaluated from a dispersion relation approach.
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Near the Fermi energy, the depletion reaches about 30 per cent.

This is compatible with the value deduced from the interpreta-

tion of the difference between the charge density distribu-

tions of 206Pb and 2 0 5T1 f s e e F i g > 9i

I . U
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0.4
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_

-

-

-
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i i
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,"""* ~~ ~ —j

-40 -20 20 40

Fig. 8. Derived from

Fig. 26 of Ref. 10) .

Shell-average of the

occupation number of

single-particle states

in the ground state of
208Pb versus the dif-

ference between the

single-particle energy

E and the Fermi energy

E-eF (MeV)

Charge density difference
206 p b _ 205 T l

Adjusted mean field
theory
Experiment

6 8
r (fm)

10 12

Fig. 9. Taken from Eef.12\

Difference between the

charge density distribu-

tion of 206P& and z05Tl .

The shaded area is the ex-

perimental value. The full

curve essentially corres-

ponds to a reduction by 30

per cent of the occupation

probability of the 3s

proton orbit.
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4. DISCUSSION

The case of nuclear matter is quite useful for under-

standing the single-particle properties of a normal Fermi sys-

tem- It indicates that the concept of an optical-model poten-

tial should be as valid for occupied as for scattering single-

particle states. The usefulness of this unified approach is

illustrated by a recent calculation of the quasiholes in the

Sn isotopes and by the investigation of the average dis-

tribution of the occupation numbers and of the related effec-

tive mass in 208Pb '.
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1. Introduction

The Mainzer Mikrotron (MAMI), a cascade of 3 race track microtrons

(RTM), has been proposed by Herminghaus and collaborators ' in 1976. Fig. 1

shows a schematic draft of the design of the accelerator, the main design

values may be seen in table 1. The first RTM (Al = 14 MeV) has been in ope-

ration since 1979. The accelerator has been extremely stable, running for

days virtually without operators. Its maximum current of about 105yA has

been limited by the Van de Graaff, which is to be replaced by a 2.7 MeV in-

jector linac within the next years.

van de Graaf;

2 Klystrons

840 M«V

I IN OPERATION

SINCE HAY 79

I I , IN OPERATION

SINCE F£3 «3

I I I TO BE COMPUT-0

BY 1»8»

Seated scheme of MAMI

Fig. 1 ; Design of the Mainz Microtron (MAMI)

Supported by the Deutsche Forschungsgemeinschaft, SFB 201
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Tab. 1; Technical design values of the
3 race track microtrons (stages I-III)
of MAMI.

"HAHI B"

By the end of 1982, also

the construction of the

second RTM (A2 - 175 MeV)

had been completed, and

the first electron beam

was achieved in February

1983. At present the

transmission of the acce-

lerator is <v!00%, the

emittance equals the de-

sign value, the maximum

energy available is 187

MeV, and a maximum inten-

sity of 63uA has been ob-

tained. There are no in-

dications for a limita-

tion of the intensity

by beam blow-up or other

effects related to the

microtron principle. How-

ever, the high sensitivi-

ty of the Van de Graaff

to radiation backgrounds

has given rise to some

problems in the past,

which is the essential

reason for its eventual

replacement by an injector linac. A preliminary measurement of the energy

resolution of the primary beam gave a value somewhat larger than the de-

sign value. There also appears to be a drift of about 100 keV over longer

time periods, probably related to a drifting of the bunch phase. These

matters are under investigation and expected to be corrected for soon.

The experimental activities have started in July 1983. The beam has

been available for the experiments for about 7 hours a day, inspite of on-

going construction and consolidation work. Also the beam of the second mi-

crotron has proven to be extremely stable, the accelerator running for many

General

input energy

output energy

number of traversals

to ta l power consumpt

Maqnet System

magnet distance

magnetic field

max. orbit diameter

magnet weight (each)
gap width

RP-System

number of klystrons

linac length

total rf power

beam load

energy gain per turn

Beam Performance
Tdislqn, at 100 uAl

energy width

emittance vert.

hor.

Status

Injector: at present

stage

(MeV)

(MeV)

• (kW)

(m)

(T)
(m)

( t )

(cm)

to
(kW)

(kW)

(MeV)

(keV)

iffln'mrad

mm'mrad

"MAMI A"

I

2.1
14

20

280

1.66

0.1
0.97

1.3

6

2
0.8

9

1.2

0.59

±9
0.17 ir

v0.17 .

operating

van de Graaff .
later Injector linac

Klystrons: Thomson-CSF TH 2075.
Frequency: 2449.3 MMz

50 kW c.w..

I I

14

175

51

5.59
0.54

2.17

43

7

3.55

64

16

3.16

±18
0.04 ir

0.09 ir ,

n=60X

\

I I I

175

840

74

900

11.83

1.54

3.65

305

12

5
10.4

197
67

9.0

160

0.01 ir
0.14 »

funding expected

or 198
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hours without operators. The funding agencies have been very much impressed

by the speed of the construction, the reliability of the operation, and the

quality of the beam of the second RTM. Therefore, we appear to have the

green light now to proceed with the construction of the third RTM (stage

B = 840 MeV).

According to our time schedule, stage B is expected to work by the

end of 1987, the first experiments in the medium energy range are planned

for 1988. The development of stage B has to be paralleled by the construc-

tion of a new accelerator hall for the 3 RTMs, an entrance hall to be also

used for parasitic tagging, and a beam tunnel connecting to the existing

experimental halls (see fig. 2).

rmn

parasitic
tagging

beam tunnel

MAM I A

existing experimental
areas

r~nTT~i

10 in

l ^ Z H l S ] 400 MeV linac

H f-existing experimental
. r-W areasr

Fig. 2: View of the accelerator and experimental halls for MAMI. The new
halls for the microtrons (upper left) have to be built by 1984-86
together with the beam tunnel connecting to the existing experi-
mental halls.
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f—K)m—J

Fig. 3: Preliminary plan for the experimental
activities with MAMI. PM/VH: parasitic
tagging (new construction), DKA: triple
coincidence installation, connected with
neutron time-of-flight detectors (N),
S400: 400 MeV station with existing
equipment for linac and MAMI A experi-
ments, M: tagging spectrometer (pola-
rized photons), KS: crystal spectrometer,
PS: pair spectrometer.

Our preliminary plans

for the experimental

setup are indicated in

fig. 3. Experimental

hall 1 (EH 1), which

presently houses the

first two microtrons,

could be used for a

triple coincidence

arrangement of spectro-

meters of medium reso-

lution, in conjunction

with neutron time-of-

flight paths in the

present switch yard

area. The existing de-

tection systems for ex-

periments with the li-

near accelerator and

the first two RTMs

will be used in EH 2,

mainly for coincidence

work with electrons at

low and medium ener-

gies. In addition to

parasitic tagging in

the new entrance hall,

there will be continuing work with real photons in EH 3 and EH 4, using a

new tagging spectrometer as well as the existing pair spectrometer and

photon scattering setup.

As has been mentioned already, our plans include the installation

of a new injector linac, which will also facilitate operation with the

source of polarized electrons, which is presently used to investigate pa-

rity violations by weak neutra! currents with the 400 MeV linear accelera-

tor. Provided that present tests of accelerating polarized electrons with

MAMI A are successful, such experiments will be complementary to the plan-
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ed coincidence investigations. Eventually, provision has been taken for the

installation of a beam splitter in conjunction with an additional experi-

mental hall for high-resolution spectrometers to be built at a later stage.

2. Long range perspectives

Following the impressive record of high precision data at the exist-

ing electron accelerator laboratories, there has been a growing consensus

within the nuclear physics community to give high priority to c.w. elec-

tron accelerators in the medium energy range. The scientific reasons for

such a development have been stated in a very concise way in the report of
2)the Barnes committee , which gives a very convincing list of novel and

unique experiments to be performed with such accelerators in the region of

a few hundred MeV to a few GeV. The world-wide search for techniques to

achieve such c.w. accelerators has resulted in quite a few projects, among

which the SURA project of a 4 GeV c.w. beam of a few hundred uA is certain-

ly the most powerful '.

Despite the ongoing activities elsewhere, we anticipate that MAMI B

(if accomplished on schedule by 1987) will have a good chance to stand

competition. The range of energy and momentum transfer accessible with MAMI

B is given in fig. 4

as the triangle be-

tween the line

"real photons", the

dot-dashed line

"MAMI B" and the

first axis. Com-

paring the loci of

various events

(elastic scatter-

ing, pion produc-

2
[GeV/c]

tion threshold,

delta excitation)

for a free proton

(dashed lines) and

a nucleus (full

Fig. 4: The energy (w) and momentum (q) range access-
ible is confined by the q-axis and the lines
labelled "real photons" and MAMI A or MAMI B,
respectively. The loci for the physical phe-
nomena depend on the target recoil. The hatch-
ed area between the curves labelled A and *^C
indicates the region, of coherent A-excitations.
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lines), we immediately find the region of the coherent processes, I.e.,

kinematical situations where two or more nucleons have to collaborate to

absorb both energy and momentum of the virtual photon. The dashed area in

the figure, e.g., corresponds to coherent A production, the kinematics for

which A propagation in the medium should be studied.

Also the main electric monopole, dipole and quadrupole excitations

of the nucleon cross the area experimentally accessible with MAMI B, at

least for coherent kinematics. Similarly, one can try to study the propa-

gation of vector mesons p and u in nuclear matter. Though the KA-reaction

can be reached kinematically, its cross sections are smaller than the cor-

responding pionic ones by a factor 100, making investigations of strange-

ness in the accessible (threshold) region extremely difficult.

In view of the increasing wealth of coincidence data at existing la-

boratories, such as CEN Saclay, MIT/Bates and, recently NIKHEF Amsterdam,

it is evident that by 1988 MAMI B has to concentrate on the difficult ex-

periments that cannot easily be performed with accelerators operating at

low and medium duty-cycle. Among such experiments there will be triple coin-

cidences and purely electromagnetic processes in the range of the first re-

sonances of the nucleon, on both the proton and some selected nuclei with

complete kinematics of the final state. Other possible investigations in-

clude coincidences with neutral particles (neutrons, ir°) and with observa-

tion of polarization in both the initial and final states.

Triple coincidences

Coincidences of the type (e.e'irN) and (e.e'NN) will become quite

feasible with MAMI B. It is the aim of such experiments to investigate the

propagation of pions and nucleon resonances in nuclei in a more complete

and precise way than has been possible up to now. If there are strongly

bound resonances of two nucleon bags (dibaryons, colored substructures) or

collective coherent phenomena of the nucleus as a whole, they should show

up in the exclusive angular and energy distributions. Of particular inter-

est may be a kinematical situation as in fig. 5, with slow pions and fast

nucleons and, consequently, relatively small final state distortions. As
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may be seen from the figure, the coincidence rates are expected to be of

the order of 1/sec with a very low rate of accidentals.

Er t=5lMeV

Ec=840MeV

V

601

X

Ne = 1OU c7sec

( I o • 16 uA)

single rates:

coincidence rate:

accidental rate:

•

12CleyA°)nC
L»TC"p

Tisr

200mg/cm2

\ /

C ^ \ * P

104 - 105/sec

Ne',-p " I - 5 / s e c

negligible

=36°

=33°

Afte'
^Ap

Ee'

EP

AP
P

'=20msr

= 2 0 %

= 237MeV

= 20%

-/

nt
Fig. 5: Estimated counting rates for the reaction (e,e'7r~p) in the A-re-

gion. Initial state: the scattered electron (e + e1) transfers
energy (<u ̂  400 MeV) and momentum q to a bound proton. The re-
sonance propagates in the nuclear medium. Final state: detection
of a nucleon and a pion (or of two nucleons, respectively).

Coincidences (e,e'y) and (Y»Y')

Purely electromagnetic coincidence reactions in the nucleon reso-

nance region will be difficult even with a high intensity c.w. accelera-

tor. However, such investigations should be pursued by all means because

of their direct connection with the electric and magnetic polarizabilities

of free and bound nucleons. It is the aim of such experiments to determine

the individual electromagnetic multipol e strengths from pi on threshold

over the region of the A(1232) to the energy range of the electric dipole
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and monopole states situated at about 1500 MeV. Clearly, the comparison of

the compressional mode of a nucleon embedded in nuclear matter to the same

mode of a free nucleon will teach us a lot about the confinement problem.

The partial polarization or the virtual photons (i.e., the four

structure functions of a coincidence experiment) or the use of polarized

real photons ( e.g., by tagging of non-coplanar bremsstrahlung photons)

will be of invaluable help to observe small amplitudes by linear interfe-

rences with the leading term. As an example we have, in the case of A exci-

tation, a C2/M1 interference in the longitudinal-transverse structure func-

tion (with a typical sin 8 cos ^-dependence relative to the direction of

the momentum transfer) and E2/M1 interference terms in the structure func-

tion for polarized transverse photons (sin 6 cos 2<{>-dependence). Such an

admixture of quadrupole strength, however, is a direct consequence of a

hyperfine splitting due to the residual forces of quantum chromodynamics.

Eventually, one might even try to study inelastic processes in order to

measure static properties of excited states of the nucleon (e.g., the mag-

netic dipole moment of the A) or transition matrix elements between nucleon

resonances.

12

Ee=840MeV
100mg/cm

Afle'
s20msr

^ =20V.

Ee' =UOMeV

(Ne=3*l0
Ue7sec)

Ny=103/sec in 15 MeV bin
/sec

s,0 A t =5nsec

NCoinc
=5/sec

N
acc

Fig. 6: Estimated counting rates for the reaction (e.e'y) in the A-region.
Contributing multipolarities are Ml, E2 and C2 for the excitation,
Ml and E2 for the decay. The existence of E2/C2 components is re-
lated to a quadrupole deformation of the A ( 1 2 3 2 ) .
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Fig. 6 shows that a counting rate of a few events per second is ex-

pected for an (e.e'y) reaction through the A ( 1 2 3 2 ) resonance. Of course,

both angular and energy distributions of such experiments have to be ana-

lyzed very carefully in order to discriminate against non-resonant brems-

strahlung contributions and accidental coincidences.

3. Recent experimental activities and short range perspectives

The selection of the experimental data presented in the following

is heavily biased towards recent coincidence work with MAMI. Some experi-

ments performed with the 400 MeV Tinac will be mentioned briefly, whenever

they are relevant for future investigations with MAMI. Clearly, any such

selection cannot possibly do justice to all who contributed to the experi-

mental program.

Though the first stage (Al = 14 MeV) of the microtron has been in

operation since 1979, little beam time was available due to ongoing con-

struction in the accelerator hall. Concerning the second stage (A2 = 175

MeV), the experimental activities have started by July 1983. Therefore,

most data presented in the following are very preliminary. The experimen-

tal activities are enumerated in accordance with the research proposals

to the funding agency (DFG) '. A decision concerning the financial support

of these proposals for the years 1984-86 will be made in November 83. Ir.

the meantime the program committee has proposed a preliminary beam time

schedule for the half year period ending by April 1984, for which we anti-

cipate about 1500 hours of beam time of MAMI A2.

E 1 - E 3: (J. Ahrens, H. Gimm, C.S. Sastri, A. Zieger, B. Ziegler,

MPI Mainz*))

These groups centered at the Max-Planck-Institute (Mainz) will con-

tinue to investigate nuclear structure with real photons. The largest tech-

nical development is the construction of a new spectrometer to tag 20-150

MeV bremsstrahlung photons, which should be available by 1984. By select-

ing certain angular ranges off the primary beam axis, one expects to pro-

*) List of co-workers according to ref. 4, local spokesmen of the colla-
borations underlined
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duce monochromatic photons with a considerable degree of linear polariza-

tion, which is extremely important for a clear distinction between E1/E2

and El/Ml interference terms in photon scattering. The main thrust in the

physics program will be on

- elastic photon scattering to investigate small Ml and E2 admixtures and

influences of meson exchange currents and other subnuclear effects,

- deuteron disintegration, particularly in forward and backward direction

and
- total photoabsorption cross sections.

Figs. 7 and 8 show some recent results for photon scattering on
2 0 8Pb, obtained with the bremsstrahlung tip and with the beams of the 400

MeV linear accelerator and MAMI As respectively. The data in the A ( 1 2 3 2 )

100 200 E [MeV]
ofto 208

Fig. 7: Normalized differential cross section for PbCy.Y1) Pb
as function of photon energy for a scattering angle e=115°.
Full line: forward cross section multiplied by dipole angu-
lar dependence and 2 0 8Pb form factor, dashed line: calcula-
tion of Arenhövel, data: 400 MeV linac.

reqion lie considerably above the prediction of a simple model of a dipole

angular distribution multiplied by the Pb form factor (fig. 7). The da-

ta of fig. 8 have been obtained with MAMI A within one night shift and are

equivalent to about a month of linac beam time. The contributions of the

ground state and the giant resonances are clearly separated. The broad

peak centered at 75 MeV, which appears for a primary energy of 183 MeV, is

due to decay photons of ir° produced in the target. There are plans for a

collaboration with a group from Göttingen University (E 22, M. Schumacher),
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with the aim of studying Delbriick scattering as a test of quantum electro-

dynamics.

I.
«a

^"TVJ^^.r^::fa-h"T"."T""'
SO 100 130

Photon energy (UeV)

so too iso
Photon energy (UeV)

Fig.

wfv nRni KWF

12 12
^Differential cross section for C(Y,Y') C as function of photon

energy at fixed scattering angle 6=115°, for the bremsstrahiung
tip of a 183 MeV (left) and 143 MeV (right) primary energy. Na I
detectors. Data: MAMI 180 MeV.

E 4: (K. Bangert, 'J.E.P. Berg, K. Wienhard, Giessen University)

This group stu-

dies nuclear resonance

fluorescence by measur-

ing angular and energy

distributions of trans-

itions (El, Ml, E2, M2)

between excited nuclear

states. Data have been

obtained with the 14 MeV
52 11

beam for Cr, B and
26
Mg. A typical photon

energy spectrum measur-

ed with Ge(Li) detectors

is shown in fig. 9. The

tHRNNEL NUMBER

counting rates with MAMI
4

Fig. 9: Nuclear resonance fluorescence spectrum
for 26Mg(Y,Y') obtained with the 14 MeV
microtron.

are about 10~7sec, two
orders of magnitude higher than previously possible. These experiments will

be extended to the 180 MeV stage, where (Y.XY') coincidences should become

quite feasible.
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E 5: (G. Fricke, Mainz; K.-T. Knöpfle, MPI Heidelberg; H. Miska,

TH Darmstadt; K. Huber, U. KneiBl, Giessen University)

Using parallel plate avalanche detectors for the fragments, another

Giessen group plans to measure electro- and photo-fission of actim'de nu-

clei in the giant resonance and quasi-deuteron regions as well as near and

above pion threshold. According to the Bohr hypothesis, the angular distri-

butions of the fragments are closely related to the spectrum near the fis-

sion barrier and, hence, to the shape of the fissioning nucleus. In a col-

laboration between Bonn, Giessen, Mainz and Saclay, absolute (y ,f) cross

sections have been measured for uranium in the large energy range from

6-450 MeV. Fig. 10 shows the data found in the threshold region with MAMI

Al, fig. 11 summarizes the results of all three laboratories.

E, CMeV]

Fig. 10: Total (y,f) cross section
for 2 3 5U, data MAMI 14
MeV.

ua

Fig. 11: Total (y,f) cross section
per nucleon for 2 3 5U and
2 3 8U compared to total ab-
sorption cross sections for
9Be. Preliminary data of a
Bonn/Giessen/Mainz/Saclay
collaboration.

E 6: (B. Dreher, P. Jennewein, F. Klein, G. Liihrs, B. Schoch,

F. Zettl, Mainz; D. Branford, Edinburgh; R. Owens, Glasgow)

In a collaboration between Mainz, Edinburgh and Glasgow the follow-

ing experiments have been proposed:

- photonuclear reactions in the quasideuteron range, in particular by

(Y ,np) coincidences with tagged photons,

- photoproduction of charged pions close to threshold to study the elemen-

tary production operator, nuclear wave functions and pion propagation in
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nuclei; in particular by producing n~ in Bohr orbits to be monitored by

the 2n or y decay channels,

- coherent ir° production near threshold, both for the proton and light nu-
clei .

A new tagging spectrometer will be available by the spring of 1984.

It will be situated in the beam switchyard close to stage A of the micro-

tron and is planned to work also in a parasitic mode. The collaboration

has obtained first results for the (y ,p) reaction using the existing 180°

spectrometer as tagging device (fig. 12). With 144 channels over a 7.2 MeV

1 2Ch,p)

Q • 242 HeV/c

detector

target

7.2MeV c i r I M " "

Eg'60 MeV

tagging region (7.2 MeV I

time resolution

tlcctron current

: Nj=107/sec

: 2nsec

: SnA

Fig. 12: Schematic view of the
tagging facility used
for the first (y ,p) ex-
periments.

tagging range at an average photon

energy of 60 MeV, they achieve an

energy resolution of about 50 keV.

Using a current of about 5nA and
12a target thickness of 160 mg C

or 200 mg H?O/D?O, they find a
7photon rate of N =10 /sec over

their tagging range. Fig. 13 shows
preliminary spectra for protons

ll$ It HI 111 M«

Fig. 13; ADC proton spectra for
12C(y,p) at three emission
angles, ep=45°, 90° and 135°.
The arrow in the upper figure
indicates the onset of the
continuum of n B .
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emitted at various angles. In forward direction (small momentum transfer Q)

we see a clear separation of the subshells, viz. the single particle excit-

ed states, while this structure disappears at backward angles (large momen-

tum transfer), where two-particle correlations are supposed to dominate.

Using the tip of the brems-

strahlung spectrum produced by the

linac, there has been a number of

investigations of pion photopro-

duction with excitation of discre-

te states of the residual nuclei,

e.g., 12C(Y,Tr)12B/12N, ^Ofr.ir*)
1 6N/ 1 6F and 1 3 C ( v , O l 3 N . The

strong enhancement by precursor

effects of pion condensation that

has been predicted by various au-

thors in the region of momentum

transfer of |Q| - 2-3(11̂  has not

been found in these experiments.

As an example, fig. 14 compares

the differential cross section
12 + 12

for the reaction C(Y,TT ) B

to a calculation using the stand-
ard optical potential. Fig. 14: Differential cross section for

the reaction 12C(Y,Tr+)12Bg#s#
for Tfl = 70 MeV as function of scattering angle. Calculation using two
phase shift equivalent optical potentials for the pion by L. Tiator.
Data: 400 MeV linac.

E 7: (H.j! Emrich, G. Fricke, R. Neuhausen, Mainz; H. Miska, TH

Darmstadt; K.-T. Knöpfle, MPI Heidelberg; J.R. Calarco, Uni-

versity of New Hampshire; G.J. Wagner, Tubingen)

This collaboration plans to investigate giant multipol e resonances

by measuring coincidences of scattered electrons with charged particles.

As a first example, they have studied Si; the experiments will be ex-

tended to 1 2C, 1 6 0 , 24Mg and Ca. The heavy particles will be measured

with 8 telescopes covering a total solid angle of about 160 msr. At pre-

sent the electrons are observed with the existing 180° spectrometer having
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a solid angle of fi = 5 msr and a momentum acceptance Ap/p = 6x10-2 By the

end of 1984 there will be available a new software - corrected QQD spectro-

meter with a solid angle Q - 30 msr and a momentum acceptance Ap/p = .2.

This will increase the figure of merit nAp/p by about a factor of 20, co-

vering the full range of the giant resonances with a single setting of the

spectrometer field.

First experiments with MAMI A have been performed at an incident

energy E = 183 MeV and for currents IQ = 3,12 and 25 pA. The available

p-telescope consisting of two solid state detectors, 200 and 700um thick,

covered a solid angle of 10 msr and measured protons up to 11 MeV. Typical

time spectra for the coincidences are shown in fig. 15, showing clearly

that the background of accidental coincidences can be subtracted wery ni-

cely. Contrary to the experience made at HEPL Stanford, there has been no

coincidence

rate

1

I = 25WA

true/acc. * .9

time

coincidence

rate

I « 12uA
true/acc. •>. 1.8

4ns

100 ns time

Fig. 15: Time spectra for 28Si(e,e'p) for different primary currents,
top: I = 25yA, 90 min run; bottom: I = 12yA, 14h run. Detector
thickness 700n, coincidence resolution time about 4ns, data:
MAMI 180 MeV.
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substantial background problem with thicker solid state detectors, probab-

ly because of the better beam quality of MAMI.

In future experiments the counting rates can be drastically increas-

ed by the installation of the new solid angle QQD spectrometer (factor 20)

and the use of higher primary currents (factor t 2).

E 8: (J. Friedrich, K. Merle, N. Vbgler,

Tubingen; D. Branford, Edinburgh; K.
-34

-35

-36

-37

Fig.

This group has measured inelastic

transitions to discrete and continuum
lfi *5R

states in 0 and Ni. As a particular-

ly interesting case of a weak transition,

fig. 16 shows the cross section for the

"magnetic monopole" excitation of 0 by

a second-order dispersion process. Fur-

thermore, the knock-out process (y.xn)

and total pion photoproduction have been

studied. As an essential contribution to

the success of the whole project the

group has planned and installed the beam

handling system from the microtron to the

experimental halls.

E 10: (Ch. Schmitt, V.H. Walther, Mainz)

Using a new spectrometer to JO1-

measure 5-50 MeV charged pions, the

group plans to study pion electro- r

production near threshold, in par-

ticular

- the elementary pion production

operator in cases, where the

leading Kroll-Ruderman-term is

8

10°

Fig. 17: Differential cross sec-
tion for the reaction
1*C(ya+)lzB as function
of momentum transfer. Cal-

Mainz; 6.J. Wagner,

de Jager, NIKHEF)

0.5

r\
Is.

1.0 2.0 WtV'
16: Cross section for the

0+-0" transition in
1 60 as function of mo-
mentum transfer. Calcu-
lations by E. Borie.
Data: 400 MeV linac
and NIKHEF.

{ NIT 1171 I Till

T,,«29M«V IT-»

TilIS W0*K

32 MeV

10
(fm"')

culations by M. Singham and F. Tabakin, and by A. Nagl and H. Ober-
all. Data: 400 MeV linac. For comparison: data point (MIT, 1979).
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suppressed and

- the pion wave functions in the nuclear interior.

The angular and energy dependence of the cross section will be stu-
14died systematically over a large range, starting with measurements for N

12and C. At present, experimental data have been obtained by electropro-

duction with a detector system installed in the focal plane of the 180°-

spectrometer. As an example, fig. 17 shows the differential cross section

for the reaction 1 2C( Y ,ir
+)12B.

E 16, E 17: (H.G. Andresen, H.J. Klugs, R. Neuhausen, E.W. Qtten,

E. Rei chert, Mainz; J. Ahrens, MPI, Mainz)

This collaboration has installed a source of longitudinally pola-

rized electrons for experiments with the 400 MeV linac. The electrons of

an energy of 50 keV and with a degree of polarization of about 40% are

produced by photoemission of GaAsP induced by a circularly polarized dye

laser. The use of polarized electrons for the microtron beam is under in-

vestigation. If there is no substantial depolarization observed in these

tests, a source of polarized electrons will be installed in the planned

injector linac of the microtron. Investigations of parity violations by

weak neutral currents are underway. At the relatively low momentum trans-

fer available at Mainz, one expects an asymmetry of 10" to 10" . In order

to get a reasonable counting rate, there has been installed a large solid

angle (about 20% of 4ir) detection system of 12 ellipsoidal mirrors, which

collect the Cerencov light of the scattered electrons. Preliminary data

indicate asymmetries compatible with the standard Weinberg-Salam theory.

However, there are still some systematic trends in the data, which are

probably related to instabilities in the source.

E 19: (H.G. Andresen, M. Muller, Mainz)

This is a new project to plan and test polarization experiments

with the microtron, such as (e,e'p) and (y,$) reactions, using both longi-

tudinally polarized electrons and circularly polarized photons to probe

the reaction mechanism of proton emission.
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E 20: (6. Lührs, K. Merle, H. Rothhaas. Mainz; U.E.P. Berg, Giessen

University; C.N. Papanicolas, University of Illinois)

This group plans to study (e.e'y) coincidence experiments, which are

expected to give unique information on the electromagnetic structure of

discrete and giant resonance levels of nuclei and, whenever the 840 MeV

beam will be available, also of the delta resonance region. As a first re-

sult, fig. 18 shows preliminary energy spectra for bremsstrahlung photons
12observed in coincidence with electrons scattered on C. If the electron

has lost slightly more energy than necessary to excite the 4.43 MeV level
12of C, there is a sharp peak in the coincidence photon spectrum due to

the onset of the inelastic bremsstrahlung tail. The improved signal/noise

ratio (factor 5!) reduces the bremsstrahlung background problem inherent

to electron scattering.

detector

12C elastic
peak

O 1 2 3 4 5 6 0 1 2 3 4 5 6

Fig. 18: Coincidence measurement 12C(e,e'Y). Top: electron bremsstrahlung
graph, experimental setup and single arm electron spectrum, bot-
tom: Nal photon spectrum in coincidence with scattered electrons
for channel 70 (left) and 61 (right). The black area indicates
bremsstrahlung related to excitation of the 4.43 MeV level.
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E 21: (H. Kalinowsky, R. Ley, G. Werth, Mainz)

This is a project to build a high intensity source of low energy

(leV) positrons for studies in atomic and, possibly, solid state physics.

While conventional methods using radioactive sources yield intensities of
5

only about 10 positrons per second, the bremsstrahlung of an intense high
energy beam can produce much higher positron intensities. At an average

current of luA at the Mainz linac, the group has already obtained about

10 e /sec, and they expect that rates up to 10 e /sec are within reach.

Such dramatically increased intensities would allow qualitatively new ex-

periments in positronium research and studies of surfaces of materials.

4. Summary

The second stage of the Mainz microtron (MAMI) has been in operation

since February 1983 and, by now, has practically reached its design values.

Construction of the third stage with a nominal energy of 840 MeV will start

in 1984 and is expected to be completed by the end of 1987. Experimental

activities with the 180 MeV beam have started by July 1983, and preliminary

data have been obtained for (e.e'p), (e,efY)> (Y»P) and (Y,Y') reactions.
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I. Introduction

With completion of the new south experimental hall, the

research capability of the MIT-Bates laboratory was

increased considerably beyond the possibilities of the

earlier facility with only one research hall housing the

high resolution energy-loss spectrometer system (ELSSY).

Coincidence research as part of an augmented program was an

inevitable and logical outcome given the 1-2% duty ratio

available from the accelerator. This program is made even

more attractive with the recent extension of the Bates

accelerator to 750 MeV incident electron energy. The

possibility of coincidence research at duty ratios of a few

percent was understood many years earlier and indeed it was

part of the original motivation when the MIT-Bates

accelerator was proposed in the 1960s. Its tardy evolution

was an outcome of a lack of funding for the appropriate

facilities. In the interim period, work at Saclay and

NIKHEF with (e,e'p) and other reactions also helped

establish the value of coincidence research at duty ratios

of a few percent.

The plans we are discussing today represent the

near-term situation and are centered around the instruments
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that are already developed. These instruments, although

limited, will be of use for the longer term future as the

program evolves at the present duty ratio. As the plans for

developing Bates to provide CW beams between 200 and 1000

MeV come to fruition, these instruments will remain useful

but we will naturally see the evolution to new spectrometer

systems of larger solid angle, better resolution, and novel

geometries.

In Table I we list the experimental spectrometer com-

ponents available at Bates. ELSSY stands alone in the

electron scattering room as a single instrument for high

resolution electron scattering from 20° to 180°. In

principle, it can be used for coincidence work if other

counting systems are appropriately involved.

All the other spectrometers — MEPS, OHIPS, BigBite,

and the rr° system — are located in the new south

experimental hall. There are two independent beamlines

feeding this hall, one of which is generally intended for

use by the electron experiments with OHIPS and MEPS and

sometimes BigBite, and the other for bremsstrahlung induced

reactions such as the (7,TT°) studies. BigBite is movable

between the two beamlines. MEPS is a spectrometer designed

for low energy (y,v) studies and is capable of high

resolution in the energy-loss mode. It is limited in

momentum to 400 MeV/c. This limitation was imposed by the

requirement for short flight paths to enhance the v yield in

photopion reactions at low energies. The spectrometer

called OHIPS is also in the south hall and views the same

target that is viewed by MEPS. It is a QQD device made of

surplus dipoles and quadrupoles and intended, for example,

to allow studies of the higher momentum particles such as

protons from the (7,p) process at the higher accelerator

energies. Its design, depending on entrance quadrupoles and

object distance, allows for different optical

characteristics such as point-to-point or parallel-to-point



TABLE I

DESIGN SPECIFICATIONS FOR BATES SPECTROMETERS

HEPS* OHIPS*.b BI6BITE QUADS

SOLID ANGLE (»sr)
NONENTUN ACCEPTANCE (X)
RESOLUTION ( p/p)
AN6ULAR RANGE
FLIGHT PATH (•)
MAXIMUM NONENTUN (NtV/c)
RADIUS OF CURVATURE (•)
CONFIGURATION
MINIMUM ENERGY (NtV)
MAXIMUM ENERGY (MeV)

5.4
10

<6xlO"5

20*.180*
11

900
2.2
DO

30
20

SxlO-4

0*;30*-150*
5

400
0.75
QQSP

20
16

5xlO"«
30*-150*

9
1300
2.54
QQD

2
50

10-3-10-2
20*.160*

4
BOO

2
QQD

15
25

3x10-2
3O'-15O*

3.5
600

-

Q

- 0.5
15

10-1-10-2

o'-iao'
-

- 350
-
-

160
350

Both of these spectrometers feature a variable first drift space; a larger angular range Is
then possible «1th reduced solid angle and Increased flight path.

"The characteristics shown anticipate the procurement of specially designed quadrupoies In
fiscal year 1984.

oo
o
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transverse focusing. A third general use spectrometer, Biy-

Bite, is under construction and uses a large surplus dipole.

Unlike the other two devices, its bend plane is horizontal.

This configuration is useful for measurements of vertical

polarization. In its early use it is intended to allow a

large momentum acceptance for inclusive spectral studies

such as (e,e') at modest resolution. It can also be located

to view the same target used for MEPS and OHIPS as a third

spectrometer. These three instruments in specific

configurations are used for most of the coincidence

experiments underway. Quadrupole spectrometers of large

aperture are also available. Also listed in the table is

the ir° spectrometer used in studies of the (7,7r°) reaction

in 1 2C and 4He.

II. Experimental Program

The program of experiments currently underway includes:

A) Tensor polarization of recoil deuterons from elastic e-d

scattering.

B) Measurement of the (7,w°) cross section from *2 C

4He.

C) A study of the D(7,pp)7r~ reaction.

D) A measurement of the (e,e'f) cross section in U

E) Decay of the giant resonances following inelastic

electron scattering: coincidence measurements on
12C(e,e'p)llB*.
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12

F) A study of the C(e,e'p) reaction mechanism in the

quasielastic region, the "dip" region and the delta

region.

G) Feasibility of D(e,e'n) at Bates.

In the tensor polarization work, the e-d coincident pairs

are completely correlated. The coincidence is used to remove

the background deuterons originating from other processes in the

D2O target. In all the other work, the coincidence is required

to establish the correlation of a pair of particles and the goal

is to measure the distribution that characterizes the dynamical

process.

A. Tensor Polarization of Recoil Deuterons

The deuteron with spin one possesses three form factors; a

magnetic form factor FT and monopole and quadrupole charge form

factors, F and F2 respectively. Whereas F™ can be separated

by the usual Rosenbluth separation, the form factors, FQ and

F_ , cannot be separated in a conventional single arm elastic

scattering experiment. Because their dependence on momentum

transfer is quite different, there are regions of q where either
2 2

Fn or F? dominate, but we need a polarization sensitive

experiment to really separate these two quantities and learn,

for example, where the minimum of FQ (q) occurs. The

qualitative sketch in Figure 1 summarizes the relative behavior

of these two quantities.

The measurement of the tensor polarization, t_0, of the

recoil deuteron permits the separation of FQ and F,. This fol-

lows because t_„ is due to an interference in the monopole and

quadrupole scattering and has the form
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Figure 1 Sketch of monopole TQ, quadrupole P2, and total

charge form factors for elastic electron-dcuteron
scattering.

Figure 2 schematic layout of apparatus for the measurement of

the tensor polarization of the recoil deuterons in

d(e,e'd).
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aF0F2
20 ~ p2

The measurement of the polarization uses the ^He(d,p)^He reac-

tion, observing protons at 0° relative to the deuterium projec-

tile. The sensitivity depends on the analyzing power of the

(d,p) reaction via the expression, a(0°) = oQ(l + T20
t20^' w h e r e

0o is the unpolarized cross section and T2Q is the analyzing

power of the 3He(d,p) He reaction and t 2 Q is the tensor of the

recoil deuterons in electron scattering.

In Figure 2 a schematic of the apparatus is shown. This

figure and all related figures come from the Ph.D. thesis of

M. Schulze at MIT. Two spectrometers are displayed. OHIPS is

used for electrons and the combination QQD provides an energy

dispersed beam at the wedge-degrader that typically reduces the

deuteron energy from 44 MeV to 22 MeV and reduces the energy

spread from a typical value of fc% to about 4%. The polarimeter,

constructed by the ANL collaborators, is displayed in more

detail in Figure 3. As you can see, it is complex, requiring

several dE/dx and energy counters as well as a final veto coun-

ter. Deuterons are separated from protons in the incident beam

and only protons from the (d,p) reaction are accepted according

to the proper range after the He cell. In Figure 4 are shown

SI x S2 scatter plots showing the deuterons in a dashed region.

Note at the higher E Q (371 MeV) the results of p,d pile up in

the scatter plot. In Figure 5, the distribution of e,d time of

flights versus S2 is displayed. The reduction of unwanted

events by the combined analysis is evident.

The final results from this experiment are shown in

Figure 6 where t2Q at two q-values is displayed. Clearly, the

Graz potential is not an acceptable interaction. The experiment

at these lower q values is not able to distinguish the need for
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fchuatic

Figure 3 Deuteron polarimeter achematic.

tl*S2 Seattw riet
310 ItoV)

•1*C2 «c«tt«r Plot

371'M*V)

Figure 4 SI a 62 Scatter Plota for detected hadron in

experiment.
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TOP«d*S2 Scatter Plot
- 310 H«V)
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Figure S Electron-deuteron tirae-of-flight plot v«r«u* S2.
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meson exchange corrections to the Paris potential. The sen-

sitivity to meson exchange is much larger above 4 fm , the

region where Fn is expected to have its first minimum.

B. Measurement of the (7,7r°) Cross Section from C and
4He.

This is an experiment which involves collaborators from MIT

and Boston University. The experiment is thoroughly discussed

in the recent Ph.D. theses of Dr. J. Comuzzi from MIT who worked

on ^ C and Dr. Dan Tieger from Boston University who worked on
4He.

The experiment uses bremsstrahlung and measures the energy

of the incident photon involved in the reaction by a measurement

of the 7T° energy. One must work with the tip of the bremsstrah-

lung to guarantee elasticity. For He this is not too demanding

since there is roughly 20 MeV before any excited states are
12involved. In the case of C, the collective states at 4.43 MeV

(2+) and at 7 MeV (0 ) could pose a significant problem since

the photon energy resolution was only about 8 MeV. However, it

appears that the contribution from these states is negligible on

theoretical grounds. We summarize the results with the remark

that they are in rough agreement with the. A -hole computations of

Koch and Moniz [Ko83]. Wa will concentrate by discussing only
4

the results from He.

The principle of the TT° spectrometer is based on the well

known technique of making a precise measurement of the opening

angle of the two photons from the TT° decay. This technique, as

employed in this work, uses two detectors each symmetrically

located above and below the horizontal plane of the {y,r°) reac-

tion. Shown in Figure 7 is the detector support structure. The

bremsstrahlung beam is perpendicular to the plane of the figure

and the two photon directions are indicated one above and one

below the horizontal plane. The small dimension of the t get
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Figure 7 (7.*°) defector support structure.

i Pb «Use

B leek
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i
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• L

Figure 8 Photon detector system for (T,*°) measurements.
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in the vertical direction is important in defining the opening

angle as is the precision of locating the positions of the

photon-detector interactions.

From kinematic considerations of the n° —* 2'' decay, we can

write

«.

sindjj/2) /l - x2

where ^ is the opening angle between the photons and x is the

asymmetry parameter given by

EYl - EY2
X =

Eyl + Ey2

As a result, a rough measurement of the energy of each photon is

important. The photon detector system is sketched roughly in

Figure 8. A polyethelene absorber of soft electrons and photons

is followed by a thin lead-glass converter that signals an event

via Cerenkov light detected by a photomultiplier. The xy posi-

tion detectors are multiwire proportional chambers that trace

the e- tracks, establishing a converter vertex for proper event

classification and photon location. A second converter system

doubles the detection efficiency in each arm. Plastic scintil-

lators help eliminate the confusion of which convertor was the

possible origin of an event. The large blocks of lead-glass

measure the final e e" energy to establish, together with the

energy deposition in the convertors, the total photon energy.

The lead-glass Cerenkov light and plastic scintillators serve to

give very rapid timing.

As a test of the system, liquid Hydrogen is used as a tar-

get producing the event spectrum of Figure 9. A 300 MeV

bremsstrahlung spectrum was used. The solid curve is a Monte
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Figure 9 H(T,*°) «vent «peetrus versua photon energy. The

curve ia the result of a Monte Carlo simulation of

the experiment.

-31

VIOH l ifts

Figure 10 *He(.>,*°) event spectrum for Bo - 290 HeV and
oT - 60°.
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Figure 11 4He(T,*°) differential cross sections for photon
energies near the 4(3,3} resonance.
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Figure 13 D(v,2p)*~ Kinematics.

Figure 12 Contribution» to the reaction

(a) quasifree, (b,c) single pion and nucleon «-escat-

tering, (d,e(f) A-N interaction corresponding to

direct, exchange and absorption respectively.
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Carlo simulation of the apparatus with measured thresholds and

the indicated parameter range for x (|x| £0.2). The pions are

produced at 90° to the beam. In Figure 10 the spectrum of

events converted to photon energy for a He target is shown for

a 290 MeV bremsstrahlung endpoint and for a TT° production angle

of 60°. This spectrum is treated in the same manner with Monte

Carlo techniques as the hydrogen case discussed above to extract

the cross section for {y,ir°). Notice the accidental events for

E > 290 MeV. This part of the spectrum is also modeled in

order to remove these background events. The subtraction is

clearly very small and the resulting cross section is of high

quality.

In Figure 11 we show the final differential cross section

for He in the neighborhood of the A-resonance. The solid curve

is the theory of Koch and Moniz [Ko83] including the effects of

A-hole dynamics. A model based only on quasi-free nucleon

production with n-0 absorption would have to be modified by ap-

proximately 20% by the A-hole dynamics to reproduce the very

satisfactory agreement that is displayed in the figure.

C. D(7,2p)7r~

This experiment [St83] will focus on a study of the delta

nucleon interaction which forms a basis for understanding the

more general A-nucleus problem. To achieve this, the kinematics

of the Bates experiment will be chosen to emphasize A-N interac-

tion effects in the final state, corresponding to diagrams (d,e)

iu Figure 12. Angular distribution measurements will be made at

two photon energies (380 and 450 MeV), keeping constant other

parameters not associated with the A-N interaction. The MEPS

and OHIPS spectrometers will be used to detect the two final

state protons. Because of the three body character of the final

state in this experiment, measurement of the final proton

energies and angles will automatically determine the energy and

angle of the final state pion and the photon energy, and thus

completely define the kinematics shown in Figure 13.
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The diagram of Figure 12(f) is important in considering A

absorption effects. For example, this appears to be the leading

contributor to the spreading width in the A-hole model. The

importance of this process was established by Laget [La78] in

conjunction with an initial experimental study carried out at

Saclay [Ar78]. The Saclay results are illustrated in Figure 14.

The diagram in Figure 12(f) appears to adequately explain the

data of Figure 14. However, these data were limited to a

maximum usable photon energy of around 450 MeV, with the result

that the measurements are incomplete since they fail to cover

the peak and the falling side of the expected curve. Since the

effect is maximum at E.y = 500 MeV it is proposed to extend the

Saclay data up to E = 700 MeV.

D. Electro-Fission of 238U

Electro- and photo-induced fission has long been recognized

[Mo69,Bo68] to be a powerful tool for the exploration of two

very important aspects of nuclear structure: a) The study of

Giant Multipole Resonances in heavy nuclei and b) The study of

the detailed shape of the fission barrier of fissioning nuclei.

Electrofission offers two distinct advantages over photofission,

namely that it allows the selective excitation of different

multipoles and it allows the study of their microscopic

structure through the mapping of their form factors as a func-

tion of momentum transfer.

The proposed experiment [Ca82] plans to use both MEPS and

OHIPS spectrometers for the simultaneous measurement of the

inelastic electrons at two different momentum transfers and

therefore to double the count rate of the experiment.

In the initial version of this proposal, the detection of

fission products was to be achi eved by a Solid State Array

developed at the University of Illinois [Ca81a] and which has
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been used in an (e,e'f) measurement at Illinois, yielding data

with a trues to accidentals ratio of better than 100:1 (see

Figure 15).

The performance of solid state detectors close to electron

scattering targets is seriously degraded by the presence of low

energy Miller electrons. The insertion of magnetic fields of a

few kG between detectors and the target significantly improves

the quality of the signal especially at the low end of the

energy spectrum. To realize such a filter for a large number of

detectors simultaneously the device shown in Figure 16 was con-

structed at Illinois. A magnetic field perpendicular to the

scattering plane is provided at all angles not seen by the

primary or scattered beams. The gap in the field for the

spectrometer exit can be placed at an arbitrary angle by

removing one of the 20 pole segments. Solid state detectors

were placed as far forward as 30° relative to the beam direction

with excellent results. Detectors can be placed as close as

5 cm to the target, yielding a total solid angle for an array of

such detectors approaching 1 sr. Figure 15 shows a typical time

of flight spectrum between a fission detector mounted in this

array and inelastically scattered electrons. The singles pulse

height spectrum acquired at the same time from the same detector

is also shown.

In very recent tests at the MIT-Bates Laboratory, these

proposers have demonstrated that planar avalanche detectors can

be operated with very thin windows to pass fission fragments.

Sufficiently discriminatory threshold conditions can be achieved
238to detect these fission fragments from u without the use of

magnetic fields to filter the soft electron background. The

detection is remarkably clean and background free. With such

avalanche detectors, one loses the pulse height information

needed to determine fragment energy and mass from a combined

energy and time measurement. On the other hand, the relative

timing from the electron in (e,e') and the avalanche detector

could be used for a less accurate mass spectrum measurement,
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since the energy release in fission is relatively constant, and

q is generally low compared to the momentum of the fission frag-

ments. The elimination of sweeping fields greatly simplifies

these experiments and, if only the presence of the fission tag

is required, the avalanche detector seems to be an attractive

prospect.

E. Decay of Giant Resonances Following Inelastic Electron

Scattering: Coincidence Measurements on •LiSC(e,elp) B

This work has been proposed by the group from the

University of New Hampshire in collaboration with workers from

Stanford University and from M.I.T. [Ca83]. They propose to use

the MEPS spectrometer in coincidence with six solid state

detector telescopes that measure the proton energy. The proton

angular distribution will be measured in a plane that is rotated

by 135° (Drechsel and Überall convention) with respect to the

plane containing the incident beam and the momentum transfer, q.

These measurements will be made at incident energies of 125,

175, 225 and 250 MeV and for a fixed electron scattering angle,

ee = 40°.

These workers have already performed initial measurements

at the High Energy Physics Laboratory at Stanford using the 100%

duty factor superconducting accelerator. This work was at

energies below 125 MeV. Experiments up to 175 MeV are planned

to run at the C.W. Microtron facility at Mainz. At the time of

this conference, we have heard that preliminary tests show very

favorable conditions at Mainz. The higher energy portion of the

work needs a facility like the MIT-Bates accelerator. Because

of the large solid angle and momentum bite of the MEPS

spectrometer, the effective rate of the experiment at M.I.T.,

with a duty factor of about one percent, will be essentially

twice that of the C.W. HEPL experiments and will be within a

factor of three of the Mainz capability. It is estimated that

about 50 hours of beam time will be required for each energy.
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The experiment should permit a study of the leading edge of

the El form factor up to its peak with a minimum contribution

from the E2 giant resonance. A separation of the E2 and other

multiple resonances may also be possible. Angular correlation

coefficients will be determined as a function of momentum trans-

fer for all detected channels. The results should provide a new

insight into the microscopic description of the giant multipole

resonance wave functions because they will exploit the charac-

teristic q-dependence of different particle-hole states. In

particular, these workers plan to concentrate on the ground

state proton channel (pQ) relative to the proton decay channel

leading to the first excited state of B, (p,). These data

will allow a more thorough exploration of the issue raised by

the data taken at the superconducting accelerator at HEPL, as to

whether the p, channel favors decay via the spin-flip portion of

the El resonance which is a weak component in photoexcitation.

In Figure 17 we show the schematic diagram of the apparatus

used at Stanford [Ca81b3. Notice the sweeping field used to

eliminate the low energy electrons from electron-electron

processes. Triply differential cross sections from Stanford are

shown in Figure 18 [Ca81b]. The cross sections of the two

proton channels, PQ and P-̂  are clearly measured as a function

of virtual photon energy. The (e,e'p) coincidence beautifully

removes the nemesis of many studies with electrons, the elastic

radiation tail. Note that the coincidence cross section scale

is on the right hand side of the figure.

F. (e,e'p) Reaction Mechanism Studies

A program to explore the microscopic character of the

(e,e'p) reaction mechanism has also been initiated at the Bates

accelerator [Be82,Be83,Ba83a]. Feasibility studies made in

December of 1982 show that the energetics of this reaction

process can be explored profitably to high excitation energies.
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The initial phase of this exploration will begin in November-

December of 1983. Among the initial goals of this program

are to undertake the first measurements of the reaction mech-

anism in the delta-resonance region and in the enigmatic "dip"

region between tha quasielastic and A-resonance structures.

Longitudinal/ transverse separations of coincidence data in the

quasielastic region will be made for the C(e,e'p) reaction.

Earlier work such as that at Saclay [Mo76] on the (e,e'p)

reaction in the quasielastic region has emphasized the extrac-

tion of occupation densities for single particle hole strength

in medium and light nuclei. The cross section for a discrete

transition assuming single nucleon knockout dominance can be

approximated by the factorized form

dtt dE'dft dT = K °ep n D ( k )

e p p

where K is a kinematical factor, ° is the elementary e-p cross

section, and nQ (k) is a distorted momentum occupation density

for the ith hole state in the A-l system. While these experi-

ments tend to confirm the one-body dominance of the reaction

process in the quasielastic peak region, the total strength

observed up to 80 MeV of missing energy systematically falls

short of the total expected one-body strength even after apply-

ing substantial optical potential distortions and absorption.

One possibility is that the missing strength is to be found at

higher missing energies than has thus far been explored

[Mo76,Mo78].

The reaction process beyond the quasielastic region is not

well understood at present. The large inclusive (e,e') cross

sections in the intermediate "dip" region between the quasi-

elastic and A-resonance regions is far in excess of one-body

mechanisms. Present calculations of the most likely two-body

currents, while large, also fail to account for a significant

fraction of the observed strength (see Figure 19). In the

A-resonance region a one-body mechanism is expected again to
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Figure 19 Inclusive (•,•') cross section at an incident energy

of 680 MeV and a 36° scattering angle from [Ba83b].

Curves represent calculations by Laget and
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dominate through the coherent A and incoherent pion production

channels. However, at present, calculations fail to reproduce

the observed spectra of inclusive (e,e') and total gamma produc-

tion measurements for complex nuclei in this region. In Figure

2 0, the experimental results for

calculation by Laget [La81a].

Be((JT0T) are compared to a

Returning to the quasielastic region, there is a strong

indication that the reaction process may not be as well

understood as previously thought» Longitudinal and transverse

separations of the Saclay C(e,e') data [Ba83b] make it pos-

sible to compare directly these tv/o components of the reaction

process. If one body knockout is the dominant process then the

ratio of the two response functions should scale as the elemen-

tary nucleon electric and magnetic form factors:

-+2

q (*l

where the latter approximation is the free nucleon limit for

this ratio using the standard dipole approximation.

12In Figure 21a the reduced C response functions
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Figure 21 Results of a relativistic y-scaling analysis of the

Saclay 12C(«,•') experiment. Assumptions used for

the three data treatments are: a) Free kinematics and

free current operator, b) M replaced by M* - 0.82H

in kenematics. free current retained, c) Replacement

of M by M in both Kinematics and current. The

Vongitudinal data are shown for q • 400 MeV/c

(circles) and 500 MeV/c (squares). The transverse

400 MeV/c data is shown by diamonds and the 500 MeV/c

data by triangles. Hot* that the vertical scale is

different for each figure.
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Figure 22 Uncorrected time-of-flight spectrum for the 1H(e,e'p)

reaction. The FWHM is ~1.2 ns.
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are plotted versus the scaling variable

1/2

y =
) )

for two momentum transfers of 400 and 500 MeV/c LFi83J.

Although the data show the systematic behavior expected for

one-body knockout through the kinematic features of the

quasielastic peak and the q-independence of the reduced response

functions, the ratio of the response functions deviates

substantially from that expected using free nucleon form fac-

tors. In Figure 21c one sees that scaling can be recovered if

one introduces a relativistic effective mass that is also incor-

porated into the nucleon form factor for the anomalous magnetic

structure. The cipparent success of this parameterization may be

merely fortuitous. Nevertheless, from Figure 21a we see that

the data indicate that the microscopic electromagnetic current

operator in the nuclear medium differs substantially from the

free nucleon current operator even at the maximum of the

quasielastic scattering peak. Our knowledge of relativistic in-

teractions is far from adequate to tell us how to account for

the modifications of the one-body current.

To explore further the detailed character of this reaction

mechanism we have chosen to consider moderate resolution (e,e'p)

experiments inclusive in the (A-l) nuclear system. Parallel

knockout kinematics (protons detected in the direction of q)

will be used in the initial tests to eliminate interference

amplitudes. The energetics of the reaction will be studied over

a substantial range of outgoing proton energy in each of the

three cases to be explored.
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i) In the quasielastic region, longitudinal and transverse

separations will be made for coincidence ^C(e,e'p) data up to

60 MeV missing energy. If one-body knockout is the dominant

mechanism, the ratios of response functions should be independ-

ent of missing energy. If on the other hand, two-body currents

are important in the reaction process, the sharing of the trans-

ferred energy will be exhibited in the proton spectrum. For

example, if the strength attributed to deep IS shell structure

is partially due to two or more body currents, substantial

deviations may occur in the two response functions as a function

of missing energy. It should be recognized that two-body knock-

out via MEC is thought to have a predominant transverse charac-

ter LVa80j.

ii) In the dip region, we plan to explore the energetics of

the knockout process to at least 140 MeV missing energy in

C(e,e'p). The observed distribution of strength is expected to

give significant clues as to the dominant reaction process, just

as in the discussion above. In general the mean energy of the

observed nucleon will decrease as more nucleons share in the

reaction channel.

iii) In the A-resonance region, both the D(e,e'p) and

C(e,e'p) reactions will be studied. Since A production is a

minimum for parallel kinematics, the deuteron measurements

provide an excellent indication of the non-resonant one-body and

two-body contributions to this process in the low-density limit..
I?The A resonance peak will be stronger in the C measurement due

to the larger Fermi motion contributing strength in the direc-
12tion of q. The C measurements will be useful in determining

the role of the medium in this reaction. The character of the

proton energy spectrum will provide insight into the nature of

the A -nucleus interaction.

The experimental configuration for these efforts will use

the MEPS spectrometer as the electron arm to tag the virtual

photon. OHIPS will be oriented in the direction of q to measure
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the outgoing proton energy spectra. One of the virtues of OHIPS

is the ability to reach small forward angles. This is important

since both the R^/R_, separations and the A resonance explora-

tions require proton angles of about 20°•

Both MEPS and OHIPS are fully instrumented with wire cham-

bers and particle-sensitive devices. The wire chambers in use

are double-plane vertical drift chambers capable of (x,y,0,<|>)

determination. The particle identification is by energy deposi-

tion in scintillator stacks. The electron arm is also equipped

with a silica aerogel Cerenkov detector. Data acquisition is

controlled by a PDP-11/44 interfaced to CAMAC by an MBD

microprocessor. The VDCX in OHIPS is read out by a conventional

delay line readout CBe77j. On MEPS a new time-readout developed

by Jan Distelbrink has been implemented. This system (TIRUS) is

a fast TDC per wire device with the timing information coming

from a common clock driving 400 Me sealers. Initial tests of

the full TIRUS system have been highly successful.

Although energy resolution is not critical for our present

measurements, ray tracing is still needed to define the angular

cuts, eliminate background, and improve timing resolution. A

timing resolution of ~1.2 ns FWHM with restricted solid angle

and no timing corrections was achieved in our feasibility run of

last December (Figure 22) [Be83j. Beam optics calculations

indicate that this timing resolution should be available using

the full apertures of MEPS and OHIPS with ray tracing correc-

tions. The initial tests, using less than optimal kinematics

and operating conditions, indicate that quite large missing

energies are readily available using OHIPS and MEPS. Figure 2 3

shows an uncorrected time-of-flight spectrum for a measurement

at 80 MeV missing energy taken in the kinematics of the dip

region for C(e,e'p) and non-parallel kinematics (E = 320 MeV,

0e = 90°# <»= 160 MeV, 0 = 36.7°). The duty factor of the

machine was limited to 0.4% due to transmitter instabilities at

the time of the test. The real event rate is several hundred

counts/hour even at this inelasticity. Although the



Figure 23 Uncorr«ct«d tin«-of-flight «pectruro for the
l2C(«,e'p) reaction at a missing energy of 80 MeV.
The signal-to-noise ratio is about 1/3.
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Figure 24 Calculation by Fabian and Arenhovel showing predicted
effects of NEC's and XC's to the interference and
normal D(e«e'p)n response functions. The kinematics
vere chosen to favor IC contributions.
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signal-to-noise ratio is only l-to-3 in this worst case

spectrum, we expect this ratio to improve by at least an order

of magnitude in our upcoming experiments due to a combination of

more judicious choice of kinematics, higher duty factor, and the

use of ray tracing.

G. D(e,e'n)p

An effort to examine the feasibility of measuring the

electromagnetic interference amplitudes contributing to the

D(e,e'n)p reaction is just commencing. Neutron detection,

although intrinsically difficult in the high radiation

environment of an electron beam, readily lends itself to large

solid angle devices capable of making measurements out of the

(e,e') plane. The new observables defined by these interference

amplitudes can greatly enhance our knowledge of the nuclear

structure and nuclear reaction mechanism.

In general four amplitudes are available to coincidence

(e,e'x) measurements if one averages over spin states. In addi-

tion to the usual longitudinal and transverse dependencies, the

cross sections ars also sensitive to inferences between the

various polarization states of the virtual photon. The un-

polarized cross section can be written in the general form

da = K J v Lo L + v Ta T + v L Ta L T cos tj) + v T To T T COS

where K is a kinematical factor, o L and oT are the familiar

longitudinal and transverse responses and a an(j ö denote

contributions from longitudinal-transverse and transverse-

transverse interference amplitudes respectively. The factors

VJ denote the known kinematic weights for the photon polariza-

tion directions. Amplitudes can be determined directly by a

harmonic analysis of the azimuthal dependence, $ , of the hadron.
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The angle <|>is defined to be 0° and 180° in the (e,e') plane and

the rotation axis is given by the direction of q. The specific

nuclear physics content of these amplitudes depends on the

choice of kinematics. In the quasielastic region, the impulse

approximation indicates that the TT part of the interference

amplitude in D(e,e'n) is directly sensitive to the S and D state

interference amplitudes of the deuteron ground state

[Mc65,Mc67J. On the other hand, far from the quasielastic peak,

Fabian and Arenhovel [Fa79] have shown that appropriate

kinematics can be found to enhance greatly the contribution from

meson exchange currents and isobar configurations in the reac-

tion process (see Figure 24). In fact, the calculated effects

are large enough to reverse the sign of the interferences ex-

pected from nucleonic currents.

Experimentally the D(e,e'n)p reaction is a particularly

tractable special case in that the geometry of the neutron angle

relative to a tagged virtual photon determines the energy and

thus the time of flight of the neutron. This enhances greatly

the signal-to-noise situation. Since the expected true rates

are high, the major problem is suppressing the soft neutron and

gamma ray backgrounds in the detector system. In the upcoming

tests, neutrons will be detected by fast scintillators attached

to gain-stabilized phototubes. To eliminate the "gamma flash"

originating from target-produced prompt gamma rays, a beam pul-

ser has been installed in the linac. The neutron detectors will

be gated off for the duration of the gamma flash and then gated

on for a time window that includes the arrival of hard neutron

events. Heavy shielding, gamma absorbers and anti-coincidence

devices will also be used to suppress background. The need for

sweeping magnets will also be examined.

If the experiment proves to be feasible, a large solid

angle segmented neutron detector array, HAND (Hexagonal Array

for Neutron Detection), consisting of many closely packed scin-

tillators, will eventually permit simultaneous measurements over

a very large range of azimuthal and polar angles.
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Such an array would also be suitable for use in triple

coincidence measurements such as T(e,e'2n)p. Again, the con-

strained nature of the reaction process makes such a measurement

technically conceivable with a few percent duty ratio machine.

Kim [Ki78] has shown that the singlet-S-to-singlet-S transition

for two neutrons has enhanced sensitivity to the electric form

factor of the neutron. Experimentally, this transition cor-

responds to two neutrons emerging from the target with small

relative momentum.

In general, measurement involving two nucleons in the final

state should provide more direct information about two-body

currents than is available from more inclusive measurements.

Ill. Plans for the Future Development of the Accelerator

Facility at Bates

It is clear from the activities at electron accelerator

laboratories around the world that 100% duty-factor beams are

the trend of the future. There is no doubt that work at the

present facilities, such as Mainz ranging up to 180 MeV, will be

very interesting, but the thrust is for even higher energies to

allow coincidence research up to q > 4 fm"1 where the classic

nuclear structure form factors are exhausted. In the U.S.A. we

have recently recommended construction of the 4 GeV-C.W.

facility proposed by SURA. The same advisory panel recommended

that M.I.T. consider extending the Bates facility to 100% duty

cycle as well. With the addition of the sixth modulator, now

underway, the maximum energy of the accelerator at MIT will

approach one GeV and its dynamic range will allow it to reach as

low as ~ 100 MeV - a formidable facility to complement the SURA

facility which will clearly run at higher energies. Indeed, we

are now studying at M.I.T. the best way to achieve CW with the

Bates facility. Multiple recirculation, microtron-like
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operation and a stretcher ring are all being considered. The

ring alternative seems to be the most economical possibility

with the present accelerator and one-pass recirculation serving

as the injector to the ring. The plan is to provide good

quality beams of 50-100 na. with 100% duty ratio from the ring.

Simultaneously, the accelerator will provide a second beam of 1%

duty ratio with energy ranging from 100-1000 MeV for single arm

(e,e') experiments at very high resolution, which has been a

mainstay of our laboratory and, as you know, we do rather well.
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HIGH-MOMENTUM COMPONENTS IN 3He(e,e') AND (e,e'p)

Ingo SICK

Dept. of Physics, university of Basel, Basel, Switzerland

In this talk I want to discuss the properties of the 3He

spectral function S(K,E) at large momentum K and large sepa-

ration energy E. I am interested in particular in the question

how to measure S, and how to understand the physics connected

to it.

The reason for concentrating on S at large K/E is three-
2)

fold. Existing (e,e'p) data are limited to the region K<300

MeV/c, E<40 MeV. Due to our comparatively good understanding

of 3He, the properties of S(K,E) may be taken as a prototype

for the study of S of heavier nuclei in the region beyond dis-

crete single-particle states. And, most important, large K and

E offer a chance to study the short-range properties of nuc-

lear wave functions; in particular, the short range NN corre-

lations and three-body forces are expected to be important in-

gredients to an understanding of S(K,E) in this region.

A discussion of large K,E runs into an obvious difficulty.

Little experimental data relevant to this region is available

at present, and we have not yet familiarized ourselves with

the concepts required to understand this region. Moreover, the

reaction mechanism of processes that will be used to study

this region, where S is very small, presents a major problem.

To get a discussion going, I will use (e,e') inclusive data to

start thinking about large K,E, in order to learn what to do

and to expect once the more specific (e,e'p) experiments be-

come a feasible tool.

As experimental input I mainly will use (e,e') data. Hence

I will start by discussing how to understand (e,e') in terms

of properties of S(K,E). For this purpose, an extensive dis-

cussion of the scaling function F(y) is needed. Once we have

found out how to exploit inclusive scattering, I will come
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back to exclusive reactions, and discuss the relative merits

of (e,e'p) and (e,e')/ in order to find out how these tools

can best complement each other. Some conclusions on the pro-

perties of S(K,E) at large K and E, together with some sugge-

stions for future activities, will follow.

Scaling

The study of inclusive (e,e') data in terms of "Scaling"

is particularly appealing and useful: The reaction mechanism

can be investigated in detail without recourse to theoretical

calculations. Selected integral properties of S(K,E) at large

K,E can be determined quantitatively. For these reasons we

discuss below the scaling property of inclusive scattering

cross sections in considerable detail.

Historically, X-scaling was invented in the late sixties

by Bjorken, Feynman and others when studying deep inelastic

electron-proton scattering. The fact that the cross section

a(q,u) at large q becomes a function of a single variable

X = X(q,w) proved that the electron scattered from pointlike

massless and free constituents, objects we today identify as

quarks. The scaling function obtained gave a direct measure

of the constituent momentum distribution.

In 1975, G. West proposed a different scaling variab-

le, y, which should be useful for nuclei, where the constitu-

ent mass is non-zero. This type of scaling was largely ignored,

basically because there were no data that allowed a sensible

application of these ideas. Scaling requires momentum trans-

fers q much larger than typical nuclear momenta K . Only with

our 3He(e,e') experiment performed at SLAC, such data, rea-

ching up to q=10fm , became available, and an application of

the scaling idea possible. Since, this has led to a consi-

derable activity in this field.

What does y-scaling mean? Consider, in PWIA, the inclusi-

ve scattering process depicted in fig. 1. Writing down momen-

tum and energy conservation yields
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Fig. 1

Ü) = ((£ + q) 2+ m2) - m + E + Recoil

where w is the electron energy loss, K is the nucleon momentum

before the reaction, and E the separation energy. The recoil

term can be included without difficulty, at the expense of

somewhat less transparent equations. Decomposing K into its

components K.. , K^ parallel and perpendicular to q yields

<w + m - E ) 2 = K 2+ Kx
2 + 2K. q + q2 + m2 (1)

In the limit of very large momentum transfer, the term K, can

be neglected against q , and E can be neglected against m and

OJ, the latter also becoming large at large q. In this case the

equation can be solved to yield

K|| = y(q,u), y a (u2 - 2mw - q2)/2q (2)

This equation has aprofound implication: q and w no longer

are independent variables, as they are in general. Rather, q

and w are connected such that the function y (determined by

kinematics alone) is the component parallel to q of the initial

momentum K of the knocked-out nucleon.

If this is true, then it is easy to derive the correspon-

ding expression for the cross section

she (i) e N
where -rr is the elementary electron-nucleon cross section

summed over all nucleons, and F(y) is the probability to find
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a nucleon with momentum component y in the nucleus.

As an example, we show in figure 2,3 the inclusive 3He

(e,e') cross sections and the function F(y) derived from the

data taken in the q-range 2*10 fm~ . While the cross sections

vary over many decades, and the shape of the quasielastic peak

changes strongly, and while at a given value of y the cross

sections at different q differ by up to 3 decades, the values

of F(y) define a single function essentially independent of q.

The "scaling" property is realized in a most impressive wayl

This scaling is realized for y < 0, the low-w side of the

quasielastic peak? at y > 0 large differences in F(y) occur,

as discussed below.

A brief look at the y-scale of fig. 3 tells us immediate-

ly why F(y) is of great interest: momentum components at momen-

ta much larger than those studied in (e,e'p), K ~ 300 MeV/c,

are accessible. Hence the interest in F(y) for our discussion

of large K.

As mentioned above, the scaling property is important in

two respects. First, the presence or absence of scaling allows

to investigate experimentally the reaction mechanism. Secondly,

the function F(y) the data scale to give information on the

momentum distribution. Before discussing in a more quantitati-

ve way the latter relation, I will briefly expand on the former

point.

Reaction mechanism

The scaling property comes about due to two ingredients.

1) To compute y from q and w one assumes single scattering off

an object of mass m. This process is used to fix the kinematics

of equation 1. More complicated processes involving more par-

ticles would lead to a different kinematical relationship. The

sensitivity to the mass m of the object one scatters from is

quite pronounced; changing m by ±15% noticeably worsens the

scaling property.
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Fig. 2

Inelastic response
function W(q,u) of
3He, as function of
q(fm~ ) and w(MeV).
The data span the
region E=3*15 GeV,
0= 8°.
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Fig. 3

Scaling function F(y)
(c/MeV) as function of
y (MeV/c). Data with
w- a)., >100 MeV aretnr
plotted only.
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2) The function F(y) is obtained by dividing da/dQ, do) by the

electron-nucleon elastic cross section. For the range of q

plotted in figure 2, the e-N cross section varies over 3 deca-

des. If F(y) scales after division by a , then this very

strongly indicates that the basic process is e-N elastic scatte-

ring. (Here/ for a change, the strong q-dependence of a is a

real advantage!).

Taking these two points together we can conclude that the

experimental data provide excellent evidence that the IA pro-

cess depicted in figure 1 dominates. More complicated pro-

cesses - involving interactions with more than one nucleon,

A-excitation or meson exchange currents (MEC) - have no reason

to scale when using the nucleon mass and elastic cross section

in eqs. 1,3. Indeed, calculated theoretical cross sections for

these more complicated processes do not scale (examples are

given below). The scaling property alone thus is an experimen-

tal proof for the nature of the reaction mechanism. (For reac-

tions like (efe
fp) such evidence is much harder to come by, so

that in general one has to rely on theoretical calculations).

Meson exchange currents

As an example for the sensitivity of the scaling feature

to the reaction mechanism we mention two observations. The

first one concerns the non-scaling of F(y) for y > 0. At an

energy loss above the quasielastic peak, the inclusive cross

sections get contributions from A-excitation and 7r-production

with a relative importance that increases with q. According to

this different physical process, the function F(y) shows no

sign of scaling (figure 4). At y = +200MeV/c, the value of F(y)

changes by a factor 70 between 2 and lOfm momentum transfer.

This is mainly due to the fact that the form factor for A-exci-

tation has a q-dependence different from the one of elastic

e-N scattering.

While at large y the A-excitation dominates and clearly
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Fig. 4

Scaling function F(y)
in a)-region beyond maxi-
mum of guasielastic peak.

-200 200

Fig. 5

Scaling function F(y) corre-
sponding to cross sections
calculated for MEC processes

-600 -400 -200



121

shows up in the absence of scaling of F(y), we could expect

contributions of MEC at low y, y < -200 MeV/c say. From past

experience we know that MEC tend to show up once the usually

dominant IA contribution becomes small. These MEC contribu-

tions, due to the dominant pair, pionic current and resonance

diagrams, are not expected to scale; different masses, typi-

cally the mass of two nucleons, and different vertex form fac-

tors, are important. In order to show that MEC indeed do not

scale, I have taken the MEC cross sections for He(e,e') calcu-

lated by Donnelly et al. , and have converted these da/dftdw

to the F(y)-values shown in figure 5. The three curves shown

cover the q-range 2-6 fm

Two things can be concluded from figure 5. The MEC contri-

bution is much smaller than the IA contribution. And, more im-

portantly, the MEC cross-sections do show a drastic non-sca-

ling behaviour, as expected. If the experimental data do scale,

then MEC are unimportant, and are present only to the degree

the data do not scale.

Final state interaction

In order to derive F(y), we have used PWIA kinematics, and

we have neglected the nucleon final state interaction (FSI). In

this section, we discuss the effects of FSI, give various esti-

mates for its contribution, and give the precautions taken to

eliminate problems due to FSI.

Before discussing in any quantitative way the effects of

FSI, one should qualitatively consider where FSI can be impor-

tant in (e,e') and (e,e'p). These qualitative argumentstthough

seemingly trivial, are more significant for our understanding

of FSI than some specific, generally rather approximate, theo-

retical calculation.

Three scales of distance are of importance in (e,e') and

(e,e'p). The size of the region seen by the electron is given

by q , the initial nucleon is influenced by the nuclear wave
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function in a region defined by the nucleon wave length X., and

the corresponding X_ applies to the knocked-out final nucleon.

To discuss (e,e') we will assume that q is large, so that

q is much smaller than the typical internucleon distance of

2fm. In this case, X_ also is small since large q implies a

large momentum of the final-state nucleon. We therefore can ex-

pect that the effect of FSI on (e,e') is small; no other nuc-

leons are in the region of size q , X to which the electron

and recoil nucleon immediately after the reaction are sensitive.

What happens to the recoil nucleon outside this region is of no

interest to (e,e') where this nucleon is not observed. The only

condition required to achieve this: the energy transfer u must

be sufficiently large to make X. small.

For (e,e'p), on the other hand, above argument does not

apply. The recoil nucleon has to cross the nucleus in order to

be detected. The scattering and absorption outside the region of

size q , X_ fully comes to bear.

Discussing the effects of FSI in (e,e') a bit more quanti-

tatively, we have used the program QUASI and the 3He spectral

function to calculate inclusive cross sections at low recoil

energies, at q ~2fm . The final state nucleon in this calcula-

tion is assumed to be described by a plane wave, with a wave

number given by a phenomenological energy dependent optical po-

tential. This treatment of FSI accounts for the largest part of

FSI, as shown by more sophisticated calculations . The cross

sections, calculated with or without FSI, have been converted

to F(y) and are shown in figure 6. The FSI increases da/dftdoo at

low a), and depends essentially on w-u.. , but not on y. When in-

creasing q, the curves at given y converge towards the solid

curve calculated without FSI. For u~ u
t n r

 > 5 0 MeV, the effects

of FSI are too small to show up on a plot like figure 6.

These effects of FSI have already been suppressed in fig.3.

To be on the safe side only data with a)-(*)tnr
 > 1 0° M e V n a v e b e e n

plotted there.
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A more general treatment of FSI effects can be achieved

if one realizes that the nonrelativistic version of y-scaling

has been known and exploited for a long time in solid-state

physics. There, the FSI effects are stronger than in nuclear

physics, due to the rather singular nature of the Lennard-

Jones potential that describes the interaction between atoms

in condensed matter. Translating the results into nuclear phy-

sics shows that FSI is responsible for both a smearing and a

shift of F(y). For recoil energies of ~200 MeV, the region that

in the following discussion is most important, the shift of the

quasielastic peak amounts to < 30 MeV, the width of the quasi-

elastic peak undergoes on additional folding with a width of

< 15 MeV. Both changes give a small effect in F(y) provided |y|

is large, so we will not discuss them further here.

The unimportance of FSI in (e,e') might not be a familiar

feature. It is well known, however, in the analogous case of

deep inelastic electron scattering from nucleons. In this case

FSI is extremely strong, since quarks never can get out, but

must convert to colourless particles via FSI. Despite this fact,

quasifree quarks are observed by (e,e'). The qualitative argu-

ment discussed above, the size q /X_ of the region of impor-

tance for FSI, explains this observation.

Of course, we do not believe that nucleons are asymptoti-

cally free when having high momentum. The interaction between

nucleons at high K, however, is not strong either since the

high relative angular momenta occurring at high momentum (high

q) suppress the effects of the repulsive core of V occurring

in the £=0 state.

F(y) at finite q

The usefulness of F(y) as a momentum distribution depends,

in principle at least, on our ability to experimentally achieve

the limit q -»• °° . In practice, we have to understand the mea-

ning of F(y) at finite q, and we would like to be able to pre-
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Fig. 6

Scaling function obtained
from cross sections at
3.6 GeV, 8° calculated
with (dashed) and without
(solid) FSI. The arrow in-
dicates the point W-CJ , =
50 MeV. n r

-600 -400 -200

Fig. 7

Scaling function obtained
from cross sections calcu-
lated using spectral func-
tion S'(K,7 MeV). Dotted,
dashed and solid curves
correspond to q - 4,7,lOfm
The curve for p (K|| coin-
cides with the solid line.

-1

-600 -400 -200
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diet the rate of convergence of F(y) with increasing q.

A study of the convergence properties of F(y) is indica-

ted for another reason. The experimental scaling function F

converges quite rapidly, and within ~20% appears to have achie-

ved convergence at q = lOfm . The same is not true for F(y)

calculated from cross sections obtained via the program QUASI

from the spectral function S(K,E). This difference in the rate

of convergence contains some information on the physics of

S(K,E) we would like to be able to extract.

Two terms neglected in eq. (1) need to be considered. The

momentum component K. perpendicular to q is assumed to fulfill

K 2 « q2. The separation energy E is assumed to be much smaller

than m + u. The first condition is fairly easily achieved by

the 3He data used here. Moreover, the average value of K?, ic?,

need not be neglected in eq. (1). Numerical studies show that

the neglect of K2 produces little problems at the q-values of
x _i

interest (up to lOfm ). We recall, however, that most if not

all of the (e,e') data available for A>4 does not fulfill

K2 << q2; accordingly, the application of scaling ideas to such

data is of doubtful validity.

The main difficulty with the convergence of F(y) stems

from the effects of non-zero separation energy. Large momenta

K, i.e. large |y|, are in general connected to rather large E

(see figure of S(K,E), ref. 1). These large E are responsible

for the fact that the scaling function calculated from theore-

tical cross sections converges rather slowly. In order to de-

monstrate this, we have performed a test using a fake 3He spec-

tra function S' in which all separation energies were set to

7 MeV. For this S' we have calculated inclusive cross sections

and the scaling function. Figure 7 shows the result for momen-

tum transfers 4, 7 and lOfm . Due to the absence of large E,

convergence is very rapid. Moreover, the function F(y) for q =

10 fm is indistinguishable in fig. 7 from the momentum space

density p (K(l) calculated directly from S'(K,E). This test thus
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also shows that F(y) indeed can quantitatively be interpreted

as a momentum distribution.

In order to understand the effect of finite q on the

approach to scaling, we have derived y without neglecting E.

One then finds that cross sections at a given y do not corre-

spond to an integral over S(K,E) at strictly constant K.. .Rather,

the integral over S is taken along a line that has a slope

dK. /dE = -m/q. (Additional terms come in once the recoil nuc-

leus energy is not neglected). Again we can use the cross sec-

tions calculated from the spectral function S to test these

ideas.

Fig. 8

K„

In fig. 9 we show the scaling function F(y) obtained for q=4,7,

10 fm from the calculated cross sections (dashed). The dotted

curve gives the integral over S(K,E) along lines with slope gi-

ven above (fig. 8). The dotted curve shows as a function of q?

the same behaviour as F(y): the correspondence between directly

and indirectly (via da/ dftdw) obtained F(y) is very good.

From the comparison shown in figure 9 we learn that we can

understand quantitatively the approach to scaling. We also un-

derstand which integral property of S(K,E) is measured by F(y)

at finite q. The fact that this integral is not taken along

K|. = const, strictly, but along a line slightly inclined, is of

no concern. The physics is not "constant" at K.. = const either;

in terms of the spectral function large K/small E and large E/

small K contain similar information, and none of the variables

used to study the wave function to ray knowledge reflects this

fact.



127

Fig. 9

Scaling function at
q = 4, 7 and 10 fm"1 ob-
tained from calculated
cross sections (dotted)
together with momentum
space density (dashed)
obtained by integrating
S(K,E) along line indica-
ted in fig. 8

-600 -400 -200

Fig. 10

Change of d(e/e'p)
cross section due
to inclusion (N)
and neglect (PW)
of FSI.

100

a
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While a quantitative use of F(y) requires the projection

of S along an inclined line, we may ignore this detail for a

qualitative discussion. Then, F(y) is basically p (K.. ) , and

this function represents an ideal way to discuss the physics

contained in (e,e') data in terms of physical variables of in-

terest.

Advantages and drawbacks of (ee')y (ee'p)

After this extensive discussion of inclusive scattering

we can return to the subject of exclusive reactions that is

more familiar. We would like to find out how inclusive (e,e')

and exclusive (e,e'p) scattering compares, how these methods

can best complement each other, and what their relative

strengths and weaknesses are.

For a detailed measurement of the spectral functions

S(.<,E) at low K,E clearly (e,e'p) is the only way to go. S(K,E)

can be measured point by point. In (e,e') one only can measure

integral properties that contain little more information than

described by K and Ë.

The situation is different for large K,E, where K>K and

E is larger than the separation energy of discrete nuclear sta-

tes. In this region "beyond the shell model" we must discuss

the effects of FSI, MEC and the reaction mechanism before de-

claring any reaction as the prefered tool.

As far as FSI goes, we have seen that inclusive scatte-

ring is much less subject to complications due to the interac-

tions of the knocked-out nucleon; interactions outside a small

region around the scattering vertex are of no interest since

the nucleon is not observed. For large K (and presumably large

E) (e,e'p), on the other hand, is subject to sizeable FSI cor-
81

rections. For the d(e,e'p) experiment done at Saclay FSI
12)

change the cross section at K = 300 MeV/c by a factor of 21

If it turns out that at larger K (or, rather, at smaller

S(K,E) the FSI are even larger, then (e,e'p) will have great
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difficulties in exploring the large-K region. Quantitative mea-

surements then would be limited to nuclei A < 3 where FSI can

(or will soon be) calculated exactly.

The analogous comparison can be made for MEC. At large ne-

gative y the contribution of MEC in (e,e') are calculated to be

small. More important, the scaling feature tells us that this

is true indeed. For (e,e'p) the large-K (and presumably large-E)

region is subject of appreciable contributions from MEC. For the

Saclay d(e,e'p) experiment at K = 300 MeV/c this contribution
12)

amounted to 50%. For both MEC and FSI we can expect to im-

prove the situation once CW-beams will be available. Kinematics

then can be chosen such as to minimize these non-IA contribu-

tions rather than to maximize the cross sections as imperative

today.

As soon as we get outside the shell-model region, to the

large K,E where S(K,E) is small, we always will get into diffi-

culties with the reaction mechanism. This is true even for the

cleanest possible reactions, (efe'p) and (e,ef). In this re-

spect the scaling property of (e,e') represents a most valuab-

le asset. If the data scale, then the data themselves tell us

almost everything on the reaction mechanism. This advantage of

(e,e') cannot be overestimated.

Last, but not least, we also should mention some experi-

mental aspects. Inclusive data are much more easy to take than

(e,e'p) data. Radiative corrections, a worry in (e,e'p) for

the large-E region, are easy in (e,e*). If today this enormous

advantage of (e,e') has not translated into a corresponding

abundance of data, then only because of the lack of (access to)

a multi-GeV electron accelerator.

Properties of S(K,E)

We have shown a number of years ago that the spectral func-

tion of Dieperink et al. , calculated from the Faddeev wave
9)

function of Brandenburg et al. does not properly fit the in-
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elusive (e,e') data .At low K, K < 300 MeV/c, the data are rea-
2)

sonably well reproduced, as are the (e,e'p) data . At larger

K, the cross sections and scaling functions are low by a factor

of up to 5.

Since, two more spectral functions have been calculated,

11).
for the variational wave function of Nunberg et al. , and

the new Faddeev wave function of P. Sauer and collaborators

These wave functions predict somewhat different spectral func-

tions at large K,E, but they do not improve decisively the fit

to the data.

In order to obtain a better fit, one needs to modify

S(K,E). Finding a better S(K,E) clearly presents some difficul-

ties: the experimental (e,e') data contain, essentially, infor-

mation on one curve, i.e. F(y). A spectral function depending

on two variables cannot be reasonably fit to F(y), since essen-

tially the K-dependence only is fixed by experiment. There is,

however, one additional piece of evidence: the rate of conver-

gence of F(y). This quantity gives some, although not a very de-

tailed, information on the dependence of S(K,E) on E.

I have used a number of different approaches to make pheno-

menological modifications of S, in order to achieve better agree-

ment with F(y). There is little point in describing here the in-

dividual fits made. Rather, I would like to just list the two

main conclusions.

First, in order to fit F(y) at large y one requires more

high-K components in S. Typical enhancements needed amount to a

factor 1.5-2 at K(| * 300 MeV/c, and'a factor of 4 at K. = 500 JfeV/c.

Secondly, in order to increase the rate of convergence of

F(y) such as to agree with experiment, one needs relatively

less contributions to S at large E. For E > 50 MeV a factor of

two reduction of S is required. Whether this decrease is re-

quired for both small and large K, or for large K only, is dif-

ficult to distinguish.

The findings quoted above concern the region of S(K,E) be-

yond the one explored by (e,e'p). Values of K = 300 MeV/c cor-
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Inclusive cross sections
3He(e,e') in mb/sr MeV as
function of w(MeV).
Solid curves are calcula-
ted using modified Sf

dashed curves are calcula-
ted using Faddeev S(K,E).
Data are shown for ener-
gies 0.5, 2.8, 3.2, 3.6,
7.2 and 10.9 GeV.
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Fig. 12

Same as fig. 11.
Data are shown for
7.2, 7.9, 8.6 and
10.9 GeV, 8°.
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respond to values of K - 440 MeV/c, and the (e,e'p) data stop

at 300 MeV/c. At this momentum, the (e,e'p)-data seem to be in

reasonable agreement with the Faddeev prediction, but only as

long as we ignore distortion effects. In the d(e,e'p) experi-

ment , performed in the same kinematics as 3He(e,e'p), the

FSI at K = 300 MeV/c increased dc/dft by a factor of 2. (Fig.10)

. If the FSI are similar in 3He, an increase of S would al-

ready be required at K ~300 MeV/c and below.

The lack of high-K components of the Faddeev S(K,E) agrees

with what we know from the electric elastic form factor. The

difficulties to explain the form factor maximum at q ~800 MeV/c

is expected to show up in the momentum distribution near K=q/2=

400 Mev/'c. P. Sauer and collaborators have tried to con-

struct a model to change the 3He wave function phenomenologi-

cally in order to fit both (ee) and (e,e'). This calculation

did show that the two observables change together in the way

suggested above; quantitatively, however, the particular model

chosen affected (e,e) much more than (e,e*).

Future developments

In order to obtain more definitive, answers concerning

S(K,E) at large K,E, we have to await experiments on CW-faci-

lities that have a chance to go to large K. More (e,e') data,

taken specifically in the q/oo-region relevant for the K=300-

500 MeV/c region, also would be most helpful.

To make full use of future 3He (e,e'p) experiments, one

clearly will need "exact" calculations for the FSI effects.

This implies that Faddeev calculations need to be performed

both for the initial and the final (continuum) state. This has
14)been achieved once by the Grenoble group , and at present

two groups I know of,the ones at Los Alamos and Bochum, are

tooling up for similar calculations.

In order to get a complete understanding of the 3He wave

function, we actually need an. (e,e'2N) rather than an (e,e'N)ex-
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periment. Such a (e,e'2N) experiment actually can be done, I

think. Lets assume that we select kinematics such as to scatter

the electron off the neutron which leaves the nucleus in (rough-

ly) the direction of q, but is not detected. The electron and

one of the protons can be detected using existing two-arm spec-

trometer setups. If we measure the direction, but not the ener-

gy, of the second proton, then the kinematics of the 3-body fi-

nal state is already entirely fixed. This experiment is feasib-

le if we can find a detector that, with a minimum of shielding

by the magnetic field of a cleaning magnet, can survive the

background produced by a yA-electron beam on a target. The most

likely detector to do so would have to be very thin, e.g. a

multiwire proportional chamber.

Experimental exploration of the feasibility of using such

detectors that measure a direction only should start as soon as

possible. This can be done using beams of available energies.

The information on the behaviour of such detectors is urgently

needed for all attempts to build large solid angle detectors

for the new CW-facilities under construction.
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AMBIGUITIES IN THE REACTION MECHANISM FOR (e,e'N)
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THE NETHERLANDS

The primary motivation for performing quasi-elastic (e,e'N) experi-
ments revolves around the plane wave impulse approximation (PWIA) descrip-
tion of this reaction. If the detected knocked-out nucleon is in a plane
wave state p' = (p'.iE') then, since the kinematics of the photon q =
(q,iü>) is fixed, the initial state, i.e. four-momentum of the nucleon, is
also known. The cross section is thus proportional to the probability S,
called the spectral function, of removing a nucleon with energy E = E' -co
and three-momentum p = p' - q from the nucleus ',

= P'E'aeNS(p'E)- (1)

In the impulse approximation the off-shell electron-nucleon cross section
is taken to be that for scattering of free particles and thus is presumed
known. The spectral function, which basically describes the shell structure
of the nucleus,

S(p.E) = H)ap|O>

S.M.
(2)

Ï s I* (p)|2«(E - e j ,
or a

can thus be determined directly from experiment.

Since the PWIA is an approximation, corrections are necessary in
practice in order to extract the desired nuclear structure. Unless one
understands the physics behind these corrections this introduces ambigui-
ties. In fact the PWIA itself is an ambiguous prescription since a 'free'
off-shell cross section is not a well-defined concept '. It is these am-
biguities which I wish to discuss in this talk.
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The ambiguities can be roughly divided into two categories: first

those associated with the corrections to the assumption that the knocked-

out nucleon is in a plane wave state, i.e. the distortion and absorption ef-

fects arising from the strong interactions. These I will discuss only brief-

ly. Most of this talk will be devoted to the second aspect, the ambiguities

associated with the electromagnetic interaction. I will concentrate on four

topics:

The interaction of the electron with the nucleus in general:

Due to the emphasis that has been placed on the electron-nucleus

interaction being well known, it is easy to overlook the

difficulties that do exist. For example, we do not really

know the off-shell nucleon current. I wish to emphasize this

point since one often gets the opposite impression in the

literature.

Ambiguities in the application of the impulse approximatton:

The impulse approximation prescribes that one should use the

on-shell cross section, a N, in (1). Since, however, the

nucleon is off shell this is an ambiguous prescription. On

the other hand, one does understand much of the physics that

lies behind o ,.» and one can considerably reduce the ambi-

guity by applying this knowledge.

The a - to model: This intriguing model has received much

attention recently, primarily due to its uncanny ability

to describe elastic nucleon-nucleus scattering in a sim-
3 4}pie way ' '. In this model, the small components of the

Dirac spinors are strongly enhanced from their free space

values and thus the current is also modified strongly.

The Coulomb sum rule: The non-relativistic Coulomb sum rule

is especially elegant in that it allows a measurement of a

fundamental quantity, the two-proton correlation function,

in a model independent way. A comparison with theory is not

required in the analysis. Also the meaning of the sum rule is

easy to understand intuitively: for example it approaches Z

at high q, representing the quasi-elastic knock out of the Z

protons. Relativistic effects tend to spoil this. However, as I

shall show, it is possible to retain the basic non-relativistic

interpretation by reformulating the sum rule.
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The results I shall present concerning the last two topics actually

are for (e,e') rather than (e,e'N). However, the basic reaction mechanism is

quasi-elastic scattering and thus is directly related to (e,e'N).

AMBIGUITIES ASSOCIATED WITH STRONG INTERACTIONS

While the use of a plane wave for the knocked-out nucleon is con-

venient for understanding the physics involved in (e,e'N), the effects of

the strong interactions are large enough that they must be taken into ac-

count in a quantitative analysis. This is normally done by using wave func-

tions generated by an optical potential whose parameters have been deter-

mined by fitting elastic nucleon scattering data. Such potentials are usu-

ally taken to be local, energy-dependent and complex. They are thus non-

hermitian which can lead to problems with orthogonality and completeness.

More importantly, they do not have the form that one knows they should have

theoretically. This is an important point since what is required is the

wave function inside the nucleus, whereas the scattering data only deter-

mine it asymptotically. It is well known that different, phase equivalent,

potentials can give exactly the same elastic scattering cross section, but

different wave functions in the nuclear interior. Schematically one expects

the optical potential to have the form

VL + Vnl + Vei L - H + U V <3>

The first two terms are non-energy dependent local and non-local potentials.

Such contributions come from the direct and the exchange parts of the mean

field produced by the other nucleons, i.e. the Hartree and the Fock terms

respectively. The last term represents the coupling to other, inelastic,

channels. Like the phenomenological potential it is also energy-dependent

and complex. However, these two attributes are coupled together in a very

special way. This implies that the optical potential must satisfy a disper-

sion relation. Horikawa et ai. ' have employed this restriction in calcu-

lating the inclusive quasi-elastic (e,e') cross section. Unfortunately, the

method they employed does not explicitly describe the channels into which

the flux lost by absorption goes and thus is not directly useful for (e.e'N).

As an indication of how important the effects of the ambiguities in

the optical potential can be, we note that if one considers the nuclear

optical potential to be due only to pions and neglects absorption effects,
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then the optical potential is purely non-local and non-energy-dependent.
The difference between the cross section predicted by such a description of
the final state interactions and that obtained with the standard prescription
using a local potential is given by the Perey effect and is typically on the
order of 30 % 6 K

AMBIGUITIES ASSOCIATED WITH ELECTROMAGNETIC INTERACTIONS

The primary motivation usually given for using electromagnetic pro-
cesses, such as electron scattering, for probing nuclear structure is that
the electromagnetic interaction is very well known. Although to a large ex-
tent this is true, there also exist uncertainties, for example in the deter-
mination of the off-shell nucleon current. However, since we have been told
that the interaction is well known so often, we tend to overlook these dif-
ficulties. This has led to a dangerous situation in which there is a strong
tendency to believe that any off-shell extrapolation of the known on-shell
interaction is valid.

There are, indeed, several aspects of the electromagnetic interaction
which make it relatively well known. In electron scattering, for example,
the physics associated with the electron and the photon is known for all
intents and purposes exactly from quantum electrodynamics. Thus there is no
ambiguity associated with this part of the interaction. Among other things,
this eliminates a difficulty that people who work in strong interaction phy-
sics often associate with electron scatterings: the variation of the elec-
tron-nucleon cross section with energy and angle is extremely rapid. As a
result, large ambiguities can be obtained if one attempts to use the on-
shell cross section (which can be measured) off shell in the nucleus. This
variation is, however, due to the photon propagator and thus we know exact-
ly how to treat it, also off shell.

The ambiguities are thus only associated with the nuclear current,
which for the purposes of the present talk, I will take to be due to only
the nucleons. The central question we face is then what is the off-shell
nucleon electromagnetic current. This leads to a dilemma: to truly answer
this question requires an understanding of the structure of the nucleon and
thus solving a more fundamental problem than we normally consider in nuclear
physics. I shall touch upon this topic later when I consider the a - a
model, but for now I will confine myself to considering the 'standard'
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approach to nuclear physics. With nothing to go on,there is only one natural

assumption that can be made: take the properties of the nucleon, in this

case the current, to be the same as those for a free nucleon. This approxi-

mation is almost universally made for the nucleon current and more generally

is referred to as the impulse approximation.

AMBIGUITIES IN THE APPLICATION OF THE IMPULSE APPROXIMATION

In the impulse approximation, the off-shell nucleon current is still

not uniquely specified. By definition off-shell kinematics are different

than those on shell, and thus what is meant by the 'free' current off shell

is not well defined. However, several factors help reduce this ambiguity.

First the on-shell current is essentially known perfectly, and since the

nucleus is a loosely bound system, we do not have to extrapolate very far

off shell. As a caveat, however, I would like to note that, in contrast to

what is often assumed, the amount one is off shell is not only determined

by the separation energy, Es, but also the nucleon momentum p,

AE " " Es - Efree
(4)

Thus high momentum components are by definition far off shell.

A second factor which helps to redjce the off-shell ambiguity is that

the impusle approximation gives a unique prediction for the non-relativistic

current. As a consequence, the ambiguities are relegated to higher order

relativistic corrections. For this reason such non-relativistic expansions
2

are often terminated at order 1/m . Even at this level there is already some
ambiguity: for example, it is not clear whether one should use the three-

or the four-momentum transfer squared in the Darwin-Foldy term. This gives

the misleading impression that the ambiguities are relativistic rather than

off-shell effects. The reason that the prescription for the non-relativistic

current is unique, however, is simply that the form of the current is very

restricted. That it is unique, however, does not mean that it is correct

since this result is still based on an approximation. By contrast, I feel

that it is better to keep all orders in 1/m.Certainly for high-energy knock-

out reactions where one is almost on shell, the error due to the off-shell

ambiguity is much less than the relativistic corrections.
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Finally, a third factor which helps to restrict the off-shell current,
is that we know it should be conserved. This allows one to eliminate the
longitudinal component of the current in favor of the charge and results in

2 2 7)
the familiar factors of q /q in the general formulae for both the (e#e') '
and (e.e'X) ' cross sections. These can be interpreted as converting the

2 2
retarded Coulomb propagators, 1/q , into instantaneous ones, 1/q , and thus
transforming from the Lorentz to the Coulomb gauge.

Many of these effects are illustrated by the off-shell electron-proton
cross sections plotted in Figs. 1 and 2 ' for 'perpendicular' and 'parallel'
kinematics. The solid lines represent cross sections which were obtained by
making a Lorentz transformation of the free cross section, a procedure typi-
cally used in strong interaction physics. Care was taken to retain the pole
due to the photon propagator, however, this procedure cannot simultaneously
treat both the initial and the final electron correctly. The rest of the
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Es=60 MeV
q =2.3 fm-1
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Fig. 1 Relative electron-proton cross sections in the impulse approximation.
The horizontal axis giVesthe angle Y of the detected proton with res-
pect to the momentum transfer and the initial momentum, p, of the
proton. The results shown are for an initial electron energy of 500
MeV, a separation energy of 60 MeV and 'perpendicular' kinematics.
The momentum of the knocked-out nucleon is equal to that of the
photon, 2.3 fm-1.
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Fig. 2 Same as Fig. 1, but plotted as a ratio to the cross section CC1 and
for 'parallel' kinematics.

cross sections do treat the electron correctly, but only in CC1 and CC2 are
the effects of current conservation taken into account. It is clear that
while simply extrapolating cr »• off shell in an arbitrary way leads to very
large ambiguities, the imposition of simple physical constraints can reduce
these considerably. The most striking result is the divergence of all the
cross sections except CC1 and CC2 in the limit of the photon point, e = 0°,
in Fig. 2. This can be simply understood by noting that these cross sections

2 2do not contain the proper factors of q /q to cancel to pole of the re-
2 v

tarded photon propagator, 1/q . Obviously for small q, i.e. near the photon
point, proper treatment of current conservation is important. In fact this
is already the case in the region where experiments have been performed. As
noted by Arenhb'vel ', this explains the discrepancy in the normalization
found in the analysis (e.e'p) on the deuteron.
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THE SIGMA-OMEGA MODEL

One of the more intriguing descriptions of nuclear structure is given

by the a - w model. In this model the mean nuclear field is described as a

combination of a very strong (depth roughly half the nucleon mass) attrac-

tive scalar one, V , and a repulsive vector one, V , which is almost as

strong. Since the y matrix structure of these fields is the same as for the

mass and the energy,they can simply be included by modifying the free Dirac

equation by using an effective mass and energy

(i$ - 6E* + m*)X = 0, (5)

m = m + Vs, (6)

E* = E - Vo. (7)

The non-relativistic reduction gives the Schroedinger equation

/P2 * r*x

(^ + m - E ) x -

2 (8)
(£jjj + m - E + U)x= 0,

U = Vs + VQ. (9)

Since the model distinguishes between how the mass and the energy are af-

fected, the Dirac equation forms a much more natural basis in which to re-

present the model. In the Schroedinger basis the fields only occur, to

lowest order, in the combination U = Vg + VQ and thus their source is not

important. As a consequence many of the predictions of the model do not

fit naturally into the Schroedinger framework and thus also are difficult

to comprehend in an intuitive way. In particular this is true of terms

which are proportional to Vs - VQ which is very large in this model. Such

a term is the spin-orbit part of the optical potential which arises as a

higher-order correction in the reduction to the Schroedinger equation.

This successful prediction was one of the primary reasons for considering

this model in the first place.

If one neglects the spatial dependence of Vs and VQ, which I shall do,

both for simplicity and to study the effects of the model analytically, the
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Dirac spinor becomes

u*(p) = E + m

2E

o. p

E + m
(10)

Since the effective mass and energy have roughly one half their free values,
the small components are approximately doubled in size. Thus, even though
the nucleons are loosely bound, the properties of the nucleon are very dif-
ferent from those of a free particle. In other words the impulse approxima-
tion breaks down.

In order to calculate the effect of the inclusion of Vs and VQ on the
electromagnetic properties of the nucleon, one need only consider the cur-
rent operator

= i u U*(P) (11)

In fact, if 0 is independent of the mass and the energy, one need only
examine the final expression obtained for the desired property and replace
the mass and energy by their effective counterparts. Generally the emphasis
has been on studying the dependence on the mass. For example, long ago,
Lipkin and Tavkhelkdze ' noted that the magnetic moments of quarks would,
since p ̂  1/m, be modified by a scalar, but not a vector, field. In a simi-
lar vein, Eisenberg ' has suggested that one should study physical proper-
ties which depend upon the mass in order to find evidence of the vailidity
of the a - u model. While such an analysis is perfectly correct, one must
carefully keep track of the origin of mass and energies in the final expres-
sion. For example, in the case of the current for the quarks the appropri-
ate operator is, since the quarks are presumably elementary particles, sim-
ply 0 = Y » and the argumentation given above is basically correct. How-
ever, the magnetic moment is inversely proportional to the mass only if one
makes a non-relativistic reduction. One can easily see that since y is off-
diagonal in the large and the small components, the spatial current, which
contributes to the magnetic moment, actually is proportional to 1/E. Thus
the argumentation given by Lipkih and Tavkhelkdze is not correct. Also one must
be careful since factors of m or E are often incorporated in the definition
of the operator 0 . For example, a factor 1/m is usually included in the
coefficient of the Pauli form factor F2 in order to make the latter dimen-
sionless.
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Basically the a - co model solves one problem, namely what one should
really use for the Dirac spinors, but at the same time it introduces an-
other one: the current j depends crucially upon which operator is chosen
for 0 . The two most commonly encountered forms are

0 = Y F, - a q F9, (12)

and

which are equivalent, i.e. give the same j for free nucleons. In fact these
choices follow primarily from Lorentz in/ariance arguments and thus are de-
signed to give the same j for a given u(p). The introduction of u (p)
breaks this equivalence. In particular, we note that if one uses plane wave
spinors, i.e. (10), (12) is equivalent to

°y = V F 1 + 2 m* F2 ) + i(p*' + P \ F 2 - <14)

The results of using these prescriptions, along with the usual impulse ap-
proximation for quasi-elastic scattering is shown in Figs. 3 and 4. We note
that the difference between using prescriptions (12) or (13) is very large.
This can be explained by noting that the operator (14) is the same as (13),
but with m and E replaced by the much smaller values m and E . In addition,
it is interesting to note that the prescription (12) agrees quite closely
with that of the impulse approximation, but is closer to experiment.

COULOMB SUM RULE

As a final remark, I would like to make some comments about the Cou-
lomb sum rule. This quantity has received special attention mainly since it
is extremely elegant. In the 'standard' non-relativistic approach to nuclear
physics the Coulomb sum rule, i.e. the integrated Coulomb response function,
is given by
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Fig. 3 Cross section for scattering of 560 MeV electrons on C at 60°. The
solid line is the result of the impulse approximation. The dotted and
dashed lines are calculated with the a - u model using operators
(12) and (13) respectively (Vg = - 420 MeV, VQ = 328 MeV 15)).
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Fig. 4 Same as Fig. 3, but for 320 MeV electrons and at a scattering angle of
145°. The momentum transfer is approximately the same as in Fig. 3.
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R(q) =
- V

-I \<f\ Je1^JH>|2

f j

- < 1 | I e J k |i> (15)

= Z +p 2(-q,q),

where P 2 , is the two-proton density function. The latter has a minimal value

given by the uncorrelated result:

P2
nC(r'.r) = ^ P 1 ( r ' ) p 1 ( r ) t (16)

/dr'p 2(Kr) = (Z - l)Pl(r), (17)

and thus by measuring R(q) one measures the deviations from (16), i.e. the

correlation function

„ / -t ±\ _ / -± -±\ „ nc, •> -±x

The non-relativistic Coulomb sum rule, in principle, provides one of the

cleanest methods of extracting a fundamental property of the nucleus. This

result, however, is due to the extreme simplicity of the non-relativistic

operator for the Coulomb interaction. Inclusion of relativistic effects, in

principle, completely spoils this. On the other hand, one basically be-

lieves that this non-relativistic treatment is reasonable, at least as a

first approximation, and thus one would like to retain the spirit of the

non-relativistic sum rule as much as possible. This is not only for the sake

of elegance, but also for practical reasons: if the sum rule becomes too

complicated, it is not clear what one is measuring. Also it is often neces-

sary to invoke a model in order to handle such difficulties. Both these ef-

fects tend to require the use of a theoretical model, and the end result is

more a typical comparison between theory and experiment, with little need

for the effort of constructing the sum rule itself.
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The usual way to incorporate the modifications of the Coulomb opera-

tor is as a correction to the calculated value of the sum rule. Another way

to do this is to incorporate, as much as possible, such modifications in the

definition of the sum rule. Rather than dividing by the nucleon form factor,

F p we define a new sum rule.

R(q) = /do, C(q9u3)/(6E(q^)|
2
s (19)

2 2

^)( ^) (20)
4m 2m

The reason for choosing Gr is that it gives the exact cross section in

the limit of the free nucleons. Thus we know that R(q) will approach Z in

the low-density limit. Similarly, we may expect that if R(q) is calculated

in an independent-particla model, we will obtain a value of approximately

Z for high q where the Pauli blocking effects are no longer important. If

this is the case for a reasonable range of independent-particle models, we

have a situation which is very similar to the one we have non-relativisti-

cally: a deviation from Z is strong evidence for correlations or some more

exotic effect. The results of this newly defined sum rule are shown in

Fig. 5. In these figures the predictions using various cross sections, as

calculated using a shell model for quasi-elastic scattering ', are used:

it is interesting to note that the results for CC (both CC1 and CC2 pre-

dict the same Coulomb cross section)»and also that for the Fermi gas model

lie very close to Z. It thus can be concluded that the sum rule (19) is a

viable extrapolation of the non-relativistic sum rule (15). Indeed, there

is no reason not to use (19) in place of (15) in general. The definition

(15) for the sum rule is primarily a result of tradition in the inclusion

of relativistic corrections, i.e. the predominance given the F^ 2 nota-

tion. If the now more commonly employed Gr- M notation had been used, many

of the relativistic 'corrections' would have disappeared (see ref. 12).

In Fig. 6 the experimental ' and various theoretical results for
12 14)

the Coulomb sum rule for C are plotted ;. In this case the sum rule was

defined without dividing out the nucleon form factor, and thus it is

rather model dependent. Primarily, it is notable that different theoreti-

cal calculations give such different results, far outside the few percent

deviations one could expect. This discrepancy should not be taken as an

indication of the theoretical uncertainty, but rather as due to
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Fig. 5 The inelastic Coulomb sum rule as calculated with a variety of off-
shell extrapolations of the electron-nucleus cross section in the
independent-particle model. The solid curves represent shell model
calculations and the dashed curve that for a Fermi gas model. For
the dot-dash line the integrand was taken to be unity.

400
q (MeV/c)

Fig. 6 Comparison of the calculated Coulomb sum rule with the experimental
data from Saclay 13). The solid and dashed curves give the results
of the shell model and Fermi gas model respectively, and those of
the a - io model (using prescription (12))are given by the dot-dot-
dash curve. The dot-dash line is from Van Orden and the dotted one
from Laget.
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inconsistencies in the calculations. For examples Van Orden used a very

different form factor than I did. The discrepancy with Laget, on the other

hand, cannot be traced since the details of his calculations have not been

published. The effect of the o - <u model is also seen in Fig. 6. Although

the deviation from the free current predicted by this model is not extreme-

ly large, it is much larger than any effect that exists in the framework of

the standard impulse approximation.

I would like to conclude by noting that although electromagnetic in-

teractions provide one of the best means of exploring nuclear structure, a

large uncertainty still exists. Whether this uncertainty is really a pro-

blem depends, of course, upon whether the a - w model provides the correct

description of the nuclear fieid. If this 'problem' does exist, however,

it will be especially interesting since the difficulties which we will be

confronted with will be of a much more fundamental character than one nor-

mally deals with in nuclear physics.
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1. INTRODUCTION

During a long time the description of nuclei in terms

of nucleons only was a powerful and economical way to under-

stand their structure. This simple description of their ground

state and their low lying excited states has been beautifully

checked by the systematic study of their electromagnetic pro-

perties. The measurement of elastic and inelastic form factors

at high momentum transfer has made possible the accurate de-

termination of the charge and magnetization densities and has

led to a good knowledge of the shape of the nuclei. The analysis

of quasi elastic electron scattering (when the outgoing electron

is detected in coincidence with the struck nucleon) has made

possible the straightforward study of the shell structure of
2)nuclei . Those studies are still an active field of research

1 2) 3) 4)

at Saclay ' , Bates and now at Amsterdam where high reso-

lution quasi-elastic electron scattering experiments will allow

a systematic study of the low lying hole states of nuclei. All

these results have led to strong constraints on the self con-

sistent mean field description of nuclei, and to day it is fair

to say that the one body properties of nuclei are well under

control.

However, the use of probes of higher and higher energy

has forced us to go beyond this simple picture and to deal with

two novel aspects of nuclei.

On the one hand, the increase of the momentum trans-

ferred to the nucleus allowed us to probe its spatial structure

over distances comparable or smaller than the nucleon size,

where short range correlations between two or several nucleons

are important. We must admit that they are badly known, and the
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first goal of modern Nuclear Physics is to accuratly determine

them.

On the other hand. Nuclear Physics has now evolved

from the study of the many nucleon problem to the study of the

interplay of the degrees of freedom of such a complex system

and the internal degrees of freedom of its hadronic constitu-

ents. For instance, when the available energy is increasing

the nucleon can be deformed and its first excited state, the A,

can be created inside the nucleus in the vicinity of another

nucleon. Its subsequent propagation is the only way to deter-

mine the N-A interaction, of which the knowledge is as impor-

tant as the knowledge of the N-N interaction ' . The second

goal of modern Nuclear Physics is therefore to use the nucleus

as a laboratory, in order to study the internal structure of

hadrons in an environment which cannot be achieved in the

scattering of free nucleons.

Let me begin by illustrating this two points on the

simplest nuclear system : the two nucleon system. Their inter-

action (fig. 1) is very well described at large distances by

the pion exchange potential, and at intermediate distances by

the exchange of two correlated pions with a total isospin T=0
8)(which are often parametrized in the OBE potential ' by the

a meson). Between the exchange of these two pions, one of the

nucleons, or both, can be transformed into a A. Below the pion

production threshold virtual A's enter the description of

the Nucleon-Nucleon interaction, but above they can be created

freely during a collision between two nucleons : the problems

of Nucleon-Nucleon interaction and of the Nucleon-Delta inter-

action should be solved at the same time in a coupled channel

formalism. This is the first place where the internal degrees

of freedom of hadrons enter Nuclear Physics.

At small distances the exchange of vector mesons (P,ÜJ)

plays a role, but it is also here that the quark structure of

the nucleon is expected to enter into the game. This is the

second place where the internal structure of hadrons plays a

role, but the relative importance of these two mechanisms, the

double counting problem and the relevance of the description
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9 10)of the nucleus in terms of quarks are still open questions ' .

1. 1.5 2. r (fm)

Fig. 1 - The Nucleon-Nucleon potential and the dominant driving
terms. They must be iterated to obtain the full T-matrix. At
long distance the pion exchange mechanism dominates. At inter-
mediate distance a A can be created between the exchange of two
pions. At short distance heavy mesons can be exchanged, but
also the subnuclear degrees of freedom are expected to play a
role : the Quark Interchange Mechanism is one possible example.
When the electromagnetic probe interacts with the nucleon cur-
rent in nuclei, gauge invariance requires also its interaction
with each charged particle which is exchanged in the driving
terms.

2. COINCIDENCE EXPERIMENTS AND THE ELECTROMAGNETIC PROBE

Coincidence experiments performed with the electro-

magnetic probe are precisely the most straightforward way to

answer these questions.

On the one hand, a (real or virtual) photon interacts

weakly and is not absorbed at the nuclear surface, like hadro-

nic probes as the pion for instance. It sees the entire nuclear

volume, and can create an unstable particle, like the A, in

the very center of the nucleus, making possible the study of

its interaction in the final state.
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On the other hand, its coupling to a nuclear system is

well under control, since it must satisfy the Gauge Invariance

Principle and since it is weak enough to be treated as a small

perturbation. For instance, the electromagnetic probe has al-

lowed us to disentangle the long range part of the Nucleon-

Nucleon interaction, which is mediated by the exchange of a

charged pion, and the intermediate part, which is mediated by

the exchange of two correlated pions of which the total charge

is vanishing ' . This sensitivity of a (real or virtual) pho-

ton to the local variations of the charge and the magnetization

densities should be systematically exploited nowadays to study the

short range part of the Nucleon-Nucleon interaction inside the

nucleus.

At short distances the problem is to disentangle the

mechanisms which have to do with the internal structure of the

nucleon (quark interchange for instance) and the contribution

due to meson exchange, which dominates at large distances but

still contributes here. The best way to do it is to take

advantage of the third property of virtual photons : the pos-

sibility of varying independently their energy to, their squared

mass Q^ and their degree of longitudinal polarization e.

This is illustrated in fig. 2, where the transverse

and the longitudinal response functions of 1 2C, recently measu-

red at Saclay , are plotted. They are dominated by the quasi-

elastic peak. At higher energy the onset of pion electroproduc-

tion is clearly visible. Unfortunately the maximum energy,

720 MeV, of the Saclay Linac (ALS) is not high enough to cover

the entire A peak. Between these two contributions the meson

exchange mechanisms are also to be considered. But it is very

important to note that they contribute only to the transverse

response function. Therefore the best way to get rid of these

meson exchange mechanisms, which dominate at large distances

but still contribute at small distances, is to determine and to

accuratly measure the longitudinal response function, far from

the quasi-elastic peak. Its tails are very sensitive to the high

momentum components of the nuclear wave function and therefore

to the mechanisms which occur at short range.
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12C(e,e') A.LS

RT(MeV)-1

0.03

0.02

0.01

Transverse

lql=550MeV/c

Longitudinal

lql=550MeV/c

Fig. 2 - The transverse and the longitudinal response functions
of 12C, as measured at Saclay^'. Their definition is given in
the inset. The diagram which dominates each part .óf the spectra
are also drawn.

However, those response functions are basically inte-

grated quantities, and the high energy tail of the longitudinal

part of the quasi-elastic peak is hidden by the small contribu-

tion of the pion electroproduction response function. The way

to suppress it is therefore to perform a coincidence experiment,

of the type (e,eN) or (e,e'NN), and to choose the kinematics in
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such a way that no pions can be emitted. This is the most pro-

mising future of coincidence experiments with the electro-

magnetic probe. Of course, I do not believe that the deter-

mination of the transverse response function is not interesting,

since I have repeatedly pointed out ' ' that it allows us

to study the pion propagation in a nucleus and to determine the

N-A interaction. But to day I will concentrate myself on the

longitudinal response function and the study of short range

correlations in nuclei.

I will deal with four typical examples of coincidence

experiments induced by virtual photons. The first one has to do

with the spectroscopie structure of the quasi-elastic peak and

the problem of deep lying hole states. The second has to do

with the structure of the continuum, when the energy trans-

ferred to the nucleus is higher than the removal energy of the

deep lying hole states. The third one has to do with the low

energy side of the quasi-elastic peak, where evidence of the

effects of the quark structure of the nucleons in the nucleus

have been reported. The last one is an example of a three arm

coincidence experiment, which is expected to provide us with a

powerfull tool to disentangle the two- and the three-body cor-

relation functions.

3. -THE STRUCTURE OF THE QUASI-ELASTIC PEAK

When analysing coincidence experiments of the type
2)

(e,e'p),.one has always been faced with two problems : the

occupation number of a given shell is always smaller than ex-

pected in a pure shell model, and the structure of deep lying

hole states is still not well understood.

A way to find a solution to these problems is to study

the reaction mechanisms in the simplest nucleus, the 3He. All

the three nucleons are basically in a relative S state and the

details of its wave function, especially the correlation func-

tions, are known with enough accuracy to allow for precise cal-

culations." -••••••,• ••
1 3)A typical missing'mass spectrum, measured at Saclay ,

is presented in fig. 3. Besides the deuteron peak, a signifi-
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Fig. 3 - A typical missing mass spectrum, measured at Saclay
in the study of the 3He(e,e'p) reaction. The peak corresponds
to the two body break-up channel, and the continuum to the
three body break-up. The correlations in the 3He ground state
shift a sizeable part of the one-particle one-hole strength
toward the continuum.

cant contribution is found in the continuum. The cross sections

of the 3He(e,e'p) reaction, corresponding to these two parts of

the spectrum, are very well reproduced, provided a good corre-
14)lated wave function is used, and provided that final state

interactions and meson exchange current effects are taken into

account. As an example, the angular distribution of the protons

which leave the two body residual nucleus in its ground state,

the deuteron, is presented in fig. 4. However this two body

break-up channel represents only two third of the total ine-

lastic electron scattering cross section at the quasi-elastic

peak (see fig. 5). The rest is due to the three body break-up

channel. The reason is that only two third of the protons are

coupled to a proton-neutron pair of which the isospin is zero,

and the overlap of the 3He and the deuteron wave functions is

close to 1.3 instead of 2. The remaining one third of the pro-

tons are coupled to T=1 proton-neutron pairs which overlap only

with the continuum. This extreme example shows that the effects
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8e.=36° ; qz=-.O76 (GeV/c)2
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Fig. 4 - The variation of the He(e,e'p)D reaction cross sec-
tion̂ -*) with the momentum of the final deuteron. The meaning of
the curves is given in the inset.

of the ground state correlation is to shift a sizeable part of

the one-particle one-hole strength toward the continuum.

It is very likely that such a mechanism occurs also in

heavier nuclei, and it must be perfectly understood before any

sensible statement is made on the nature of the deep lying hole

states. It is a background above which they show up. But it

offer us also with a unique way to study the correlation func-

tions in the nucleus.

The first priority is to perform coincidence experi-

ments of the type (e,e'p) or (e,e'pp) in the few body systems,

since there are no deep lying hole states and since good three

and even four body wave functions are now available. But

also those coincidence experiments should be performed in heav-

ier nuclear systems when the missing energy is well above the

removal energy of the deep lying hole states.
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energy to = E-E' and its squared mass q2 =-Q2 are plotted on
abscissa. The meaning of the curves is explained in the inset.

4. THE STRUCTURE OF THE CONTINUUM

It is in that part of the missing mass spectrum that

the exchange currents and the correlations can be studied in a

nucleus. Let me start again with the 3He(e,e'p)np reaction of

which a typical set of cross sections is plotted in fig. 6.

Contrary to a single arm experiment, a two arm experiment

allows for the measurement of four response functions : besides

the transverse and the longitudinal one, it is necessary to

consider also the transverse-transverse and the transverse-

longitudinal interference response functions. The top of the

peak, which appears around 30 MeV in these missing mass spec-

tra, corresponds to the electrodisintegration of a correlated

neutron-proton pair at rest in 3He. Its width is due to the

Fermi motion of this pair. In this calculation a good three

body wave function14) is used and all the possible final state
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3He(e,e'p)np
E_=560MeV, u=200MeV, O9.=25°
r>1.043 10"s MeV"1, 0pt=41.8°

Transverse

50 Effl=W-2m(MeV? 100

Fig. 6 - The response functions in the 3He(e,e'p)np reaction
are plotted against the missing mass of the two undetected nu-
cleons. They are defined in the lower part of the figure. The
transverse-transverse part of the cross section is very small
and has not been drawn. The longitudinal part is free of meson
exchange currents, which dominate the transverse cross section
(hatched area) and represent half of the total cross section.

interactions are taken into account. But the most important

point, for my purpose to day, is that ths exchange currents do

not affect at all the longitudinal response function, but do-

minate the transverse one and affect a little the transverse-

longitudinal interference term. The separation of these four
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response functions, in a two arm experiment, allows to study

the structure of the continuum, to disentangle the dominant me-

chanisms and to study the two body correlation functions. But

non coplanar experiments are required, since it is necessary

not only to vary the electron scattering angle 6 (and therefore

the virtual photon polarization e) , but also the angle (J> between

the electron scattering plane and the hadron production plane.

Those are very difficult experiments which require very large

solid angle detectors.

However, the interference response functions vanish

when the proton is emitted in the direction of the virtual pho-

ton (forward or backward). It is therefore possible, in this

particular case, to determine the longitudinal and the trans-

verse response functions without performing a non coplanar ex-

periment, but only a simple Rosenbluth plot. This possibility

will be used at Bates and Saclay . But the maximum energy

of the present generation of electron Linacs (about 700 MeV)

does not allow to probe the very high momentum components of

the nuclear wave function : when the proton is emitted in the

forward direction, the neutron of the active neutron-proton

pair recoils with the smallest momentum which is allowed by the

kinematics.

Although the maximum energy of the electron beams

should be significantly increased, this kind of experiments

should be systematically undertaken, with the present genera-

tion of electron Linacs, on few body systems and then on heavier

nuclei.

5. THE LOW ENERGY SIDE OF THE QUASI ELASTIC PEAK

Several proposals exist around the world for increas-

ing the beam energy above 2 GeV. A list can be found in refs.

17,18 where the Saclay proposal is also described. The main

motivation is to study the transition between the domain where

the description of nuclei in terms of mesons and nucleons is

the most economical, and the domain where the quark degrees of

freedom of the nucleon should also be taken into account.
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Those subnuclear degrees of freedom have already been

explicitly considered in the analysis of the low energy side of

the quasi-elastic peak, when the squared mass of the virtual

photon exceeds 1 (GeV/c)2 (Q2 > 1 (GeV/c)2).

Around Q2 = 1 (GeV/c)2, both descriptions seem to

work, but they are used far from their domain of validity. In

the classical description the low energy tail of the quasi

elastic-peak is sensitive to the high momentum components of

the wave functions. Therefore the effects of meson exchange

currents and of final state interactions, as well as rela-

tivistic corrections, should be considered. The more appealing

description in terms of quarks is relativistic, but it has been

tailored for the analysis of reactions at very high energy and

momentum transfer. I will not enter into further details of

this problematic, since I have extensively discussed it in

refs. 9,10,17 to which I refer the reader. I will however close

this discussion by emphasising that only single arm (inclusive)

experiments have been performed in this domain, and that coin-

cidence experiments should be done now.

6. THREE ARM COINCIDENCE EXPERIMENTS

So far only two arm coincidence experiments have been

done or are planned. And I will end my talk by emphasizing the

usefullness of three arm experiments, and more specifically the

(e,e'pp) reaction.

The transverse part of its cross section (and also the

cross section of the (y,pp) reaction) is strongly suppressed.

The coupling of a transverse photon to a pair of protons, which

has no dipole moments, is very weak : the photon must be absor-

bed by higher multipoles. Moreover, charged mesons cannot be

exchanged between two protons, and therefore the contribution

of exchange currents is vanishing.

However, the ratio of the (y,pp) reaction cross sec-

tion and of the reaction cross section has been recently
20)19) 20)measured at Bonn and Tokyo , and is of the order of 10 %.

This value is significantly larger than the value which is com-

puted when the photon interacts with pp or pn pairs.
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One has to look for another mechanism, and a good can-

didate is the absorption of the photon by three nucleons (fig.

7). The pion which is created on one nucleon is reabsorbed by

a correlated nucleon pair, and two fast nucleons are emitted

almost back to back. Although no calculation of the correspon-

ding cross section has already been done, let me discuss the

main aspects of this new mechanism.

A-2 A-2

Fig. 7 - The two relevant diagrams in the analysis of the
(e,e'pp) reaction. The diagram at the left does not contribute
to the transverse parts, but only to the longitudinal parts of
the cross section. The diagram at the right contributes only to
the transverse cross sections (at lowest orders)»

Above the pion production threshold, the photoproduced

pion can propagate on its mass shell, and the effect of this

diagram can be considerably enhanced by judiciously choosing

the kinematics in order to maximise the influence of the cor-

responding triangular singularity . This diagram is to be re-

lated to the pion true absorption mechanism, which contributes

to the imaginary part of the optical potential describing the

motion of the pion in the nucleus after its creation on one of

the nucleons. It is known ' that this mechanism decreases the

pion photoproduction total cross section in a nucleus by roughly

10 %. It is therefore reasonable to consider this three nucleon

mechanism as the explanation of the large number of detected pp

pairs.
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Below the pion production threshold, both pions are off

their mass shell and are virtual. This two pion exchange diagram

is therefore a typical example of a three body exchange mecha-

nism. Because of gauge invariance its study will lead to strong

constraints on the three body forces in a nucleus, in the same

way as the study of the two body exchange currents has already

constrained the one boson part of the two nucleon potential.

The mechanisms which is responsible for the longitu-

dinal part of the (e,e'pp) reaction cross section is quite

different since the virtuax photon couples directly to the

charge of both protons. Since the two body exchange currents do

not contribute here, the study of the longitudinal part of the

(e,e'pp) reaction cross section is the best way to determine

the two nucleon correlation function in a nucleus.

Of course a full calculation of these two mechanisms

is needed to determine the best kinematics and to evaluate the

corrections (more specifically the final state interaction

effects). But I really think that three arm coincidence expe-

riments are the most promising future of the study of nuclear

matter with the electromagnetic probe. Indeed the study of the
3He(YrPp) reaction has recently been proposed at Saclay, and

will start next year.

7. CONCLUSION

The separation of the transverse and the longitudinal

cross sections of these exclusive reactions will allow us to

disentangle the meson exchange effects, or the pion and A pro-

pagation in the nucleus, and the two or three nucleon short

range correlation functions. I have summarized in table 1 the

main axes of a program of coincidence experiments with the

electromagnetic probe. I have mainly discussed here the points

II and III, but the study of coincidence experiments near the

top of the quasi-elastic peak should also be continued : for

instance, the momentum distribution of "*He has not yet been

measured, and the study of the spectroscopie properties of the

low lying hole states has just begun here at Amsterdam. Due to

a lack of time, I have not at all discussed the problem of the
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Table 1

Program for coincidence experiments

I. (e,e'N) quasi-elastic

- Momentum distributions : "He, etc...

- Deep lying hole states and reaction mechanisms.

II. (e,e'N) far from quasi-elastic

- Structure of the continuum.

- Exchange currents.

- Short range effects.

III. (e,e'2N)

- Two body correlations : Coulomb part.

- Three body forces : Transverse part.

IV. Pion production

- A propagation.

- N-A interaction.

V. p and X production

- Vector meson propagation.

- Hyperauclei.

study of the N-A interaction and of the propagation of the A

in nuclear matter. The developments of these very important

studies will require also to perform coincidence experiments. I

refer the reader to refs. 5,6,12 and 17 for a throughout dis-

cussion of these topics. I have not discussed also the problem

of the creation and the propagation of vector and strange me-

sons in nuclei, of which the study will be possible when the

energy of the electron accelerator in increased. The detection

of all their decay products will require coincidence experi-

ments : more details can be found in ref. 17.
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(p,2p) and (e,e'p) on H and 3He

Martin B. Epstein

Physics Department, Calif. State Univ.,Los Angeles

Los Angeles, California 90032 U.S.A.

I INTRODUCTION

Quasifree one-nucleon knockout reactions such as

(e,e"p) and (p,2p) on very light nuclei have been inves-

tigated in the past mainly to study single particle

momentum functions or in general the spectral function

of a bound nucloon inside a nucleus. In general the

spectral function S(p,E) is defined as the joint proba-

bility of finding a nucleon with separation energy E and

momentum p inside the target nucleus. It is obtained

from a measurement of the five-fold differential cross

section of the (p,2p) or (e,e'p) reaction which, in

terms of the Plane Wave Impulse Approximation (PWIA),

factorizes into the product of a phase space factor, the

half- off-the energy shell p-p or e-p differential cross

section and the spectral function. Such a PWIA formal-

ism does not account for complications such as final

state interaction or multiple scattering effects between

pairs of nucleons, virtual A, excitation effects, etc.

For the remainder of this talk the particles parti-

cipating in such break up reactions are identified by:

l(incid.)+ 2(target)-> 3(scattered)+ 4(ejected)+ 5(recoil)

In this talk I will discuss the results of (e,e'p)

and (p,2p) reaction studies on He, He and H.

Tl 3He KNOCKOUT REACTIONS

I will begin with a discussion of work recently

completed on 3 H e > T h i s h a s l o n g b e e n considered to be a

very interesting nucleus to study via knockout reactions

for several different reasons. Perhaps the most impor-

tant of these is the possibility of obtaining realistic
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• Hl (p.pdtp (25-68*) 450MeV
O 3He (p.pd)p ( 50*-6B*) 450MeV

• 3Hi(p,pd)p 590MeV

*3Hele,e'p)d 530MeV

• 3HeCp.2p)d

• He (p.pd)p ( 25-68 1 450MeV

O 3He (p.pdlp ( 5C*-6B*)450MeV
3He(p,2p)d

100 200 300 400 500 600 700

q (MeV/c)-

Figure 1. Curve 1 Dieperink et
al. Curve 2 Ciofi degli Atti
et al. Curves 3 § 4 Meir-Hadjuk
et al. (q =

100 200 300 400 500 600

q(MeV/c)

Figure 2. Curve 1 Irving-Gunn.
Curves 2 and 3 Gibson § Lehman.
(q=-p5)

wavefunctions from Faddeev and variational calculations.

A second is the low binding energy of this system which

should enhance the applicability of the PWIA at inter-

mediate energies particularly if it is possible to

choose kinematic regions in which one avoids small rela-

tive energies between pairs of nucleons in the final

state. The third convenient feature of this system is

that within the context of the PWIA the two different
3 3

reactions He(p,2p)d and He(p,pd)p should both depend

directly on the same spectral function, and in fact

should differ primarily only on their dependence on the

p-p and p-d elastic scattering cross sections respec-

tively. Thus a measurement of both of these reactions

can in principle provide some very useful consistency

checks.

Our most recent proton studies were done at TRIUMF

at 300 and 450 MeV and concentrated on the large recoil

momentum (p,.) region. Data were obtained for

the JHe(p,pd)p reaction at 450 MeV for the angle pairs

25°-68° and 50°-58° covering a recoil momentum range

from 0 to 480 MeV/c. The He(p,2p)d reaction was stu-
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died at 300 MeV at the angle pair 70°-33° and at 450 MeV

at the angle pairs 70°-30° and 46°-46° for recoil momen-

ta between 360 and 530 MeV/c. Previous data on these

reactions at intermediate energies were at 155 MeV '

and 590 MeV '. These data covered recoil momenta up to

230 MeV/c for the He(p,pd)p reaction and up to 120

MeV/c for the 3He(p,2p)d reaction. At 590 MeV

the He(p,2p) reaction was measured but one was not able

to separate the d from the d contributions.

Our data were taken using a combination of the

medium resolution magnetic spectrometer at TRIUMF and
3 3)

Nal counters and utilized a liquid He target '. A

more detailed description of the experimental setup is

contained in reference 4. One aspect of this setup is

perhaps worthy of note. Since the combined energy reso-

lution of the incident beam and detection apparatus was

not quite adequate to separate the He(p,2p)d

and He(p,2p)d reactions if only the two protons were

detected, the recoiling deuteron was also detected using

a Nal counter in an overall triple coincidence. This

arrangement placed severe contraints on the proton

detection angles that could be observed that were also

consistent with a physically reasonable placement of the

recoil deuteron detector . In addition these measure-

ments were limited to deuteron momenta large enough to

allow the deuteron to exit the target, p_ > 350 MeV/c.

This triple coincidence arrangement added the extra

bonus of providing us with extremely clean data that

were essentially entirely free of accidental coin-

cidences as well as any contributions from target foils

and support structures. One might speculate as to

whether it would be possible to use this triple coin-

cidence method to extend the range of (e,e'p) data

He and 4He up to similarly high recoil momenta.

High quality He(e,e'p) data have been obtained by

Jans et al. for incident electrons at 509 and 528

MeV. Data were taken in two kinematic regions using the
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600 MeV linear accelerator at Saclay and dual magnetic

spectrometers, and cover recoil momenta from 0 to 300

MeV/c. The energy resolution in these measurements was

sufficient to cleanly resolve the d and d final states.

The data we obtained were reduced to momentum dis-

tributions using the PWIA and are shown in Figure 1

along with the 3He(e,e'p) data 5* and the 3He(p,pd)p

data at 590 of Kitching et al. '. At low recoil momen-

ta the (p,pd) data fall consistently below the

corresponding (e,e'p) data. For our data this might be

explained by the low relative energy between the ejected

deuteron and the recoil proton, about 15 MeV/c, however,

the 590 MeV data do not suffer from such low relative

energies between pairs of final state particles. At

large recoil momenta the proton data are consistently

above the (e,e"p) data. Curve 1 in this figure is a cal-

culation by Dieperink et al. * from a He ground state

wave function obtained by Brandenburg, Kim and Tubis '

0for the Reid soft core interaction acting in the S
3 3

and S, - D1 states. Curve 2 is the momentum distribu-

tion from the work of Ciofi degli Atti, Pace and

Salme °lZ". Curves 3 and 4 are the recent results of

Meir-Hadjuk et al. ' using the Reid soft core and

Paris potentials respectively.

The proton induced data lie well above the theory

in the region of recoil momenta > 250 MeV/c, while the

(e,e'p) data seem to fall slightly below the theoretical

predictions in the region of p5 > 150 MeV/c. For the

most part the proton induced data have a large degree of

internal consistency especially considering that they

include two different reactions and several different

angular regions, and for the (p,2p) data two different

incident energies. Although we have not examined multi-

ple scattering and final state interaction effects in

detail the relatively good internal agreement among

these data compared with the wide range of relative en-

ergies between pairs of particles in the final state
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that is covered by these data suggests that these ef-

fects are small compared to the large differences with

theory. We have also done some Distorted Wave Impulse

Approximation (DWIA) calculations for the (p,2p) cases

using the code Threedee written by N. Chant ll*. These

calculations suffer from poorly defined optical poten-

tials in the initial and final states as well as diffi-

culties in properly treating the recoil effects of the

deuteron. The results of these calculations indicated

little if any significant differences between the DWIA

and the PWIA. ( It should be noted that 3He(p,pd)p

data, not shown here, recently extracted from our (p,2p)

measurements involving an ejected deuteron at 30° a

scattered proton at 70° and recoil momenta around 150

MeV/c do not agree well with the 590 MeV/c data.)

Figure 2 shows these same data compared with spec-

tral functions calculated by Gibson and Lehman 1 2 ),

curves 2 and 3. These were obtained using separable po-

tentials of the Yamaguchi form and were fitted to the

low energy properties of the two nucleon system.

Curve 1 is derived from

an Irving-Gunn He

wavefunction and a

Hulthen deuteron wave

function.

Figure 3 shows the

spectral function of

Ciofi degli Atti et

al. 8' 9 ) multiplied by

the factor 1 + (St)n

where q is the ?ecoil

momentum q = 285 MeV/c

and n =2.5 . This is the

same factor used by

Sick, Day and

McCarthy 13> to modify

the spectral function calculated by Dieperink et al.

IC""
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r
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. i . l . i

o

•

. 1 .

5Mt|p.pd)p (25'-6B'l15OMev
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Fig. 3 Curve is spectral function
of Ciofi degli Atti et al. times

11 4. f^i^S *

q
]
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which provided a good empirical fit to their inclusive

electron scattering data on He. The modified, renormal-

ized, spectral function that we obtain is similar to the

results of Sick et al. and provides a greatly improved

fit to the proton induced data.

The measurements described so far yield information

on the He spectral function for a fixed E correspond-

ing to a deuteron and proton, and variable p (p = -"p*5 ) .

(E = Ev - Q where E is the excitation energy of the
m x x

p-n pair and Q is the reaction Q value ). Some (e,e*p)

data have also been taken in which p and E vary, and we

have taken (p,2p) data for the case p = 0 and E between

25 to 100 MeV 14* . The (e,e'p> data were taken by Jans

et al and are as yet unpublished. They are integrated

over two 20 MeV bites in E^, 20-40 MeV and 40-60 MeV,

and vary in |"p*| from about 25 to 370 MeV/c. The (p,2p)

data were obtained at 250 and 400 MeV for both symmetric

and asymmetric pairs of angles. The \~p\ = 0 region of

the spectral function describes a two nucleon pair at

rest with respect to the remaining nucleon which implies

that on the average it is at a relatively large distance

with respect to the nucleon pair. Under these condi-

tions, at intermediate energies, the requirements of the

PWIA should be relatively well satisfied and for large

E„ one should be sensitive to two nucleon short rangem
correlations in He. In the context of the PWIA the

three nucleon system provides a unique opportunity to

kinematically isolate a two nucleon pair while still

measuring the momentum of only two particles.

The (p,2p) data were analyzed using the PWIA. Fig-

ure 4 shows our data expressed in terms of the momentum

distribution of a proton-neutron pair with relative mo-

menta p5 and p6 respectively. Note that the open circles

represent data taken at 250 MeV and the solid circles at

400 MeV. Two of these data points were taken at asym-

metric angle pairs the rest at symmetric pairs of an-

gles. Figure 5 shows these same data expressed more con-



171

lO"

Irving

Irving -Gunn

Khonno- exponential

["p - p" | (MeV/c)

100 200 300 400 500 600

|p5-"p6 | (MeV/c)

Figure 4. 3He(p,2p)pn data
expressed as the momentum dis-
tribution of the p-n pair. The
open circles are the 250 MeV
data. The filled circles are
the 400 MeV data.
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Figure 5. Same data as Figure
4 but expressed in terms of
the spectral function.

ventionally in terms of the spectral function S(p,E).

There is good agreement between data points taken under

different kinematic conditions which pertain to the same

value of p and E and consequently should be described

by the same values of the spectral function. The curves

on this figure are from the same spectral function cal-

culations described earlier 8,9,10^ N Q definitive

conclusions are possible at this point. Calculations

more detailed than the PWIA should be done to investi-

gate effects like multiple scattering. However, here too

the good internal consistency among the data points is

intriguing and suggests that related (e,e"p) measure-

ments as well as additional (p,2p) measurements with

perhaps polarized protons should be made.
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Figure 6. Momentum
distributions derived
from 4He(n,2p)2H
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data.
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Figure 7. Solid curve is DWIA
with spin-orbit terms in the
optical potential. Short dot-
teJ curve is PWIA. Long dashed
curve is DWIA without spin-
orbit terms. Dot dashed curve
is DWIA with spin orbit terms
using a He wavefunction not
corrected for meson exchange
currents.

Ill 4He KNOCKOUT REACTIONS

Before going on to deuterium it is perhaps of in-

terest to examine the situation with regard to 4He.

This is a much more compact nuclear system than He and

one might expect somewhat different results. Figure 6

shows momentum distributions extracted from He(p,2p)T

data taken at 500 and 590 MeV 1 5' 1 6 ) as well

as 4He(e,e'p)T data taken at 974 and 1186 MeV 1 7 ).
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4
Shown in Figure 7 are PWIA calculations using a He

wavefunction that has been corrected for meson exchange

currents and adjusted to fit the He charge form factor

data '. The PWIA overestimates the low p5 (in these

figures q = p5) data by about a factor of 2. Figure 7

shows the results of a DWIA calculation for the 500 MeV

(p,2p) data. The same He wavefunction was used. Here

the optical model describes elastic p+ He scattering

fairly well and does a passable job for the p+T system.

In addition terms involving the mass of the recoiling T

are somewhat less important here that in the He(p,2p)d

case. Spin orbit terms have been included in the optical

potential and the code Threedee used for the DWIA calcu-

lations. The overall fit to the data is better than the

PWIA calculations however the DWIA consistently underes-

timates the large recoil momentum region.

To test the validity of the DWIA a limited set of

data was taken using polarized protons. Analyzing powers

were measured at 250 and 500 MeV covering p~ from 0 to

150 MeV/c '. The data and DWIA substantially disagree

with one another at the larger recoil momenta measured.

Consequently the proper interpretation of all of

the He(p,2p) data is in doubt. It would be helpful to

have good quality (e,e'p) data in this region to try to

clarify the situation.

IV 2H KNOCKOUT REACTIONS

The first experimental investigation of the momen-

tum distribution of the deuteron, which permitted a de-

tailed comparison within the framework of the PWIA with

theoretical momentum distributions based upon current

N-N potentials (such as the Bonn and Paris potentials),
o

was the study of the H(e,e*p)n reaction performed at

Saclay using a 500 MeV electron beam. 19) T n e experi-

ment had been designed so as to minimize Final State In-

teractions (FSI) between the ejected proton and recoil

neutron as well as Meson Exchange Current (MEC) and Iso-
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bar Configuration (IC) effects. These measurements were

done for kinematic conditions of fixed momentum transfer

to the scattered electron and fixed relative energy for

the ejected proton-neutron pair. The momentum distribu-

tion was measured for p5 up to 335 MeV/c.

The data from this experiment were compared to

spectral functions obtained by Arenhovel 2 0» 2 1' using

the one-photon exchange impulse approximation including

MEC, IC, and FSI effect contributions. The results are

shown in Figure 8 and show good agreement between theory

and experiment.

Momentum distributions of the deuteron have also
2

been obtained through the H(p,2p)n reaction. The

results from such measurements however, do not provide

as clear a picture as the (e,e'p) results.

The first H(p,2p)n experiment that measured the

momentum distribution to large recoil momenta was the

one performed by Perdrisat et al ' at SREL. Symmetric

angular distributions were measured at 600 MeV using a

CD2 target with recoil momenta reaching up to p5 Z 330

MeV/c. The measured momentum distribution exhibited a

pronounced deviation from the momentum distrubution

derived from standard wave functions, starting at p- Z

150 MeV/c and reaching a factor of 10 or more at p5 ~

300 MeV/c.
2

A series of additional H(p,2p)n measurements were

later performed at SREL and at LAMPF by Witten et

al. ' who measured the 41°-41° energy sharing spectrum

at 585 MeV incident energy and by Felder et al 23' who

measured the energy sharing spectrum at 40°-40° and for

several asymmetric angular pairs at 800 MeV as well as

an additional asymmetric angular pair at 585 MeV. These

data show additional deviations from theoretical momen-

tum distributions and are shown in Figures 8 and 9.

The results of the (p,2p) and (e,e"p) measurements

are summarized and compared to theoretical PWIA momentum

distributions in Figure 8 . In Figure 8 we have reduced
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the published cross sections from each (p,2p) experiment

mentioned to momentum distributions by using for the p-p

elastic scattering cross section the on-the-energy shell

value of the cross- section evaluated in the final state

approximation (the one most often used) thus providing a

valid comparison of these data from the different exper-

iments to each other and to theory.

With regard to the (p,2p) data there appear to ex-

ist various inconsistencies between the distributions

extracted from the 600 MeV coplanar symmetric angular

distribution data on the one hand and the 585 MeV

41°-41° energy sharing data on the other hand. These

aiscrepanci.es occur for recoil momenta p5> 150 MeV/c,
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see Figure 9.

In the literature the deviations of the (p,2p) data

from the theoretical momentum distributions have not

been properly explained. In a system of three nucleons
2

such as in the H(p,2p)n reaction one may expect the
dominant (p,2p) knockout process to be modified by Mul-

tiple Scattering (MS) and FSI effects as well as by in-

termediate A excitation effects. Multiple scattering
24)and FSI corrections have been calculated by Wallace '

for the 600 MeV angular distribution. These corrections

account for, at most, one fourth of the observed devia-

tions from the theoretical momentum distribution (Figure

8). Curve 1 in this figure includes FSI and MS effects,

while curve 2 is the PWIA without FSI and MS effects.

No such calculations have been made so far for either

the 585 MeV 41°-41° energy sharing data or for the 800

MeV coplanar symmetric angular distribution and energy

sharing data. It should be remarked that, for the former

the lowest relative energy for any pair of nucleons was
T45 = ® MeV, while for the 600 MeV experiment T.. was in

all cases greater than 90 MeV.

The possible importance of A excitation effects has

been pointed out by Wilkin ' and has been applied to

an analysis of inclusive breakup data by Aladashvili '

in a crude model. Calculations of A excitation effects
27)are currently in progress '.

An additional problem with quasi-free scattering

from deuterium is the ratio of experimental to theoreti-

cal momentum distributions for low recoil momenta p. <

200 MeV/c. This ratio has values between 0.84 and 0.89

and might indicate that 10-20% of the deuteron wavefunc-

tion consists of non-nucleon components. For the 500

MeV H(e,e*p) data there appears to be no such systemat-

ic loss of nucleon strength, however there are some

similar deviations in the very low recoil momentum re-

gion. One notes that the overall absolute precision of

the existing (p,2p) measurements is either unknown or it
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is estimated to be as much as 25%. Counting statistics

alone are no better than 5%.

In order to study the areas of concern outlined

above we have started a series of measurements of

the H(p,2p)n reaction under a variety of kinematic con-

ditions, each appropriate to the investigation of a par-

ticular effect. We have repeated some measurements at

the coplanar symmetric geometry and will take some data

at asymmetric angles similar to those of the (e,e"p)

measurements. These measurements are being done at 500

MeV incident energy using the unpolarized proton beam of

the TRIUMF Cyclotron. They will include a high preci-

sion absolute measurement of the coplanar symmetric an-

gular distribution from 30°-30° to 57°-57° for recoil

momenta p 5 from -252 MeV/c to 356 GeV/c.

V SUMMARY

I have reviewed most of the existing (e,e'p) and

(p,2p) data for few nucleon systems that have been taken

at intermediate energies. The most obvious differences

between these data are in the region of large recoil

momentum. At the present time we lack sufficiently de-

tailed calculations for the <p,2p) cases to come to de-

finitive conclusions about these differences. In addi-

tion it would be helpful to have more data in the region

of p 5 > 3 50 MeV/c.
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1. Introduction

The subject of this talk concerns the electroproduction of positive pions from
3He with coincident detection of the pion and scattered electron. I will outline

three experiments that appear to be feasible for the NIKHEF facility and esti-

mate their counting rates. I must first make it clear that I have never been

involved in any coincidence experiments before, nor am I well versed in the phy-

sics of the production process. Therefore, "feasible experiments" to me might

mean "impossible experiments" to the experts.

The choice of zHe as a target nucleus seems logical for a couple of reasons:

i) According to some theorists, its wave function is fairly well understood.

According to some experimentalists, that is not true.

ii) The elementary production amplitudes for the free proton are in pretty

good shape. One would like to know how well they apply in a simple

system of interacting nucleons.

iii) zHe is the lightest nucleus where n+ production can lead to a bound

state.

While the last point simplifies the theoretical calculations, it also has a

significant experimental implication. By measuring the angles of any 2 particles

of a 3-body final state, plus the energy of one of them, the final state is com-

pletely determined (excluding spin degrees of freedom). If we measure the ener-

gies of both particles, the pion and electron for example, the final state is over-

determined. This is important in an experiment where the true/accidental rate

mijrht otherwise be marginal. The continuum in 3He begins at 5.5 MeV excita-

tion and is easily excluded with the good missing-mass resolution of the NIKHEF

facility.
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I will begin by outlining a few theoretical concepts which will guide our

choice of kinematics in the electroproduction experiments. The previous pho-

toproduction work on 3//c will then be reviewed. This will be followed by a dis-

cussion of three electroproduction experiments that could (in principle) be exe-

cuted at NIKHEF. Finally, the expected backgrounds from a few competing

processes will be summarized, and the pion survival rate estimated.

2. Theoretical Summary

The coordinates in the pion-nuclear cm. frame are defined in fig. 1. The z-

axis is along the direction of the virtual photon, kr and 0$, <t>% are the polar and

azimuthal angles of the pion with respect to k^ in the cm. frame. Production in

the scattering plane corresponds to $% — 0 or 180 . The electron-pion coin-

cidence cross section is given by

( i )

where <br/dQ$ is the cm. cross section for pion production by virtual mono-

chromatic polarized photons, and F t is the virtual photon flux per electron. The

cm. cross section in general may be written1^

= A + eB + eC sin2 0$ cos2 <j>% (2a)

+ I)]1/2 D sin % cos

or

= aT + e ai + t aP cos 2 0 | (2b)

+ [2e(e +

where the latter is more in line with the notation of Tiator and Drechsel.2)
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The quantities A, B, C and D are the transverse, longitudinal, polarization

(transverse) and interference (transverse-longitudinal) structure functions; the

quantities <r,- (i = T, L, P, I) are the corresponding cross sections. For our pur-

poses it is important to note that these functions depend on the three indepen-

dent kinematic variables Aj, W (or kL) and 0g (or Tt), where

*? = 4-momentum transfer of the virtual photon {Icj, < 0);

W = invariant mass of the pion-nuclear system;

kL — equivalent real-photon energy (lab.) which yields the same W;

Tt = recoil kinetic energy of the daughter nucleus (triton).

The structure functions do not, hov;ever, depend on 0 | or the photon polariza-

tion parameter e.

In the limit A?-+0, B and D vanish and dr/dn| goes over to the usual pho-

toproduction cross section for linearly polarized photons of polarization e. For

future reference, we also note that at 0| = 0° or 180° only the longitudinal and

transverse cross sections survive.

sir

Fig. 1: Coordinates in the pion-

nuclear cm. frame. The scattering

plane is defined by the electron direc-

tions 7j, and 1%.

Fig. 2: Diagrams contributing to n+

elect reproduction.
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Fig. 2 shows some of the Feynman diagrams contributing to the elementary

amplitudes for ~+ electroproduction. Diagrams (a), (b) and (c) are the so-called

Born terms, while (d) represents the propagation of a virtual A(1232) resonance.

At this level of the phenomenology, each electromagnetic vertex in fig. 2 has an

associated form factor which is unrelated to the others. In practice, these form

factors are usually made identical in order to maintain the gauge invariance of

the theory.

When these diagrams are immersed in a nuclear medium, allowance must be

made for the Fermi motion of the nucleons. Since the nucleons are bound and

hence not on the mass shell, one becomes embroiled in such esoterica as the off-

shell behavior of the amplitudes and form factors, and which I leave to the

experts.

In the following sections, all of the theoretical predictions for 3He photo- and

electroproduction were made using a computer code developed by L. Tiator at

Mainz, and kindly made available to us. (For details we refer to the original

papers by Tiator et al.2^.) The nuclear wave functiocs in the code are solutions to

the Faddeev equations from the work of Brandenburg, Kim and Tubis.3) and con-

tain up to 14 partial waves. The D-state probability is about 8%. It remains to

be seen how sensitive the predictions are to alternate wave functions and pion-

rescattering corrections.

3. Previous Experimental Work: 3He{%ir+fH

To date, I am aware of only four photoproduction experiments from 3He and

each spans a different kinematic region, as shown in. fig. 3. I will review briefly

the conclusions from each of these experiments so that we will have some idea of

just where we stand.

(a) Argan et al.4^ measured the ir+ photoproduction cross section close to

threshold, where one is sensitive mainly to the Eo+ <?-T term in the effective pho-

toproduction amplitude. The transition matrix element (squared) was compared

to the corresponding value extracted from the elastic magnetic form factor, and

the two results were found to differ by 20%. The authors conclude that "a

unique spin-flip form factor cannot account for both processes".

There is virtually perfect agreement between Tiator's calculations5) and

experiment in the threshold region, as was shown oy de Botton in the 1981
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Fig. 3: Kinematic regions spanned

by previous photoproduction ex-

periments. A = Argan4); S =

Skopik7); O = O'Fallon8); B =

Bachelier9'.

Amsterdam Mini-Conference.6) This would suggest that pion-rescattering effects

are insignificant in the A = 3 system at low energies.

(b) Moving up in photon energy, we come next to the work of Skopik et al.7)

This was actually an electroproduction experiment, 3He(e,3H)efir+, where recoil

tritons with kinetic energies Tt = 3-8 MeV were detected at 28.3° relative to the

incident electrons. Since the scattered electrons were not observed, most events

were generated by forward scattering and hence are essentially at the photon

point, A2 = 0. Thus, as with all unpolarized real-photon experiments, the data

probe only the transverse cross section a?. The equivalent photon energies were

kL = 160-180 MeV, well below the A(1232) resonance and in a region dominated

by the Born diagrams. Tiator et al.2' extracted the transverse structure functions

from the data, and here (fig. 4) we have a first indication something is wrong: the

results show a dependence on the incident electron energy which the models can-

not account for.

(c) At higher energies, we come to the experiment of O'Fallon et a\.8\ which

actually represents the first photopion work on 3He. The pions were detected in

coincidence with recoümg tritons in the kinetic energy range Tt = 10-25 MeV.

The photon energies were kL = 180-260 MeV, so the influence of the A(1232)

resonance should start to be felt. These authors also tested a relation between
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the photopion cross section and the elastic electron scattering form factors.

Specifically, if one neglects the Fermi motion of the nucleons, and considers only

nuclear S-states, then the photopion cross section in the cm. system may be writ-

ten

(3)

where rf<r/rfT2|(p) is the (7,TT+) cross section for a free proton, $ is a kinematic

factor, F\Q) is the nuclear "matter" form factor for zHe or ZH and Q is the

momentum transferred to the triton. The prescription F\Q) *=» Feh{Q)/fp(Q) was

used, where Fch{Q) and fp{Q) are the charge form factors of sHe and the proton,

respectively. It was found that the experimental data fell 25-50% below the

prediction based on the form factors. (If one does not remove the proton form

factor, but rather employs Fek(Q) in eq. 3, rather good agreement is obtained.

However, this gets us into the thorny question of whether or not the nucleon

form factors should be taken into ?ccount in photonuclear processes.) Anyhow,

the disagreement is in the same direction as observed by Argan et al., noted

above. :

We have computed the photopion cross sections for the kinematics of this

experiment using the Maiiu code and comparison with the data is shown in fig. 5.

The data fall roughly between the calculations based on pure S-state wave func-

tions and those including all 14 partial waves. The D-state probability in the

latter is about 8%. For the most part, the agreement is satisfactory.

(d) The only experimental work on 3He which covers the region of the

A(1232) resonance is that of Bachelier et al.s) The photon energies were hi =

230-450 MeV and the pion and recoiling triton were detected in coincidence. Tri-

ton kinetic energies were in the range Tt = 21-90 MeV. The kinematics were

chosen to explore two aspects of the reaction, as suggested by the structure of eq.

3 above:

(i) Keep (£• (i.e., Tt) fixed and vary the photon energy Jfĉ . This presum-

ably keeps the nuclear-structure part roughly constant, via F\Q), and

allows one to map the elementary production process.
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3 H e ( r , i r - ) 3 H

(O'Fallon et al 1966)

220 240

kL(MeV)
260

Fig. 4: Transverse structure function extracted Fig. 5: Photopion data of

from the data of Skopik et al.7' by Tiator et O'Fallon et al.8) compared

al.2), as a function of the triton kinetic energy. with theory for the dominant

S-states (dashed lines) and all

14 partial waves (solid lines)

(ii) Keep the pion angle in the center of mass fixed and vary (J2. This per-

mits one to study the cross section variation due to the nuclear struc-

ture while minimizing variations in the elementary process. The

authors chose ^ = 1 3 7 ° , for no particular reason that I can discern.

Two interesting conclusions were drawn from this experiment. First, there is

no dip in the cross section at (Rvalues corresponding to the diffraction minimum

of the elastic form factor. The authors attribute this to pion-rescattering correc-

tions which fill in the minimum, and points to the increasing importance of such

terms at high momentum transfers. Second, the peak of the A(1232) resonance

seems to shift to lower energies with increasing Q. Part of this shift is

apparently due to the Fermi motion of the protons.

We have computed the cross sections for the lowest recoil energies and the

results are compared with the data in fig. 6. the Tt = 21.5 MeV data (or theory)
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seem to suffer from a normalization problem, but the Tt = 27 MeV results seem

irreconcilable.

Fig. 6: Photopion data of

Bachelier et al.°' compared

with theory for the dominant

S-states (dashed lines) and all

14 partial waves (solid lines).

3He(y,7r+)3H
(Bachelier et 0II975)

(a)

Tt=27MeV

(b)
200 250 300 200 250

15

300

kL(MeV)

In summary, then, there seems to be a consistency problem between the

different photopion experiments. Two of the measurements, at least, support the

theoretical model for the transverse cross section at the photon point. The next

logical step is to employ virtual photons to probe the other three structure func-

tions.

4. Proposed Experiments: 3He(e,e?ir+)zH

Recall that the general (c,e'fr+) cross section may be written

dEe düe

~ = r tf A + tB + cCsin2 $$ cos 2 (4)

-f \e{e + I)]1/2 D sin 9% cos

where the structure functions depend on it2, W (or fc/J, and 9$ (or Tt). The triton

kinetic energy Tt is directly related to the recoil momentum Q, so they may be
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used interchangeably. The range we can span on these parameters is strongly

constrained by the maximum accelerator energy, the forward-angle limits of the

spectrometers, and the minimum coincidence counting-rate we are willing to

accept. (The latter of course might be contingent upon the accidental coin-

cidence rates which are a function of the singles rates in each spectrometer.) We

will assume

Eo (max) = 490 MeV

0 (min) — 26° (QDQ spectrometer)

= 30° (QDD spectrometer)

counts/hr(min.) = 1.0.

The solid angle and momentum acceptances of the spectrometers are taken as

QDQ: Aft = 17 msr Ap/p = ±5%

QDD: Aft = 5.S msr bp/p = ±5% .

The target will be liquid zHe at 5!.1°K, where the density is 70 mg/cm3.

Such a target can probably stand a maximum beam current of 1.5 ft a, which is

really not a practical limitation since we will be operating near the high-energy

end of the accelerator load-line.

All count-rate estimates will bg based on. If* a on, JJ) cm. of liquid 3ife. and

the pion will b^ measured ia coincidence with the scattered electron. Pion decay

will be ignored for the present.

The pion will be observed in the scattering plane, at <j>$ = 180° so the pion

spectrometer will be furthest from the incident beam direction.

With all these restrictions, what interesting physics can we explore? The
photopion measurements with unpolarized photons only probe the transverse
cross section, while the electropion process probes all four structure functions.
We cannot unambiguously separate these functions while we are confined to in-
plane experiments, but we can choose the kinematics to emphasize certain
features of the reaction. We do this by makmg various slices in the 3-
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dimensional parameter space k^, W (or kj), 9$ (or Tt). Three experiments then

suggest themselves, based on calculations using the Mainz code.

(i) Expt. 1 : Fix W and &$, vary A2:

= 3030 MeV (kL = 230 MeV)

k\ = -1 frrr2 to -3 fm"2

(7>=2.6 - 9.1 MeV ; € = 0.71 - 0.50).

At 0jj-=O°, the cross section depends only on the transverse and longitudinal

structure functions (see eq. 4). Furthermore, when the pion is emitted parallel to

the virtual photon, the pion-current diagram (fig. 2(b)) will contribute to the

longitudinal cross section but not to the transverse cross section. We'll return to

this point later.

An interesting region in W, the invariant mass, is revealed by the theoretical

curves in fig. 7, showing the longitudinal and transverse cross sections separately.

When the A(1232) resonance is switched on, a strong destructive interference

occurs with the Born terms in the transverse cross section. Thus, we would pro-

pose operating at around kL = 230 MeV, corresponding to W = 3030 MeV.

Fig. S shows the cross section at this point as a function of the 4-momentum

transfer, retaining only the two dominant S-states in the nuclear wave function.

The influence of various factors entering the production process is also illustrated.

For example, the dashed line is computed with no Fermi motion included. The

shaded region shows the effect of a ± 30% variation in the A coupling constant

over the Blomqvist-Laget value, while the curves a, b, c are calculated using

different r.m.s. radii for the pion. Actually, all the electromagnetic vertices in

these calculations were taken to have identical form factors, although in fact

there is no reason why they should be equal. In particular, the axial form factor

FA for the sea-gull diagram, fig. 2(c), is believed to be larger than the othero. In

the longitudinal cross section, the sea-gull and pion-current diagrams partly can-

cel, but we have no idea how much this interference would be modified by having

different form factors for the respective vertices.
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Fig. 7: Electroproduction cross sec-

tion as a function of the equivalent

photon energy, for pions emitted at

0° (cm.). Dashed curve is the longi-

tudinal cross section Cy solid curves

are the transverse cross sections,

Onlv S-states are included.

Fig. 8: Expt. 1: Electropion cross sec-

tion as a function of A2 for pions em-

itted at 0° (cm.) and W = 3030

MeV. Proposed operating region is

-Iff, = 1 - 3fm~2. The polarization is

e = 0.71 - 0.50 across this region (sec

fig. 9). Only S-states are included.

The decrease in the cross section with increasing Jfĉ  evident in fig. 8 is

largely a nuclear effect, since the momentum transfer Q to the triton is not being

kept constant. Nor is the photon polarization c being held fixed: to do so would

require somewhat higher incident energies.

A nice way to see the constraints imposed by the energy and spectrometer-

angle limitations is by means of a Jt̂  - e plot (fig. 9). To get sufficient range in

ü̂  requires us to operate along the 490 MeV line. The top branch is restricted by

the accelerator energy, while the bottom branch is determined by the minimum

pion spectrometer angle.

The counting-rate estimates are given in Table I. They vary from about 19
cph to 1 cph over the range Jfc*; = -1 to -3 fm""2. The useful momentum

L __ —
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Fig. 9: Expt. 1: Accessible region in A -̂e

space for pions emitted at 0° (cm.) and

W = 3030 MeV. Minimum spectrome-

ter angles are indicated by the 0n and 0C

curves. Top branch is for a maximum

accelerator energy of 500 MeV. It is

proposed to operate along the 490 MeV

line.

acceptance Ape of the electron spectrometer is limited by the ± 5% acceptance of

the pion arm,

Table I

Kinematics and counting-rate estimates for Expt. 1. The useful momentum ac-

ceptance Ape of the electron arm is limited by the acceptance of the pion arm (±

5%). Eo = 490 MeV and 9$ = 0°.

A2

(fm-2)

-1.0

-1.5

-2.0

-2.5

-3.0

-3.5

Pe

(MeV/c)

254

250

246

243

239

236

Ape
(deg) (MeV/c)

32.5

40.4

47.4
53.8

59.9

65.8

15

15

15

15

15

15

Pn

(MeV/c)

188

191

193

195

197

199

0K - lab

(deg)

26.2

28.4
29.3

29.4

29.2

28.7

cnts/hr

19

8.3

4.0

2.0

1.0

0.6
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(ii) Expt. 2 : Fix W and *£, vary 0f:

VT= 3030 MeV (kL = 230 MeV)

*J = - l . o fm"2

e = 0.71

0* = 0° - 120°

(Tt = 2.6 - 27.8 MeV).

This is similar to Expt. 1 except that we now hold the 4-momentum transfer

fixed and vary Of. We would propose to operate at the same W as before, keep

ify small to maximize the counting rate, and again stay at Eo = 490 MeV. The

scattered electron energy and angle are kept fixed, and 0£ is set by the pion

momentum and angle in the laboratory system.

By running an angular distribution of the pions at a fixed value of the pho-

ton polarization e, we observe the interplay of all four cross sections, as shown in

fig. 10. The polarization cross section <rP is generally quite small. At forward

angles, the transverse and longitudinal cros3 sections should dominate; at inter-

mediate angles the transverse and interference terms are prevalent, while the

back-angle cross section is essentially all transverse, Note that for large 6$ the

cross section becomes more sensitive to the nuclear wave function, dropping by a

factor of 2 at 0|=14O° when an 8% D state is introduced.

Table II gives the estimated counting rates. Our criterion of 1 cph as the

lower limit means d$<120 .
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3He(e,eV+)3H
= 3O3OMeV

(kL=23OMeV)

.1
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K
ao 120 wo

Fig. 10: Expt. 2: Angular distribution of

pions for W = 3030 MeV and JfcJ =

-1.0 fm~2. Contributions from the T, I,

P and L cross sections are shown by the

broken curves, for e = 0.71 and nuclear

S-states.

Table II

Kinematics and counting-rate estimates for Expt. 2. The useful momentum ac-

ceptance Ape of the electron arm is determined by the acceptance of the pion

arm (± 5%). Eo = 490 MeV and A£ = -1.0 fm~2. The electron arm remains at

9t = 32.5 °, and the central electron momentum is pe = 253.3 MeV/c.

(deg)

0

20

40

60

80

100

120

140

0*-lab P*
(deg) (MeV/c)

26.2 188

43.8 187

61.7 183

79.9 177

98.9 170

118.6 163

139.3 156

161.0 149

Ape
(MeV/c)

15

15

15

15

15

15

15

15

cnts/hr

19

22

17
10

5.0

2.4

1.3

0.7
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(iii) Expt. 3 : Fix *J and Tt, vary W :

*J = -1.0 fur2

Tt = 4.0 MeV {<? = 0.58 far2)

W= 3000 - 3175 MeV (kL = 198 - 390 MeV)

= 17° - 25°; € = 0.76 - 0.27).

This experiment would attempt to cover the region of the A(1232) resonance

at a constant 4-momentum transfer. The triton momentum is kept constant to

minimize large cross section variations due to the nuclear structure and thus

emphasize the elementary production process. The actual choice of Tt was based

on the conflicting requirements to maximize the cross section (i.e., small Tt), yet

place the threshold well below the A (i.e., large Tt).

Fig. 11: Expt. 3: Electro-

pion cross section through

the A-region for constant

Tt and *J. Only the dom-

inant S-states were includ-

ed. The increase in the

transverse contribution

with increasing ki is large-

ly due to the decrease in c.
200 250 300

kL (MeV)
350 400

Figure 11 shows the expected cross section in the cm. as a function of

equivalent real-photon energy, kL, calculated with S-state nuclear components

only. Below the A the total cross section is dominated by the longitudinal and

interference structure functions. At the A peak, and above, the transverse term

is predominant, largely due to the variation in c across the whole region. Note

that the pure A contribution by itself is quite small; its presence is felt mainly

through interference with the non-resonant Born terms which are strong every-

where. Also shown is the result of varying the A coupling constant by ± 30%
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over the B.L. value.

The estimated counting rates for this experiment, given in Table ID, are

fairly reasonable over the whole excitation region. The momentum acceptance

Ape on the electron arm is restricted by the ± b% acceptance of the pion arm for

W < 3050 MeV. At higher excitation, the full acceptance of the electron arm is

utilized.

Table HI

Kinematics and counting-rate estimates for Expt. 3. The useful momentum ac-

ceptance Ape of the electron arm is restricted by the acceptance of the pion arm

(± 5%) for W < 3050 MeV. The equivalent real-photon energy is kL. Eo = 490

MeV, JfcJ = -1.0 fnT2 and Tt = 4.0 MeV. The cm. pion angle spans Of =

17°-25°.

w
(MeV)

2990

3000

3030

3050

3100

3150

3175

3200

h
(MeV)

187

198

230

252

306

362

390

418

Pe
(MeV/c)

296

286

253

232

177

121

93.1

64.7

(deg)

30.0

30.6

32.5

34.1

39.2

47.8

55.0

67.3

A P e

(MeV/c)

8.5

10

15

18

18

12

9.3

6.5

Pn
(MeV/c)

129

144

186

213

276

337

367

398

4,-lab
(«leg)

38.2

45.3

47.0

45.1

38.5

31.7

28.3

24.9

cnts/hr

11

15

22

24

16

6.1

3.2

1.4

5. Singles and Accidental Coincidence Rates; Pion Decay

(a) Singles and Accidental Rates

We give now some order-of-magnitude estimates of the background from a

few of the competing processes for the worst-case geometry, namely with both

spectrometers at the extreme forward angles. The full momentum and angular

acceptances will be used, and the duty factor will be taken as 2.0%.
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On the electron arm, the strongest backgrounds are expected to come from

the radiative tail and quasielastic scattering. The elastic peak radiation tail was

evaluated using the peaking approximation, while the quasielastic estimate was

based on the measurements of McCarthy et al.,10' (see fig. 12) extrapolated to our

kinematics using the quasielastic model of Moniz.11) Actually, we will be above

the quasielastic peak, as shown by the bars in fig. 12, so we have made the crude

assumption that the ratio of the cross sections in the "dip region" and the peak

region is independent of scattering angle.

Fig. 12: Quasielastic

scattering data for 3He,

used here to estimate the

LU
"O I

1 ' I 'i

-XÖ

" ' ' ' " I ' ' ' '
3He(e,e)

QUASIELASTIC SCATTERING
E0=500MeV
03=60°

(McCorthyetal.1976)

. ^THRESHOLD

50 100 6 0 200 250

singles counting rate in the

electron spectrometer.

Horizontal bars indicate

the excitation region of the

3 proposed coincidence

measurements.
300

On the pion arm we can expect backgrounds from positive pions and protons

produced by unobserved forward-scattered electrons. We have considered only

pion production which leaves the triton in its ground state and employed the

Mainz code along with the Dalitz-Yennie formula for the virtual photon spec-

trum. The protons come from the 2-body breakup of zHe. Here, we have relied

on the photodisintegration data of O'Fallon et al.,12) in conjunction with the

Dalitz-Yennie formula.

Table IV summarizes the instantaneous singles counting rates and the

accidental coincidence rates per hour for a 1 ft a beam on 1 cm of liquid zHe.

Background rejection will be assisted by the fact that real coincidences are

kinematically overdetermined.



f
197

Table IV

Singles and Accidental Coincidence Rates for Eo = 490 MeV, pK = 190 MeV/c,

^ = 3 0 ° , pe = 300 MeV/c, 0e=3O°.

Arm

QDD (e~)

QDQ (TT+)

Particle

e~ (rad. tail)

e~ (quasi el.)

ir+ (forward e~ scat.)

p (forward e~ scat.)

Coincidence/hour (rre8 =

Total
Excluding protons

Per (MeV/c 2 (excl. protons)

Expected real rate

Counts/sec (Inst.)

2.5 X103

2.5 X104

8.5 X102

1.1 X104

= 2.0 ns)

2350

168

0.24

«20

(b) Pion decay

The fraction of the pions which survive to the detectors is given by

/=e
Toe\\ pe

where L is the flight path ( ~ 8.2 m), To is the mean lifetime ( ~ 26 ns) and p is

the pion momentum. The survival rate for the three experiments we have out-

lined is as follows:

Expt. 1 f « 0.47

Expt. 2 f = 0.39 - 0.46

Expt. 3 f = 0.36 - 0.67.

These have not been taken into account in the estimates in Tables I-IV.
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DETERMINATION OF STRUCTURE FUNCTIONS IN (E,E'P) REACTIONS

S. Boffi, C. Giusti and F.D. Pacati

Dipartimento di Fisica Nucleare e Teorica, Universita di Pavia
Instituto Nazionale di Fisica Nucleare, Sezione di Pavia

The cross section for (e,e'p) reactions is written in terms of four
structure functions as

= Ok ^ ( p°° f o o + Pllfll+ °1-1 *1'1 cos2a+poifoicosa) •FdïT Okf

The structure functions f ^ depend only on the size q of the momentum

transfer, the energy transfer w, the size pj of the outgoing particle

momentum and the angle y between pj and q. The angle a is the angle

between the p|,q plane and the scattering plane of the electron. The

matrix depends on the electron variable only and is given, e.g. in refs.

1 and 2. The nuclear information is contained in the structure functions

via the spectral density S(p,p';E) which is so defined:

Stf.fr';E) = «Fo| a
+(p') fi(E-H)atf) | ¥0> =

= I | dE' <¥0|a+(p')|E'a> fi(E-E') <E'a|a(p)|lF0>

= l f dE1 <t>E.a(P') X (E1) cDE,a (p)fi(E-E1) . (2)

The diagonal elements of S, i.e. S(p;E), give the joint probability of
removing a proton with momentum p from the target ground state |i'0> while
leaving the residual nucleus in the excited state |Ea>. In the PWIA cross
section they appear factorized, i.e.

f u, = Stfi-q; E) gXA, (3)

where the functions g^ i contain the one-body charge-current contribution,
i .e.:
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2
gn = "f" p i 2 sin2y + i 7

F? 24 Pï
m
F? 2 2.1=--4 Pï sinS ,

* m

In the fu l l OWIA calculation the nondiagonal terms of S appear and the
factorization (3) is destroyed.

The spectral strength A (E) is determined by the residue at the poles of
the hole Green function in the discrete part of the spectrum of the
residual nucleus. In the continuum part, around the resonances *a(E) has
a lorentzian shape. The amplitude 4>ca(p) is in both cases the eigen-
function of a nonlocal energy dependent hamiltonian involving the mass
operator corresponding to the hole Green function ' .

The available data refer to the cross section (1) and are obtained
with electron beams of 500 -f 700 MeV, duty factor < 1 % and experimental
energy resolution of ^ 2 MeV. The analysis of these data is successfully
accomplished in the unfactorized OWIA assuming the phenomenological
natural orbital basis for <|> and extracting A from the comparison between
experiment and theory. For proton removal from outer orbits X is less
than the unity value predicted by independent particle models (typically
i t ranges between 0.5 and 0.8) ^ ) . In the case of deep holes some care
must be paid in defining the range of the resonance peaks. In f i g . 1 the
data ' of the Is hole in 160 are compared with theoretical results. The
total strength included in the data of f i g . 1 turns out to be 0.5, which
means that the energy integration between 38 and 48 MeV covers only the
width of the resonance. The missing strength overlaps presumably other
resonances embedded in the continuum.
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-1

10.

1.

1oo toe

Fig. 1 Momentum distribution of the 1s hole in 1 60. Solid line for
bound state taken either from ref. 6 or ref. 7 and optical
potential from ref. 8 (x2=38.7» total spectral strengths 0.i»9).
Dashed line for bound state from ref. 9 and optical potential
from ref. 8 (x2 = i8.2, t.s.s. = 0.50). Dot-dashed line for bound
and scattering states from ref. 10 (x2|=lt«6, t .s.s. = ^ )
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Fig. 2 Structure functions of the pi hole in 160. Bound state from
ref. 9 and optical potential from ref. 8.
0 fnn. t) f1V and d) f

or

The new generation of electron accelerators such as the one at
NIKHEF-K and the improvements achieved in the detecting apparatus have
pushed the possible quality of the data much further and allow to look
for f iner details in the theoretical description, e.g. the asymmetry
exhibited by the p, and p3^2 hole momentum distribution in 160 when
going from a - O t o a = ir (see f igs. 9 and 10 of ref. 4 ) , which has been
interpreted as due to a complicated interplay between the nuclear spin
current and the spin orbit distortion produced by f inal state interactions,
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(b)

0° 15 45"

(c) qffrïT1) 30° 45°
(d)

Fig. 3 Same as fig. 2 but for the Po/2 hole.

12,Also, the discrepancies between calculation and data in C under parallel
kinematics ' could be ascribed to a sensitivity of the cross section to
meson exchange contributions or isobar configurations of the nucleon. In
order to gain more information on the basic mechanisms it is important to
achieve a separation of the four structure functions f,^, in eq. (1).
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In figs. 2 and 3 they are plotted versus y for fixed q in the case of
the pj and Vy? n o l e i n 0 and a n outgoing proton of 100 MeV. The

Q Q ^ is similar in
both cases; on the contrary f,_̂  for the p^/z c a s e ^ a s a reversed sign
behaviour of the longitudinal fQQ and the transverse

with respect to the p, case, and f«j has a bump at low angles for the
Pi case which is completely absent in the p , , 2 case. The different
behaviour of the interference terms f , and fQ1 affects the cross
sections reducing more the p, than the p3y2 one and modifying the corres-

ponding absorption factor.

0.00
45° 0* 15* 30* 45*

15° 30° 45° q(«m"') „• 1 5° 30o 45'

Fig. k Same as fig. 2 but without the spin current contribution.
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A fu l l determination of the four structure functions requires out-of-
plane kinematics which is at the boundary of present possibi l i t ies. A
partial determination is however possible along the lines proposed in
ref. 2. In coplanar kinematics a particularly simple situation is reached
under parallel kinematical conditions, i .e . when p| is parallel to q.
In this case y = 0 and the interference terms fQ1 and f j_ j vanish ident i -
cal ly. An experiment can then be envisaged to determine fg 0 and f j j for
each of the well-separated peaks in the spectral density. This can be
achieved keeping q and a> fixed and varying the scattering angle 0 by
acting on the incoming and outgoing electron momenta. The interest in
such a research l ies , e .g . , in testing the sensit ivity of f ^ to modi-
fications of the spin current due to meson exchanges. In fact , f ^ j is
largely dominated by the spin current contribution, as can be seen by
comparing f i g . 2b and f i g . 4b where the same f , j is calculated without
the one-body spin current.
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THE BACKGROUND PROBLEM IN THE STUDY OF DEEP-LYING HOLE STATES

S.Y. van der Werf and N. Blasi, K.V.I., Groningen

Neutron pickup from inner shells has been intensively studied during

the past decade. The phenomenon was first observed by Sakai and Kubo ' and

has since been studied through the (p,d)2"5), (d,t)6"9) and (3He,a)10~12)

reactions. Originally studied around A=100-130, it has been established

later also in other mass regions > » ^ . For a review and recent

references see e.g. ref. 15. The effect presents itself as a strength

distribution superimposed on a continuous background. The usual method of

separating "structure" from "background" is that of drawing a straight

line, connecting the smooth background at the highest excitation energy

measured with any local minimum at low excitation energy. In this way,

however, one does usually not account for the full sum-rule for the

spectroscopie strength of the inner shells. It is clear from sum-rule

arguments ' that not the complete background is due to direct neutron

pickup. An important continuous component must be present that finds its

origin in a different process. The same is true for proton pickup from

inner shells, studied via the (d, He) reaction. As further progress on the

issue of pickup from inner shells is hampered by lack of knowledge of this

process, an investigation of continuum spectra is in order.

We present in this talk a study of the triton, He- and alpha-particle

spectra from the reactions Sn+d at Ed=50 MeV, measured over a very large

energy range. We point out a striking regularity in the non-direct part of

the spectra and establish a simple empirical relation that relates the high

energy parts of the spectra of different kinds of particles. This relation,

established at backward angles, where direct processes give small

contributions, may be extrapolated to forward angles, in the hope to get an

estimate of the background in the triton ( He) spectra and therewith of the

strength distribution for direct neutron (proton) pick-up. In fact it leads

us to propose that the shape of the alpha spectrum may serve as background

for this purpose.

A self-supporting 116Sn target, enriched to 95.7%, of 800 yg/cm2 thickness,

was bombarded with an energy-analyzed beam of 50 MeV deuterons from the KVI

cyclotron. Reaction products were detected with a telescope consisting of a
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50 Mm thick AE- and a 5 nun thick E surface-barrier detector. Energy spectra

were obtained for tritons, He- and alpha-particles at angles 6 =15°,

30", 60°, 90', 120° and 165°.

o lift

In fig. 1 spectra for triton, JHe- and alpha-particles from iiOSn+d are

shown. Angular distributions for all spectra are very forward peaked in

their high-energy region and the spectra have a Maxwellian-like appearance.

The alpha-spectrum has another, more isotropic, component at low energies,

with a temperature of T B 3 MeV. This component is absent or at least very

small in the triton and JHe-spectra. The triton and JHe-spectra show

moreover at forward angles enhancements at high energies (low excitation

energies) due to direct neutron- (proton) pickup. Direct two particle

transfer has much lower cross-sections and a corresponding enhancement is

not seen in the (d,a) spectra.

The shapes of the alpha spectra are repeated as thin lines in figs. 1 and

lc, shifted over the difference in Q-values so as to line up the ground

states for the different reactions, and matched in cross-section for the

165°-spectra. In the shifted spectra the high energy tails for all

particles coincide at backward angles. The fact that the slopes are

identical for different particles has been remarked before by Wu et al. '

and found to apply to protons and deuterons as well. We find, however, that

the similarity goes further: the high-energy parts of the spectra, if

plotted versus E'=E-QQ, or equivalently, versus excitation energy U, appear

to be identical not only in shape but, apart from an angle-independent

scale-factor, also in cross-section. For the component that constitutes the

high-energy spectrum-tail (H) an empirical relation follows:

Sx dUdB \ dUdfi " \ dUcTC

with

CT/Ca » 2.0 ± 0.5 and Ct/Co * 1.0 ± 0.2
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The different scaling factors are surprisingly close in value, for alphas

and tritons even equal within the errors. It is unclear whether this has a

deeper physical significance or is just accidental. The contribution of

direct transfer is expected to be smallest for the (d,a) reaction and

therefore the alpha spectrum should, at forward angles, represent the H-

component most closely.

The increase of the slope with the angle and the forward peaking of the

differential cross sections are suggestive of particle-emission from a

frame of reference, moving parallel to the beam. This may in first

approximation be described by a simple formula in which only phase-space is

taken into account '

p{ -[ (E-ZEc)+E1-yE1(E-ZEc)cos9] /T} (2)

Here, Z is the charge of the emitted particle, Ec the Coulomb-barrier per

unit charge and Ej the kinetic energy in the laboratory-frame of a particle

at rest in the moving frame. Differential cross-sections calculated with

parameters ZEC=13 MeV, Ej-5 MeV and T=9 MeV are shown in fig. l
a in order

to illustrate that the model assuming emission from a moving frame is able

to globally reproduce the observed spectra. A 9-dependence, which was not

present in the corresponding expression of ref. 17, has been incorporated

in the overall factor C_(6) which varies smoothly with angle and seems

symmetric around 90°. The observed temperature of 9 MeV points to a pre-

equilibrium process.

Not inconsistent with the moving-frame idea, is the pre-equilibrium exciton

model, originally proposed by Griffin18' and later extended by many others.

Its essence is chat the interaction of the incoming projectile with the

nucleus leads to a hierarchy of n partiele-m hole excitations, where in

each stage of this sequence a finite probability exists for a particle to

escape from the nucleus. Composite particles can be emitted before thermal

equilibrium is reached and the outgoing particle has still some memory of

the incident energy. The issue of angle-dependence of the cross-section in
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the model is far from trivial and in the original formulation of the

exciton model this dynamical aspect is absent. In first order the (average)

number of excitons is found from the slope of the angle integrated spectrum

through165

<VdEA (3)

Here A is the mass of the emitted particle, aA(E.) the inverse reaction

cross-section at energy E« and U the excitation energy and p and h are the

number of particle and hole excitations respectively.

We wish to make a heuristic approach to incorporate the angle dependence in

the exciton-model in a simplified way: assuming emission from a moving

frame and making the ad hoc postulate that eq. 3 holds within this frame,

it follows from eqs. (2) and (3) that

p+h » A+l+U/T (4)

For a temperature T=9 MeV (see fig. l a), the region of U » 5-9 MeV which is
o

the region of the deep-lying hole states, yields p+h«5 for t and He and

p+hra6 for alphas. This suggests a very plausible lp-2h character for the

continuum part of the He and triton spectra and lp-3h character for the

corresponding part of the alpha spectrum.

Since the high-energy continuum component (H) of the deuteron induced

pickup reactions may be adequately described assuming emission from a

moving frame of reference and the pre-equilibrium exciton model, it seems

justified to think of the continuum parts as arising from collisions with

impact parameters lower on the average than those that lead to direct

transfer. While the triton- and alpha-spectra are similar at backward

angles, the triton spectra are higher at forward angles. The difference is

assumed to be due to the strength of direct one-neutron pickup.

Since direct two-particle transfer has relatively low cross-sections, the
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background in the triton-spectrum may be represented by the corresponding

alpha-spectrum, taken at the same angle, but shifted over the Q-value

difference and multiplied with the scale factor C /C from eq. (1). This
o

same prescription may, mutatis mutandis, be applied to the He-spectrum.

The procedure is applied to spectra, taken at 8=158 for the reactions

116Sn(d,t)115Sn and 116Sn(d,3He)115In. In figs. 2 and 3 both spectra are

shown with a smoothed alpha spectrum as background. In fig. 2 are indicated

the background used in the analysis of earlier work ' that resulted in the

location of 40-45% of the combined sum-rules of the lgg/2» ^\/2* ^3/2 an(*

If5,2 shells and the background choice of ref. 19. Our present background

is lower and therefore yields a cross-section about 0.7 mb/sr higher due to

direct neutron pickup in the region Ex=4-10 MeV than ref. 19. Within the

limits of error all strength down to the £7/0 shell can be accounted for.

The 116Sn(d, He) 5In spectrum shows a clear bump around E x ~ 4 MeV. For a

full analysis more forward angle data are needed.

CONCLUSIONS

The light-particle spectra from deuteron-induced reactions exhibit at

backward angles a strong similarity in shape in their high-energy part. On

the basis of triton, ^He- and alpha-spectra we have established an

empirical relation (eq. (1)) for the high-energy parts of these spectra.

These spectra can be described as resulting from emission from a moving

frame of reference and under certain simplifying assumptions are not

inconsistent with the exciton-model. The model presented in this talk is

highly speculative and its foundation is, admittedly, not firm. It merely

served to advocate an empirical approach to the problem of background

subtraction, encountered in neutron- and proton pickup reactions. It is

felt that this approach, in which the shape of the alpha-spectrum serves as

background, holds some promise.
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