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C H A P T E R I

INTRODUCTION

One of the fundamental problems of nuclear physics is the

microscopic description of the nucleus, i.e. understanding the '.

properties CLf nuclei in terms of the interactions between their

constituents. If quark degrees of freedom are excluded, the ".-

theoretical study of this problem involves:

a "realistic" nucleon-nucleon interaction.

The on-shell part of the NN-interaction, i.e. the force

acting between free nucleons, is not completely known from

strong interaction theory. It is therefore in general :

described phenomenologically by means of a parametrized [

potential. ,

a nucleon-nucleon interaction inside the nuclear medium. -

The NN-in ter act ion is then more complex, due to the presence •

of other nucleons (off-shell effects) and the exchange of

mesons.

the description of three-body forces. :

It is still not clear whether or not it is really necessary

that the nuclear Hamiltonian contains three-body operators,

the solution of the many-body problem.

An exact theory, which can solve the N(N>3)-body problem is ?

(still) not available. ;•;

Much progress has been made in the construction of

phenomenological NN-forces which reproduce elastic NN-scat- 1

tering data and deuteron ground-state properties (Reid ,•-:

Soft Core, Paris, Holinde - Machleidt potential etc.). However,

these experimental data provide information only about the :

on-shell part of the NN-interact ion. The study of the off- i|

shell part requires data involving more than just two nucleons. i

.i



The cleanest reaction to be studied is the p+p •»• p+p+y
bremsstrahlung reaction, which however is hampered by very
small cross sections. Next best are three-nucleon systems in
the ground-state or in continuum states. Several three-nucleon
observables, which are sensitive to details of the NN-inter-
action, have been studied in the course of time. The ground-
state properties of the only two bound three-nucleon systems,
3H and 3He, have for instance been investigated using electrons,
photons and pions as probes. Furthermore pd scattering and
radiative capture measurements, as well as 3H and 3He hadron-,

L photo- and electrodisintegration experiments, have been per-
formed. Some results of these experiments will be discussed.

-r" This thesis will however mainly deal with one-nucleon knock-
out reactions, with which single-hole aspects of nuclei can be

'; studied in detail. At high energies, the impulse approximation
gives a good description of the reaction mechanism in terms of

A the direct knock-out of a nucleon. Corrections due to meson
fjrj

'"* exchange currents and final state interactions can in general
r?' be kept quite small, if the kinematics are chosen appropriately.
•' The usefulness of nucleon knock-out reactions was first

demonstrated by (p,2p) experiments. However, in this case both
; the projectile and the outgoing particles interact strongly
U with the nucleus and their wave functions are consequently
•: distorted, which complicates the interpretation of the results.

Nevertheless proton beams have been used to study the 3He(p,pd)
t and 3He(p,2p) reaction (KitM-72 and CowR-74).
,:'; No distortion of the projectile occurs in breakup
.' reactions initiated by photons. However in the case of real

,--, photons the possibility of probing the nucleon momentum dis-
]f tribution is rather limited. To measure the low-momentum
|| components one is obliged to use low energy photons, but then
Jj the distortion of the outgoing nucleon becomes important.
Kf Jacob and Marls suggested (JacM-62A, JacM-62B) to use
I' electrons as projectile in quasi-free scattering, because the
5- energy and momentum transferred by the virtual photon can be



varied independently, which permits to obtain much richer

information. On the other hand (e,e'p) reactions are hampered

by the fact that electron beams with a relatively high duty

factor are needed. With the (e,e'p) reaction, proton energy

and momentum distributions of 2H, "He, 1 2C, 27A1, ""Ca and 5BNi

have been determined in Saclay, Kharkov and Tokyo (BerB-8l,

GolK-78, MouB-76, NakH-76A, NakH-76B). For nuclei with A>3 no

exact theory is available with which detailed calculations,

;! using realistic NN-interaction models, can be performed. For the

A=3 system, however, there is such a theory (Fad-61). Only two

]_ (e,e'p) experiments have been performed on these nuclei: the

-?• measurements of Johansson on 3H and 3He (Joh-64) , and those of

J- Kozlovsky on 3He(KozG-8l). Both data sets have a missing energy

resolution of about 4 MeV, low statistics, and give information

' on the momentum distribution only upto 100 MeV/c.

In order to be able to discriminate between various

|; NN-interaction models, details of the NN-interaction have to be
if-1

:% studied, for instance the high momentum part of the wave func-

*§? tion. Therefore more accurate and extensive three-nucleon data,

:i furnishing this information, are needed. This was the primary

j motivation for performing the (e,e'p) experiment on 3He,

\h described in this thesis.

s] The experiment has been performed with the 1% duty

;':; factor, 600 MeV linear electron accelerator of the "Centre

d'Etudes Nuclëaires, DPhN/HE in Saclay, France. The two out-

•-_. going particles in the reaction have been measured using the

;ff two-spectrometer set-up. Thanks to the missing energy resolu-
a-J".

" 1 tion of 1.2 MeV, the two-and three-body breakup process have

'•/ clearly been separated. The explored region in missing energy

j|- and recoil momentum has been extended to 80 MeV and 310 MeV/c

respectively.

The following topics are covered in this thesis. In

chapter II three-nucleon calculational techniques are dis-

cussed together with some properties of the three-nucleon

ground-state system. The coincidence cross section is discussed

I"'
if



in chapter III and the description of the experimental equip-

ment is given in chapter IV. The kinematics and data analysis

of the experiment and its results are discussed in chapter V

and VI.



C H A P T E R II

SOME PROPERTIES OF THE THREE-NÜCLEON SYSTEM

As indicated in the introduction most theoretical calculations

are performed with phenomenological NN-potentials, which are

constructed such that they reasonably reproduce two-nucleon

scattering data and deuteron bound-state observables. Proper-

ties of some so-called "realistic" NN-potentials are given

in section 1. The structure of the 3H and 3He bound-state wave

function is discussed in section 2. In section 3 and 4

two methods to solve the three-nucleon Schrödinger equation,

the variational and Faddeev technique, are described. Finally,

in section 5 some predictions for three-nucleon observables,

obtained with these two calculational methods are compared

with experimental data.

II.1 NN-potentials

The problem of a phenomenological description of

nuclear forces usually consists of finding best-fit values for

a parametrized potential in accordance with a set of experi-

mental data. These data include, apart from deuteron obser-

vables, a large number of more or less accurate pp and np

elastic scattering angular distributions and polarization

measurements. The nucleon-nucleon scattering data are in

general first reduced to a set of phase shifts, corresponding

to individual angular momentum and isospin states (partial

waves). These phase shifts are then fitted using a partial

waves decomposition of the Schrödinger equation, into which

one has substituted the trial potential. The advantage of

this procedure is that one deals with only one state, or in

the case of tensor forces two states, at a time. The procedure



of finding best-fit parameter-sets forms a difficult phenomeno-

logical problem. Different parametrizations can give equally

acceptable fits to the phase shifts. Also to reach a compromise

with computational effort, a variety of potentials with diffe-

rent characteristics has been constructed; some purely local,

others separable and velocity-dependent.

The long-range part of the NN-force, r z 2 fm, can be

thought of as being due to the exchange of pions. The one-pion

exchange potential (OPEP) gives indeed a good description of

those experimental data, which are primarily sensitive to

interactions at relatively large inter-nucleon distances.

Of the variety of phenomenological NN-potentials the

commonly used Reid Soft Core (RSC) and the Paris potential

deserve further attention. The ESC potential because it is

considered as realistic, and many calculations have been per-

formed with it. The Paris potential because its form is partly

based upon field-theoretical ingredients. The predictions of

both will be compared with results of the present experiment.

The Reid Soft Core potential (RSC) was developed by

fitting to Yale and Livermore phase shifts and low-energy NN-

data (Rei-68). A different potential is used for each state of

distinct isospin T, total spin S, and total angular momentum J.

For states with J=L, \nhere L denotes the total orbital angular

momentum, it contains only a central potential term. For each

coupled state it is composed of a central term, a tensor term

and a spin-orbit term. For inter-nucleon distances r, r£3 fm,

it approaches the OPEP tail. The RSC potential was originally

defined only for states with J £ 2. Nowadays it is usually

supplemented by the high partial waves, J > 2, of the OPEP

or of the Paris potential.

Recently the Paris potential, the form of which is

derived from irN- and irir-interactions including one-pion

exchange, correlated and uncorrelated two-pion exchange and

ü)-exchange contributions, has been developed (LaCL-80).

These theoretical ingredients give a fairly realistic descrip-

tion of the long and medium range NN-force. The short range



(r < 0.8 fm) behaviour is described by a soft core, parametrized

by an energy-dependent set of five variables (central, spin-

spin, tensor, spin-orbit and quadratic spin-orbit), which were

determined by fitting to phase shifts , to PP~ and np-scatte-

ring data up to 330 MeV, and to deuteron properties.

In Table II.1.1 some deuteron ground-state properties,

calculated with the ESC and the Paris potential, are compared

with each other and whenever possible with experimental values

(WapG-71, ReiV=72, AmaL-78) .

Table II.1.1

Deuteron ground-state properties for the RSC and Paris poten-

tial: binding energy (#B).» D-state probability (p^\a quadrupole

moment (Sö) and asymptotic D to S wave ratio \D/S\.

EB

PD

Q D

D/S

(MeV)

(%)

(fm2)

RSC

2.2246

6.47

0.2796

0.02622

Paris

2.2249

5.77

0.279

0.02608

2

0

0

experiment

.22464

.2875

.027

+ 0.

± 0.

+ 0.

00004

0020

005

II.2 The three-nucleon ground-state wave function

The structure of the three-nucleon ground-state wave

function has been discussed by several authors (GerS-42,

DerB-58, HarK-70). A short summary of the most important

properties is given in this section. The isospin doublet,

%= h (3H and 3He) , has positive parity and total angular

momentum^ = %. In calculations for 3He the effect of the

Coulomb interaction is in general neglected, because it is

hard to take into account due to its — dependence.
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1

M

A Faddeev calculation in coordinate space of Payne et al.

(PayF-80B), treating the Coulomb force in a perturbative manner,

indicates that its effects on the wave function are small,

except perhaps for the very low-momentum region of the nucleon

momentum distributions.

The three-nucleon system is usually described in terms

of Jacobi coordinates. The cartesian space coordinates of the

three particles are r. , r. and r,,, the corresponding momenta

jc., 5c. and k\ , while the masses are assumed to be equal: M.

Only two vectors are needed to specify the intrinsic coordi-

nates and two others for the canonically conjugate momenta in

the three-body center-of-mass system. For the coordinate

vectors chosen.5i = r. - r. and n^ = r. - k (x. + r^) are

The canonically conjugate momenta are pA = (5c. - %.y)/2 and

q^ = ( 2 ^ - icj - Jk)/3. A complete set of quantum numbers of

the three-nucleon system can be chosen as follows:

L = relative orbital angular momen-

tum of the pair jk.

1 = orbital angular momentum of

the third nucleon i, relative

to the pair jk.

S = total spin angular momentum of

the pair jk.

s~^: spin angular momentum of the

third nucleon i.

T = total isospin of the pair jk.

t=%: isospin of the third nucleon i.

LST

In the CS-coupling scheme considered here, L and 1 couple to C,

S and s to£=% or \ , T and t to *f, with z-component *$'=hi

and £.+t> to total angular momentum *ï=% • The three-nucleon

ground-state wave function, i|>3, can be expanded in terms of

-coupled basis s ta tes:



i

in which p and q are the Jacobi momentum coordinates and wjj

the spin-isospin state, of which the symmetry properties are

denoted by r:

r = A complete anti-symmetry

r = S complete symmetry

r = + mixed over-all symmetry with symmetry under jk-exchange

r = - mixed over-all symmetry with anti-symmetry under jk-

exchange

The values of these basis state quantum numbers are

restricted such, that L+l is even and L+S+T is odd, due to

the positive parity and total anti-symmetry of the three-

nucleon wave function respectively.

In performing three-nucleon bound state calculations,

the assumed NN-interaction is often restricted to partial

waves with J U or J,L< 2 or J^ 2, where J=L+S denotes the

total angular momentum of the pair. This reduces the number of

amplitudes to be calculated significantly, almost without

affecting the low energy properties (HajS-8l). If the NN-

interaction is assumed to be only effective in *S and 3S -3D

states, the most important components of the trinucleon

ground-state wave function are the ones listed in Table II.2.1.

(The notation (2S+l) „L„ is used).

Table II.2.1

The most important components of the three-nualeon ground-state
wave function. For an explanation of the symbols see text.

component
1
2
3
4
5

6

7

8

9

L

0
2
0
1
2

0

1

3

1

1
0
2
0
1
0

2
1

1

3

£
0
0
0
0
2

2

2

2

2

s
h
h
h
h

h
h
h

h

€ r
h A "

h A
h - ''
h + .
3 _ *̂

"ï ~
1
2
•2 +
2
2
1 +

S-states

S'-states

D-states
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Components 1 and 2 form the space-symmetric S-state, and are

mainly determined by the singlet-even and triplet-even central

forces in the potential. Components 3 and 4 give the second-S,

or S1-state, which has mixed spatial symmetry and which origi-

nates from the difference in the spatial dependence of the

triplet and singlet cen ta l potential terms. Components 5 up

to 9 form the D-waves, wl.xch are of mixed spatial symmetry

and result from the tensorial coupling of the nuclear forces.

For a given NN-interaction there exists the following approxi-

mate relation between the D-state probability of the deuteron

and that of the three-nucleon system (PagN-78):

PD(3H)/PD(2H) « 1.4

The two most successful calculational techniques to

determine the three-nucleon ground-state wave function, the

variational and Faddeev method, are briefly discussed in the

following two sections.

II. 3 Variational technique

Variational calculations are generally used to

estimate the ground-state expectation value of a Hamiltonian.

A normalized trial or "Ansatz" wave function ^T, depending

on a number of adjustable parameters a ., is assumed to

approximate the ground-state wave function. Then one looks for

stationary solutions of the Rayleigh quotient

<H> = (i|>T,Hij> )/(YT,ty ) f in the space spanned by the parameters

a .. These solutions represent the eigenvalues of the

(Hermitian) operator. The lowest eigenvalue now provides an

upperbound for the ground-state energy. A useful method is to

consider a trial-function in the form of a finite linear

expansion: Q^^

in which the a ,'s are the parameters to be varied and the

4> 's form a set of, often orthogonal, functions. Choosing a
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, harmonic oscillator (h.o.) basis for the trial-function

presents an attractive possibility, since it is easiest from

the calculational point of view. However, the convergence is

often slow, in other words a large number of harmonic terms

has to be included in order to obtain a reasonable approxima-

tion to the true ground-state wave function. For some quanti-

ties as the binding anergy, the mean kinetic energy and the
; r.m.s.-radius, an extrapolated value can be deduced. The

j extrapolation procedure is based on how the considered

quantity changes, when the main oscillator quantum number n,

i is increased from Q to infinity.

; Strayer and Sauer (StrS-74) have calculated three-

•* nucleon ground-state properties with the variational method

ï in a h.o.-basis for the KSC potential. They needed up to

)•• 4654 h.o.-states with values for the main oscillator quantum

number up to 50. Nevertheless, mainly due to poor convergence,

, some uncertainties are left for instance in the charge form

% factor at high momentum transfer and the S'-state probabi-

ê lity-
;j Nunberg et al. (NunP-77) introduced a new h.o.-basis

• characterized by two different oscillator parameters. In

(,'.. their calculation, performed in an C£-basis, up to 829 basis

*.-.. states were included for n i 28. They obtained an improved

f;; convergence rate for the binding energy and the charge form

factor at high q, with respect to variational calculations

performed in a standard h.o.-basis. Due to basis truncation

the asymptotic behaviour of the variational triton wave

* function differs from that of a proton-deuteron system inter-

acting in S-waves, and therefore the low-momentum components

ïj in the wave function are not well reproduced. Recently

if Ciofi degli Atti (Cio-81) has corrected this and he now finds

I the correct asymptotic behaviour.
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II.4 Faddeev equations

Faddeev was the first who rigorously solved the

mathematical problem of expressing the non-relativistic three-

body problem in terms of successive two-body scatterings.

Lat | <J>_̂> be a plane wave solution of the two-body

Schrödinger equation for kinetic energy operator, h ,

with eigenvalue z, and corresponding free particle Green's

function gQ(z) = (z-ho)*"
1. Let then | ̂ > be a scattering solu-

tion of the Schrödinger equation for the complete Hamil-

tonian h = h + v, with eigenvalue z and corresponding full

Green's function g(z) = (z-h) , such that |̂ >-»- |<j)̂.> if 9*9O-

g(z) can formally be expressed in terms of gQ (z) :

g(z-) = gQ(z) + gQ(z)v g(z)

This integral equation of g (z) can be written as the Lippmann-

Schwinger equation:

h = *É + 9 ° ( 2 ) v *s
which in general has a unique solution. In order to calculate

scattering amplitudes the t-operator is defined:

t(z) = v + vg(z)v, which leads to the integral equation

t(z) = v + vgQ(z)t(z) (II.4.1)

The Hamiltonian of the thrëe-body system has, in the

CM-rest frame the following form:

p 2 q 2 3 f,,
H = j=- + -^- + x v± + V

VJ' a= 1 or 2 or 3. (II.4.2)

with Pa/qa - the Jacob! momenta, defined in section II .2
wa'Ma ~ t h e c o r r e s P ° n d i n 9 reduced masses: pj=%M and

Mt = fM, i f a l l three particles are assumed to

have equal masses: M.

v^ - the two-body interaction between nucleon j and k

(3)
V - the three-body interaction, which is here and in

practically all calculations neglected.
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J. 3 _i
Therefore , H = h + E v. with its resolvent G(z) = (z-H)

° 1=1 x

Since two-particle subsystems play an important role

in the treatment of the three-particle problem, it is conve-

nient to introduce the channel Hamiltonian: ha
 = n

o
 + v

a» with

corresponding channel resolvent 9a(z) = (z-h )
- 1 , a= 1 or 2

or 3. The scattering in channel a can now be described by the

t-matrix (see equation II. 4.1):

V z ) = va + v a g a ( z ) va = va + va 9O
(z)t

a
(z) ' (II'4-3>

It can be shown, that in contrast to the two-body case, the

three-body Lippmann-Schwinger type equation has no unique

solution, due to delta functions in its kernel. These singu-

larities arise from terms in which one of the particles does

not interact with the others. These terms can be represented

by so-called "disconnected" diagrams. In analogy with (II.4.1)

one obtains

T(z) =V + V gm(z) T(z) (II.4.4)

This integral equation for the T-operator has of course the

same problems as the Lippmann-Schwinger equation. These were

first solved by Faddeev (Fad-61). He suggested to split

equation (II.4.4) into three equations:

3 3

T(z) = ^ To(z) = ^ (va + vago(z) T(z)).

By means of equation (II.4.3) it can be shown that:

Ta(z) = ta(z) + ta(z)go(z) A Tg(z) (II.4.5)

Single- and two-particle operators, which act in three-

particle space, are denoted by small letters.
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The significance of the transformation into these three

coupled equations for the T-matrix/ called the Faddeev equa-

tions, is the fact that after the first iteration the full

multiple scattering series has only terms containing products

of the form t g„to, with a^3, and these are all "connected".
ot o p

The bound-state wave function, with binding energy

E„ (E_<0), is now obtained by calculating a residue at the

pole z = Efi in the T-matrix (MalT-69). After angular momentum

decomposition one obtains a manageable numerical problem,

which however still requires advanced numerical techniques

to handle the convergence problems.. A number of authors

have solved the Faddeev equations with various NN-potentials

either in coordinate (LavG-73), or in momentum space (HarK-70).

Once the bound-state wave function is determined, static

properties of the trinucleon system as the electro-magnetic

form factors can be calculated.

II.5 Experimental three-nucleon observables and

theoretical predictions

In this section a number of three-nucleon bound-

state properties, which are sensitive to details of the

NN-interaction, are compared with the predictions of various

calculations using different potentials. In these calculations

the nucleus is considered as a collection of point nucleons,

which interact non-relativistically through charge-independent

two-nucleon potentials. Therefore in comparing experimental

properties with theoretical predictions one has to keep in

mind, that besides the non-relativistic approach and uncer-

tainties in the on- and off-shell part of the NN-inter-

action, usually a number of approximations is made, such

as: the neglect of the Coulomb force, the neglect of three-

body forces, and the neglect of mesonic and internal nucleonic

degrees of freedom.
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II.5.1 The three-nucleon ground-state wave function

Faddeev calculations, using the RSC potential, were

performed by Brandenburg et al. and Hajduk et al. in momentum

space (BraK-75, HajS-81) and by Laverne et al. and Payne et al.

in configuration space (LavG-73, PayF-80A). In the variational

calculations of Strayer et al. and Nunberg et al. the full

RSC potential, with J < 2, was used (StrS-74, NunP-77). The

probabilities of the various wave function components, if

greater than 0.25%, are listed in Table II.5.1, and for the

complete S, the S' and the D-state in Table II.5.2.

Table II. 5.1

Three-nueleon ground-stat e wave function components with proba-

bility greater than 0.25%3 calculated with the RSC potential,
active in 1SQ and - 3D1 states.

L

0

2

0

1

2

0

1

3

1

1

0

2

0

1

0

2

1

1

3

C

0

0

0

0

2

2

2

2

2

r

A

A

-

+

-

-

+

+

+

(LavG-73)

87.8

1 .4

0 . 8

0 . 8

3 . 3

1 .1

2 . 7

0 . 4

1 .2

(BraK-75)

88.9
1.3

0 . 8

0 . 9

3 . 1

1.0

2 . 5

0 .4

1 .1
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Table II.5. 2

The S, the S' and the D-state percentage of various calcula-

tions using the RSC potential.

ps
ps-
PD

(LavG-

89.

1 .

9 .

-73)

2

8

0

(BraK-75)

90

1

8

2

7

. 1

(PayF-80A)

88.

1.

9.

91

67

34

(HajS-81)

88.

1.

9.

90

68

34

(StrS-74)+

89

1.

8.

. 8

4

8

(NunP-77)

10.0

II.5.2 The triton binding energy

In Table II.5.3 some results are listed for the triton
binding energy, calculated with various techniques for the
RSC potential, together with the experimental value.

Table U.S. 3

Triton binding energy in MeV3 calculated with various tech-

niques for the RSC potential^ together with the experimental

value.

method

Faddeev, coordinate space

Faddeev, momentum space

Adhikani-Sloan expansion
UP approximation
variational expansion in

hyperspherical harmonics
variational expansion in

h.o.-basis
experiment

LS0 and

-7 .0
-•7.02 ±
-6.98
-7.023
-6.97 +
-7.02 ±
-6.8 ±

3Si-3Di

0.02

0.03
0.02
0 .2

-8.48222

waves with J<2

-7.2

-7.232

-6 .7( -7 .3 + 0.2)
-6 .7(-7 .3 + 0.2)
± 0.00015

References

(LavG-73)
(PayF-80A)
(BraK-75)
(HajS-81)
(AfnB-77)
(AfnB-77)
(BruW-73)

.1.1.

11 (StrS-74)
(NunP-77)
(WapG-71)

''' Here the f till RSC potential, with J < 2 was used.

'The value between parentheses is obtained by means of extra-

polating the main oscillator quantum number to infinity.
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£

The theoretical triton binding energies, obtained with diffe-

rent calculational techniques, while using the lowest partial

waves of the RSC potential (lSQ, 3SX~ 3D1), are in fair

agreement with each other. The average value amounts to

-7.0 MeV. Only two calculations have been performed using all

partial waves with J £ 2. The results of the configuration and

momentum space Faddeev calculation agree very well with each

other. The discrepancy with the experimental value of -8.48

remains however unpleasantly large. With the Paris potential

a momentum-space Faddeev calculation yields only a slightly

higher tr i ton binding energy of -7.38 MeV (HajS-81).

A Faddeev calculation of Hajduk shows that

inclusion of the effect of mesonic and A-isobar degrees of

freedom increases the binding of 3H with 0.6 MeV (Sau-81).

;jjjj§ II.5.3 The 3He electromagnetic forir. factors

|| The experimental 3He charge form factor (McCS-77,

13 ArnC-78) is in the region beyond the first minimum a factor 2

:(' to 3 larger than the IA-predictions of Faddeev and h.o.-basis

Ï variational calculations performed with the full RSC potential.
'V- ~

if;' In this large momentum-transfer region there is a 30% differ-

;|. ence between the two calculations, the variational one being

?•. closest to the experimental points (see figure II.5.1).

••'• A preliminary calculation of Bornë et al., using the

; Faddeev wave function of Laverne and Gignoux, indicates that

MEC contributions and relativistic effects can account for

a large part of the discrepancy between theory and experiment

(BorG-81 and Fro-81).

It is interesting to note that for an extensive set

of NN-potentials there exists a correlation between the

triton binding energy and che momentum transfer a . , at which

fee first minimum of the 3He charge form factor is located.

Figure II.5.2 shows that the better the agreement with the

accurately known binding energy, the worse the prediction for
qmin'
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Fig. II.5.1 The 3He charge form factor versus the momentum

transfer q. The data are from (MaOS-77) and

(ArnC-78). The full and dashed curve represent

the prediction of a Faddeev (Hag'S-81) and a

variational (Pao-79) calculation respectively.
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Fig. II.5.2 Correlation between the theoretical prediction for

the momentum transfer qmin of the first minimum

in the 3He charge form factor and the triton

binding energy: HJ (DelH-71)t SSC (LavG-73), EHM,

EM (BraS-77) and RSC, Paris (Haj-82)



19

ï
f

The theoretical 3He magnetic form factor does not

reproduce the experimental points either, as shown in

figure II.5.3. Calculations indicate that for a large part this

discrepancy can be ascribed to corrections to the impulse

approximation, such as meson exchange currents (CavC-81 and

BorG-81).

Fig. II.5.3

The 3He magnetic form

factor versus the momen-

tum transfer q. The data

are taken from (CavC-81).

The full curve represents

the prediction of a mo-

mentum space Faddeev cal-

culation using the Paris

potential (Sau-81).

i o v

10"

10 '

10
.-3

1O
,-5

.-6
10

10"

MAGNETIC
FORM FACTOR

10

i

I

ï'r

II.5.4 Inclusive quasi-elastic electron scattering on 3He

It has been shown (CzyG-63 and For-67) that contri-

butions from high-momentum components in the ground-state

wave function will primarily appear in the wings of the quasi-

elastic peak. Inclusive quasi-elastic electron scattering

experiments, in which only the scattered electron is detected,

are not hampered by important final state interaction

corrections, in particular because one does not need to worry

about absorption of the knocked-out nucleon. In the plane wave

impulse approximation (PWIA) the quasi-elastic cross section

can be calculated, for a given momentum transfer q and energy

transfer u, by integrating the spectral function SN(E,k) over

the nucleon variables:
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d 3 o

I
•If
t

in which S (Efk) - probability distribution for finding a

nucleon N inside the nucleus with momentum

k and separation energy E.

N - proton or neutron.

Pjjj - momentum of the knocked-oüt nucleon.

a „ - off-shell electron-nucleon cross section.
eN

T',TA - kinetic energy of the residual nucleus and
knocked-out nucleon respectively.

At SLAC the quasi-elastic cross section of 3He has been

measured at 8° for incident energies ranging from 2.8 to

14.7 GeV (DayM-79v. I t is found that at small energy transfers

ÜJ(Ü)-Ü) < 200 MeV) ,and l a r g e momentum t r a n s f e r q , t h e c ross

section is systematically underestimated by the Faddeev and

variational calculations of Dieperink (DieF-76) and Ciofi degli

Atti (Cio-81] (see figure II .5 .4) . This indicates

that there are high-momentum components (k > 300 MeV/c) missing

in the 3He wave function.

j"
3

= 3.26 GeV

2x10

80 150 200 250
u [MeV]

Fig. II.5.4 Quasi-elastic eleetron scattering aross section

on 3He.The data ave from (DayM-?9). The full

and dashed curve represent the prediction of a

Faddeev (DieF-76) and a variational (Cio-81)

calculation respectively.
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Clearly more detailed information, than can be extrac-

ted from inclusive experiments is needed to resolve some of

the longstanding discrepancies between theory and experiment.

Exclusive (e,e'p)-experiments, in which the scattered electron

is detected in coincidence with the knocked-out proton, can

furnish part of this information. The energy and momentum

distributions of the individual nucleons can for example be

extracted from (e,e'p) data in the plane wave impulse approxi-

mation, which will be discussed in the following chapter.

• !
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C H A P T E R I I I

COINCIDENCE CROSS SECTION IN PWIA

A short description of the kinematics of the (e,e'p) reaction

is given in section 1, followed by a discussion of the coinci-

dence cross section in the plane wave impulse approximation

(PWIA) in section 2. In section 3 the problems concerning the

theoretical description of the scattering of electrons from

moving bound protons are discussed. The results of different

prescriptions for this off-shell electron-proton cross section,

calculated for the kinematics of the present experiment, are

compared. In section 4 the spectral function and its sum rules

are discussed.

Ill.i Kinematics

The following electro-disintegration reaction is

considered: e + A •*• e'+ p' + B, in which a proton is ejected

from a target nucleus with A nucleons while leaving the

residual A-l nucleons, denoted as B, in any possible state.

Each particle is described by its four-momentum: incoming

electron e (eQ,e), scattered electron ej. (ê  , e'), target

nucleus PAu(PAo»PA)' residual nucleus PBvi(PBo#PB) and ejected

proton p' (p' , p"1). The target proton involved in the reaction

is denoted by p (pQ,ït). The metric used is a b
v = aQbo-a.È.

The four-momentum transfer q (o),q) = eu~
ey i s given by

q2 - _4e^ei S i n
2 /9e'\ , in which 6ei is the electron scat-

tering angle in the lab frame, and the electron mass has been

neglected.

In the present (e,e'p) experiment the following

quantities are determined experimentally (see figure III.1.1):
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momenta of the incident electron |e|, scattered
electron |e'|, and knocked-out proton |p'|-
angle 9 , between e and the projection of e' on the
horizontal XY-plane, within the horizontal acceptance
of ths electron spectrometer.
angle 6 , between e and the projection of p1 on the

XY-plane, within the horizontal acceptance of the proton

spectrometer.
angles $ , and <f> . between the XY-plane and s ' and p'

respectively.

P'

Fig. III.1.1 Definition of the quantities used to describe

the "kinematics of an (ete'Tp) reaction

III.2 The coincidence cross section in PWIA

In the following the cross section is treated in the
Born approximation, i.e. the interaction between the electron
and the nucleon is given by the exchange of a single photon,
without any further electron-nucleus interaction. The most

1 important corrections to the Born approximation are proportio-
f§ nal to Za and thus negligible if Za << 1 (ForW-66), a condition

|'; which is certainly fulfilled in the case of 3He.
iiv

p In the impulse approximation (IA) the scattering
f; amplitude from a complex nucleus is represented by a super-
|v position of scattering amplitudes from individual nucleons, :i,:
\. which are considered to have the same intrinsic properties as "
I



'̂  free nucleons. This approximation, introduced by Chew (Che-50) ,

is valid under the following assumptions:

1) the incident particle interacts only with a single nucleon

5 i at a time.
2) the interaction operator is that for a free nucleon.
3) the nucleon involved in the reaction is the one that is

,•• detected.

t If interactions of the emitted nucleon with the resi-

^>: dual nucleus are neglected, one has the so-called plane wave
T impulse approximation (PWIA). This approximation is valid,

jk if reactions with a sufficiently large energy transfer are
K'r considered. Then the kinetic energy of the emitted nucleon

jf' will be large and the distortion of its wave function by the
I other nucleons, the so-called final state interactions (FSI),

C will be small. In PWIA it is possible to factorize the coinci-
*]$ dence cross section into the product of an electron-nucleon
M scattering cross section and the spectral function, containing
W the nuclear structure information i.e. the energy and momentum

f density distributions of the nucleons in the initial

., . nucleus.
I Final state interactions of the knocked-out nucleon
|; can be treated in the distorted wave impulse approximation
J|; (DWIA). In the case of DWIA, factorization of the coincidence

§1 cross section holds only in limited cases (BofG-79).

•y. The differential cross section for the (e,e'p) reaction
3 (see figure III.2.1) is given by the golden rule of Fermi
U (ForW-66, VioA-71):

•J do = -^H- I E |T f i|
2D (III.2.1)

jj=£: rel initial final
fe states states

#- in which v -the incident flux per unit volume, here: v =1.
iv.-'j rex * * rel

ftp T f i - the interaction, in f irst order, between the
|^. electromagnetic field associated with the
H electron and the nuclear current.

f
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D - the density of final states.

D = P(e*)de* +e -e1-
H V V

represents the intrinsic energy of

the residual nucleus state and ƒ p(E_)deD the
AEnumber of intrinsic states of

B in the energy interval AE.

"I
1

Fig. III.2.1

Definition of the momenta

and spins of the particles

involved in an (e3e 'p)

reaction.

The symbols Z and E indicate averaging over initial and
summing initial final Q v e r f i n a l s t a t e s respectively,

since only experiments with unpolarized particles are consi-

dered here. (The spin of the" electron and proton are represen-

ted'by s and a respectively.)

If the residual nucleus B is in a continuum state, its

total energy and momentum are uncorrelated. In that case one

finds, after integration over the total energy and momentum

of the residual nucleus for the selected value of e* the

following expression for the six-fold differential cross

section:

d6o Z E
(2TT) 8 initial final

|Tf±|

(III.2.2)
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The density distribution p(e *) becomes a delta func-
tion, if the residual nucleus has in the energy interval
considered, a single bound eigenstate with energy eigenvalue
F *: p (e *) = <S (e *-i" *) . This permits the elimination of one

B o DB

differential from expression (III.2.2). if for instance dpo is

eliminated, a five-fold differential cross section remains

(d5a/de* dJJ , dfi ,) and a so-called recoil-factor R,

R = 1 — — appears in the denominator at the right-
° IP I hand side of expression (III.2.2).

Shapiro et al. have shown (ShaK-65), that if the spin
of the knocked-out particle is less than one, the expression
for the transition amplitude T f i can be factorized into an
electron-nucleon interaction part and a nuclear part:

i * £,
2 6(Pa 0+q0-Pi-PB O) ( I I I .2 .3 )

%: a = ez/4ir « 1/137 ' '

I: M(e',s',p ,o',e,s,ïc,a) = ü(e' ,s') Yyu(e,s)ü(p' ,a') T U(ic,c)

^ (IIÏ.2.4)
; results from the electron and the nucleon current.
|> u(e,s), u(e ' ,s ' ) and U(ic,a) , U(p',a') denote four-
t component electron and proton Dirac spinors respective-
,;; ly« Y represents the electron-proton and r the

photon-proton vertex.

aa(k) is the annihilation operator of a two-component
| | proton Pauli spinor.

Natural units are used throughout the text: K = c = 1
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I <j/ > and | ip > describe the nuclear states of total spin

and spin projection J , a and JB, a^.

They are products of plane waves, describing the center

of mass motion, and of non-rèlativistic intrinsic

nuclear wave functions: |i|/,.> = |JA a Pa>- They have
A A A A

been normalized to unity in a box of unit volume.

<iji I a_ (it) | ty > = G is the overlap integral between the
B O A
initial and final nuclear states ii and i|/ .

Define e° and e^ as the (negative) binding energies of

the target and residual nucleus in their ground-states, and E

as the missing energy, i.e. the mass difference between the

final and the initial state: E m = M£ + M - MA. Then:

(III.2.5)

in which the sum over b includes all s ta tes , and thus is an

integral in the continuum. Using the closure relation for the

states of the residual nucleus B, equation (III.2.5) can be

written as:

- , . . E <I|J |a*(ic) 6 (H-e^-Eia^Oc) |i|) > = E S (E .lc,a)=S (Em,lt)

A (III.7.6)

H - fche Hamiltonian of the residual nucleus B.

S(E ,ïc) - the spectral function, representing the proba-

bility for leaving the nucleus B in a state with

excitation energy e* = (M.-IL-M )-E , when removing a

proton with initial momentum 5c from the nucleus A. The

spectral function is normalized such, that

ƒƒ die dEm S(Em,ic) = Z.
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In the special case that the nucleus A is described in !7;

terms of an independent p a r t i c l e model, and the nucleus B i s |

lef t in a state with a well defined energy, the expression for ?f

the spectral function becomes: •

S(Em,ic) = |<ifiB|a(fc*) |*A>|2 = S 1 * a (it) |
 2 5(Em+Ea) (III.2.7) ;

a ',

|<j> (ic) | 2 - the momentum density distribution of protons .".

in shell a.

E - the single-particle energy of shell a(Ea<0).

The final expression for the coincidence cross section,

using equations(III.2.2),(III.2.3) and (III.2.6) is:

with Ö B •(£>
In order to extract the nuclear structure information

contained in the spectral function from the measured coinci-

dence cross section, the expression (:j§) has to be evaluated.

This is discussed in the next section.

III.3 Off-shell electron-proton cross section

'"i The sum over the electron spins in equation (III.2.9)

: can be performed using trace properties of products of Dirac

^ matrices. It leads to a real tensor n^V (BjoD-64). The sum

] over the nucleon spins in the expression of the nucleon current

I between plane wave states results in a real tensor, W :

f 2 2 \ Hie'rs\p'ta
l
ttts,H,o)\

z =irt
uy) V

! so s'a' v

if with ri = e (e1) + (e1) e + — 5 — g (III.3.1)

?: W = 2 2 ü(p!a')r U(fc\a)ü(ïc,a)rv U(p',a') (III.3.2)
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The most general form of the on-shell matrix-element of this

nucleon current is (DreZ-61):

V
jM^X' 2Mp " 2 ^

(III.3.3)

in which F. and F2 denote the Dirac and Pauli form factors and

K = 1.79 the proton anomalous magnetic moment, (y , a and

g are related to the Pauli matrices). The spinors U and U are

:• solutions of the Dirac equations: (K-M )U(ïc,a) = O

andütp^a') (#'-M ) = 0, where the Feynman dagger or slash

notation is used: 0 = Y^0U« Expression(III.3.3) can also be

written as a function of the electric and magnetic proton

^ structure functions GE and GM, which are defined as
2

--•• GE = Fl + — 5 ~ K P 2
 a n d GM = Fl + K F 2 '

P

' However, in the case under consideration the initial

• nucleon is not on its mass shell, because it is bound in the

nucleus (PUP^ J
4 M n ^ * *^ o n e w o u 1^ u s e t h e free electron-

proton cross section in the calculation of the (e,e'p) cross

section, a kinematic ambiguity would arise, since the kinetic

}. energy of the electron-proton system is not conserved in
1 (e,e'p) reactions. For elastic electron scattering from a

J free proton, with initial momentum k and kinetic energy T,

C one has: e + T = e ' + T 1 . Application of energy conservation

for an (e,e'p) reaction gives: e„ = e' + T' + Ti + Em. So
O O xi ill

;7 the initial proton is of f-mass by an amount T' + T + E .
!•"; D IU

f In the analysis of (p,2p) reactions one takes in

general the experimentally determined free proton-proton

i cross section. First of all because the cross section cannot

v be calculated exactly and secondly because the pp-cross

K section only varies slowly with energy, which is certainly not

f true for electron scattering. However, this is not a problem,

; because one knows from Q.E.D. how to treat the part of the

t interaction in which the photon propagator and the electron
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current are involved. The remaining element, the nucleon

current, is not so well understood. Different approaches to

this problem are possible. Three off-shell electron-proton

cross sections are discussed here.

I
1) Choose Lorentz invariants, and relate them to the free

e-p cross section. Contraction of n1iV with W gives:

„2 pi G 2+TG 2

A ü (III.3.4)
(i)

with T = - q? /(4M 2) and f = p r>'
A p O O

This cross section depends on two invariants: here the

four-momentum transfer squared q?, and the total energy

in the center of mass squared Q?. NOW a choice has to

be made which value to take for Q,. For instance corres-

ponding with incoming kinematics. Then Q = e + p and

:, f = Po(Po+w) with p (p ,k), such that Pu=
Mp» Also the

; outgoing kinematics can be chosen. Then Q = e'v + p' and

'} f = p'(p'-ü)) (Mou-76). A serious shortage of this

prescription is,that it does not treat the electron

current correctly and thus is not consistent with the

known general form of the (e,e'X)-cross section, given

f by de Forest (For-67).

: 2) De Forest et al. derived a fully relativistic electron-

: nucleon cross section. The off-shell character has been

": "treated" by using free spinors in the nucleon current,

and the current conservation condition has been incor-

porated. The expression for this cross section is

I (DieF-76):
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<*•*

With

a = the angle between the electron and the proton

planes

j_ = the component of the initial proton momentum

perpendicular to q.

3) Another approach to "treat" the off-shell character of

the initial nucleon is to associate with the initial

state spinor an effective mass M , such that

(M*)z = k2 = (po-ü))
2 - (p'-q)2, and then calculate the

photon-proton vertex relativistically. Using the Dirac

equations (K"M?)U(ic,a) = 0 and ü(p',a!) (p"'-M ) = 0 and

the cur ren t conservation condition q^r = 0, the photon

proton ver tex of equation ( I l l .3„2) can be wri t ten as

(DreZ-61) :

" GM M D ~ ^ G E + T G M

with T = -qx

Making a tensor cont rac t ion between (I I I .3 .1) and (III .3.2)

and s u b s t i t u t i n g expression ( I I I . 3.6) f or r , g ives:

o o o

+ { 2 ( e . p ' ) 2 + 2 ( e ' . p ' ) 2 - q2M2} TG2] ( I I I . 3.7)
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4?
if

Si-g

dr

I'

This prescription for the off-shell electron-proton cross

section has been used in the present work. For the electric

and magnetic structure functions G_ and GM, the ones that have

been determined experimentally by Janssens were used (JanH-66).

The numerical values of the various off-shell electron-

proton cross sections, given in (III.3.4), (III.3.5) and

(111:3.7) have been compared in order to estimate the depen-

dence of the spectral function results on the model used for

the off-shell extrapolation. In figure III.3.1 the difference

between the various electron-proton cross sections is plotted

as a function of the initial proton momentum, for the two

kinematics in which the experiment has been performed (see V.I).

The difference between the prescription of de Forest and the

one used in this work is in kinematics I maximal 3.5% and in

kinematics II maximal 16%. The consequences of these differen-

ces will be discussed in section VI.4.2.

15»/.

107.

57.

0

-5%

10"/.

-157.

-207.

kinematics I
eo= 528 MeV
u =

ee.=

—'

•

102
5.5

52.2

_—-—'

~ ~ \ .

MeV
MeV

_——---—TnLtial

de Forest

\
final

kinematics II Er

eo = 5O9 MeV 9 (

w = 121 MeV

=5.5MeV

initial

50 100 150 200
k [MeV/c]

150 200 250 300
klMeV/c]

Fig. III.3.1 Comparison of various off-shell electron-proton

aross seotions as a function of the initial

proton momentum k for kinematics I (left) and

II (right). The relative difference between the

prediction of equation III.3.7 (used in this

work) and III.3.4 (initial)3 III.3.4 (final),

and III.3.5 (de Forest) is plotted.
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III.4 Spectral function and sum rules

III.4.1 Spectral function of 3He

The expression for the proton spectral function,

derived in section III.2, takes in the case of 3He the follo-

wing form:

S(Em,lt) = E | <4>
f | a (it) | ip >|2 6(E m-Ef+E 3) (III.4.1)

with E - the intrinsic energy of the residual (pn)-system,

E^ = (-2.23 M3V; 0,~)

E3 - trinucleon binding energy (E3<0)

i|>! - the two-body final-state wave function, which is

obtained by solving the Schrödinger equation for the

considered NN-interaction.

The spectral function of 3He can be decomposed into two con-

tributions, depending on the isospin T of the residual pn-pair

(see figure III.4.1). Furthermore it is convenient to treat

the two-and three-body breakup channels separately:
; s(Em/it) = S , ^

0 (it) + Z S ' (Em,lc). (Since the deuteron is the

only bound two-nucleon state, S 2 (k) vanishes). S3 (Em'
k) ?

can be determined either from 3H(e,e fp) or from 3He(e,e'n) |

; experiments. jr

In most calculations performed so far, only a restricted j

' number of angular momenta of the nucleon pair L, and of the *<

third nucleon 1, with respect to the center of mass of the pair, !

have been considered. So have the 3He spectral function calcu- ?

lations of Ciofi degli Atti (Cio-81) and Dieperink (DieF-76) , ;J

using variational (NunP-77) and Faddeev (BraK-75) three- Ï
;--'•

nucleon wave functions respectively, been performed with %

L+K4. Recently Meier and Sauer (MeiS-81) have calculated the -v
; 3He spectral function using the wave functions of Hajduk •

(HajS-81), calculated with the RSC and Paris potential, for ;

-.. values of L and 1 such that L+1^8. }i
-f.

'. i
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Fig. III.4.1 Spectral function of 3He calculated with the

Paris potential by Meier et al. (MeiS-81). The
Tpair=0 (teft) and Tpair=1 (r^9ht^ contributions
are shown. The curve at E* = -2.23 MeV in the

z
figure on the left represents the prediction for

the two-body breakup process.

Comparison of the spectral function values of Dieperink

with those of Meier, both using Faddeev wave functions calcu-

lated with the reduced RSC potential, reveals surprising

results. For missing energy values greater than 25 MeV, dis-

crepancies of an order of magnitude show up (Mei-81). (One

should keep in mind however, that the spectral function

strength has then already decreased at least a factor 1000

with respect to low relative pn-energies). These discrepancies

can very likely be explained by the momentum cut-off of

3.1 fm that was used for the Jacobi momentum q by Branden-

burg et al. in their calculation of the wave function, whereas

Hajduk et al. used a mapping procedure to cover all momenta.



35

Also the grid-density of the wave function of Brandenburg, Kim

and Tubis is much less than that of Hajduk. Consequently part

of the structure in the spectral function at higher E -values

found by Dieperink et al.,can probably be attributed to

uncertainties in the interpolation of the three-nucleon wave

function, instead of to physical phenomena.

III.4.2 Sum rules for the spectral function

On general physical grounds a number of sum rules can

;.- be developed for the spectral function. First of all they can

^ be used as consistency checks for theoretical calculations and

? secondly they permit comparison between theoretical and

'̂  experimental values.

In zero'th order it is simply:

•i W = ƒƒ dEmdk" S(Em,ic) (III.4.2)

which, when integrated over the whole space, should give the

total occupation probability W = Z = 2, due to the normaliza- ••;

tion used for S. |

In first order one obtains the mean kinetic energy J*

<T>, and the mean removal energy <Em>: '

<T> = i //dEm dit J|^- S(Em,k-) (III.4.3)

^ m * = 5 ff ^ m <« E«, s<E™'k) (III. 4.4)
m w m m m

where W is given by expression (III.4.2).

Koltun derived an energy-weighted sum rule in

the impulse approximation, assuming that only two-body

forces act between nucleons (Kol-72). After a correction for

the center of mass motion the following expression is obtained

for the binding energy per proton E /Z (DieF-75):

(III.4.5)
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\.V- The four spectral function sum rules, mentioned here

above, are discussed in a comparison between theory and expe-
; rimsnt in section VI.5.
j In the preceding two chapters the theoretical tools

\ are discussed, which permit to make PWIA-predictions concerning
'v the energy and momentum distributions of nucleons in the three-
V nucleon bound-state system. In the following chapters the

%.j experimental equipment, the experimental procedure, the data

|4' analysis and finally the experimental results concerning these
JP~ three-nucleon properties, will be discussed.

f

6

-Jaa,

m

W

ffe:
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C H A P T E R IV

EXPERIMENTAL EQUIPMENT

A detailed description of the accelerator, the experimental

hall, the spectrometers and the detection system has been

given elsewhere (LebA-69 and LecM-80). Therefore only a

summary of the most important characteristics of the equipment

is given here.

i

IV.1 The accelerator and the beam handling system

The linear accelerator of "L'Orme des Merisiers",

A.L.S., consists of 30 accelerator sections, powered in groups

of two by 60 MW klystrons. The klystrons are connected in

groups of two to a double modulator except for the first

modulator which is a single one. The layout of the accelerator

and the four experimental halls is shown in figure IV.1.1.

linear accelerator 200 m

Fig. IV. 1.1 Layout of the linear* accelerator and

the different experimental halls.
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The most important characteristics of the machine are:

beam energy, ec 150 - 600 MeV

accelerator frequency: 2998 MHz

maximal average power: 750 kW

maximum beam current : 300 yA

transmission of the

analyzed beam

duty factor

20% for Ap/p = 10-3

5% for Ap/p = 2x10-4

2% 2000 Hz

1000 Hz"1ZJ E < 450 MeV

1%

3 ys 3000 Hz

10 ys 1000 Hz

20 ys 500 Hz

The beam is deflected into the electron scattering hall HE1,

by a 90° achromatic beam transport system which is shown in

figure IV.1.2. Collimators along the beam line are used to

eliminate the shower created in the energy defining slits.

FROM THE e-MACHINE

84 BENDING MAGNET

•Q3 QUADRUPOLE

ADJUSTABLE
ANALIZING SLIT

BEAM VIEWER

SACLAY ELECTRON SCATTERING FACILITY

THE BEAM SWITCHYARD

COLLIMATOR

B5 BENDING MAGNET

TO THE EXPERIMENTAL HALL HE1

Fig. IV. 1.2 Layout of the beamswitch-yard with the energy-
defining elite.

t Recently updated to 720 MeV at 0.5% duty factor
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The experimental hall HE1

The floor plan of HE1 with its most important compo-

nents is shown in figure IV.2.1.

Fig. IV.2.1 Floor plan of the experimental hall HE1

ft'
if'

I
¥

The beam is centered on the target by means of two sets of

Helmholtz steering coils (Sc). With the information from two

retractable viewscreens (V), one at the entrance of HE1 and

one just in front of the target, the direction of the incoming

beam can be defined with a precision of < 0.01°. The beam is

focussed on the target to a spot size of 0.5 x 2 mm2 by means

of the guadrupole doublet Q9 - Q5.

The electron beam intensity is measured with a

ferrite-core toroid (FC) placed in front of the target and

with a Faraday cup (FA) . In the toroid the integrated beam

current is compared with test pulses of known charge in

between the beam pulses. D.C. drifts and system noise are

determined by means of a second integration in between the

beam pulses during which no test pulses are send through the

toroid. The precision for measuring the incident charge with

the toroid is on the order of 1% for average currents of

about 1 yA at 1% duty cycle.
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The water-cooled 100 kW Faraday cup is placed in a

separate hall, HE2, in order to minimize the background in HE1

due to the stopping of the beam. Its maximal acceptance dia-

meter amounts to 60 cm,which is needed because of the effect

of multiple scattering from thick targets, especially at lower

energies, on the beam size at the Faraday cup. The Faraday cup

leakage current is less than 20 nA and can be accounted for.

The absolute accuracy in the charge measurement with the

Faraday cup amounts to about 1%, the relative precision being

0.2%.

A modification to the standard equipment in the target

area had to be made to prevent registration of coincidence

reactions taking place in the target walls. Therefore the

acceptance in the <|>-direction (horizontal) of the proton spec-

trometer ("900") was limited by means of an extra slit between

the target and the spectrometer entrance slit. Due to the design

of the target chamber (radius 27 cm) this extra slit had to be

installed outside the target chamber. A 7 cm thick stainless

steel slit, having a fixed width of 11.6 mm, has been installed,

whose influence on the solid angle is shown in figure IV.2.2.

This figure also shows the fall-off of the solid angle of the

"900" spectrometer, if positioned at 90°, without extra slit

(only standard slit no. 8), as a function of the displacement

along the beam line. Due to the extra slit there is a 8% loss

of solid angle at the origin and the fall-off is such,that at

11.5 mm from the origin the solid angle is negligible. This

means that for a vertically positioned cylindrical target with

a diameter of 30 mm, the walls of which should not be seen, the

minimal acceptable scattering angle amounts to 52 °. The reduc-

tion of the product of target thickness, seen by the spec-

trometer , times solid angle amounts to 57% for 9 = 90°, and

to 41% for 0 = 51.9°.
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slit no 8

| slit no 8«extra slit

0 5
displacement [mm]

\
Fig. IV.2.2 Relative acceptance of the "900", for Qg0Q = 90°,

as a function of the displacement along the beam
line for standard slit no. 8 and for standard
slit no. 8 + extra slit.

IV.3 The 3He target

IV.3.1 Target considerations

The following considerations played a role in the con-
struction of a 3He target for the proton knock-out experiment:
1) The product of target density and acceptable beam current

should be as high as poss ible . I t i s however direct ly
related to the real to random rat io , which has consequences
for the s t a t i s t i c a l accuracy.

2) Because of the low coincidence count-rates the e f f ec t ive
spectrometer acceptances should be as large as poss ible .
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In figure IV.3.1 the relative acceptance of the "600" spectro-
meter, positioned at 90°, is shown as a function of the dis-
placement along the beam line (same for the "900" in
figure IV.2.2).

Fig. IV. 3.1

Relative aoaeptanae of

the "600" ae a function

of the displacement

along the beam axis for

6 6 0 0 = 90°
displacement [mm]

3) The point of impact of the beam with the target walls
should fall outside the acceptance of at least one of the
spectrometers.

4) Thin target walls are demanded. This to minimize the
multiple scattering of the outgoing particles.

5) A homogeneous target density and insensitivity to the
focussing of the beam is desired, in order to increase the
reproducibility of the measurements.

For a 15 cm diameter 3He gas target at 20 °K at 10 atmos-
phere, the product of target thickness and solid angles
amounts to 12.1 msr2 * 68 mg/cm2 = 8.2 x 102 for a typical kine-
matical setting: ee,= 52

0, 9^=52°. Walls of stainless steel
with a thickness of 50 ym are able of holding the desired
pressure, thus permitting an average current of 20 yA (Cea-79).
The corresponding product for a liquid 3He target, at 2,5° K,
with a 3 cm diameter is 11.5 msr2 * 210 mg/cm2 = 2.4*10 3.
The maximal permittable beam current for such a target amounts
to ^ 1.5 yA. From these numbers alone the decision would be
in favour of a gas target. However when measuring low coinci-
dence cross sections not much is gained if the target density

'l-'i -
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beam current product increases with a factor 4, as is shown in
the following example (corresponding with the lowest cross
section in this experiment).

Suppose the count rate is 1 true coincidence/hour/MeV/yA
for a 210 mg/cm2 target which can stand 1.5 yA, and the real to
random ratio amounts to 0.7- Using a 68 mg/cm2 gas target, which
can stand 20 yA instead, reduces the error bar only from 30%
to 26% for a 24 hour during experiment. So the gain in beam
time, needed to attain a certain statistical accuracy, in
measurements which take long, is negligible. Moreover, a
liquid target is advantageous in comparison with a gas target
because its physical thickness is small, giving a "point
source"-like target. This is a favourable situation because it
reduces the uncertainty in the kinematics of the studied
reaction, since the horizontal angle in the spectrometer
acceptance is not measured. Therefore the decision was made
to choose for a liquid, instead of a gas target for this
particular experiment.

IV.3.2 The liquid 3He target 1

The liquid 3He target was developed in collaboration ~\

with the "Service des Basses Temperatures" of the C.E.N.-G in .i
Grenoble (France). The principal components, shown in figure ;;
IV.3.2, are: lX

A. a five litre reservoir filled with liquid **He at ;{
atmospheric pressure. 5

B. a ''He bath, connected to the reservoir by means of '1
a capillary. '-%

C. a torus, inside bath B, serving as a primary heat
exchanger. |

D. a 55 cm3 closed loop, filled with liquid 3He. 'v

E. a secondary heat exchanger between the ''He bath ;
and the 3He loop. 'i

P. a cold electrovalve. !

The 3Heis kept at 2.1°K by means óf a *He bath, that is held at f

this temperature by reducing the vapor pressure of the torus to J
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to pump Jo dtwor

IV. 3.2

Schematic view of the moat

important components of

the liquid 3He target

(not at scale).

~ 30 mm Hg. The choice of 2.1°K as working temperature of the

target has been made on account of the following reasons:

• the boiling point of 3He is 3.2°K.

• the thermal conductivity of "*He below 2.17'K (X-point) is 7

orders of magnitude larger than above this temperature.

• there is a considerable gain in heat capacity if the

operating temperature is chosen close to the X-point

( s e e f i g u r e I V . 3 . 3 ) .

12

„ 8

Fig. IV. 3.3

Specific heat capacity c .

of kHe as a function of the

temperature T.

1 5 10
TCK3 I

'4
!
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In the following the main components and the

operation of the target will be shortly discussed.

The reservoir A, filled with liquid l|He, is at atmospheric

pressure, thus at 4.2° K. The bottom of this reservoir is

connected with the bath B by means of a capillary (0 2.5 mm

and length 90 mm). It supplies the bath with liquid *He and

maintains the pressure difference between the reservoir and

the bath. The reservoir also supplies the torus with liquid

**He by means of a second capillary (0 0.3 mm and length 380 mm)

as is shown in figure IV.3.1. During the cooling-down sequence

a much wider pipe bypasses this capillary. This bypassing is

stopped as soon as the helium in the bath becomes superfluid

by closing the electrovalve F. The dimensions of this second

capillary are such,that enough heat can be extracted without

excessive consummation of ''He. The torus is connected to a

200 m3/h Alcatel vacuum pump which reduces the vapor pressure

to a value corresponding with the desired temperature (the

pumped helium gas is recaptured and compressed to 160 bars).

The torus and the bath therefore will cool down to 2.1° K.

Finally the heat exchange between the superfluid **He in the

bath and the 3He in the target takes place in the secondary

heat exchanger. Local heating by the beam and maximal differ-

ence in height between this heat exchanger and the target

ensure sufficient convection current in the liquid 3He.

Temperatures below 100° K are monitored by means of carbon

Allen Bradley resistances, two of which measure the temperature

of the 3He: one above and one below the point of impact of

the electron beam.

The reservoir is equipped with three carbon level

indicators for monitoring the liquid "He level. If the middle

level indicator does not detect any liquid, the reservoir is

filled from a 500 litre dewar by means of an automatic trans-

fer sequence using electrovalves.

The 3He gas, 80 litres at TPN, is initially stocked in

a cylinder. Transfer back and forth from this cylinder to

the closed loop is done by means of a dry pump.

The 3He circuit is isolated from the surroundings by

means of a copper shield, temperature - 100° K, which is in
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thermal contact with the reservoir. The hole in this shield for

the incoming and outgoing beams and the scattered particles is

covered by a 0.03 mm thick aluminiumized mylar foil (figure

IV.3.4).

OOO
OOOO

OOOOO
OOOO
OO

Fig. IV. 3.4 Detailed view of the lfHe-3He heat-exohanger and

the closed loop aontaining the liquid 3He.
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This aluminium foil takes care of some of the radiation losses

and avoids condensation on the target of residual gasses in

the target chamber which is at 10 torr.

In order to create a stable system the total heat

dissipation in the liquid 3He is kept constant. This is done

by sending a current, regulated by the temperature gradient in

the capillary, through a heating resistance which is placed in

the liquid 3He.

The diameter of the 3He loop is 15 mm except for

the part around the point of impact with the beam, where the

diameter is 30 mm, thus giving rise to a target thickness of

210 mg/cm2. The maximal permittable heat deposit amounts to

0.9 Watt, due to the low thermal conductivity of liquid 3He.

Since the target windows are made of an alloy of 0;02 mm thick

aluminium it represents 10.8 mg/cm2and causes an energy loss

of 20 keV for electrons.

The energy loss for electrons in 210 mg/cm2 liquid 3He amounts

to 0.6 MeV, which limits the maximum permittable average

current to 1.5 yA. Figure IV.3.5 shows the target density as

a function of the average beam current for a defocussed beam

spot with a size of 6 x 4 mm2. The decrease in terget density

is 12%/yA between 0.3 and 1.5 yA. A straight line has been

fitted to the points of figure IV.3.5 in order to obtain, by

extrapolation, the target density at zero current, needed for

normalization purposes. In order to minimize the formation of

bubbles, the 3He is kept at an absolute pressure of 2 bars.

A security device interrupts the beam when the average current

exceeds the chosen maximum value of 1.5 yA. The target is also

|f| equipped with a safety valve, which opens at 3 bars, permitting

•' recapture of the 3He if it should start to boil. A precise

manometer monitors the pressure in the closed circuit.

The total cooling-down sequence, during which tempera-

tures can be read with platinum thermometers, takes about 12

hours. The extra consumption of liquid ''He during this period
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amounts to 80 litres. Under normal working conditions the

consumption is 8 litres/hour. During the experiment the target

has functioned satisfactory, the safety valve proving twice

its necessity. After the experiment the impurities in the 3He

gas amounted to 100 ppn, proving the system to be reliable.

105-

100-

095-

090-

085-

10 1.5
IIpA)

Fig. IV.3.5 Effective target density as a function of the

average beam current.

IV. 4 The spectrometers

The two vertically positioned spectrometers are called

"600" and "900" according to the maximum momentum of the

particles they can analyze (see figure IV.4.1). The "600"

deflects the particles upwards, the "900" downwards. This

arrangement provides maximum room for shielding around the

detectors and enables a large angular range for the spectro-

meters. In (e,e'p) experiments the "600" is used for measuring

the electrons and the "900" for the protons. The two spectro-

meters can rotate independently around the vertical axis

through the center of the target.
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Fig. IV.4.1 Cross section of the two-spectrometev set-up.

The main characteristics of the spectrometers are the

following:

maximum analyzed momentum (MeV/c) :

radius (cm) :

deflection angle

focussing

focal plane

momentum acceptance

scattering angle range

maximum solid angle (msr)

intrinsic resolution

"600"

630

140

153°

single

flat

+10%, -30%

36°-1440+

6.8
3 to 8x10"4

"900"

900

180

169° 42'

double

curved

+ 5%

25°-155°

4.8
1 to 2x10~4

Magnetic field monitoring is performed with NMR probes. The

complete apparatus/with carriers and shieldings, weighs about

1000 tons and is 12.5 meter high.

The most backward angle of the "600" is reduced from 144°

to 110° due to the presence of a platform, necessary when

using low-temperature targets.
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IV. 5 The detection systems

•Multiwire proportional chamber "E"

In each spectrometer the detection system consists of

two multiwire proportional chambers (MWPC) and two arrays of

plastic detectors (plexiglass Cerenkov detectors for the second

array in the electron arm). In figure IV.5.1 this is shown for

the "600".
, Multiwire proportional chamber "X"

Fig. IV.5.1

Principle of part-

icle detection in

the "600" spectro-

meter (same for the

"900"). Two partic-

les leaving the tar-

get with the same

momentum but diffe-

rent vertical angles

0, yield singals on

the same wire of the

E-ahamber, but give

signals on different

wires of the X-
ahamber.

Beam spot !
on target

The first MWPC, called E-chamber, is placed in the focal plane

to measure the momentum of the detected particle. The second

MWPC, called X-chamber, permits trajectory reconstruction and

background rejection. Its wires are parallel to those of the

E-chamber. The wire spacing is 2 mm and the MWPC's are filled

with a gas mixture of 88% argon, and 12% ethylbromide. This

mixture is sufficiently electronegative that only electrons

produced in the vicinity of the wires are collected, which

reduces the hit-multiplicity from a possible 10 to about 3.

iCerenkov counter!

8 Scintillation counters''



51

- v
The operation voltage is ̂  5000 Volt.

A single event (= trigger) is defined as a coincidence

between the two fast scintillator layers and is used as a

trigger for reading out the wire chamber hit pattern. In case

the wire chamber resolution is better than needed, the wires

are regrouped into wider channels in order to reduce the length

of the arrays in which the data are stored. The number of wires

of the MWPC's and their usual regrouping is as follows:

E600

X600

£900

X900

# wires

1024

1152

512

640

wires regrouped by

2

6

1

4

IV. 6 Electronics

m

pa

1

A coincidence event between the two spectrometers is

defined as a fast coincidence (within 20 ns) between the

triggers from the electron and the proton arm. This coincidence

window has been chosen that wide in order not to loose

coincidences due to the large time of flight differences of the

particles , caused by the large spectrometer acceptances. As a

consequence of this,and the rather high single counting rates

a. better time resolution is needed in order to distinguish

between accidental and real coincidences. For this purpose,

each spectrometer has two constant fraction discriminators

(CFD) connected to respectively, the odd and even photomulti-

pliers in the first layer (R). Their. outputs are mixed and

gated by the trigger signal. The resulting signals from the

proton and electron spectrometers are used respectively as

start and stop signals of a time to amplitude converter (TAC).

The schematics of the electronics are shown in figure IV.6.1.

#
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% • '

1
if

Counting room

"600"

-ADC-|PDP15]

Fig. IV. 6.1 Scheme of the fast electronics for the time-

information in coincidence experiments. D = delay,

Fi = fan-in^ Fo = fan-out3 C = coincidencea

TAC = time-to-amplitude converter, ADC = analog-

to-digital converter.

IV. 7 Interface and computer

i
i:

The interfacing unit between computer and acquisition

electronics can perform four different functions. Three of

them serve to enter data into the computer corresponding to

singles in the "600", singles in the "900" and coincidence

events. The fourth function deals with specifying the operating

modes of the MWPC acquisition electronics. Transmission to the

computer takes place by means of direct memory access (DMA) and

is described in detail in reference Mil-75. The computer, a

DEC PDP 15/30 - PDP 15/10 bi-processor with 48K of core works
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under the DOS disk operating system. During the experiment the f

data is stored on magnetic tape. A CAMAC system is connected )

to the computer in order to read external sealers. Single :

spectra as well as time of flight spectra can be monitored on

line by means of a Tektronix 611 storage display unit, which

is also used to check the stability of the acquisition rates. 1
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C H A P T E R V

KINEMATICS CHOSEN, DATA REDUCTION AND CORRECTIONS

In section 1 the different considerations underlying the
chosen kinematics are described. The selection criteria
which the raw data have to meet are listed in section 2. In
section 3 the data reduction to the coincidence cross sections
is described. The discussion of the different experimental
corrections and normalizations is given in section 4. Finally
in section 5 the different radiative processes and the way the
radiative corrections have been applied, are discussed.

, V.I Kinematics chosen
:••:?

In chapter III and IV a number of theoretical and
'v- experimental considerations have been discussed which restrict
.;-• the choice of the kinematics under which the present experi-
') ment could be performed:
V • incoming electron energy between 200 and 550 MeV,since
V for that energy range a stable beam with a reasonable
:: duty cycle can be guaranteed.

• proton scattering angle between 52° and 128°, and the

electron scattering angle between 36° and 110°.
!;; • keep both |q| and u fixed, so that the complete knock-
er, out experiment is performed with one type of virtual
v. photons.

• kinetic energy of the knocked-out proton > 70 MeV, in
order to limit distortion effects.

':f:fr\ • momentum transfer equal to the momentum of the knocked-
fK out proton for kinematics around k = 0 MeV/c.
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• optimal count-rate conditions, implying optimalization

of the electron-proton cross section (momentum trans-

fer as low as possible and incoming electron energy as

high as possible for a particular value of the momen-

tum transfer; see figure V.1.1).

Fig. V.I.I

Elastic electron-

proton cross section

as a function of the

momentum transfer q

(Rosenbluth formula)

I

In figure V.1.2 the scanned recoil momenta values are

shown as a function of 9 , and 6 ,, for listed values of T1 and

the following parameters: eQ= 528 MeV, E = 5.5 MeV and a
3He-nucleus. The values of 6 • have been chosen such, that they

correspond with quasi-elastic kinematics so that k = 0 MeV/c

(|p'| = 111) is accessible. When measuring higher momentum

components this condition does not need to be fulfilled. A

smaller value for |q| can then be chosen, thus giving an

appreciable gain in count-rate while maintaining a value of

* 440 MeV/c for |p'|.
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100
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0
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/
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73.2'
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/

/

/
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250

2 0 0

150

100

5 0

0

50

100

150/

2 0 0
/

250/

30O
1Ö0"_

95.5*

Fig. V.1.2

Correlation between

electron scattering

angle 8', and recoil

momentum and proton

scattering angle 6'

for various values

of the kinetic ener-

gy T' of the out-

going proton

The experiment has therefore been performed under two

different kinematic conditions, labelled kinematics I and II

and given in Table V.I.I. (The incident energies were deter-

mined from the position of the elastic peak). Kinematics I,

with a momentum transfer of 430 MeV/c, for measuring the region

0 < k < 200MeV/cand kinematics II, with a |q| = 300 HeV/c,

for the region 150 < k < 310 MeV/c. The gain in coincidence

cross section in the overlap region (150 < k < 200 MeV/c) in

going from kinematics I to kinematics II amounts to a factor

of 4, thanks to the larger electron-proton cross section.
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Table V.I.I

Values of experimental parameters in the two kinematics. See

text for the explanation of the various quantities.

?••-

e Q (MeV) :

e Q (MeV/c) :

|q| (MeV/c):

E m (MeV) :

k (MeV/c) :

« 3 (MeV) :

V

51.90

55.91

59.90

63.94

68.00

72.17

76.40

Kinematics I

527.9

52.2°

330*470

^ 430

-25*80

0*200

63.2

'Pcentrl

(MeV/c)

431.6

^31.0

•„31.3

428.5

424.4

419.1

412.6

collected
charge
(mC)

10.3

13.2

29.5

34.9

70.0

76.5

57.2

Kinematics II

1
509.3

36.0°

300+430

<\, 300

-25*80

150*310

99.6

V

52.90

67.63

76.10

83.65

90.86

— T

*' .
^centr'

(MeV/c)

461.0

454.5

446.9

438.1

428.1

collected
charge
(mC)

14.3

29.5

26.8

70.5

83.4
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Care has been taken that the angle between q and e1 is

sufficiently close to 90°, that variation of je'|

between its extrema, prescribed by the momentum acceptance of

the spectrometer, causes only small variations in |q| (see

figure V.I.3). This is a suitable situation because the

electron-proton cross section is strongly q-dependent and

different eQ' , T' combinations lead to the same missing energy

bin. The dependence of the extracted spectral function on the

model for calculating the ep cross section is minimized in

this manner.

Fig. V.I. 3

Graph of the orientation

of the momenta of the

various particles.

The acceptance in \%\ due

to the acceptance in \e'\

and \p'\ is shown.

is»

I1;
i

t

Due to the angular and momentum acceptances of the

spectrometers there is for each kinematical configuration a

certain acceptance in E m and k. Roughly speaking the accep-

tance in missing energy amounts to «\/ 120 MeV and in recoil

momentum to ^ 50 MeV/c, but the measured recoil momentum

increases for increasing missing energy. Kinematics have been

chosen such that a sufficiently large region under the threshold

is covered in order to verify the correctness of the acciden-

tal subtraction procedure (see V.3.3). Since the E -acceptance

is sufficiently large in a kinematical configuration, one

only has to change those variables that determine the covered
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recoil momentum range in order to cover the interesting part of

the (Em»k) plane. This has been done by changing the angle of

the proton spectrometer in the backward direction, keeping the

parameters on the electron side constant (see figure V.I.4 and

Table V.1.1). In this way is, by means of a series of 7

slightly overlapping egg-shaped areas, the following part of

the (E_,k) plane measured in kinematics I: -25 < E < 80 MeVm m
and 0 < k < 200 MeV/c. In kinematics II the area

-25 < E m < 80 MeV, 150 < k < 310 MeV/c has been covered by

measurements at 5 different proton scattering angles.

kinematics I
519°<ep'<76.4°
83°<o<85°

kinematics H
52.9°<ep-<90.9°
10°<a<44°

/ep-

Fig. V.I.4 Orientation of the momenta of the various parti-

cles and the angular range of the detected proton

are shown for kinematics I (left) and II (right).

For the two sets of data the transferred momentum and

energy were kept constant. Fixing both q and a> leads to a

fixed value of the p-d relative energy Ec™ in the final state

which is given by

,cmKeeping Epd constant facilitates the calculation of re-
scattering effects in the final state. Therefore the energy
of the detected proton decreases when the recoil momentum
increases.
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The two kinematics have been measured in two runs, each ij

consisting of 30 shifts of 8 hours. Part of this time had to be ^

spent for tuning of the electronics and test measurements. :

Efficiency measurements have been performed at the beginning

and the end of each run. Elastic scattering cross sections have }

been determined regularly. The total time for actual coincidence ^

data taking has been 144 hours. About 325000 coincidence reac-

tions have been registrated, of which ^ 150000 correspond with >

real coincidences.

V.2 Data reduction

The experimental data is stored on magnetic tape

during the experiment. In order to check the stability of the

results, the complete measurement in one kinematical configu-

ration is split up into a number of runs. Each run contains:

1) the contents of CAMAC sealers with information about

collected charge, number of beam pulses, triggers,

coincidences, photomultiplier and Cerenkov triggers.

2) wire chamber single spectra of the "600" and the "900

3) a pile of coincidence events, each containing the wire

chamber hit pattern (E600, X600, E900, X900) and the

TDC information.

"

Before a single event can be considered as a "good"

event, i.e. to correspond to a particle that came from the

target and has passed through the spectrometer, it has to

fulfill a number of criteria:

1) Each event must have at least one hit per wire

•;. | chamber, which has to be positioned in a region

- corresponding to the scintillator hit pattern.

; 2) Each event has to satisfy the trajectory test. All

.- the (E,X) combinations are checked to see whether or

,1 not they correspond with a legitimate trajectory.



I
3) If after these tests the energy and the angle are |

unambiguously determined the single event is -̂

accepted, else it is rejected. 1

These three criteria are applied on-line to the single events.

A coincidence event consists of two accepted singles (proton •

and electron), and the corresponding time of flight informa-

tion. This gives rise to a fourth condition which has to be

satisfied:

4) In the time of flight spectrum,as shown in figure

V.2.1, two crucial zones can be distinguished. Region I

contains only accidental coincidences (non-correlated

electron-proton singles that arrive at the detection ,

system within the coincidence acceptance interval of

^ 20" ns), and region II which contains both acciden-

tal and real coincidences. Due to the big dimensions •

and acceptances of the spectrometers large pathlength ;-

differences, and therefore time of flight differences

on the order of 12 ns may occur for both electron

and proton. Thanks to the information of the E-and X-

chamber a time of flight spectrum, corrected for

these pathlength differences, can be constructed.

This reduces the width of region II to ^ 5 ns (see

figure V.2.2). Only the events with a corrected time ?

of flight t, with t2 < t < t3, are used in the ;

further analysis. The accidentals of region I are

used to estimate the accidental level in region II.

(see V.3.3) .
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400
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Fig. 7.2.1 Unaorrected time of flight spectrum
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so 65ns
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V.2.2 Time of flight speotrum, corrected for

pathlength differences



The distribution of the coincidence events, after

application of the above described criteria, is given in

Table V.2.1, in the form of a flow chart. The starting point

(100%) contains those coincidences for which there is at least

one track in each wire chamber and for which tlie time informa-

tion is present. If there is more than one legitimate track

in the E-chamber (> 1 tr E)# the energy of the particle is not

unambiguously determined and the event will be rejected if the

X information does not resolve the ambiguity. If there is one

E track, but more than one corresponding legitimate X tracks

(1 tr E, > 1 tr X) the trajectory of the particle is not unam-

biguously determined and the event is also rejected. Of the

good coincidence events the distribution of particles falling

inside and outside region II of the timing spectrum is given,

together with the real to random ratio of this region for two

kinematical configurations.

Table V.2.1

Percentages of the different categories of coincidence events.

ioo%|

JtraJectcTiy"'
[test ok? f"

T YES

\

I energy and/or |
(trajectory | YES
I ambiguously
jdetermined?

real to
random

region I region II ratio

79.3% 19.0 0 ,= 51.90° (kin. I )

12.6% 0.20 9 ,= 90.86° (kin. II)



A typical count-rate example is:

1.6 triggers/pulse for the "600", 0.4 triggers/pulse for the

"900" and 3 coincidences/second for the following beam para-

meters: 500 pulses/sec, 15 psec/pulse and I = 1.5 yA.

V.3 Determination of the coincidence cross section

To permit the extraction of the nuclear structure

information from the data the coincidence events of region II

of the timing spectrum are to be classified as a function of

E m and k. For the width of the energy bins a value smaller

than the resolution is chosen, such that several points define

the expected peaks. The bin widths used are 0.25 MeV and

10 MeV/c.

There are two different approaches to extract infor-

mation from the experimental coincidence cross sections. In the

first approach factorization of the cross section (see III.2)

is assumed and each coincidence is divided by its correspon-

ding electron-proton cross section. This method yields spectral

function results. The second approach corresponds with a cross

section formalism in which the cross section in an (E ,k)-bin

will be an average of the experimentally determined six-fold

differential cross section

d6a

deQ dpQ dfie,dnpl

which is averaged over four kinematical variables, restricted

by the acceptances of the experimental equipment. The varia-

tion of d6o inside an elementary (E ,k)-bin
deQ dpQ dne,dfip,

 m

while choosing the kinematical variables within the experimen-

tal acceptances, amounts to about 10%. The data have been ana-

lyzed by means of the two methods producing both spectral func-

tion and differential cross section results. The coincidence

cross section is connected to the number of counts N(E ,k),
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within a bin, in the following way: sj

d°o N ( V k ) ^
NeNAO f (I) V ( V k )

with e - the detection efficiency
N a - the number of incident electrons (see IV.2)
N A Q- the number of target nuclei per cm

2 at zero current
f (Ï) - describes the target density as a function of the

average current (see IV.3.2 and V.3.1)

V(E ,k) - the detection volume of bin(E ,k) for a given

setting of the apparatus.

The efficiency correction for the individual channels has to
be done at this level in the data analysis, because the indi-
vidual wire information will be lost beyond this point. The
contribution from accidental coincidences. A(E-k)/however,
still, has to be subtracted. The expression for the coincidence
cross section in a bin then becomes:

d6o e__ N(Em,k)-A(Em,k)

d eo dPo ̂ e ' ^ p . Ne NAO f (ï) V ( Em' k )

Therefore the following quantities still have to be discussed
to determine the cross section:

1) the detection efficiency, e

2) the detection volumes of the phase space
elements, V(E ,k)

3) the number of accidental coincidences in each bin,
A(Em,k)
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V.3.1 Detection efficiencies

The absolute detection efficiency for electrons was

determined from the elastic electron scattering cross section

of 3He. Sines it gives rise to an overall normalization factor

it is discussed in V.4.

The relative efficiencies of the E-chambers are

determined by means of special efficiency runs. A "flat"

spectrum for both the "600" and the "900" is measured for

three different spectrometer field settings. For the electrons

the region between the quasi-elastic peak and the

A-resonancë is used. These spectra are bin sorted and fitted

with a polynomial of the second degree. For the proton spectro-

meter the channel efficiency is defined as the ratio between

the fit and the experimental value (see figure V.3.1). The

efficiencies of the "900" have shown to be stable within a

period of about two weeks; less than 3% of the wires

exhibits an, instability of greater than 3%.

wire number

Fig. V.3.1 Relative wipe efficiencies of the E chamber

of the "900" spectrometer
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1 For the "600" a more complicated procedure has been

followed, since these efficiencies turned out to fluctuate in

the course of two weeks during experiments. Because the para-

meters of the electron arm are kept constant in the experiment,

a set of efficiencies can be calculated separately for each

kinematical configuration. A set of efficiencies is obtained

by comparison with a "theoretical" spectrum. For the determi-

j nation of the "theoretical" spectrum a single spectrum in the

coincidence kinematics is measured at low beam currents with

good statistics. This spectrum is first corrected for the

[\ relative channel efficiencies which are obtained from a fit to

1 a flat spectrum as described above for the "900". The cross

!> section at an arbitrary point in the "theoretical" spectrum is

;"; determined by fitting a parabola through three adjacent data

\l points. The efficiencies at the electron side are then deter-

•;''" mined for each kinematical configuration by taking the ratio

'A of the cross sections from the "theoretical" and the experimen-

;| tal spectrum. Fluctuations of the channel efficiencies in the

4? course of time and variations in the target thickness are

j taken into account in this way. Dead time corrections, that are

on the order of ^ 2% are taken care of at the same time. The

distribution of the efficiencies of the "600" is shown in

figure V.3.2. As can be seen they are more or less symmetri-

cally distributed around 1.0 (98% lying in the interval

Io.5-2.O1). Channels with an efficiency falling outside this

interval have been refused and their efficiency has been

set equal to zero.

Fig. V.3.2

Probability distri-

bution for the rela-

tive channel effi-

ciencies of the E-

chamber of the "600"

spectrometer.

5 ™ s

chamal efficiency
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The instrumentation does not allow determination of
the X-chamber channel efficiencies independently from the
preceding E-chamber efficiencies. The main purpose of the
X-chamber, however, is to reconstruct trajectories and there-
fore no relative effect has been attributed to the X-channels
and their efficiencies have been set equal to 1.0. The error
in the results, due to uncertainties in the channel efficien-
cies, is estimated to be on the order of 1%, because the effects
largely average out.

- V.3.2 Determination of the detection volumes V(Em,k)

'£> V(i,j) is the volume of the phase space element (i,j),
'ip obtained by integration of the variables e' 6. * , p* 6 .
V̂  O 6 6 O p

|'X <J>p« over the domain compatible with the apparatus and yielding
:}'_''i. values for E and k within b i n ( i , j ) :

V(E .k) = ƒ d8 , d<J) , d0 . d<j>' de' dp' = (V.3.1)
3; m

 (Em,k) e e * ' ° F°f
dEm dk dn . df2 , ,„ , -,

m e P (V.3.2)

|:J in which |j| denotes the Jacobian of the transformation of the
:': variables. The solid angles and momentum acceptances of the

spectrometers as well as the relationship between 8 , è , 8 .
G e p

4> e' p' and Em,k determine the domain of the integral. The
% limits connected with the acceptances of the spectrometers
;;:'- complicate the calculation of integral (V.3.2) very much. There-
jv- fore the detection volumes V(E ,k) , have been calculated

directly using the Monte Carlo technique and expression(V.3.1).-
The detection volumes are calculated by choosing at random a
coincidence event, with uniform probability in the solid
angles (9 , $ , and 8 , <J> ,) and momentum acceptances (|é"| and |p|)
of the spectrometers. If one of the chosen momenta corresponds
to a channel with zero efficiency the trial is rejected.
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These generated events are classified in a two-dimensional

array as a function of E and k, just as the coincidences of

region II of the timing spectrum. In figure V.3.3 the volume-

distribution of the phase space elements for the kinematical

configuration for measuring recoil momenta around 120 MeV/c is

shown. The volumes are maximal in the center and show a

decrease towards the edges. Contour lines indicating the fall-

off are drawn at 60%, 20% and 5% of the maximal acceptance.

The maximal acceptance for a bin is specified by

100%, which corresponds in the present case with 500 random

drawings. The total number of bins amounts to ̂  3700, for bin

dimensions AE =0.25 MeV and Ak = 10 MeV/c. Such a calculation

of the detection volumes and accidental distribution takes

about 2 hours c.p.u. time on the PDP 15/30. So in a reasonable

computational time the error in V(E ,k) can be made

sufficiently small. Hence the error in the final result, which

is proportional to N(E ,k) is determined by N and not by V.

250-

200-

I 150-

100

V(Em,k)

-25

Fig. V.3.3

25
EmtMeW

50 75 100

Volume distribution of the phase space elements

for kinematiaal configuration k - 120 MeV/c. The

contour lines, drawn at 60% (dotted), 20% (dashed)

and 5% (full) of the maximal value illustrate

the diminution., towards the edges.
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V.3.3 Determination of the accidental contribution A(Em,k)

Accidentals can be measured by means of a delayed

I trigger signal or by increasing the width of the timing spec-
trum, sorting them as a function of E and k, and subtracting
them bin per bin from the measured coincidences. Instead they
have been calculated using the Monte Carlo technique. The
advantage of this method is that the statistical error in the
final result is much less increased. The prin-
ciple of this calculation is the same as that for calculating
the detection volumes V(E ,k), except that for the trials of
the momenta of the particles a distribution equal to the
efficiency corrected single spectra is chosen rather than a

^ uniform distribution. These generated accidental coincidences
are then also classified in a two dimensional array as a

:* function of E and k. This accidental distribution is then
multiplied by a normalization factor X which is the ratio

•| between the sum of the accidentals of region I of the timing
r spectrum, normalized to the width of region II, and the sum
"•"• of the calculated accidentals, which number can be made
/' arbitrarily large. The additional error due to the subtraction

of the accidentals in each bin is in this way mainly deter-

; mined by the relative error in the sum of the measured
;-V; accidental coincidences.
[•/. A check to see if the subtraction of the accidentals

worked well is the residual cross section under threshold. It
should be small and compatible with zero. This is shown in

fc, Table V.3.1.
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Table V.Z.I

Average spectral function strength ~S, in the missing energy

interval -23 MeV to 1 MeV for all measured kinematioal points.

S [(GeV/c)""3 MeV~j

- 2 . 7 10"2 + 2 . 4 10"2

2.0 10"2 + 1.3 10~2

4.7 10"3 + 7 .4 10~3

- 5 . 6 10"3 + 5 .4 10"3

- 5 . 9 10"3 + 3 .5 10"'

5.6 10"3 + 3 . 4 1O~3

- 4 . 8 10"3 + 3 . 3 10"3

4.9 10"3 + 2 .2 10~3

- 2 . 6 10"" + 7 . 1 10"1*

if' 76.10° 3.6 10"" + 7.5
V

V 83.65° -2 .1 10"1* + 3.8 10~"

-3.6 10"1* + 3.7 10""

|! The residual spectral function strength i s indeed very small
compared to the two-body breakup cross section which varies

v. from 1.2 x 102 for 8 , = 51.90° to 1.0 x 10"2 [[GeV/c)~9 Me\Tx}

fe for 8p l= 90.86°.

;| V. 4 Experimental corrections and normalizations

|L: After subtraction of the accidental coincidences in

|:: each bin, the following normalizations are applied, before

"<\ data taken in different kinematical configurations can be

'f combined:
1 1) a correction factor to account for rejected singles,

:
: for instance due to multiple trajectories (see V.4.1).

e

51.

55.

59.

63.

68.

72.

76.

52.

67.

76.

83.

90.

P1

90°

91°

90°

94°

00°

17°

40°

90°

63°

10°

,65°

,86°
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2) a factor that corrects for rejected coincidences, for
instance due to the absence of the timing information
(see V.4.2).

3) a correction factor for the target thickness, that
depends on the average current used (see V.4.3).

4) a correction on the missing energy (see V.4.4).
5) an overall normalization factor to account for the

absolute detection efficiency (see V.4.5).

V.4.1 Rejected singles

The application of the correction factor accounting
for rejected singles is based on the hypothesis, that good
events have to be refused because they are not interpretable
due to the imperfection of the detection system, for instance:
multiple track events. The importance of the correction
depends very much on the quality of the incident beam, which
influences the background level in the hall. The magnitude of
the correction is well known from the wire chamber information
and is always smaller than 11% for both spectrometers, and in
general somewhat smaller for the "900" than for the "600".

: V.4.2 Rejected coincidences

The correction factor for rejected coincidence events
accounts for those events for which no timing information is

;; < present. Also those coincidences of which only either the
. electron or proton single has the coincidence bit set is

being accounted for. The magnitude of this factor depends on
Cj the way the electronics have been tuned and changes if for
n instance the detected proton momentum changes. The magnitude

of the correction is well known and always smaller than 6%.
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V. 4.3 Target density

The density of the liquid 3He varies as a function of

the average beam current, as shown in figure IV.3.5. The de-

crease in target density amounts to 12%/yA average current in-

crease, up to 1.5 viA. The applied correction varies from 7% to 13%.

In figure V.4.1 the magnitude of the four hereabove described

correction factors is shown for each kinematical configuration.

o

o
o

• target density
x rejected electrons
o rejected protons

+ rejected coincidence

5,9» 559. 559. 5390 gap. 7 2 2» 7540 529» 676° 761» 817° 90S" 6P'

Kinematics I Kinematics II

Fig. V.4.1 Correction factor for target density and for

rejected electron singles, proton singles and

coincidences for each kinematical configuration

V.4.4 Missing energy correction

The resolution in missing energy is determined by:

• the energy spread in the incident beam;

• the beam spot size (defocussed to 4 x 6 mm2 in the

present experiment);

• straggling in the target and other traversed material;

• path length differences in the target for the

electron and the proton;

• intrinsic resolution of the spectrometers.

The expected missing energy resolution due to these five

effects amounts to 1.3 MeV, which is in good agreement with

the experimentally observed resolution of ^ 1.2 MeV.

Variations of the peak position in the missing energy spectra



;;• 74
V

-X were observed in the course of the experiment. These variations

are probably due to a drift in the incident energy or to a

vertical displacement of the beam spot on the target. The

variation was never more than +0.5 MeV and could be corrected

for, because the theoretical position of the two-body breakup

peak is well known. Therefore a shift in missing energy has been

introduced, such that for each kinematical configuration this

p_eak is located at E m = 5.5 MeV.

V. 4.5 Normalizations

The absolute (e,e'p) coincidence cross section is

determined by:

• the number of incident electrons

• the number of target nuclei

• the effective spectrometer solid angles

• the absolute detection efficiency for electrons

• the absolute detection efficiency for protons

• the coincidence detection efficiency.

The accuracy in the determination of the beam current is

estimated to be 1% (see IV.2) , while the target thickness is

known with a precision of ^ 2%. The uncertainty in the effec-

tive spectrometer solid angles is estimated to be 2%. The

absolute detection efficiency of the detection systems that

consist of a double trigger and two MWPC's as described in

IV.5, is close enough to unity for electrons of a few hundred

MeV and for protons of at least 70 MeV, that it is justified to

set it equal to 1. Elastic electron-proton coincidence

measurements on a CH^-target permit determination of the

absolute coincidence cross section. Unfortunately the 3He

target was not retractable,so it did not permit replacement

' by a CH2-target and verification of the coincidence detection

efficiency.

In order to compare the coincidence detection effi-

ciency of the two runs relative to each other, one point of

kinematics I has been repeated when the kinematics II data
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were taken. Both the quasi-elastic electron and the coincidence

cross sections measured in the second run were 4+1% lower than

in the first run. Since there are no reasons to believe one

run more than the other the data of the first run were decrea-

sed by 2% and those of the second run increased by 2%. The

product of the target thickness, the absolute value of the

solid angle and the detection efficiency of each arm of the

apparatus were determined by performing regularly elastic elec-

tron scattering measurements at 40° and 52.2° in the "600" and

at 52.2° in the "900". These were performed at several spectro-

meter field settings in each case. Theoretical elastic cross

sections were calculated with a phase shift code using the

ground state charge and magnetic moment distribution para-

metrizations, obtained in experiments at Stanford and M.I.T.

(McCS-77, Dun-80),. The contribution from magnetic scattering

varied between 5.0% and 12.8% for the incident energies and

scattering angles used. The elastic cross sections have been

obtained by integrating the elastic peak up to a certain cut-

off energy. The integrated cross section has been corrected

for radiative effects by application of the formalism given

by Friedrich (Fri-75). Depending on the cut-off energy chosen

the radiative correction factor varied from 28% to 34%, but

the dependence on the cut-off was < 2%.

The ratio between the experimental and theoretical

elastic cross sections was "constant" (+ 2%), within each run,

but in the second run 10% more strength was found than in the

first run. In this ratio between run I and II, corresponding

with kinematics I and II, possible errors in the value of

solid angles and target thickness do not contribute to the

discrepancy. Careful consideration of all possible causes did

not resolve the disturbing discrepancy. So the average value

has been taken for the absolute normalization, which implied

a 5% correction to all data. The 10% disagreement between the

two runs has been taken into account by associating a 5% error

to the absolute normalization. . . Additional errors of 2% for

the effective solid angles and of 2% for the target thickness

were also taken into account.
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Therefore a supplementary error of 11% has been added line-
arly to the statistical error of each measurement.

The corrected and normalized data, taken at different
proton angles were, for data handling purposes, combined into
(E,k)-arrays (dimension 400 x 35) for kinematics I and II
separately. The radiative corrections (see next section) have
been performed on these arrays.

V.5 Radiative corrections

An important correction to be applied to experimental
electron scattering data arises from radiative processes. It
takes into account the modification of the non-radiative cross
section, due to the emission of virtual and real photons by
the electron, when it passes through the target. The radiative
effects for electron scattering are:

1) interactions with the radiation field of the
nucleus on which the scattering takes place:
internal bremsstrahlung

2) radiation before or after the scattering in the
field of target nuclei other than the scattering
nucleus: external bremsstrahlung.

3) straggling due to collisions with atomic electrons:
ionization.

Using Q.E.D. the various radiative effects can be calculated
with high precision. The radiative processes that occur in
(e,e'p) coincidence experiments are identical to those in
single arm electron scattering. Therefore the three radiative
effects: internal- and external bremsstrahlLng and ionization
are shortly discussed in section V.5.1. However, the way radi-
ative effects are corrected for in coincidence experiments is
entirely different from that in single arm experiments. In
single arm measurements there is a shift of strength as a func-
tion of the scattered electron energy. In (e,e'p)-reactions,
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analyzed In the Impulse approximation, there Is a shift of

strength as a function of missing energy and recoil momentum.

Unfolding has therefore to be done as a function of these two

parameters. Missing energy values up to 80 MeV have been

measured, so energy losses of the electron up to this value

have to be considered. The form of the radiative tail is thus

an important property and is discussed in section V.5.2. The

way the data is affected by radiative effects and its corre-

lated unfolding procedure are described in section V.5.3.

No radiative effects on the proton have been taken

into account, since the photon emission by non-relativistic

hadrons is negligible compared with that by electrons.

V.5.1 Radiative processes

.j Internat bvemaatvahlung

\l The radiative process in which the electron radiates

<j in the field of the scattering nucleus can be graphically

represented in lowest order (exchange of only one photon) by
:- means of the following Feynman diagrams:

^wv \ww* V/x^vyv S V > ^ * /^JhrJ^

A1 2 A 1 3 A1 4 A1 5 A16

A2.1
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Graphs A. . to A, , are the so-called «normalization diagrams.

They give rise to normalizations of the charge and mass of the

electron (BjoD-64). A, K represents the vertex correction and

A, (• the vacuum polarization, in which the creation and anni-

hilation of an electron-positron pair is induced by the virtual

photon. All photons in the Ax x diagrams correspond to virtual

photons. In the graphs A2 -^ and A2 2 however, a real photon is

emitted by the incoming and outgoing electron respectively.

The complete Schwinger correction factor that accounts

for the internal bremsstrahlung effect takes the following

form (MoT-69, 3ch-49);

with

Ae is the energy-interval from peak-position to
cut-off boundary.

External bvemsstrahlung correction

The probability for an electron of energy e to have an

energy between e and e + de after traversing a target thick-

ness t due to external bremsstrahlung is given by (BetA-53) :

<eo'e't)d£ - K -
where t is given in units of radiation length, X̂  (Tsa-74) :

fg/cm2]716.405

Lrad- f )+Z^ad

where Lrad and L âd are functions of Z,and f is a Coulomb

correction factor to the one photon exchange approximation.
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The radiation length of 3He amounts according to this formula,

to 70.7 gr/cm 2. The effect of external bremsstrahlung can be

corrected for in the following way (MoT-69):

) = Km) e (v-5-3)

non-rad meas

(do\
dfij

with 6t = (bwt±w + ibt) in (ff) + (bwtfw + ibt) in (Jg

where t, t. and t-. are the target, the initial window and

final window thickness respectively in units of radiation

length. The coefficients b and b are close to — but depend
W 3

on Z in the following way:

b = ! [ i + 9 T ^ / (m(183 . ' t ) (v.5.4)

with 5 = [in (1440 z"T)] / [(In (183 Ji"1")]

Ionization

F. (e,e,t)de is the probability for an electron of
energy e^ to have an energy between E and e + de, due to the
transfer of small quantities of energy through a large number
of collisions with atomic electrons when passing through a
target of thickness t. This effect, first calculated by
Landau (Lan-44) , is

where f(^_} is the solution of an integral expression which
can only be calculated numerically. Several authors: Landau,
Bergstrom (Ber-67), Börsch-Supan (BörS-61) and recently
O'Brien (OBrC-74) have made different approximations for
solving this problem. O'Brien finds for the most probable
energy loss A ^ for an electron due to ionization:
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\

(l9.26 + ln(|)) (V.5.5)

in which t denotes the target thickness in gr/cm2, p the

target density in gr/cm3 and a = °'1^4 Z MeV.cm2/gr.

V.5.2 Radiative tail

Tsai demonstrated that the effect of external brems-

strahlung can be approximated by assuming that the scattering

takes place in the center of the target, so at t'= -j. This

half path length approximation is valid when bt < 0.1, which

condition is certainly fulfilled since bt = 0.02 in the

present case. In this approximation the effective incident

energy is, due to ionization. e. - Ae. and the effective out-

going energy is equal to e f + Aef where Ae. and Ae- are given

by equation V.5.5 with t'= %.. Therefore the incident:and outgoing

electron energies ê ^ and e~ are redefined by ê ^ - A,ê  and

e^ + Aef in order to take the ionization effect into account.

Radiative tail due to external bremsetrahlung

Suppose an electron suffers a single large angle

scattering in a target of thickness t with a cross section

a(e^,e'f.) , then because of external bremsstrahlung the measured

cross section. ot, is in the half path length approximation:

ot(e±,ef,r) = exp(6t(Ae)) a(e±,ef) +

4
 e J

 Frad(ei'ei ' 2 ^ a ( eï 'ef)deï +

i,min(ef)

4 ymaX(&L) F^e^ , efr^t) ff(e±,e| )de^; (V.5.6)
e +A
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in which a(e-rel): represents the non-radiative cross section,

F the external bremsstrahlung spectrum, given by Mo and

Tsai (MoT-69) and A an arbitrary quantity, to which the final

result should not be sensitive. A must be chosen so small, that

the variation of the cross section is negligible within this

interval. The first integral in (V.5.6) with respect to e^

deals with radiation before scattering, the second one with

radiation after scattering.

Radiative tail due to internal bremsstrahlung

The effect of internal bremss trahlung is found to be

equivalent to placing one radiator before the scattering and ,

another radiator of the same thickness after the scattering ~

(equivalent radiator approximation) (MoT-69). This radiator :

thickness tr amounts to:

t -i a
r b TT . .m.

Tsai demonstrated (Tsa-63) that the radiative tail from an j

arbitrary unpolarized target system and arbitrary hadronic j

final state can be calculated in the one photon exchange •

approximation. The expression for such a radiative tail '

contains an integral over the photon energy and one over the

emitted photon direction. Schiff (Sch-52) was the first to

introduce the so-called peaking approximation where photons :

are assumed to be emitted parallel to the direction of the

electron momentum. Thus the integration over the emitted

photon angle can be performed.

Combination of the effect of internal and external

bremsstrahlung, while taking multiple soft photon emission

into account, leads to the following final expression for

the measured continuum cross section in the peaking and (

equivalent radiator approximation: \
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(e.,e-) = (1+0.5772 bt) ^ — — — — aie^e^) + VT»
i r 1-6 1 z ' ;'sas &

S2

ff e.-A
- A v T f l a f 1

ei,min(ef)

(in j i ) X 0 ( 6 ^ ,

ef,max(ei)

ef+A

* (xf+|d-xf)
2)]

f
* (In -^-) f a(ei,ep:de^.. (V.5.7)

where X± = A , Xf = ?4

f i - btr + Viw +

ff - b t r + b w t f w + I

and 6 , 6 , 6„ are given by (V.5.1)and (V.5.3) respectively.
S1 S2 t
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V.5.3 Method applied for performing the radiative corrections

The radiative corrections are performed on the two

dimensional data arrays with axes E and k containing the spec-

tral function, its statistical error and information on which

particular kinematical configuration contributes the most in

each bin. This kinematic information is still needed, because

the (E,k)-regions, measured in different kinematical confi-

gurations do overlap, and the momentum of the detected out-

going proton changes from one kinematical configuration to

another as stated before (see V.I). With the assumption that

the geometry of the reaction is coplanar and knowing that e Q

and 6e» have been kspt constant during the experiment, and

knowing |p'|, one can determine eo, q and 6 i from E m and k.

Since the radiative correction factor varies by less than 0.5%

for proton energies within the spectrometer acceptance its

central value has been used. It should be noted that the

effect of the experimental angular acceptances in the disper-

sion direction of the spectrometers, which leads to a certain

acceptance in recoil momentum for a given value of e' and T',

is "simulated" here by means of an acceptance in 6 ,. Also

different (e',T')-combinations, which lead to the same E -bin,

are averaged by using the central value of T'.

The applied method is one of deconvolution. Starting

at the first peak in the missing energy spectrum E_=E , the

non-radiative cross section for this peak is calculated for

all values of k, using expression (V.5.1) and (V.5.3),

where as energy cut-off Ae, a band ón the order of the FWHM

of this peak is chosen. No radiative contributions from lower

missing energy values can be present in this peak. Next these

non-radiative cross sections are fitted logarithmically with

a polynomial of the second degree. This fitting of the spec-

tral function as a function of recoil momentum is necessary to

diminish the influence of points with large error bars

and to estimate the strength in bins which have not been

covered by the experiment. Then, for all values of E beyond
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the cut-off and all values of k, the contribution of the radia-

tive tail of the considered peak at E m is calculated. In each

bin (E ,k ), with E >E ff, there are two contributions due

to the radiative tail of the process situated at E . One con-

tribution corresponds with photon emission before scattering,

the other with radiation after scattering (see figure V.5.1).

k12

before

En*

The energy of the emitted photon, y.

Fig. V.S.I

Transfer of strength from

bins (Em tk\\) and

(Em ,k ) into bin

(EmzSk ), due to photon

emission, by the electron

before and after scattering

respectively.

equals the missing energy

Knowing y, the non-difference between the two bins: E -E

radiated recoil momenta k u and kc can be calculated, since

in the peaking approximation the emission of a photon with

momentum y does not change the direction of g.

=exp -exp

Qtrue

-exp

radiation
before

scattering 'exp

Qtrue

radiation
after

scattering

- » •

( e _

eexp

exp

3 __exp_(ei
exp e • exp

exp

exp

it
true

since
exp

1 1 T ^ ^^

exp 2 ^exp~ true ^true
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So one has to subtract from the contents of bin (E ,k2) the

strength which radiated into it coming from bin (E^ ,k ) and

from bin (E_ ,k ). For radiation from bin (E_ fk )mi 12 mi' 11

P(Y,eo,t)*Sf.t(Emi,k )• ^p(Emi,kii; kin

0
ep

in which V{y,eQ,t) denotes the probability that a photon of

energy y is emitted by an electron of

energy e Q wh:

thickness t.

energy e while traversing a target of

S (E »k11) the fitted non-radiative spectral

function value in bin (E_ ,k )
mi ii

a (Em ,k ; kin Em2fk2) the electron-proton cross

section in bin (E ,kl t) calculated in the

kinematical conditions with which bin

(E ,k ) has predominantly been measured.

In this way the whole spectrum has been unfolded using an

energy width of 1.5 MeV in the regions without structure. A

missing energy spectrum before and after radiative corrections

is shown in figure V.5..2.
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40 <|ït|< 60 MeV/c
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Fig. V.S.2 Missing energy spectrum without (dashed) and with

(futl) radiative corrections.

The effect of .the radiative corrections is most striking in

the first peak where the correction amounts to about 30%.

The statistical error in the spectral function results is

increased due to the deconvolution method used, since the

uncertainty in the fitted spectral function values has been

taken into account by means of the covariance matrix.
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C H A P T E R VI

RESULTS

The experimental and data-analysis effort, described in the

| preceding chapters has led to coincidence cross sections for

recoil momenta k in the range from 0 to 200 MeV/c in kinema-

tics I and from 150-310 MeV/c in kinematics II, with

L 0 < Ê j < 80 MeV in both cases. The bin widths used are

: AEm =0.25 MeV and Ak = 10 MeV/c.

Ï* The discussion of the results in this chapter, mainly

| presented in terms of the spectral function formalism, consists

'\ of the following topics. In section 1 missing energy spectra,

determined at various proton scattering angles will be given.

4 The cross sections for the 3He(e,e'p)d and 3He(e,e'p)pn

| reaction are listed in section 2. The momentum density dis-

4; tributions are compared to Faddeev and variational predictions

.i in section 3. In section 4 the validity of and corrections to

•, the PWIA are discussed. Sum rule aspects of the data are

considered in section 5. In section 6 a comparison is made

Ik with results from other reactions such as (Y/P) and (p,2p),
; which study nuclear structure properties similar to those

investigated by (e,e'p) experiments. Finally in section 7

concluding remarks are made about the experimental results.

VI.1 Missing energy spectra

When a proton is removed from a 3He nucleus, which has

a binding energy of 7.72 MeV, the remaining pn-pair can be

either in an unbound state, or in the deuteron ground state,

which has no bound excited states. For increasing values of !

E m the theoretical missing energy spectrum therefore exhibits {

the following features: ;'
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- a delta function situated at E m = 7.72-2.23 =5.49 MeV,

which corresponds to the process where the residual pn-pair

is in the T=0 deuteron ground state.

- a continuum starting at threshold (Em = 7.72 MeV) and con-

taining the excitation of the unbound singlet S-state of the

deuteron, with relative proton-neutron energy ^0.55 MeV.

- the rest of the continuum, which corresponds to unbound

states of. the pn-pair, with increasing relative energy.

The experimental spectrum is less clean due to the 0,5 MeV

energy spread in the incident beam, the finite energy resolu-

tion of the detection systems (0.28 and 0.07 MeV), straggling

and pathlength differences in the target for the electron and

the proton. In the present experiment for instance the 6-peak

at E m = 5.5 MeV, is broadened to a peak with a FWHM of 1.2 MeV.

Nevertheless it is clearly separated from the continuum as

will be shown later.

Previous (e,e'p) experiments on 3He (Joh-64) and

(KozG-81) have been hampered by a limited energy resolution,

which prevented an unambiguous separation of the two-body

disintegration peak from the continuum contribution of the

three-body breakup. This is shown in figures VI.1.1 and

VI.1.2. Their limited missing energy resolution originates

partly from the particle detection systems used.

• \ • /

* j

u

£L 30-

§ 20 +
u

10 +

0

-10-L V

6 p. = 51.68

e0 = 550 MeV

i
{i

8 12
E m [MeV]

Fig. VI.1.2 Missing energy spectrum of the 3He (e3e 'p)

experiment performed at Stanford (Joh-64).
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Fig. VI.1.2

Missing energy spectrum

of the 3He(e,e'p)

experiment, performed

at Kharkov (Gol-82)

10 15
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The missing energy spectra of the present experiment

have been obtained by averaging the spectral function over a

certain recoil momentum band. This strength is then multiplied

with the factor (see II.3) , corresponding with|p | p'o
coplanar kinematics in order to facilitate comparison

with theoretical spectra. The transformation factor to co-

planar kinematics is close to one (^1.04). Two spectra, taken

in kinematics I, are shown in figure VI.1.3 and VI.1.4.

The theoretical spectrum for the continuum, represented by

the full curve starting at E m = 7.72 MeV, is the result of

the Paris potential calculation of Meier et al. (MeiS-81).

The proton scattering angles 6' , correspond also with co-

planar kinematics. They are calculated using the momentum

transfer, the recoil momentum considered and the central

value of the detected proton momentum P'centralf within the

spectrometer acceptance. Most of the strength of the continuum

is concentrated in the region E < 20 MeV. This can be seen

in figure VI.1.5, in which the higher missing energy values,

corresponding with figure VI.1.3 are shown. The channel width

has in this case been increased to 1 MeV in order to increase

the statistics per bin.
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3He (e.e'p)
Kinematics I

64.4°

|?> 428.5 MeV/c

! . : •

Fig. VI.1.3

15EmtMeV]

Six-fold differential arose section as a function

of the missing energy Em. The peak at 5.5 MeV

corresponds to the two-body breakup process:
3He (e3e'p)d. For an explanation of the curves,

see text.

0.2

2
a

"o 0.1
C>

a'

jö"o.O

3He( e.e'p)
kinematics I
6p. = 77.6°

|p'|= 412.6 MeV/c

ii i . i I i

15 20
E fMeV]

Fig. VI.1.4 Six-fold differential cross section as a function

of the missing energy Effl. The peak at '5.5 MeV

corresponds to the two-body breakup process:
3He(e3e'p)d. The full curve is the Paris potential

prediction of Meier et at. (MeiS-81).
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Fig. VI.1.5 Six-fold differential cross section as a function

of the missing energy E . The full curve is the

Paris potential prediction of Meier et al.

(MeiS-81).
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Fig. VI.1.6 Six-fold differential cross section as a function

of the missing energy E . The peak at 5.5 MeV

corresponds to the two-body breakup process:
3He(e,e'p)d. The full curve is the Paris potential

prediction of Meier et at. (MeiS-81).
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At E = 20 MeV the cross section is reduced by a factor of

about 20 with respect to that at the maximum of the continuum

situated at ̂ 9 MeV. Up to 80 MeV a small, non-zero contribu-

tion is observed. This has important consequences for the

value of the energy-weighted sum rule, as will be discussed in

'section 5. In figure VI.1.6 a spectrum taken in kinematics II

is shown. A further decrease of the cross section in comparison

to those of figure VI. 1.3 and VI. 1.4 is cLaarly visible. This

decrease is due to the larger value of the initial proton

momentum, namely 95, 190 and 260 MeV/c respectively. The

difficulty of extracting continuum results at high recoil

momenta is obvious from the figure.

The observed low, if not zero, cross section below

4 MeV indicates that the subtraction procedure for the acciden-

tal coincidences works well.

In order to separate the two- and three-body breakup

channels, the tail of the two-body breakup peak has to be

separated from the continuum in the overlap region around

7 MeV. Therefore Gaussian shapes were fitted to the data from

E m = 4.00 to 6.75 MeV. The resulting curve is shown as an

example in figure VI.1.3. The dashed curve corresponds to the

best-fit prediction beyond the fitted region, and has been

used in the separation of the two- and three-body breakup

channels.

;* VI.2 Experimental differential cross sections for the

I 3He(e,e'p)d and 3He(e,e'p)pn reaction

j' The coincidence cross section which is determined

yy experimentally, is the sixfold differential

H d6a/(deo dp± dne,dnpI)

; If the residual nucleus is in a discrete state the cross

section becomes five-fold differential, for instance

'•;'•) d5a/de' dfl ,dfi , , because an extra integration, here over

pQ , can be performed. The elimination of a differential also
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v yields a different expression for the density of final states
(see III.2).

To obtain the cross section values for the 3He(e,e'p)d
: reaction, the data analyzed in the cross section formalism

(see V.3) were integrated over the appropriate missing energy
interval and then multiplied by the corresponding radiative
correction factor. Finally the cross sections were corrected
such, that they correspond with coplanar kinematics, using
the ratio

^Ip-coplanar

; which is close to one ('V' 1.04).
>' Cross sections of the 3He(e,e'p)pn reaction are harder

\. to extract due to the radiative corrections. Namely for the
'I: unfolding of the radiative tail, cross sections measured in
? the correct kinematics are needed, but unfortunately unknown.

'jte (In the spectral function formalism the coincidence cross
Si. section factorizes and then this problem does not exist.) In

ig order to "solve" this problem, the radiative correction factor
* for the continuum has been approximated by the ratio between
'f radiative corrected and non-radiative corrected spectral

I function results in corresponding E and k intervals. The

•|. additional uncertainty in the continuum cross sections, coining
•e from this radiative correction procedure is estimated to be

3%. The -cross sections for the two-body breakup, and for the

: three-body breakup process upto E m = 20 MeV are listed in
fI Table VI.2.1.
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•1

Table VI. 2.1

Differential arose sections for the ooplanar 3He(e,e 'p)d and
3He(e,e'p)pn reaction, as a function of the proton scattering

angle 8 ' , (see text). The central value of the detected proton

momentum is denoted by IP 'L_ t r i • The errors of the two-body

breakup process are statistical only. Those of the three-body

breakup process include not only statistics, but also the

additional error of 3% due to the applied radiative correction

methods

Kinematics I

Kinematics I I

e\
P

5 3 .

5 7 .

6 1 .

6 5 .

6 9 .

7 4 .

7 7 .

5 5 .

6 8 .

7 6 .

8 4 .

9 2 .

8

8

7

7

8

0

0

4

3

6

1

1

central

(MeV/c)

4 3 1 .

4 3 1 .

4 3 1 .

428 .

424.

419 .

412.

4 6 1 .

454 .

446.

438 .

428 .

6

0

3

5

4

1

6

0

5

9

1

1

d s a
(deodne,c

(nb MeV"1

57.6 ±

33.8 ±

16.2 ±

6.25 +

2.55 +

0.926 +

0.366 +

2.60 +

1.30 +

0.629 ±

0.239 +

0.098 +

sr~z)

1 .

1 .

0 .

0 .

0 .

0 .

0 .

0 .

0 .

0 .

0 .

0 .

8

0

4

17

0 8

0 4 3

027

14

0 8

056

022

O i l

d 6 a
d eod pc

(nb MeV"2

1

1

0

0

0

0

0

0

0

0

0

0

.595

.258

.7431

.2986

.?338

.0571

.0381

.1660

.0742

.0555

.0181

.0103

± 0

+ 0

+ 0

+ 0

± 0

± 0

± 0

+ 0

+ 0

+ 0

+ 0

+ 0

a - d " p '

sr-2)

.096

.069

.0377

.0168

.0080

.0044

.0053

.0150

.0075

.0073

.0028

.0017

I'
I;

w.

The numerical values of the cross section of the 3He(e,e'p)d

reaction are discussed in section VI.4.1 in combination with

a cross section calculation of Laget . (Lag-82).
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VI.3 Momentum density distributions

Integration of the spectral function S(Em,k), over a

missing energy interval resul ts in the momentum density dis-

tribution (MDD) of the selected process. Integration of the

peak centered around 5.5 MeV, while using the Gaussian f i t

beyond 6.75 MeV, gives the MDD p2{k), of the two-body breakup

process as l i s ted in Table VI.3.1 and plotted in figure VI.3.1

. ! for kinematics I and I I . Thé full curve corresponds with the

results of Dieperink et a l . (DieF-76) , obtained with the

I Faddeev wave function of Brandenburg et a l . (BraK-75). The

v' dashed curve is the result of the variational calculation by

s Ciofi degli Atti et a l . (Cio -81). Both calculations have

1 been performed with the RSC potential interacting in 1So and

; (3Sx- 3Di)-states. Up to 150 MeV/c the agreement with both

;• theories i s fairly good. However, beyond this point the

Faddeev calculation exceeds the experimental values by roughly

J| a factor of 2, and the variational prediction lies another

|< 35% above the Faddeev one. Recently Meier and Sauer (MeiS-81)

'1§ have calculated the 3He spectral function for both the RSC

2 and Paris potential. The difference between the two correspon-

,; ding two-body MDD's is less than 10% for the momentum interval

^ considered here.

I The fact that experimentally fewer high momentum

! components are found i s jus t opposite to the result of the
; inclusive quasi-elastic experiment performed on 3He at SLAC

:-', (SicD-80) . There the Faddeev prediction for the momentum

4|- distribution needs to be enhanced with a function
vi f(k) = 1 + (k/285)2-5 in order to give a good description of

'•'•-_ the data. This would mean a scaling factor of 2.2 for the

f;v highest momenta measured in this experiment.

If For tha determination of the continuum MDD p3(k), an

I upper integration limit for the missing energy has to be

'-? chosen. In the following the three-body breakup contribution

'i will be considered from threshold up to 20 MeV unless indica-

\ ted otherwise. The three-body breakup MDD for kinematics I

I and II is listed in Table VI.3.1 and plotted in figure VI.3.2.
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Table VI. S.I
Proton momentum density distributions! p2 and p3tfor the two-
arid three-body disintegration respectively. p3 has been obtai
ned by integrating the continuum up to 20 MeV. The errors
represent the statistical error only.

i
(MeV/c)

5
15
25
35
1+5
55
65
75
85
95

105
115
125
135
1U5
155
165
175
185
195
205
215
225
235
2U5
255
265
275
285
295
305

P a Kin.

((GeV/c)

659
608
5U3
U27
3^5
2U2
Ilk
156
96.
67.

+
+

+

±
+
+

0 +
6 ±

55.2 ±
32
29
20
10
10
7
3
3
2

.5 ±
6 ±

.1 +

.1 +

.8 +

.10±

.1U±

.31 ±

.25 ±

I

i
37
18
16
10
8
8
k
k
3
1
1
1
0
0
0
0
0
0
0
0

.3
• 5
• 5
.1
•7
.6
•5
.k
.33
.33
.23
.23

P Kin.II

((GeV/c)"3)

8
5
3
3
2
1
1
0
0
0
0
0
0
0
0
0
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Fig. VI.3.1 Proton momention density distribution of 3He for
the two-body breakup process. The dots and crosses
correspond to measurements in kinematics I and II
respectively. The full curve represents the
prediction of Dieperink et al. (DieF-76)3 the
dashed curve that of Ciofi degli Atti et al.
(Cio-81). The error bars include both the statis-
tical error and the systematical error of 11%.
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Fig. VI.3.2 Proton momentum density distribution of 3He for

the three-body breakup proaesst when integrating

the aontinuum upto 20 MeV. The dots and crosses

correspond to measurements in "kinematics I and

II respectively. The full curve represents the

prediction of Dieperink et at. (DieF-76)3 the

dashed curve that of Ciofi degli Atti et al.

(Cio-81).
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The full and dashed curves correspond with the Faddeev and

variational calculation respectively. The systematic lack of

high momentum components observed in the case of two-body

breakup seems to be absent in the three-particle disintegration

channel.

The difference in momentum dependence of the two- and

three-body breakup process is illustrated in figure VI.3.3.

There the ratio of the three-body and two-body breakup strength,

calculated with the Paris potential is plotted as a function of

the proton momentum for different continuum integration boun-

daries. Clearly the fall-off of the two-body breakup MDD is

steeper than that of the continuum. Beyond about 300 MeV/c an

increase of the two-body breakup strength, probably due to

the D-state contribution, becomes visible in the ratio of the

continuum integrated upto 20 MeV, and p2.
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Fig. VI. 3. 3 Momentum dependence of continuum momentum density

distributionsj relative to that of the two-body

disintegration proaesst calculated with the Paris

potential. The continuum contribution has been

integrated from threshold to 20 MeV, from 20 to

40 MeV and from 40 to 60 MeV.
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Two continuum MDD plots, for the integration intervals

20 to 40 MeV and 40 to 60 MeV, both measured in kinematics I

and II, are shown in figures VI.3.4 and VI.3.5. The Faddeev

prediction of Meier (MeiS-81) for the Paris potential is also

shown. The dashed curves represent the contribution of the

T r = 0 component of the spectral function, and the full

curves the total, T=0 plus T=l, contribution. The data lay

significantly above the theory and have about the same magni-

tude for both E -intervals.
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Fig. VI.3.4 Continuum momentum density distribution, obtained

by integrating Em from 20 to 40 MeV, for kinema-

tics I (open circles) and kinematics II (crosses).

The dashed and full curve correspond to the Paris

potential prediction for T . = 0 only, and
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f

Continuum momentum density distribution, obtained

by integrating Em from 40 to 60 MeVt for kinema-

tics I (open circles) and kinematics II (crosses).

The dashed and full curve correspond with the

Paris potential prediction for T . = 0 onlys and

In order to be able to compare the present experimen-

tal data unambiguously with the previous 3He(e,e'p) measure-

ments by Johansson, Kozlovsky and Goldshtein the two- and three-

body breakup contributions are combined and integrated from

0 to 11 MeV. The corresponding MDD's of the four experiments

are shown in figure VI.3.6, together with the result of the

calculation of Dieperink et al. If, by scaling with the

shape of the theoretical momentum behaviour, the low recoil-

momenta data are extrapolated to k = 0 MeV/c, the following

zero-momentum densities are found:
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J

P(O)

p(0)

p(0)

p(0)

= 880 ±

= 893 ±

= 1030 ±

= 844 ±

39

30

33

22

(GeV/c)'
(GeV/c)
(GeV/c)
(GeV/c)

j

-3

-3

Stanford, (Joh-64)

Kharkov, (GolK-78)

Kharkov, (KozG-81)

Saclay, (present experiment)

where the errors are statistical only. Hence, as far as the

low-momentum components are concerned, and considering the

systematic errors in each of the experiments (Saclay: 11%,

Stanford: 20%), there is fair agreement about the absolute

scale of the cross section, unfortunately the Kharkov group

does not specify the systematic uncertainty of its data.

§ Kharkov e„ = 1200MeV

Kharkov e. = 806MeV

Stanford e. = 550 MeV

I Saclay e. = 52BMeV

150 100 50 100
ll?l[MeV/c]

Fig. VI.3.6 Momentum density distribution of all the
3He(e,e'p) experiments» obtained by integrating
E

m fvom 0 to 11 MeV. The .full curve is the

RSC potential prediction calculated by Dieperihk

et al. (DieF-76).
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VI.4 Validity of and corrections to the PWIA

Whether or not the coincidence cross section factori-

zes can be tested, because the experiment has been performed

under two kinematic conditions which give overlapping results

for recoil momenta between 150 and 200 MeV/c. If the approxi-

mations of the PWIA are valid (see III.2), then the spectral

function results should be independent of the kinematic circum-

stances under which they have been mea. ared.

In the overlap region of the two kinematics the ratio

of the integrated spectral function values corresponding with

two-body breakup is found to be: S^nl/
 s k i n n

 = 1 > 1 4 * °-10

in which the error is the linear sum of the statistical error,

the erroi: of 5% due to the estimated uncertainty in the abso-

lute normalization and the error of 2% in the target thick-

ness, due to the extrapolation to zero current. Several

explanations might account for part of the deviation from

unity. Some of them have their origin in effects which go

beyond the plane wave impulse approximation. Therefore the

calculation of the IA cross section of the 3He(e,e'p)d reaction

is discussed in section VI.4.1 together with the effects caused

by including final state interactions (FSI) and meson exchange

currents (MEC). The effect of these corrections to the IA on

the experimental spectral function ratio in the overlap region,

are discussed in section VI.4.2.

VI,4.1 -Calculation of the cross section of the 3He(e,e'p)d

reaction

The cross section of the 3He(e,e'p)d reaction has been

calculated for the kinematic conditions of the present experi-

ment by Laget (Lag-82). The method of calculation is the same

as the one which has extensively been described for the

yD + pn reaction (Lag-78).
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The IA-part contains the contribution of the following

two diagrams:

The left corresponds with quasi-free one-particle knockout. In

the right diagram scattering on the deuteron takes place,

while the recoiling proton is the one that is detected. The

effect of the latter is proportional to the ratio of the

deuteron and proton elastic scattering form factors and is

negligible for the momentum transfers considered here.

The effect of FSI is taken into account by considering

the process in which an outgoing

proton plane wave is rescattered

from a pn-pair, which is assumed

to be in the deuteron ground state.

The pd scattering amplitude has

been parametrized by means of

experimentally determined S-wave phase shifts. The dashed

curves in figure VI.4.1, in which the experimental cross

sections are also plotted, represent the pure IA-prediction

for the two-body breakup process. The dot-dashed curves

represent the (IA + FSI) prediction. FSI reduce the cross

section in the momentum interval considered by at most 10%

and 40% for kinematics I and II respectively. A larger dis-

tortion effect would however be expected in kinematics I as

in II, on the basis of the total pd cross section (DaVH-63),

since Ef^ amounts to 63.2 MeV and 99.6 MeV respectively.

¥
i

'••';
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Cross section of the *He(ete'p)d reaction in
kinematics I (upper figure) and kinematics II
(lower figure), calculated by Laget: pure IA
(dashed), IA+FSI (dot-dashed) and IA+FSI+MEC
(full). See text for the considered diagrams.
The experimental points are from the present work.
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The effect of MEC is taken into account by considering

processes in which a IT or p meson is exchanged. Inclusion of

the effect of FSI and MEC on the

two-body breakup cross section is

represented by the full curve in

figure VI.4.1. The MEC-

effect increases the cross section

at most with l%, ̂nd 20% in kinema-

tics I and II respectively. This is in contradiction with what

one would naively expect, because the longitudinal polariza-

tion of the virtual photon is 0.66 and 0.80 respectively, and

MEC are known to have a predominantly transverse character.

If corrections due to FSI or MEC are taken into account

the corresponding amplitudes are first added to the amplitude

of the standard IA-diagram, and then this sum is squared. In

general the effect of the correction itself, i.e. the correc-

tion amplitude squared, is small. So the total effect of the

correction is almost completely determined by constructive or

destructive interference between the amplitudes of the correc-

tion diagram and the pure IA-diagram.

VI.4.2 Factorization of the coincidence cross section

• The calculation of Laget indicates that the estimated

reduction of the cross section in the overlap region, due to

the inclusion of FSI and MEC, amounts to about 5 3 10% in

: kinematics I and to about 15% in kinematics 21. So inclusion

of these effects decreases with 5% to 10% the observed

deviation from unity (1.14 ± 0.10) for the spectral function

ratio in the overlap region,

;| A third contribution to this deviation is the uncer-

rt tainty in the off-shell electron-proton cross section. This

•:". off-shell cross section requires a model, and the resulting

/; spectral function is consequently hot model-independent.

•V As shown in figure III. 3.1 the de Forest
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off-shell prediction (DieF-76), and the one used here (BerB-81)

deviate upto 3% and 16% for kinematics I and II in the measured

momentum interval. Applying de Forest's prescription instead,

would decrease with 4% the spectral function ratio in the

overlap region between the two kinematics.

So the data do not contradict factorization of the

coincidence cross section within the experimental uncertain-

ties, if one takes into account the effects of FSI and MEC,

and the uncertainty in the off-shell electron-proton cross

section.

VI. 5 . Sum • rules

In figure VI.5.1 the behaviour of the zero'th order

sum rule, given in equation (IIL4.2), is shown as a function of

the uppers-boundary E ^ , for the integration over the missing

energy while the initial proton momentum has been integrated

ir. from 0 to 310 MeV/c. In the overlap region of the two kinema-

'rt tics the weighted mean of the spectral function values has

' • been used. The dashed curve represents the Faddeev calculation

•j, of Meier et al. using the Paris potential (MeiS-81). The main

j; difference between experiment and theory is the much faster

\f. saturation of the latter as a function of E m. The experimen-
! tally observed strength W, increases continuously up to the

•' experimental upper-limit of E , where it almost has made up

') the theoretical prediction. Apparently the total strength

|i observed is about the same, only its distribution as a func-

r tion of E is different, i.e. strength is shifted from lower

V to higher missing energy values. This observation has severe

f consequences for the energy-weighted sum rule which is going

u to be discussed later.
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The shaded region covers in the upper figure

the area when the data are varied with the syste-

matical error of 11%. The dashed curve is the

Paris potential prediction of Meier et at.
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calculated with the energy-weighted Koltun sum

rule, as a function of the missing energy inte-

gration boundary, when integrating the initial

proton momentum upto 310 MeV/c. The dashed curve

is the Paris potential prediction of Meier et al.

(MeiS-81)
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The experimental behaviour of <T> and <Em> is compared

in figure VI.5.1 and VI.5.2 with the results of the Paris

potential prediction (MeiS-81). The mean kinetic energy, i.e.

the spectral function weighted with the momentum squared,

exhibits the same features as the strength function W. For the

mean removal energy however the experimental points continue

to overshoot more and more the theory as the missing energy

increases. It is an enhanced manifestation, due to the weight-

ing with E m, of the effect already observed for the zero'th

order sum rule shown in figure VI. 5.1.

The behaviour of <Em> as a function of E^
p reflects

T itself in the Koltun energy-weighted sum rule,which furnishes

.. the binding energy per proton, and is shown in figure VI.5.2.

: Since the deviations observed are important, three

• effects, which would produce similar phenomena, will be consi-

; dered:

1) Final-state interactions can cause protons to loose

energy and consequently to show up at higher missing

;• '•;' energy values than would have been the case without

• T distortion. These FSI effects are in general calcu-

f lated by means of an optical potential model, which

; approximates the interaction between the ejected

v. proton and the residual nucleus. Chen and Fraenkel

5 (CheF-68) developed a Monte Carlo program, which

- calculates comparable effects. Although the use of an

: optical potential model for the p d system is doubt-

: ful, it would be interesting to obtain at least an

;'•"* estimate of the importance of these multiple collision

f processes. However at the moment no estimation of this

shift of strength towards higher missing energy values

is available.

2) If due to the subtraction procedure for accidental

coincidences an overall residual cross section has not

been accounted for, effects similar as those observed

in figure VI.5.1 and VI.5.2 may occur. The subtraction
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procedure has been checked, and found to work well by
considering the residual cross section below threshold
(see Table v.3.1). Also the comparison of a calcula-
ted and measured distribution of accidentals for
0 < E m < 40 MeV and 270 < k < 310 MeV/c, gave no indi-
cation that this effect caused the observed phenomena.

3) MEC effects may very well produce an increase of the
cross section in the continuum. At present there are
no calculations of these effects available, but it is
strongly suggested that they should be made.

Evidently the FSI and MEC corrections need to be applied, before
any conclusions can be drawn from the experimental results.

VI.6 Comparison with other nuclear reactions

Reactions such as (p,2p) and (Y#P), can give similar
nuclear structure information as (e,e'p) experiments (see
chapter I).

•31 Kitching et al. (KitM-72) analyzed their 3He(p,pd)

if data, obtained with a 590 MeV proton beam, in the plane wave
rf impulse approximation. Their results are plotted in figure
;| VT.6.1. Clearly the data exhibit a shape different from the
|| Faddeev prediction ( full curve), calculated with the RSC
?: potential (DieF-76). The cross sections at low momenta

indicate that the absolute normalization is wrong by about a
I; factor of 2. Also the 3He(p,2p)d and 3He(p,pd)p PWIA-data of
^ Cowley, taken at 100 MeV, are shown (CowR-74). They exhibit
;":; an even more severe reduction with respect to theory. Another
g 3He(p,pd)p experiment was performed at a still lower energy:
ji 35 MeV (SlaE-71) . The distortion effects are therefore enhan-
Q ced in such a way that an unambiguous interpretation of the
8 data in PWIA is not at all possible.

g Distortion effects are much less important in photo-
iy induced knock-out reactions. The (y,p) reaction is in principle
| particularly suited to obtain information on the MDD in the
I range of much higher momenta, as measured in quasi-elastic
:; knockout reactions. The cross section is however, as we will
; see, for a large part determined by MEC.
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Fig. VI.6.1

8-

Two-body breakup momentum density distribution3

extracted in a PWIA analysis from 3He(p32p)d and
3He(ptpd)p data. The full curve represents the

RSC potential prediction of Dieperink et al.

(DieF-?6).

For proton energies above the pion production thres-
hold (139 MeV) / photo-absorption on a single nucleon becomes
possible, and the total absorption cross section is dominated
by the A-resonance (Zie-79). The non-resonant photo-
production of charged pions, the so-called Born terms (see
figure VI.6.2), determine the threshold behaviour of the cross
section, and remain important even in the resonance region.

Born terms.
— resonance

Fig. VI.6.2 Scattering diagrams corresponding with

^-excitation (left diagram) and non-

resonant photoproduotion of pions (Born terms),
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From Compton scattering off the proton it can be seen,that the

photon interacts below the pion production threshold mainly in

the same way as just above threshold. The consequence of this

can be seen in the total absorption cross section on nuclei,

where in comparison with the (Y»N) reaction, other reaction

channels open up, due to the presence of other nucleons.

For the 3He(y,p)d reaction this is shown in figure

VI. 6.3 for 50 < E,, , . < 400 MeV. The experimental points are

from O'Fallon and Gassen, measured in Illinois and Bonn

(OFaK-72 , GasH-81).

100

\

\

i Illinois (O'Fallon)
? Bonn (Gassen)

300 3SO
Ev.lab

400

Fig. VI. 6.3 Total cross seat-ton of the 3He(ytp)d reaction

as a function of the photon energy in the lab

system. The curves3 calculated by Laget (Lag-82)

represent the pure IA (dashed) and IA+MEC (full)

predictions. See text for the considered diagrams.
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; The dashed curve in the figure represents the IA-prediction,

calculated by Laget (Lag-82), using the Brandenburg, Kim and

Tubis three-body ground-state wave function (see VI.4.1). The

' . full curve represents the result of the calculation which

includes the graph in which a virtual IT or p meson is created,

which gets absorbed by

another nucleon. Clearly

this photo-absorption

process by interacting

pn-pairs yields an important

~ contribution to the cross

section, even below the

pion production threshold. Since two-body operators are

''" involved in its calculation there is not much sense in

extracting one-nucleon properties, such as a MDD, from the

(y,p)-data and subsequently comparing it with a MDD deduced

from (e,e'p)-data.

In the present experiment the 3He nucleus has been

't; probed with virtual photons having a longitudinal polarization

of 0.66 and 0.80 in kinematics I and II respectively. The

(Y/P) experiments are on the other hand performed with real

photons, which are completely transverse. The (y#p)-results

are therefore much more sensitive to isovector MEC

processes, which contribute to the transverse part of the

cross section only. Furthermore the energy transfer o>,

amounts to about 120 MeV in the case of (e,e'p)-, and up to

400 MeV in that of (Y#P)~reactions.

Conclusions which can be drawn from the consideration

of (p,2p)-and (Y»P)-reactions are:

- (Pf2p) experiments, analyzed in PWIA do not permit an unam-

biguous comparison with (e,e'p)- results and theory.

- (YfP)-data are to a large extent dominated by MEC contribu-

tions, and an interpretation in the framework of one-nucleon

properties is therefore not significant.
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VI.7 Concluding remarks

For the first time the missing energy resolution of

a 3He(e,e'p) experiment was sufficient to clearly separate

the two-body breakup peak, corresponding with the 3He(e,e'p)d

reaction, from the three-particle disintegration continuum.

The data do not completely reproduce factorization,

which is a PWIA property of the coincidence cross section.

The ratio of the two-body spectral function strength in the

overlap region (150 < k < 200 MeV/c) of the two kinematics

in which the experiment has been performed, amounts to

0.14 ± 0.10. The effects caused by FSx and MEC, as calculated

by Laget, can however, together with the uncertainties in the

off-shell electron-proton cross section, account for a large

part of this deviation from unity.

Within PWIA the data have been compared with spectral

f unctions, calculated with the Faddeev technique for the Paris

and KSC potential and with the variational method for the

RSC potential. The experimental two-body breakup momentum

density distribution is in good agreement with both theories

upto 150 MeV/c. Beyond this region the Faddeev prediction

exceeds the experimental values by a factor of 2. The varia-

tional calculation lies another 35% above the Faddeev one.

The momentum density distribution of the continuum,

when integrated upto 20 MeV missing energy, is in good agree-

ment with the calculations over the whole momentum range upto

310 MeV/c. On the other hand overshoots the continuum momen-

tum density distribution above 20 MeV the Paris potential

prediction considerably.

The data of the present experiment do not confirm

the conclusion, drawn from the inclusive quasi-elastic

electron scattering experiment on 3He, performed at SLAC,

that there are high-momentum components missing in the

Faddeev function (SicD-80).
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Application of sum rules clearly shows, that above

20 MeV missing energy, experimentally more cross section is

observed than theoretically predicted. Integral properties of

the experimental spectral function do namely not saturate for

increasing values of the missing energy integration boundary.

This is probably due to significant multiple scattering and

MEC contributions to the cross section at high missing energy

values. First these contributions have to be calculated and

subtracted, before a direct interpretation of the data in

terms of sum rules can be made.

V I

m
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SUMMARY :

Cross sections of the 3He(e,e'p) reaction have been measured
with the 600 MeV linear accelerator at Saclay and the two-
spectrometer set-up of the experimental hall HE1. The data
cover the following region for the missing energy E m, and the
proton recoil momentum k: 0 < E m < 00 MeV and 0 < k < 310 MeV/c.

Three-body ground-state wave functions, which have

*. been obtained from Faddeev and variational calculations, per-
formed with realistic NN-potentials, are discussed in

•';..; chapter II.

<sK In chapter III the coincidence cross section is dis-

-""' cussed in the plane wave impulse approximation (PWIA). The
Jr. spectral function and its sum rules are introduced.
• The linear accelerator, the experimental hall and the

h; liquid 3He target are described in chapter IV.
?t| The experimental procedure, the data analysis, and the
::.;rj corrections which have been applied to the data, are discussed
?ip in chapter V.
<? The results of the experiment are presented in

'V? chapter VI:
;̂ - for the first time the missing energy resolution of a
0 3He(e,e'p) experiment was sufficient to clearly separate

•v the two-body breakup peak, corresponding with the
7 3He(e,e'p)d reaction, from the threa-particle disinte-
S , gration continuum.

2|i| - Faddeev and variational method predictions of the spectral
%'': function, calculated in PWIA with the RSC potential, are

compared to the data in the form of missing energy spectra
and momentum density distributions.

K, - the factorization property of the coincidence cross
&i!: section is verified, taking corrections due to final state

§•: interactions and meson exchange currents into account.

>-; - sum rule results are compared with a Faddeev calculation
jp, of the spectral function,performed with the Paris poten-
B?. tial.
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• - reactions as (p,2p) and (y#p)f which study similar phenome-

na as (e,e'p)-reactions, are discussed.

The (e,e'p) reaction has proven its capabilities in

obtaining detailed information on nuclear structure properties

r as nucleon momentum density distributions and separation

energies, although corrections due to FSI and MEC have to be

?' considered. In the case of 3He, the results can be compared

to predictions of various calculational techniques, using

; realistic NN-potentials,. and thus serve as a test for

• NN-potential models.

n.

s

Ï'
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SAMENVATTING 1$

Met de 600 MeV lineaire elektronenversneller van Saclay en de

twee-spektrometer opstelling van de HEI-hal, zijn werkzame

doorsneden van de 3He(e,e'p) reaktie bepaald. De meetgegevens

bestrijken het volgende gebied voor de "verloren rustmassa" ;

j E , en de proton terugstoot-impuls k: 0 < E < 80 MeV en -,

0 < k < 310 MeV/c.

Drie-deeltjes grondtoestands-golffunkties, verkregen s

met behulp van Faddeev en variatie berekeningen, die uitgevoerd •

zijn met realistische nukleon-nukleon potentialen, worden

• besproken in hoofdstuk II.

In hoofdstuk III wordt de coincidentie werkzame door- ;

snede in de vlakke golf impuls benadering behandeld. Begrippen

als spektrale funktie en som-regels worden geïntroduceerd. ;

; De lineaire versneller, de experimenteer-hal en de

Ag; vloeibare 3He "trefplaat" worden beschreven in hoofdstuk IV.

De meetmethode, de verwerkingswij ze van de meetgegevens, \

?.''•-' en de toegepaste korrekties worden beschreven in hoofdstuk V.

De resultaten van het experiment worden gepresenteerd

' in hoofdstuk VI: ,!

l'-1'-' - voor het eerst was de E -resolutie van een 3He(e,e'p) .;-

V experiment voldoende om de piek corresponderend met de

|f 3He(e,e'p)d reaktie,goed te kunnen scheiden van het drie-

••' deeltjes desintegratie kontinuum.

- Faddeev en variatie-methode voorspellingen van de spektra-

4;:< Ie f unktie, berekend met de ESC potentiaal in de vlakke

,1? golf impuls benadering, worden in de vorm van Em~spektra

•',:;.; en impulsdichtheids ver delingen vergeleken met de meet-

% •: f re suit aten.

•-P': - de eigenschap dat de coincidentie werkzame doorsnede

tS i faktoriseert ia getest, met inachtneming van korrekties

'§ïy ten gevolge van eindtoestands-wisselwerkingen en meson

uitwisselingsstromen.

- de uitkomsten van som-regels worden vergeleken met een

Faddeev berekening van de spektrale funktie, die uitgevoerd '

is met de Parijs potentiaal.

f
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v - reakicies zoals (p,2p) en (Y#p)f waarmee vergelijkbare

eigenschappen worden bestudeerd als met (e,e'p)-.experimenten

worden besproken.

; Het is aangetoond, dat met de (e,e'p) reaktie precieze

informatie betreffende kernstruktuur eigenschappen zoals impuls-

verdelingen en nucleon separatie energieën verkregen kan worden,

hoewel korrekties ten gevolge van eindtoestands-wisselwerkingen

j en meson uitwisselingsstromen in beschouwing genomen dienen te

worden. In het geval van 3He kunnen de resultaten vergeleken

I worden met voorspellingen van verschillende berekeningsmethoden,

> die gebruik maken van realistische :NN-potentialen en aldus

r dienen als test voor NN-potentiaal modellen.

1
Is

i
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1. De wijze waarop Kozlovsky et al. hun He(e,e'p) experi-

ment analyseren, teneinde werkzame doorsneden voor zowel
3 3

de He(e,e'p)d als de He(e,e'p)pn reactie te verkrijgen,
is onjuist.

I.V. Kozlovsky et al., Nual. Phys. A368(1981)493 "

2. Een systematische studie, zowel experimenteel als theore-

tisch, van het diepe interferentieminimum in de vier-

voudig differentiële werkzame doorsnede voor proton-

desintegratie van deuterium, is van belang voor het

toetsen van de "off-shell" nucleon-nucleon interactie

en voor het mogelijkerwijs aantonen van drie-deeltjes

krachten.

3. De bewering dat y-schaling een voldoende voorwaarde is

voor de dominantie van het ëên-deeltje uitstootmechanisme

in quasi-elastische processen is aan twijfel onderhevig.

X. Siok et al., Phys. Rev. Lett. 45(1980)871

4. De uitdrukking die Fabian en Arenhovel afleiden voor de

Jacobiaan in de transformatie van de werkzame doorsnede
o

voor de H(e,e'p) reactie van het zwaartepuntsysteem
naar het laboratoriumsysteem, is onjuist.

W. Fabian en ff. Arenhdvel* Nuol. Phys. AS14(1979)253
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5. Het "spectrometer broadband effect", zoals beschreven

door. Bertozzi et al. bestaat niet.

W. Bertozzi et al., Nual. Instr. and Meth. 162(1979)211

6. Filling en Rice overschatten de bijdrage van "electron

tunneling" aan de snelheid van reacties van gehydrateer-

de elektronen, door bij het kiezen van een waarde voor

de frequentiefactor a' het ruimtehoekeffect te verwaar-

lozen.

M.J. Pilling en S„A. Rice, J. Chem. Soa. Far. Trans II

71(1975)1563

7. De misleidende kwalificatie "cardio-selectief" voor

B-sympathicolitica dient door "^-selectief" vervangen

te worden.

8. Stotteren wordt een probleem voor de luisteraar, zodra

deze z'n geduld verliest. Schroom niet de stotteraar

om hulp te vragen

9. De vanzelfsprekendheid waarmee mensen verwachten bloed

te krijgen als ze het nodig hebben, zou ook moeten gelden

voor het geven van bloed wanneer ze het missen kunnen.
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