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I. INTRODUCTION

A fundamental problem in nuclear physics is the microscopic

description of the nucleus, i.e. to describe nuclear properties in

terms of its constituents and their interactions.

Such a description requires precise knowledge of the nucleon-

nucleon interaction within the nucleus. Phenomenological NN-potentials

are available (such as the Reid Soft-Core and the Paris potential)

from a parametrization of NN-scattering data and the ground-state pro-

perties of the deuteron.

In addition to these two-body potentials one should consider

effects due to the presence of other nucleons, such as three-body

forces and off-shell effects. Such aspects can be studied effectively

only in few body systems, i.e. A < h. For the three-nucleon system

bound-state properties, such as the binding energy, the rms charge

radius, the electromagnetic form factors and the momentum density dis-

tribution can be calculated with the Faddeev technique and with varia-

tional methods.

As will be discussed in more detail in the next chapter the cal-

culated values for the binding energy, the charge radius and the elec-

tromagnetic form factors of 3He are in fair agreement with experiment.

A confusing situation exists, however, about the proton momentum (P )

density distribution p(P ). Recent experiments on p(Pm) yield mutu-

ally contradictory results which all deviate from theoretical calcula-

tions. For the 3He(e,e'p)2H and 3He(p,pd)1H reactions at Pm < 150

MeV/c a significant reduction was measured with respect to theory.

The results obtained with inclusive quasi-elastic (e,e') experiments

indicate a considerable enhancement of high-momenturn components com-

pared to theory, whereas a recent (e.e'p) coincidence measurement

shows that the momentum density distribution falls considerably below

the calculated curve in the range 200 < Pm < 300 MeV/c.
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Various mechanisms have been suggested to explain the

discrepancy. It has been argued that part of the excess cross section

observed in the inclusive (e,e') data originates from the knockout of

six- and nine-quark clusters. In a more conventional approach the

knockout of correlated proton-neutron pairs has been proposed to

account for the excess cross section. In another interpretation of

these data the effect of relativistic kinematics and final-state

interaction (FSI) leads to a redefinition of the scaling variable in

which the data were represented, reducing the enhancement of the

experimental result compared to theory. The observed reduction of the

cross section in the (e,e'p) data may be due to FSI as well. In

recent calculations, in which a diagrammatic expansion of the scatter-

ing amplitude was performed, a 20-40 % reduction of the cross section

in the range 200 < P < 300 MeV/c was predicted due to final state

interaction.

In order to contribute to the solution of this puzzling situa-

tion, it was decided to extend the (e.e'p) data to higher momenta (P

= 500 MeV/c), limiting ourselves to the two-body breakup channel

(3He •• p + d). The higher values of P could only be measured by mak-

ing use of the 'HeCe^'dJ'H reaction which is less hampered by

accidental coincidences than the 3He(e,e'p)2H reaction; i.e. a tech-

nique was developed to detect the recoiling deuteron instead of the

knocked-out proton in coincidence with the scattered electron.

Furthermore the knockout of correlated nucleon pairs was studied

with the 3He(e,e'd)1H reaction. In order to study the momentum density

of such pn-pairs a data set was obtained at fixed momentum transfer

while the initial momentum of the correlated nucleon pair was scanned.

In another data set the momentum was kept constant and the momentum

transfer was varied to study the structure of the Y-pn vertex.

12



The effect of final-state interaction in the 3He(e,e'p)*H reac-

tion was studied at low momentum (P =100 MeV/c) by varying the rela-

tive kinetic energy (T .) of the reaction products.

This work is organized as follows. In chapter II we present a

survey of experimental and theoretical results for the ground-state

properties of 3He. The formalism of the (e.e'p) and (e.e'd) reactions

is presented in chapter III. A short description of the instrumenta-

tion, in particular those elements which are typical for the present

study, and of the data analysis is given in chapter IV. This includes

a description of the elements required in the "recoil detection" tech-

nique. The kinematics of the experiments and the results are

presented in chapter V. The results are discussed and compared with

calculations. A summary (chapter VI) concludes this thesis.
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II. BOUHD-STATE PROPERTIES OF 3He

As mentioned in the introduction the bound-state properties of

3He can be calculated by Faddeev or variational techniques. The Fad-

deev technique allows to solve the three-body problem exactly by

expressing this problem in terms of successive two-body scatterings

[Fad-61]. A recent development in the variational technique is the use

of correlated basis states [Pan-85]; this method improves the conver-

gence of the calculation significantly.

II.1 Binding energy and charge radius

Recently significant progress was made in the calculation of the

binding energy and charge radius of the three-nucleon system. Using a

correlated variational harmonic oscillator basis the 3He charge

radius, obtained from an analysis of a number of existing data sets

and recent low-momentum transfer data [Ott-85]| and the binding energy

could be reproduced [Pan-85]. By using also a correlated variational

harmonic oscillator basis Ciofi degli Atti [Cio-85] reproduced the 3H

binding energy [WapA-85] and the charge radius [Pla-85]. These

results are summarized in table II.1.

The result of the Faddeev calculation, however, is still in less

good agreement with experiment. The result for the 3He charge radius

is 2.01 respectively 2.02 fm using the Paris and the Reid Soft Core

potential. The triton binding energy is calculated at 7.38 ( 7.23) MeV

for these potentials. The inclusion of non-nucleonic degrees of free-

dom by taking A-isobars into account, increases the binding by

= 0.7 MeV [Sau-81], still 0.5 MeV lower than the experimental value

[WapA-85].



10

3He charge formfactor

--- no MEC
with MEC

Figure II.1
The 3He charge form factor plotted versus the invariant mass
of the transferred photon. The data are taken from [Arn-78]
and the calculations from [Bor-71]. The figure is adapted
from [GerL-83].
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TABLE II.1. Three nucleon bound-state properties

Experiment

Variational

Faddeev

'He

BE

MeV"

7.7i8iO9(1O)a)

7.7(1)d)

rch
fm

1.95(3)b)

1.92d)

2.02f)

3H

BE

MeV

8.48i855(13)a)

8.482e)

7.9f)

rch
fm

1.76(4)c)

1.80e)

References: a) [WapA-85], b) [Ott-85],

c) [Pla-85], d) [Pan-85], e) [Cio-85], f) [Sau-8i].

11.2 Charge form factor

Calculations of the 3He charge form factor were not capable to

reproduce the position of the first diffraction minimum as well as the

data at high momentum transfer. This is shown in fig, II. 1. The data

at low momentum transfer are reasonably well described by the calcula-

tion employing two-body forces only; at higher momentum transfers the

calculation fails to a large extent. A dramatic improvement is

achieved by including meson-exchange currents (MEC); see also [Pla-85]

and references therein.

11.3 Proton momentum density distribution

A precise knowledge of the energy- and momentum-density distri-

bution imposes a tight constraint on any theoretical model. The

experiments performed thus far include inclusive (e,e') electron-

scattering experiments and coincidence experiments using both elec-

trons (e.e'p) and protons ((p,2p), (p,pd)) as probes.
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Inclusive quasi-elastic electron-scattering experiments

Quasi-elastic electron-scattering data were taken at high momen-

tum transfer and relatively low energy transfer in an inclusive (e,e')

experiment performed at SLAC [Day-79]. Incoming electron energies

ranging from 2.81 to 1 -M.T GeV were used, the scattered electron was

detected at an angle of 8°. The excitation spectrum shows a large

peak due to quasi-elastic knockout of nucleons. This peak is located

at an energy transfer 10 * qz/2m . The width of the peak is due to the

momentum distribution. In general the response function (R) depends

both on the energy transfer and the momentum transfer. In the non-

relativistic Fermi Gas model R can be expressed as a function of a

single variable y given by :

y - - R T * (II'1)

This variable is the longitudinal component of the momentum of the

knocked out proton before the reaction takes place. This prediction is

derived under the condition that the momentum transfer is infinitely

high [Wes-75]. Data, obtained under different kinematical conditions

and plotted versus y, merge into a universal function F(y) represent-

ing the longitudinal momentum distribution. This property is referred

to as "y-scaling". Assuming spherical symmetry the momentum distribu-

tion can be obtained from this longitudinal momentum distribution.

The SLAC data, with energy transfers ranging between 100 and 1000 MeV

and momentum transfers between 2 and 10 fm , plotted versus y indeed

show, at negative y values, the scaling property (see fig. II.2). This

observation has been adduced as evidence that the scattering takes

place from individual nucleons. The momentum density distribution

derived from the low oi tail of these data is in strong disagreement

with the Faddeev calculation. The experimental result overshoots the

18
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Scaling function F(y) obtained from the SLAC data using the
free nucleon structure functions.

calculation by a factor up to five (at k = 700 MeV/c). It was sug-

gested that additional high momentum components in the wave function

are needed to explain the discrepancy [SicD-80, Sic-85a]. At- higher

energy transfer (positive y-values) other processes than quasi-elastic

scattering, such as pion production come into play.

An important remark to the y-scaling analysis has been made by

Bosted et al. [BosA-82], At the high momenta involved in this experi-

ment one should use relativistic kinematics. A consequence of the use

of relativistic kinematics is that the energy interval involved in the

19
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Inelastic response function vW2 of
 3He as a function of the

laboratory energy loss v for three values of the initial

electron energy. The curves are obtained by using different

radii for the bag radius of the quark clusters : R = 0

(dashed), R = 0.45 (solid) and R = 0.9 fm (dash-dotted). The

data are a subset of the SLAC data.
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calculation of the theoretical response function becomes a function of

the momentum under consideration. Moreover it was shown that at small

y (y< -300 MeV/c) the contribution from the high excitation region of

the continuum E > 50 MeV may be dominant [PacS-82],

Pirner and Vary [PirV-80] suggest that, taking into account quark

degrees of free-*..., the high q data can well be reproduced without the

need ''or additional high momentum components in the wave function (see

fig. II.3). The result of this calculation shows that especially at

the low ui tail of the quasi-elastic peak one is sensitive to contribu-

tions due to presence of 6- and 9-quark clusters. Though the question

of the amount of 6- and 9-quark clusters has not been settled yet

[MaiK-85, KimK-85] the important result of this type of calculation is

that the excitation spectra can be reproduced without using additional

high-momentum components in the wave function. It is a remarkable

feature of this quark-cluster calculation that a fair description of

the charge form factor is obtained as well [VarC-83].

In a more conventional approach calculations taking the knockout

of deuterons explicitly into account were performed by Laget [Lag-84].

Since the mass of the deuteron is twice the proton mass a quasi-

elastic peak due to deuteron knockout will show up at half the energy

transfer needed for quasi-elastic proton knockout. Thus the quasi-

elastic peak due to deuteron knockout is located in the kinematical

region were one is also sensitive to quasi-elastic knockout of high

momentum protons. The result of this calculation is shown in fig.

II.'I. Clearly the 3.26 GeV data are underestimated when only the

photon-proton coupling is taken into account (dashed curve). In a

diagrammatic expansion the quasi-elastic scattering on a nucleon pair,

the p-d rescattering for the two-body breakup channel, and the

nucleon-nucleon rescattering in the active pair for the three-body

breakup channel were included (solid curve). Especially at low energy

transfer a considerable effect of these contributions is apparent.
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Exclusive (e,e'p) experiments

Recently an experiment has been performed [Jan-82] to measure the

spectral function S(E ,P ) in a missing momentum interval 0 < P < 300
ram m

MeV/c and a missing energy interval of 5.5 < E < 60 MeV. In the

plane wave impulse approximation (PWIA) this spectral function

S(E ,P ) can be interpreted as the probability distribution to find a

proton with removal energy E and momentum P in the initial state.

For a description of the spectral function see section III.3.1. As

shown in fig. II.5 the result for the two-body breakup reaction

3He(e,e'p)2H is in significant disagreement both with the Faddeev and

the variational calculation: at low P the data fall about 30? below

the calculated curve while at increasing missing momentum the experi-

ment is overestimated up to a factor of two at P = 300 MeVYc. For

the three-body breakup channel the calculation overshoots the low P

data by about 10%. At higher missing momenta the data gradually fall

below the theory, see fig. II.6.

Results from (p,2p) and (p,pd) experiments

A large collection of data on the two-body breakup of 3He has

been obtained using hadronic probes. These data were analyzed using

the plane-wave impulse approximation (PWIA). A summary of the results

of these analyses [Eps-85] is shown in fig.II.7. As can be seen both

at low and at high momenta P the extracted proton momentum density

distribution differs significantly from the theoretical spectral func-

tion [MeiH-83] : at low missing momentum a strong reduction with

respect to theory is found, whereas at higher missing momentum the

experimental spectral function is about a factor ten larger (at

P * 500 MeV/c).
m
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Figure II.5
Proton momentum density distribution of 3He for the two-body
breakup process. The full curve represents a calculation by
Meier-Hajduk et al. [MelH-83] The dashed curve is due to
Ciofi degli Atti et al. [Cio-81].

Figure II.6
Proton momentum density distribution of 3He for the three-
body breakup process, when integrating the continuum up to
20 MeV. For explanation of the curves see fig. II.5.
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II. 4 Summary-

Significant progress has been attained in the calculation of the

3He binding energy and charge radius. The 3He charge form factor can

be described by taking the effect of meson-exchange currents into

account. However, by comparing the various experimental results a

still puzzling situation exists concerning the proton momentum distri-

bution. These results tend to be in increasing disagreement the higher

the initial proton momentum. This situation is schematically shown in

fig. II.8. The (e.e'p) data fall below the theoretical value for the

entire P range. It has been suggested that the (e,e') and the

(p,2p), (p,pd) data indicate the need for additional high momentum

components in the 3He wave function.



III. THEORY

In most of the cross-section calculations for the quasi-elastic

(e.e'p) coincidence reaction one discerns two major parts. The first

is associated with the electron-proton cross section for protons bound

in a nucleus, while the other contains the nuclear structure aspect.

In the following these aspects are described briefly. A detailed dis-

cussion can be found in the review article on (e.e'p) coincidence

experiments by Frullani and Mougey [FruM-84J.

III.1 The coincidence cross section in PWIA

In the quasi-free scattering process (incoherent scattering

limit) one assumes that the interaction between the electron and the

nucleus takes place by the exchange of the virtual photon with one

single nucleon.

Thus the process can be described by the kinematics of fig.

III.1. The incoming electron with four momentum e = (e ,e) scatters

over an angle 6 , yielding a final four momentum e' = (e',e'). In

this reaction a momentum (q) and energy (w)

q = e - e', u = eQ - e', (III.1)

are transferred to a proton in the nucleus with initial momentum p.

This proton is knocked out with final momentum p1 while the residual

system recoils with momentum p = -p. In general there is a non-zero

29



angle (<(>) between the plane defined by the incoming and outgoing elec-

tron and the plane defined by the momentum transfer and the knocked

out hadron.

Figure III.1
Momentum vectors for the coincidence reaction A+e •* e'+p'+B.

The angle between the momentum transfer vector and the momentum vector

of the knocked out hadron is denoted by Y. From the experimentally

determined vectors e, e' and p' the recoil momentum can be obtained

from:

-P -t' -p (III.2)

where we have also defined the missing momentum P . The energy bal-

ance is obtained from

30



e -e1 -T , - T.
o o p' B (III.3)

where T , and T are the kinetic energies of the detected proton and

the recoiling residual system, respectively.

In the impulse approximation (IA) one assumes that the scattering

amplitude can be represented by a superposition of scattering ampli-

tudes from individual nucleons and that the interaction operator is

the same as for free nucleons (see e.g. [Che-50]).

p')

(EA.pA)

Figure III.2
Feymnan diagram for the quasi-elastic proton knockout in the
Plane Wave Impulse Approximation (PWIA).

Assuming furthermore that the knocked out nucleon, which is the
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nucleon that is detected, does not undergo any interaction with the

residual system, i.e. when no final state interactions (FSI) and other

processes such as meson exchange currents (MEC) are present, one has

the Plane Wave Impulse Approximation (PWIA). The corresponding Feynman

diagram is given in fig. III.2. When the knockout of spin \ particles

is considered the cross section factorizes in the (off-shell)

electron-proton cross section o and a part containing the nuclear

structure information S(E ,P ) [Sha-65].

d6° = Ko S(E .PJ
dfle,de'dflprdEp, ""ep"1 m' m'

where K = p'E , = P'PQ *s a Wnematical factor.

III.2 The off-shell electron-proton cross section

The formula for the off-shell electron-proton cross section in

quasi-elastic coincidence experiments is given by de Forest [For-83].

They apply to the general case in which no restriction exists on the

angles between the particles involved in the knockout reaction. Due

to the experimental circumstances the kinematics are restricted to

so-called "coplanar" scattering, i.e. the knocked out hadron is

detected in the plane defined by the incoming and outgoing electron.

In this case the formulae can be reduced to a simpler form.

III.2.1 General case

In [For-83] the following expression for the off-shell elec-

tron proton cross section is given:

q2 q2 e ,
W T + o7\Jc^ + t e 2~f- cos* wi +

32



(III.5)

where

\2ae'cos& ,

(E + Ep,)»(F* + F2) - q2(F2

-(F, + < F 2 )
2

Ff)

E

and

(q,i(Epl- E))

KTF,
Gm-Ge

Ge~

1 - 4m1

Here G and G denote the electric and magnetic form factor of the
e r a

proton.
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III.2.2 a in coplanar kinematics
ep

Setting the "out-of-plane angle" <(i to zero, eq. III.5 reduces

to:

a
ep

q2
Bpt) •

qz

- ^ J (P- - ̂  K« F
2)

f

Here we have chosen the metric tensor such that qz = u>2-qa. Eq. III.6

is used in the spectral function analysis of the present data. The

electric (G ) and magnetic (G ) form factors are calculated according
6 in

to the parametrization due to Borkowski et al. [Bor-?1!].

III.3 Nuclear Structure

III.3.1 The Spectral Function

According to Gross and Lipperheide [GroL-70] the spectral

function S(E ,p) can be written as:

A oA a

with

mp "
(HI.8)

eB " MA

Here the excitation energy of the residual nucleus is denoted by E B



and H represents the intrinsic hamiltonian of the residual A-1 system.

In the independent particle shell model (IPSM) for both the initial

and the residual nucleus this can be written as :

S(Em,p) = I N U <p)|»«(Em+e ) (III.10)
a

where <(> (p) is the single proton wave function in a given state a in

momentum representation, e the associated eigenvalue and N the asso-

ciated occupation number.

The interpretation of this spectral function according to Gross and

Lipperheide [GroL-70] is

S(Em,p) = n(p)Pp(Em) , (III.11)

where n(p) represents the average number of protons having momentum p

inside the nucleus :

and

n(p) = <ijia|a(p)+a(p)|ijja> (III.12)

<* |a(p)t6(H-e,-E ) |

P ( E ) = — ^ 7-r-r — (in.13)

is the probability per unit energy interval to leave the residual

nucleon system with a total binding energy E +e°. after removing a pro-

ton with momentum p.
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III.3.2 Contributions from exchange terms

In the pure PWIA it is assumed that the observed nucleon is

the one which interacts with the virtual photon. One should however

also consider a contribution due to the coupling of the photon to the

(A-D-system. In that case the detected proton is in fact a specta-

tor. Moreover the interference between the two contributions should

also be taken into account. This can be illustrated as follows.

Schematically the transition amplitude for the A(e,e'p)B reaction

induced by the Coulomb interaction is written as (PWIA):

f , A ^ i , iM = <fc p' L e U„> (III.14)
1—1 n

i f

where ij; and \ji„ are the antisymmetrized initial and final state. Fol-

lowing Frullani and Mougey we consider the example of the two nucleon

system (A = 2), the wave function being described by Slater deter-

minants; this simplifies the calculations while the results can be

used, mutatis mutandis, for the aHe-» p+d reaction. Then we can write M

as:

• • -> •+ -> •* •*

- i p ' . r 1 # + iq . r 1 iq.r., + + +

M = /e <f>~(r_)[e +e ][<(>., ( r , )d)»(ro)-<j)1 ( r_)é_(r . ) ]dr ,dr_ .
c. C \ \ d . c \ d c . \ \ c

(III.15)

Writing this expression explicitly we obtain four terms. The first

one is:

, • * . - > , ->

Se /.)>*(r2)<))2(r2)dr2 (III.16)

which is the usual plane-wave impulse approximation term. In addition

there are the terms
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-ip'.r + ^ iq-r.
Ie *..(?.. )div1j

-|*o(ro)|e dr~ , (III.17)

-ip'.r * iq.r
lj(?)d?/j(r)e ^ ( r ^ d ?

and

- /e l<j>2(?1)d?1/«j.2(r2)e ^(r^d?,, (III.18)

i(q-p').r #

-/e '<(.2(r1)dr1/<i)2(r2)<jli(r2)dr2 . (III.19)

The last term vanishes due to state orthogonal i zat ion. In the case of

3He the exchange term given by equation III.17 corresponds to (quasi-)

elastic electron-deuteron scattering, the proton acting as spectator.

In the next chapters this process will be referred to as "direct" deu-

teron knockout. The term given by equation III.18 corresponds to an

inelastic process involving the emission of particle 1 from orbital 2

accompanied by a transition 1->2 of particle 2. As may be clear from

eq. III. 17 the contributions due to the coupling of the virtual photon

with the (A-1)-system are especially important for light nuclei; for

medium and medium-heavy nuclei the form factor decreases more rapidly

with q2 than that of the proton. Furthermore the scattering amplitude

is modulated by the momentum density distribution at momentum p'. In

general one has to take all three terms into account. In the present

experiments the kinematics were chosen to emphasize either the pure

PWIA contribution eq. III.16 (see section V.1) or the photon-pn cou-

pling eqs. III.17-III.18 (see section V.3). One is sensitive to the

joint effect of all contributions in the "high recoil momentum"

kinematics (see section V.2).
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III.3-3 Deuteron knockout

In the case that the deuteron knockout term is dominant one

can calculate the cross section using the experimentally determined

elastic electron-deuteron cross section. When only s-momentum distri-

butions are considered we may write:

d«o/de'dOoIdE.,dfl.f = Ka rtS.(E,Pm) . (III.20)

In order to calculate o . we have parametrized the elastic electron-

deuteron scattering data from several experiments ([Fri-60], [BucY-

653, [Ben-66], [Eli-69], [Gal-71], [Gan-72], [Ran-731, [Sim-81]) The

structure functions A(q2) and B(q2) were fitted with [Ent-85] :

F(q2) = z (a.qx)exp
v i=0

(III.21)

where q . The results are presented in table III.1.

TABLE III.1. Parametrization of the deuteron-structure functions

fm

a0

a,
a2

a3

1.0

2.2M

-1.309

0.202

b0

b!

b2

b3

fm

0

-1.843

-0.078

0

B(q«)

10~3 fm

a„

a,

a2

a3

-1.0

2.56

0.96

-0.15

fm

b0

b,

b2

b3

0

-1.687

-0.055

0

The off-shell effects were taken into account in a way similar as was
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done for the off-shell electron-proton cross section (eq. III.6)-

Then the cross section is written as:

ed

[^(q2-q*)-2q2tg2-§-] B(q2)/ (III.22)

with

q2

(HI.23)

III.3.4 Calculation of the cross section including MEC and FSI

In principle the Schrödinger equation for the three-body sys-

tem can be solved exactly. Using such a solution enables a quantita-

tive study of other effects such as final state interactions (FSI) and

contributions from meson exchange currents (MEC) and their interfer-

ences. A first attempt to such a calculation was performed by Laget

[Lag-84], [Lag-85]. In this calculation the scattering amplitude is

expanded in terms of a number of presumably dominant diagrams which

are computed in momentum space. The kinematics is relativistic and

energy and momentum are conserved at each vertex. A non-relativistic

reduction (including terms in the order of 1/m2 ) of the elementary

operators is used [Lag-81], [Lag-85]. The amplitudes from the dif-

ferent processes are added coherently and the calculation is fully

antisymmetrized. For the final state interaction only S-scattering

states are taken into account using a parametrization of the

corresponding phase shifts [Arv-7^]. Both the proper
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Figure III.3
Contributions included in a diagrammatic expansion of the
scattering amplitude for the electro-induced 3He -»p+d reac-
tion.

antisymmetrization as well as the inclusion of the final state

interactions and meson-exchange contributions form an important exten-

sion of the earlier calculation of Meier-Hajduk et al. [MeiH-83].

The diagrams taken into account for the two-body breakup are shown in

fig. III.3. These include, apart from the PWIA contribution (a), the

meson exchange (b), the interaction with a correlated pn-pair (c), and

the rescattering both for the electron-proton term (d) and the

electron-pn term (e). The calculation is not written in a factorized

formulation, i.e. the four contributions to the cross section are

calculated independently. An appropriate comparison between this cal-

culation and the experiment therefore requires a cross section

representation of the data. For details of this calculation the

reader is referred to the article by Laget [Lag-85].



IV. INSTRUMENTATION AMD DATA ANALYSIS

The instrumentation required for the experiments under considera-

tion is described in detail by De Vries et al. [Vri-84]. Therefore we

restrict ourselves to those features which are partieulary relevant

for the present experiments. In addition the software procedures

necessary for the data analysis and the results of calibrration experi-

ments relevant for the overall normalization are briefly discussed.

IV.1 Instrumentation

IV.1.1 Beam properties

The accelerator can be tuned to deliver electrons with an

energy ranging from 70 to 500 MeV, repetition rates of 50-300 Hz, peak

currents of 0.25-12 mA and pulse lengths of 1-40 ps. For the present

experiments the beam parameters have to fulfill two requirements.

Firstly, the average beam current should not exceed 3 uA because of

the maximum cooling capacity of the cryogenic target system.

Secondly, the duty factor should be as high as possible to minimize

the number of accidental coincidences Therefor the desired average

current has to be achieved by peak currents as low as possible.

The tuning of the beam from the accelerator through the beam han-

dling system onto the target is performed in dispersion matching mode

[WitL-82]. With this technique the missing-energy resolution is not

affected by the energy distribution of the incoming electrons.



IV.1.2 Spectrometers

The scattered electrons were detected in the QDD spectrometer

and the protons and/or deuterons in the QDQ spectrometer. The layout

of the spectrometers is shown in fig. IV.1.

QDD QDQ

Figure IV.1
Layout of the two-spectrometer setup, showing the rotatable
platforms, magnet configurations and shielding. Also indi-
cated is the scattering chamber. The beam enters perpendicu-
larly to the plane of the drawing. Lengths are in mm.



Their most important parameters are given in table IV.1. The kinemat-

ical conditions under which the experiments were performed required

the QDD spectrometer to be positioned at forward angles

( 37° < 9 . < 85° ) whereas the scattering angles covered by the QDQ
e'

spectrometer ranged from 40° to 130°. More backward angles were

impossible due to the additional instrumentation required in the

vicinity of the cryogenic target.

TABLE IV.1. Parameters of the spectrometers

Parameter

Radius of curvature (mm)

Max. particle momentum (MeV/c)

Max. field strength (T)

Deflecting angle (deg)

Gap of the dipoles (mm)

Momentum acceptance (%)

Angular acceptance A0 (mrad)

A$ (mrad)

Solid angle An (msr)

Focusing conditions

Resolution (Ap/p=+1?)

(Ap/p=±5?)

Di.spersion (mm/%)

Angular magnification

Focal plane angle (deg)

Focal plane surface

QDD

1400

600

1.43

2 x 75

70

± 5

± 40

+ 40

5.6

<x|e>=0

<y|y>=0

< 0.0001

< 0.0003

67.8

<0|Q>=-1.67

<y|*>=0.8 mm/rad

41

straight

QDQ

16CS

750

1.56

90

128

± 5

± 70

+ 70

15.9

<x|e>=o
<y|$>=0

0.0002

0.0005

72.8

<0|0>=-O.855

<*|$>=0.402

50

straight
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IV.1.3 Detection systems

The detection system of the QDD (QDQ) spectrometer consists of

3 (4) multiple wire drift chambers (MWDC), scintillators and a

Cerenkov counter in a telescopic arrangement (see fig. IV.2).

QDD QDQ

Figure IV.2
Lay-out of the focal plane detection systems, showing the
location of the wire chambers (x.,y^,x2,y2), seintillators
and Cerenkov detectors. The focal plane coincides with the
x. plane. Central (p
have been indicated.

pQ) and extreme (p = pQ+ 5 %) rays

The wire chambers allow to determine both the position and the direc-

tion of the particle hitting the focal plane. Hence the trajectory of

each particle through the spectrometer can be reconstructed so that

precise information can be obtained about the momentum vectors of the

particles leaving the target and about their time of flight. The



Protons

Deuterons

Figure IV. 3
Correlation between the pulse-height signals from two scin-
tillators of thickness 3 mm S(2) and 10 mm S(3) for a momen-
tum p = 435 MeV/c.



Cerenkov and scintillators provide the trigger for the wire-chamber

read-out and the coincidence timing.

The scintillator system of the QDQ (consisting of three scintil-

lators with thicknesses 1, 3 and 10 mm, respectively) is also used for

particle identification purposes. With this system a clear discrimi-

nation between protons and deuterons is possible as illustrated in

fig. IV.3. The proton deuteron discrimination can be achieved for

momenta ranging from 300 < p < 650 MeV/c. A detailed description of

the detection system is given by Distelbrink et al. [Dist-84].

IV.1.4 Electronics

The functional scheme of the electronics of the detection sys-

tem is shown in fig. IV.4. The trigger signals start the read-out

cycle of the MWDC's and are used also as input for the coincidence

logic electronics.

A hardware coincidence event between the two spectrometers is

defined as a coincidence between the triggers from the electron and

hadron spectrometers within a narrow time window (of the order of

U0 ns). In order to register coincidences between electrons and two

kinds of hadrons (for instance protons and deuterons with the same

momentum but different time of flight"through the spectrometer), two

time windows A and B are defined in the coincidence logic circuitry as

shown in fig.IV.5.

At the start of a trigger signal, each event is labeled by an

experiment clock value (ECLK for electrons, HCLK for hadrons). The

clock is driven by a common 80 MHz generator that also sets a refer-

ence clock (RCLK) in the control room at the occurrence of a hardware

coincident event. The experiment clock labels are used as a criterion

for the selection of coincidence events from the single-arm data

flows. This selection is performed by a time-comparator module. In
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Figure IV.H
Functional scheme of the focal plane detection systems.

order to reduce the accidental coincidence events, this module selects

only events which occur in a time window placed around the minimum and

maximum flight-time differences between electron and hadron trajec-

tories. A 12 ps reaolution 12-bit time-to-digital converter (TDC)



starts on the appropriately delayed electron trigger and stops on the

trigger from the hadron arm. In this way two coincidences, in two dif-

ferent time windows, can be registered in one burst.

CONTROL
ROOM

FOCAL
PLANES ,

Figure IV.5

Logical circuit for coincidences between the QDD and QDQ
showing two separate timing systems (A,B).

Additional selection of the hadron particle type can be performed

on the basis of pulse-height information from the scintillators. This

pulse-height information consists of 6-bit flash encoder ADC outputs.



IV. 1.5 Th. liquid-helium target

In order to efficiently carry out the (e.e'p) and (e.e'd)

experiments a liquid He target was constructed. A flat and relatively

thin target is important in view of the geometrical acceptance of the

two spectrometers and in order to obtain the optimum missing energy

resolution. A flat target cell allows to select a target angle such

that the difference in specific energy loss for electrons and for pro-

tons is compensated for by the amount of target material traversed.

Then the missing energy resolution is independent of the position

along the beam line at which the scattering takes place.

When using a liquid target at relatively low pressure thin win-

dows can be used which is especially important for the detection of

low energy hadrons.

In the present experiment it is important to obtain precise abso-

lute cross sections. The target density therefore must be well cali-

brated and should remain stable under the high-power conditions of the

experiment. A cryogenic target system for liquid 3He and ""He was

developed operating at a temperature below 2.2 K and a target-cell

pressure of < ^00 mbar. The ''He can be maintained in the superfluid

state below the A-point at 2.17 K with a virtually constant target

density up to a heat dissipation of about 1 W. Liquid 3He is a normal

fluid with a strongly decreasing density between 1.5 K and its boiling

point at 3.2 K.

The cooling power of the system is sufficient to allow a beam

power dissipation of about 1 W. With this cooling power an effective

source strength (Ixd) of approximately 250 uA.mg/cm2 was achieved.

The dependence of the effective target thickness on the beam

power dissipation was measured with single arm elastic electron

scattering. The result of this test is shown in fig. IV.6. Only a

modest, and apparently linear, dependence of the effective target



0.2 (H
P [Watt]

0.6

Figure IV.6
Variation of the effective 3He target thickness as function
of the power dissipation by the electron beam. A dissipa-
tion of 0.6 W corresponds to an average current of 3 uA when
the target cell is set perpendicular to the incoming elec-
tron beam.

thickness is observed. Therefore this correction could be applied

accurately.

The design and the results of other tests with the cryogenic tar-

get system are given in detail in appendix A and in [MeiP-85].

IV.1.6 Effective solid angle for coincidence reactions

The non-zero thickness (t) of the target discussed above

implies that, optically speaking, the object for the spectrometer has

an extension in the beam direction. When a relatively small beam spot

is used the major effect occurs in the scattering plane i.e. in the <f>

(= non dispersive) direction of the spectrometer. In the case of

50



single-arm experiments one corrects for this effect by introducing an

effective solid angle (see fig. IV.7):

a a

1 5 1 2

AfiQDD „ - a ' A W 5 ( x ) ) d X ' AflQDQeff = a / ABQDQ(C(x))dx
€11 3. 611 H

~ 2 " I
(IV.1)

with

6(x) = x|sineQDD| , c(x) = x|sineQDQ| (IV.2)

and

—r • (IV.3)

In the case of coincidence experiments one can not take the pro-

duct of two such effective solid angles since for a true coincidence

event both the electron and the hadron originate from the same point

in the target. The effective solid angle for the true events was cal-

culated according to (IV.2). The solid angle for the accidental

events is not relevant since the accidental level is determined from

the coincidence timing spectrum.

a
1 2

eff a
~ 2

The functions Aft-r>„(C) and Afl-r..(c) were measured in an elasticQDD QDQ

electron scattering experiment. For that purpose the beam spot was

moved in the horizontal direction with a steering coil positioned

6.75 m upstream of the target. The geometry was chosen such that one
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Figure IV.7
Typical geometry of the 3He(e,e'p)2H experiment. Shown are
the scattering angles for the electrons önnn^ anc*
(8 ) and the interaction region of the beam with the tar-
get (a).

spectrometer could be used as a monitor (see fig. IV.8). The data

were corrected for possible target inhomogeneities, as measured by the

monitoring spectrometer, and for the variation of the scattering angle

( a, B, and B') corresponding to different positions of the beam spot
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spectometer

stearing
coil

QDD

Figure IV.8

Configuration of the two spectrometers and the target for
the determination of £$}„»„(?).

at the target. The resulting acceptances are plotted in fig. IV. 9 as

a function of the position in the non-dispersive direction. They are

presented as fraction of the nominal solid angle i.e. relative to the

solid angle for a point object located at the object point of the

spectrometer. In the 3He{ete
lp)2H and 3He(e,e'd)'H kinematics the

target angle was chosen such that the correction on the solid angle

for coincidences due to the extended target thickness was less than

2.5 %.
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Figure IV.9

Geometrical acceptances of the spectrometers in the non-
dispersive direction. The data are plotted relative to the
nominal solid angle.

IV.2 Data analysis

As discussed in chapter III the probability to find a proton

with momentum P and energy E in the nucleus is in PWIA related to

the six-fold differential cross section by:

deo
P'En.°PnS<E

m>PJ •d n e , d e ' d f l p l d E , v p ' e p m ' V (IV.5)

This cross section can be obtained from the experimental data by:

d6o
dfl .<te-dfl.dE. eNM. V(E.P) (IV.6)

P ' P e A m' m

with



e detection efficiency,

N number of incident electrons,
e
N number of target nuclei per unit area,

N(E ,P ) number of coincident events in bin (E ,P ),
mm mm

A(E ,P ) number of accidental events in bin (E ,P ) andmm ram
V(E ,P ) detection volume for bin (E ,P ).

m m ram

A schematic diagram of the software chain required to analyze the

data is shown in fig. IV.10. To obtain the six-fold differential

cross section one has to

i)- select a coincident event (SELECTOR),

ii)- reconstruct its scattering vertex and energy and momentum balance

(TRAJECT),

iii)- calculate the detection volume (PHASPA),

iv)- subtract accidental coincidences and account for the proper

detection volume (COSORT),

v)- apply radiative corrections (RADC).

Finally the data are integrated over the missing energy interval under

consideration (ADSO for well separated levels or PEAKFIT, a line-shape

fit code).

IV.2.1 Reconstruction of the particle momenta

The first step in the analysis consists of the selection of

coincident events (SELECTOR, fig. IV.10) and the transformation of the

focal plane coordinates into kinematic variables at the scattering

vertex (TRAJECT).

The data format provided by the electronics consists of eleven

16-bit words for each spectrometer that include the timing informa-

tion, a spectrometer label, the wire-chamber information and digitized

analog information (e.g. scintillator pulse heights). After each
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Figure IV.10
Schematic survey of the (e.e'p) data analysis.

accelerator burst the hardware (time-comparator) selects those elec-

tron and hadron events which occur in a coincidence time window of 500

ns. From these data a coincident pair is selected. In order to do so
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the 12.5 ns resolution timing information from the experimental clock

is compared for each possible hadron/eleetron combination in a burst.

If the difference is within a preselected window the pair is used for

further processing.

Once a coincident pair has been selected the wire-chamber infor-

mation is used to reconstruct the momentum vector of the detected par-

ticle at the spectrometer object point and to calculate the length of

the particle trajectory through the spectrometer. For this purpose

the optics of the spectrometers is parametrized in a matrix formalism.

Most of the required (= 150) matrix elements have been determined

phenomenologically.

Calculation of the length of the trajectory from the reaction

vertex up to the photo-multiplier providing the trigger allows to

correct the measured coincidence time for time-of-flight differences

of the particles traversing the two spectrometers. The result of this

time-of-fllght correction is shown in fig. IV.11; the resolution

(after correction) is mainly determined by multiple scattering in the

wire chamber foils and noise in the photo-multipliers.

After the time-of-flight corrections the energy losses by strag-

gling in the target are accounted for to yield the momenta in the

scattering point. Finally the missing momentum vector and missing

energy are reconstructed :

Ê = e - I' - p1 (IV.7)
m

E = e - e ' - T . - T (IV.8)
m o o p' B

Events within the corrected timing peak are accumulated in the

true coincidence spectrum N( E
m»

p
m)*

 T n e other events are used to accu-

mulate a spectrum of experimental accidentals A (E ,P ). In the

course of this calculation a number of parameters, such as the posi-

tions and angles at the focal plane and the angles at the spectrometer
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Figure IV.11

Coincidence timing (At) spectrum for the reaction 'Hje.e'p).
The black circles represent the raw (hardware) spectrum, the
open circles are (software) corrected for time of flight
differences in both spectrometers.

object point, are tested in order to check the integrity of the tra-

jectory. Correction factors are applied to account for rejected

events (5-10 %).
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IV.2.2 Calculation of the detection volume

Given the vertex coordinates for each event one can construct

a two dimensional spectrum N(E , P ). However the detection volume of

the two spectrometer setup is not the same for each (Em> P ) combina-

tion considered. For the full phase space acceptance , i.e. for the

total detection volume one has:

The detection volume of a bin (Em»
p ) i s calculated from

n J J.

where P and E are given by eq. (IV.7) and (IV.8) and
m m

Since it is hard to calculate the integral in expression IV.10

analytically a Monte Carlo method is used (PHASPA fig. IV. 10). Events

are drawn from uniform distributions in the range of energies and

scattering angles of the detected particles. In this calculation of

the detection volume it is also possible to account for windows or

defective wires in the wire chambers. The same code can be used to

simulate the distribution of accidentals A_(E ,P ). In this case
s in m

events are drawn, instead of from uniform distributions, from energy

distributions derived from the simultaneously measured single-arm

spectra.
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IV.2.3 Data sorting

In the next step of the analysis the accidental coincidences

are subtracted. The comparison between the simulated A (E ,P ) and
s m m

the experimental randoms A (E ,P ) is an important check on the con-

sistency of the parameters and codes employed in the analysis,

fig. IV.12 the difference between the two distributions

In

i n n I i i i f I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I

-100.
i i i rj-n-r-rp r n p-rri j i i i i | i i • i | i i i r p n r|

455 460 465 470 475 480 4B5 490 495 500 505

Pm [MeV/c]

Figure IV.12
Difference between the simulated accidentals A and experi-
mental accidentals A in the region 2 < E < 12 MeV and
460 < P < 500 MeV/c.

m

is shown for the data taken at Pm= 480 MeV/c. Since the calculated

and measured accidental distributions are in good agreement one can

use the calculated distribution which can be obtained with high

statistics.
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After subtraction of the accidentals the data N(E ,P )-A(E ,P )

are weighted with the detection volume V(E ,P ) of the corresponding

(E ,P ) bin (COSORT fig. (IV.10)) to yield the six-fold differential

cross section. In the cross-section representation the resulting

value is expressed for each (Em>P ) bin as differential in the solid

angles and energies of the detected particles. The spectral function

S(E ,P ) is extracted from the data according to eq. IV.5. Here the

off-shell electron-proton cross section is calculated for each (E ,P )

bin separately, using the coplanar projection (see section III.2) of

the kinematics reconstructed for each event.

IV.2.H Radiative Corrections

In electron scattering experiments a correction must be made

for the energy loss of the electron due to radiation in the elec-

tromagnetic field of the target nuclei. The basic processes underly-

ing this correction are the same in inclusive (e,e') experiments as in

coincidence (e.e'p) experiments. In inclusive (e,e') experiments the

effect is, at low excitation energies, seen as a "broadening" of the

individual peaks (i.e. a convolution of the experimental resolution

function and a radiative tail). Electrons which have lost a consider-

able amount of energy before the interaction takes place and then

scatter elastically will show up in the high excitation region of the

spectrum. Due to the high energy loss of the electron before the

scattering the cross section for such events is relatively large.

In (e,e'p) experiments an additional effect occurs. The radiation

causes a change in the kinematics. As a consequence the missing momen-

tum reconstructed from the measured momenta does not represent the

missing momentum at the reaction vertex. Thus the radiative tail not

only propagates in the missing energy direction but also in the miss-

ing momentum direction. As far as radiation by the electron is

61



concerned one should consider radiation before and after the knockout

reaction. For these two cases the effective missing momentum for a

given photon energy is different due to the angle between the incident

and scattered electron momentum. These two situations therefore yield

a different propagation of the radiative tail. Furthermore one should

also consider the radiation by the knocked out proton. Fig. IV. 13

shows the reconstructed missing momentum (P ) value as function of the

energy of the radiated photon (Y) for three cases, at two kinematics :

i the electron rcdiates a photon before the scattering takes place

("before"), ii the photon is emitted after the reaction ("after (e)")

and iii the photon is radiated by the knocked out proton (" after

(p)"). To correct for the propagation of the radiative tail in the

missing momentum direction one has -in principle- to account for both

cases. A correction based on the unfolding [Cra-69] of the radiative

tails has been formulated by Prins [Prin-83]. In the present case a

slightly different procedure was followed since it is not possible to

discriminate experimentally between radiation by the electron before

and after the scattering. In the reconstruction of the missing momen-

tum vector of each event it is (necessarily) assumed that the incident

electron energy is constant and equal to the initial energy. This

implies that all radiative energy losses of the electron are accounted

for in the energy of the detected electron. As a consequence the

effects of radiative processes manifest themselves in the experimental

(E ,P ) distribution solely via the tail due to radiation after themm

knockout reaction. Therefore we have used only this tail in the

unfolding procedure to account for the radiative energy loss of the

electrons. In order that the procedure is internally consistent, the

amplitude of the tail was determined from the derivative of the usual

radiative correction [Qui-84],
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A missing energy spectrum before and after the radiative unfold-

ing is shown in fig. IV.lt.
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Figure IV.13
Radiative tail propagation for the 3He(e,e'p)2H reaction for
two different missing momenta.

IV.2.5 Representation of the data obtained in recoil kinematics

When the recoil detection technique is employed the kinematics

can be handled differently. In this case the hadron detector measures

the recoil momentum directly, the "missing momentum" becomes the final

momentum of the knocked out proton. A permutation of these momenta is

needed in order to obtain the usual representation- Thus :
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p' <-> P . (IV.13)

The effect of this permutation is that the events are sorted as func-

tion of the recoil momentum, which in PWIA is identified with the ini-

tial proton momentum. This permutation has to be done both in the cal-

culation of the detection volume and the sorting of the data.

The resulting six-fold differential cross section is expressed

as:

d6o (E ,P )
m m (IV1D)

Here the electron (recoil system, in this case a deuteron) is denoted

by the subindex e' (B) whereas in the case that the electron (e1) and

proton (p1) are detected the six-fold differential cross section is

given in eq. IV.5. The conversion the data obtained in recoil

kinematics to the (e.e'p) representation requires the transformation:

d6o (E ,P ) d6u (E ,P )m m ° "

with

d« R
 dER P'EM

IV.2.6 Integration over missing energy

After the analysis discussed above the data are available in a

spectral function S(E ,P ) or in a (six-fold differential) cross sec-

tion d6o(E ,P )/dn de'dfi ,dE , representation. In the latter case

the integration over the missing energy yields:
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.de'dfl ,
P' AEp,

3,de'dfipldEp,

= ƒ

8E
m

3En<

•̂«w dE

P'

(IV.17)

with :

m
(IV.18)

Since the present experiment involves light nuclei the recoil factor R

may vary appreciably over the experimental E , range. It is therefore

calculated on an event by event base in the sorting of the data (see

appendix B).

IV.3 Normalization

IV.3.1 Coincidence detection efficiency

For the determination of the coincidence detection efficien-

cies we have performed separate (e.e'p) and (e.e'd) experiments using

CH2 and CD2 targets respectively. Since the kinematics of the

'H(e,e'p) and the 2H(e,e'd) reaction is overcomplete and since the

angular acceptance of the electron spectrometer determines the coin-

cidence count rate each electron detected in the QDD spectrometer

should necessarily be accompanied by a proton or deuteron detected in

the QDQ. Hence, a comparison of the singles rates in the QDD spec-

trometer with the coincidence rates yields a direct measure for the

coincidence efficiencies. The results are e = 0.988(12) for T = 70

MeV [Lap-86a] and e. - 1.01(2) for 37 < T. < 55 MeV.
a d
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IV.3.2 Calibration to elastic scattering cross sections

The present coincidence data were normalized relative to the

known elastic 3He(e,e)3He cross section. In order to do so 3He elas-

tic cross sections were measured in the QDD spectrometer, intertwined

with the coincidence data. The elastic scattering experiments were

performed under the same beam power conditions and geometry as used in

the coincidence experiments. During most of the experiments the tar-

get angle and beam current were kept at the same value; in this way

the variation in both the beam-target interaction volume and the power

dissipated in the target are minimized. The calibration of the charge

integrator, the absolute value of the solid angle of the electron

spectrometer as well as the target thickness have been absorbed in an

effective target thickness. This effective target thickness has been

used in the analysis of the coincidence data. For the calculation of

the elastic cross sections we have used the pararaetrization of Otter-

man et al. [Ott-85].

IV.3.3 Systematic error

The systematic error in the present coincidence experiments is

mainly due to uncertainties in : the effective target thickness, the

solid angle of the hadron spectrometer, the calibration of the

scattering angles and the energy of the incoming electrons. It

includes also the error in the overall corrections for coincidence

detection efficiency and dead time effects. Since the data are

analyzed using the experimentally determined effective target thick-

ness a number of systematic errors cancel in the determination of the

spectral function. In the kinematics of the present experiments an

error of 5 mrad in the electron scattering angle and 0.3 MeV in the

energy of the incoming electrons results in a 5-6 % error in the 'He
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elastic cross section due to the q-dependence of the form factor. The

compensation of this error due to the corresponding effect on the

off-shell electron-proton cross section is less than 1 %. The solid

angle of the hadron spectrometer amounts to AÏ2 = 15.9(3) [Her-85].

Adding the errors quadratically, the total systematic error amounts to

6% for the 10 < Pm < 50 MeV/c data and 7Ï for the 80 < Pm < 1̂ 0

MeV/c data. For the data at 220 < Pra < 500 MeV/o the systematic

error, including the error in the background subtraction (see section

V.2.2) is estimated to be 8 %.
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V. EXPERIMENTS AND RESULTS

The experiments for the two-body breakup reaction 3He •* p + d are

described in three separate sections:

V.1 - The 3He(e,e'p)zH experiments to study the proton momentum dis-

tribution at missing momenta P < 140 MeV/c, including a study

of the energy dependence of the final state interaction at P =

100 MeV/c,

V.2 - The 3He(e,e'p)2H and 3He(e,e'd)'H experiments at missing momenta

225 < P < 500 MeV/c andm

V.3 - The 3He(e,e'd)'H experiments to study the photon-deuteron cou-

pling.

Each section contains a short description of the kinematics, the

presentation of the data and a discussion of the results.

V.1 The 3He(e,e'p)2H reaction for missing momenta P < 140 MeV/c

The experimental material obtained has been used for different

purposes. Data for 10 < P < 50 MeV/c have been taken to check the

reproducibility of the experimental setup. The region 75 < P < 140

MeV/c has been measured to study the energy dependence of the final

state interaction. The results obtained for both P -ranges are com-

pared with the Saclay data as well as with theoretical predictions.

V. 1.1 Kinematics

Data were taken at low recoil momenta in the range

0 < P < 140 MeV/c in two intervals : 10 < P < 50 and 80 < P < 140
m m m

MeV/c. The kinematlcal conditions were chosen such that with the same

angular setting of the spectrometers the CHa calibration experiment

could be performed. As a consequence the experiments were performed
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in parallel kinematics. The kinematics are presented in table V.1

(labeled T1 and T2). In kinematics T1 two sets of data (T1A and T1B)

have been acquired (with one week in between).

TABLE V.I. Kinematics for P <
m

140 MeV/c

T1

T2

C1

C2

C3

P
m

MeV/c

10-50

80-140

80-120

75-125

75-125

e

MeV

367.1

367.1

390.0

390.0

390.0

e e -
deg

85.0

85.0

74.4

79.0

83.0

q

MeV/c

431.0

405.7

434.7

434.2

434.4

03

MeV

107.1

143.8

66.1

110.4

145.1

V
deg

-38.2

-38.2

-45.3

-52.1

-39.2

P'

Me V/c

435.5

505.5

329.9

445.4

522.4

T
Pd

MeV

69.5

107.1

23.4

68.5

103.5

The table gives angles, momenta and energies corresponding
to the central value at the reaction vertex.

Three other kinematics have been employed to study the effect of

the final state interaction (FSI); the kinematics d, C2, and C3 in

table V.1. The effect of final state interactions in (e.e'p) experi-

ments may be studied by measuring cross sections in the same (E ,P )
m m

domain at varying relative energy (T .) between the knocked out proton

and the residual system. This energy is given by :

rpd=\)
-M -m
B p (V.I)

The energy transfer is given by w = (q~pm>
 /2m

p
+E

s-
 I f t n e momentum

transfer |q| is kept constant and the angle between this vector and
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the initial proton momentum, is varied a range of energy transfers Aw

centered around w is obtained. This central value is given by :

oi = - = — S + E + TR ( V . 2 )
o 2m s B

and the range of energy t ransfers by

2P a
Aw = ~ - , (V.3)

P

where P is the initial momentum of the knocked out proton, q the
m

absolute value of the three momentum transfer, Eo the separation

energy and T_ the kinetic energy of the residual system. The range of

T .pd covered is :

AT . = Aupd
1

Au+MA

From these expressions it follows that a large range of T d values can

not be studied in this way at very low missing momenta. Therefore the

missing momentum chosen was P = 100 MeV/c, and the momentum transfer

q * 435 MeV/c, which yields a range of relative kinetic energies 23 <

T . < 115 MeV.
pd

V.1.2 Results

The reduction of the raw data to an experimental spectral func-

tion has been performed as described in section IV.2. Due to the good

missing energy resolution, AEm * 435 keV, the peak corresponding to

the two-body breakup is well separated from the continuum; see also

fig. IV.11-B. In fig. V.1 the spectral function at Pm = 45 MeV/c is
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Figure V.I
Integrated missing energy E spectrum, in arbitrary units
[a.u.], for the 3He(e,e'p)2H reaction, integrated over the
missing momentum range 35 < P < 45 MeV/e.

shown integrated over the missing energy, as a function of the upper-

bound in the integration. Below the threshold for disintegration the

measured spectral function is consistent with zero, indicating that no

background is present, neither from accidental coincidences nor from

instrumental sources. The steep rise of the integral is due to the

large peak corresponding with the 3He(e,e'p)2H reaction. We then

observe a plateau corresponding to the region between the two-body

breakup peak and the threshold for the three-body breakup. The depen-

dence in the determination of the peak area for the two body breakup

on the choice of the upperbound in the integration is negligible in

view of the error due to the statistics. Finally an increase of the
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integral is found corresponding to the 3He(e,e'p)pn reaction.

For the present study of the two-body breakup reaction the spec-

tral function S(E ,P ) was integrated over a missing energy interval

4.0 < E < 7.0 MeV. The results for kinematics T1A and T1B are

presented in table V.2 and fig. V.2. As is also indicated in fig. V.2

data are given only for the P range for which the phase space weight

is larger than 20? of the maximum value. The results for the spectral

function in the range 75 < P < 140 MeV/c (kinematics C1, C2 C3 and

T2) are given in table V.3. The spectral function was integrated over

the same interval as for kinematics T1. The results of kinematics C3

and T2 (for which T . is nearly the same) are plotted in fig. V.3

demonstrating the consistency between the two datasets.

TABLE V.2. Experimental spectral function for 10 < P < 50 MeV/c

p
m

MeV/c

10-15

15-20

20-25

25-30

30-35

35-40

40-45

45-50

T1A

S(V
(GeV/c)""3

523(45)

501(31)

473(25)

447(22)

396(20)

327(20)

311(23)

236(27)

T1B

S (V
(GeV/c)~3

543(45)

422(28)

419(23)

433(21)

400(20)

315(19)

307(22)

267(29)
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TABLE V.3. Experimental spectral function for 75 < P < 140 MeV/c

kinematics

Tpd [MeV]

P
m

MeV/c

75-80

80-85

85-90

90-95

95-100

100-105

105-110

110-115

115-120

120-125

125-130

130-135

135-140

140-145

C1

23.4

s ( fV

(GeV/c)"3

-

95(17)

60(8)

69(7)

65(6)

54(5)

45(5)

32(4)

24(4)

-

-

-

-

-

C2

68.5

S (V

(GeV/c)~3

102(10)

100(8)

79(6)

63(5)

60(5)

57(5)

45(4)

3K3)
28(3)

3K4)

-

-

-

C3

103.4

(GeV/c)~3

85(7)

76(6)

59(5)

62(5)

52(5)

46(4)

42(4)

3K4)

22(3)

23(4)

-

-

-

-

T2

107.1

S(Pm>

(GeV/c)~3

-

-

92(29)

62(10)

63(6)

51(4)

40(3)

38(3)

32(3)

23(2)

24(2)

16(2)

17(3)

12(3)

Figure V.3

Spectral function for the 3He(e,e'p)*H reaction obtained at
kinematics C3 (T . = 103.5 MeV, open circles) and T2 (T d =
107.1 MeV, blackPdots). The solid line is the result of a
calculation by Meier—Hajduk et al. [MeiH-83].
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V. 1.3 Discussion

V. 1.3-1 The range 10 < Pm < 50 MeV/c

A numerical evaluation of the reproducibility of the two

datasets T1A and T1B for 10 < P < 50 MeV/c was performed as follows.
m

First we define:

x(P) =
m

The error in x(P ) is calculated from the quadratic sum of the rela-
m

tive errors in ST1A(P ) and
 s

T 1 B (
p
m ) - Figure V.4 shows x(Pm) as a

function of P . For most of the P values the two datasets are con-
m m

sistent to within one standard deviation. Fitting a constant to x(P )

gives a measure of the reproducibility. This procedure was carried

out for two ranges of the missing momentum. The first corresponds

(see fig. V.2.1) to a detection volume larger than 20 % of the maximum

value (10 < P < 50 MeV/c), the second to a detection volume larger

than 80 % (25 < Pm 40 MeV/c). The results is <x> = 1.047 ± 0.028 for

AV / V > 20? and <x> = 1.019 ± 0.015 for AV / V > 80 %. We therefore

conclude that the reproducibility is better than 5% for the full P

range covered and better then 2% for the center of the acceptance.

A comparison of the data with the Saclay data, which were taken

at the same T as the present data, was made in the following way.

Since the P -values of the NIKHEF and Saclay data are not the same the

ratio R(P ) between the spectral function results and those from the
m

Faddeev calculation by Meier-Hajduk et al. was determined for each

dataset:
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(V.6)

In this comparison the theoretical spectral function was averaged over

APm = 5 MeV/c intervals for the NIKHEF data and over APm = 10 MeV/c

for the Saclay data EJan-82] to account for the difference in bin-

width in the two datasets. A straight line fit to the ratio R indi-

cates a negligible slope. The data therefore can be fitted with a

constant yielding the reductions n.r= 0.755 + 0.015 and no = 0.796 ±

0.026 of the experimental spectral function with respect to the Fad-

deev calculation for the NIKHEF (N) and the Saclay (S) data respec-

tively, see fig. V.5. From a comparison of n„ and rig it follows that
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Figure V.5
Spectral function data at P < 50 MeV/c relative to the Fad-
deev calculation by Meier-Hajduk et al.(solid line). The
black (open) circles represent the data obtained at NIKHEF
(Saclay). The dashed line is a fit to the NIKHEF data.

in the missing momentum range 10 < Pm < 50 MeV/c the present data

(kinematics T1) fall below the Saclay data (kinematics I) by * 5.2 ±

3.8 %. Given the systematic errors for both datasets of 7 % for the

NIKHEF, and 11 % for the Saclay data the agreement is considered to be

satisfactory.
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V.1.3.2 The range 75 < P < 140 MeV/c

In order to study the T . dependence of the data for 75 < P

< 140 MeV/c the data were fitted with an exponential curve:

S(VT
pd

S(P*)T e
m T

Pd
(V.7)

Since the maximum of the phase space was located at P = 100 MeV/c we

have chosen P =100 MeV/o. When fitting both the exponent a and

S(P )_ this choice yields the most accurate result for S(P )_
pd pd

For all datasets the same exponent a has been used. The results for

S(P ) of these fits are represented in table V.4. The corresponding

value for a is -32.2 + 2.0 (GeV/c) . The fitted values S(Pra)T are
pd

plotted in fig. V.6. The black dots are the NIKHEF results while the

open circle represents the result from the Saclay experiment.

TABLE V.4. Spectral function at P =100 MeV/c as a function of T .
m pd

Tpd

MeV

23.4

68.5

1.03.5

107-1

64.7

S(P = 100 MeV/c)m

(GeV/c)~3

51.9(2.8)

50.6(2.4)

49.9(2.2)

53.7(2.3)

48.5(2.2)

data

NIKHEF

i *

> i

Saclay
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^Figure V.6
Spectral function for P =100 MeV/c as function of T .
The solid line corresponds to the Faddeev calculation. The
dashed line is a fit to the NIKHEF and Saclay data.

The experiment indicates no dependence of the spectral function

O n Tpd* A straight line fit to the data gives a slope of

A S ( [ V T /ATpd = ^ ± 38 (GeV/c)~3/GeV. Therefore the data can be fit-
pd

ted with a constant yielding : S(P =100 MeV/c) = 51.5 + 0.9

(OeV/c) . Comparing this number, obtained frora kinematics C1, C2, C3

and T2, with the Saclay point, from kinematics I, one obtains the

relative normalization SN/Sg = 1.062 + 0.046. The data sets therefore

are in good agreement which each uther. When the Saclay point is

included in the fit the result is : S(P = 100 MeV/c) = 50.8 + 0.9

(GeV/c) . This value is plotted as a dashed line in fig. V.6.
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The independence of the experimental result on T . might be an

indication that the final state interaction (FSI) is not important in

this region of P . This is supported by a detailed calculation of the

effect of the final state interaction and the contributions due to

meson exchange currents performed by Laget [Lag-85]: inclusion of the

FSI reduces the calculated cross section with respect to the PWIA

result by 1.0 % for T d = 23.^ MeV and by 1.7? for T = 103.5 MeV.

-O" o_

I
O

I I I I I I I I , I , I I I I I I I I I , I I I I I I I I I , I I , , I I I I I I I I I

3He(e,e'p)2H
—-PWIA+FSI
— PWIA+FSI+MEC

i i i | i i i | i i i | i i r | i i i | i i i | i i i | i i i | i i i | i i i | i i i | i i i | i

0 10 20 30 40 SO 60 70 80 90 100 110 120

Tpd [MeV]

Figure V.7

The effect of FSI (dashed) and FSI+MEC (solid), relative to
the PWIA result, as a function of T at P =100 MeV/c.

This is demonstrated in fig. V.7 which shows the effect of FSI. If in

addition to the FSI also MEC are included the cross section at T . =

23.*t MeV is calculated to be 2.3 % larger than in PWIA, whereas the

result for T = 103.5 MeV is smaller by 1.7 %. The joint effect of
pd
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FSI and MEC as function of T . is also shown (solid curve). We con-
pd

elude that the calculated and observed dependence of the cross section

on T , are consistent with each other.

V.I.3-3 Comparison with theory

In both P intervals covering the range 0 < P < 140 MeV/c
m m

there is a significant reduction of the experimental results with

respect to the PWIA Faddeev calculation; see figs. V.2 and V.3. If

the FSI are responsible for the observed absorption then on one hand

the effect would be significant, in contrast to the calculation, but

on the other hand independent of T .. If one rejects the influence of

FSI as a possiblp reason for the reduction of the experimental result

with respect to the Faddeev calculation this reduction then can possi-

bly be interpreted as an indication for a deficiency of the wave func-

tion used in the calculation of this spectral function.

In fig. V.8 we show the present data and calculations due to

Meier-Hajduk et al. [MeiH-83] (Faddeev, solid) and Schiavilla et al.

(Variational) [SciP-85]. In the variational calculations a correlated

Harmonic Oscillator basis was used; the potentials employed are the

Argonne- (dashed) and Urbana plus model VII (dotted) potential. The

reduction of the variational calculation with respect to the Faddeev

calcujition is connected with the difference in calculated binding

energies. However, the three calculations tend to agree at P = 8 0

MeV/c, while at s':ill larger missing momenta the variational calcula-

tions overshoot the Faddeev calculation. The comparison of the

present data with these calculations reveals a fair agreement with the

variational calculations for 0 < P < 30 MeV/c. For 30 < P < U0
m m

MeV/c the calculations overestimate the measured values. Considering

only the shape of the measured distribution it is apparent that the

Faddeev calculation gives a better account of the experimental P
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Figure V.8
The present data covering the range 0 < P < 140 MeV/c along
with a Faddeev calculation in the PWIA (solid) and two cal-
culations employing a variational technique with different
potentials : Argonne (dashed) and Urbana (dotted).

dependence.

In summary the present data indicate that though the variational

calculations give an improved description of the data at P < 30 MeV/c
m

a significant discrepancy between both the variational and Faddeev

calculations and experiment persists in the region 75 < P < 140

MeV/c. If one considers the observed small T dependence of the

cross section at P =100 MeV/c together with the results calculated

by Laget as indicative of the negligible effects of the final state

interaction in the 3He(e,e'p)2H reaction at P = 100 MeV/c then the

25-30 % reduction of the spectral function relative to both the
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Faddeev and the variational calculation may indicate that some essen-

tial ingredient is missing in the calculation of the two-body spectral

function. This reduction for the two-body breakup channel has also

been observed by Jans [Jan-82]. In view of his measurements of the

three-body spectral function integrated up to Em = 20 MeV there may be

an indication for some shift of strength, in this Pm range, from the

two-body breakup channel to the three-body breakup channel. The

results obtained therefore may call for a reconsideration of the

theoretical energy distribution of the spectral function at low miss-

ing momenta.

Another interesting possibility which possibly may explain part

of the discrepancy is the influence of nuclear medium effects on the

proton structure. A modification of the proton structure affects the

prescription of the off-shell electron-proton cross section; therefore

the spectral function extracted from the data is sensitive to such

nuclear-medium effects. The question whether or not such medium

effects are important is still under study. Whereas from the quasi-

elastic 3He(e,e') data an effect of 3~6? on the nucleon size was

deduced [Sic-85a] the result of a recent (e.e'p) experiment on 12C may

be interpreted with an effect of = \5% [SteB-86]. At this moment

there is no compelling reason, though, to consider such medium effects

explicitly in the analysis of (e.e'p) experiments.
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V.2 The 3He(e,e'p)2H and 3He(e,e'd)'H reactions for missing momenta

225 < P < 500 MeV/c

For missing momenta up to P = 300 MeV/c data exist from Saclay.
m J

In the present experiment, which partly includes this range, the meas-

urements were extended up to P = 500 MeV/c. Part of the ranee
m °

(P > 370 MeV/c) was covered by employing a novel "recoil detection"

technique. This technique offers a substantial improvement of the

signal-to-noise ratio because the particle identification system

enables to eliminate protons, which are the main source of the singles

rate in the hadron spectrometer. In other words for P > 370 MeV/c
m

the use of the 3He(e,e'd)'H reaction was essential to extend the miss-

ing momentum range up to P = 500 MeV/c.V.2.1 Kinematics

The kinematics used in this experiment (H1, H2, H3 and H4 for

3He(e,e'p)2H and Rl, R2, R3, and R*4 for 3He(e,e'd)'H) are summarized

in table V.5 and will be briefly discussed.

In order to optimize the count rate for the experiments covering

the range 225 < P < 500 MeV/c, a relatively small momentum transfer

of q = 250 MeV/o was selected. In this way a relatively large value

for the off-shell electron-proton cross section can be obtained. In

order to keep the final state interaction between the knocked out pro-

ton and the recoiling deuteron constant the relative kinetic energy

T (equation V.I) was kept constant. By fixing both the momentum

transfer q and the relative kinetic energy of the outgoing hadrons

T , the angle and energy of the knocked out proton have to be variedpa

to map the (Em»
p
m) domain under study. In order to allow a comparison

with the Saclay (e.e'p) data, covering the region 150 < P < 300

MeV/c, the energy transfer was chosen to yield the same T . as in the
pd
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TABLE V.5. Kinematics for 225 < P < 500 MeV/c
Rl

H1

H2

H3

H4

3He(e,e'p)2

P
m

MeV/c

225-280

250-300

280-330

330-370

V
deg

-77.3
-86.6

-97.2

-109.0

H

P'

MeV/c

418.9

409.3

394.8

375.5

Y

deg

32

41

51

63

3He(e,e'd)'H

R1

R2

R3

R4

Pm
MeV/c

315-330

370-405

400-435

460-500

ed'
deg

-130.7

-109.0

-98.6

-75.5

d'

MeV/c

296.7

375.5

409.6

470.4

Y

deg

-55

-V5

-91

-120

In this kinematics the parameters of the incoming and scat-

tered electron were kept constant: e = 390.0 MeV, <o = 113

MeV and 6e, = 39.7°, yielding q = 250 MeV/c and T = 92.9

MeV. The angle between the momentum of the knocked out pro-

ton p' and the momentum transfer q is denoted by Y.

Saclay experiment.

The only freedom one still has is to choose whether or not the

proton is knocked out in the forward or the backward direction with

respect to the momentum transfer. In practice the choice is dictated

by experimental parameters such as the scattering angles accessible by

the hadron spectrometer and the singles rate in this spectrometer.

Usually the proton knocked out in the backward direction with respect

to the momentum transfer is detected. When the "recoil detection"-

technique is employed the situation is different: the deuterons

detected correspond to protons knocked out in the forward direction

with respect to the momentum transfer. Furthermore in "recoil

kinematics" the highest recoil momentum is obtained at the most for-

ward angle of the hadron spectrometer, whereas in 3He(e,e'p)2H

kinematics this spectrometer is set at more backward angles to

increase the recoil momentum. This is illustrated in fig. V.9. As
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Figure V.9

Relation between the missing momentum r r̂>d angle of the
hadron spectrometer e. for the "direct1' ,.,efp) kinematics
(dashed) and the "recoil" (e,e'd) kinematics.
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can be seen from this figure at P = 375 MeV/c the momentum of the

knocked out proton is equal to the missing momentum. Therefore the

energy and momentum balance for this particular missing momentum value

enables a simultaneous measurement of the "direct" (e.e'p) and

"recoil" (e,e'd) channel. However, due to the difference in energy

loss for protons and deuterons traversing the target one does not

measure exactly the same missing momentum domain in the two reaction

channels; i.e. two adjacent regions of missing momentum are covered

at one single setting of the two spectrometer setup; this is illus-

trated in fig. V.10, kinematics Hi and R2.

500 -

450 -

~ 400 -\

|

350 -

300 -

250 -

200

Phase space Kinematics

-20 0 20

[MeV] —

Figure V.10
Phase space covered in the present experiment. The shape
difference between "direct" (e.e'p) and "recoil" (e.e'd)
kinematics is apparent.



V.2.2 Analysis

The data were in principle analyzed in the same way as

described in section IV.2. However, since the full target was seen by

the spectrometers one has to consider contributions due to reactions

from the windows . In the calculation of the missing energy:

Em - e * e' ' V " TB (V'8)

the measured e, e' and T , are used; the kinetic energy of the recoil-

ing reaction product Tg is, however, calculated using the recon-

structed missing momentum and the mass of the residual system. For

events knocked out from the stainless steel windows the missing energy

thus is shifted by:

(V.9)

where Ef6 and Ef denote the proton separation energies of 56Fe and

3He, respectively. This shift is the analogue of the shift observed

in single-arm electron scattering spectra due to the mass dependence

of the recoil energy. From the formula it is clear that, as far as

the kinematics is concerned, (see also fig. V.12), one might expect

some background due to reactions in the cell windows at missing energy

E < 5.5 MeV. The presence of reactions from the foils is illustrated
m

Due to momentum dependences of the spectral functions for the
'He(e,e'p)2H and 5SFe(e,e'p) reactions the discussion of this
background is only relevant for the missing momentum range
presently under consideration.
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Missing energy spectra reconstructed with target mass A = 3
and A = 56. Accidental coincidences have not yet been sub-
tracted.

90



25_

0_

O)

-25 _

Ë

LU
-50_

. 1 , i I i i l , i I , i l , i I i . I , i

3He(e,e'p)2H

56Fe(e,e'p)55Mn(gs)

200 250 300 3S0 400 450 500

Pm [MeV/c]

Figure V.12

Position of the 56Fe(ete'p)
55Mn (gs) peak (solic) relative

to the 3He(e,e'p)2H peak (dashed) in the experimental miss-
ing energy spectrum as function of the missing momentum P .

in fig, V.11 which shows the missing energy spectrum integrated

between P = 250 and P = 280 MeV/c. The spectrum is reconstructed
m m

using the 2H mass (fig. V.11a) and the 55Mn mass (fig. V. 11b) in the

calculation of T_.

In the analysis of the data the 3He mass was used as target mass

and the 2H mass for the mass of the residual system. Since the wrong

aass is used in reconstructing the kinomatics for reactions in the

cell windows, these events are not localized in a sharp peak but

smeared out in a fiat background. In order to subtract this back-

ground from the 'He(e,e'p)*H data a linear extrapolation from the

background at E < 5.5 MeV was made by using a line snaps fitting
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routine. The correction amounts to less than 10 % at P = 225 MeV/c

and reduces to zero at P 300 MeV/c : at larger P the correction

becomes gradually less important because the kinematic recoil differ-

ence between the 56Fe(e,e'p) and 3He(e,e'p) spectra increases. The

line shape fitting was also used to separate the peak corresponding to

the two body breakup from the continuum. This was necessary since at

the missing momenta under consideration the missing energy resolution

is mainly due to the resolution in the missing momentum [Lap-86b]

which led to a typical missing energy resolution of AEm = 1.2 MeV.

This implies that the separation between the peak corresponding to the

two-body breakup and the continuum is less good than at low missing

momenta.

In the first step of the analysis of the (e.e'd) data (e.e'p)

coincidences are rejected by using the pulse-height information from

the scintillators in the hadron detection system. The back-tracing of

the remaining (e,e'd.. events from the focal plane to the reaction

point is done in the standard fashion. The coincidence timing spec-

trum obtained after time of flight correction, for the missing momen-

tum interval 460 < Pra < 500 MeV/c, is plotted in fig. V.13- The

number of rejected protons is about eight times as large as the number

of retained deuterons. indicating the significant improvement of the

signal to noise ratio obtained with the "recoil detection" technique.

A missing energy spectrum, after subtraction of accidental coin-

cidences and after applying radiative corrections, is shown in fig.

V.m. The width of the peak is mainly due to the resolution in the

reconstructed momentum of the non-observed particle (in this case a

proton) and to energy losses in the target cell. Note that there is

in this case no continuum.
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Figure V.13
Time spectrum obtained in recoil kinematics at 460 < P <
500 MeV/c from the 3He(e,e'd)'H reaction. m
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sian fit to the data.

V.2.3 Results

As described in section IV.2 the data can be represented either

in terms of a spectral function or as a five-fold differential cross

section. The spectral function representation was chosen for the

region 225 < p m < 300 MeV/c to allow a comparison with the Saclay

data.

As has been argued before (section III.3.4) it was considered

preferable for the comparison of the present data with theory to

present the data for the full range 225 < P < 500 MeV/c in a cross-

section representation.



V.2.3.1 Spectral function representation for 225 < P < 305 MeV/c

An important check on the data analysis is the comparison of

data obtained at overlapping intervals at different settings of the

two-spectrometer setup. E.g. an incorrect calculation of the detec-

tion volume deteriorates the consistency between datapoints. The data

sets for the kinematics H1, H2 and H3 are shown in fig. V. 15. The

consistency and smoothness between different measurements at overlap-

ping (kinematic) acceptances is a signature of a consistent event

reconstruction and calculation of the instrumental phase space.
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Figure V.I5

Spectral function for the 3He(e,e'p)2H reaction obtained in
kinematics H1 (open circles), H2 (black dots) and H3
(stars).
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The result of the spectral function analysis for kinematics H1, H2 and

H3 is presented in table V.6. For overlapping datapoints the weighted

average has been taken. The errors quoted include the error from

counting statistics, the error in the subtraction of accidentals and

the error in the calculation of the detection volume.

In a procedure similar to the one described in section V.1.3 the

present data and those from Saclay [Jan-82] were compared.
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1 1 • 1 1 1 1 1 1 1 1 1

-

'•- + NIKHEF
; ^ Saclay

• 1 1

\ ^
^ ^

i i i •
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3

f

•

• i i i i i i i
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2H :

\ ^

i i i i i i 1 i

-

i ( * f

235 250 275

Pm [MeV/c]
300

Figure V.I6
Data from the present (black dots) and Saclay (open circles)
experiments. The dashed line is a fit to the NIKHEF data.
The solid line is the result of the Faddeev calculation by
Meier-Hajduk et al. [MeiH-83].

The spectral function value at P 250 MeV/c deduced from the
-3exponential fit to the NIKHEF data is S = 0.359 ± 0.011 (GeV/c)

whereas the Saclay data yield Sg = 0.296 + 0.014 (GeV/c) . However,

a direct comparison between these numbers is not allowed since dif-

ferent prescriptions of the off-shell electron-proton cross section

were used in analyzing the two datasets. At this kinematics the
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TABLE V.6- Experimental spectral function for 225 < p m
 < 315 MeV/c

Pm

MeV/c

225-235

235-2H5

2i45~255

255-265

265-275

275-285

285-295

295-305

305-315

S (V

10~3 (GeV/c)"3

769(7*0

WG'O

367(31)
286(20)

202(19)

105(21)

92(16)

61 (IJ»)

30(17)

difference between the description due to Priou [MouB-76], as used in

the analysis of the Saclay data [Jan-82], and due to De Forest [For-

83]. as used in the present experiment, cannot be neglected. Correct-

ing the Saclay result for this difference yields

0.330 ± 0.015(GeV/c)-3 The Saclay data therefore fall 8.0 + 5.2

% below the NIKHEF data. In this kinematics ths systematic errors are

estimated to be &% for NIKHEF and 11% for Saclay. We conclude that

the consistency between the two data sets is satisfactory.
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V.2.3.2 Cross section representation for 225 < P < 500 MeV/c

The data from the (e.e'd) reaction have been transformed into

the d5o/de'dfl ,dfl , representation, see section IV.2.4. The resulting

cross sections for both the (e.e'p) and (e.e'd) reactions are shown in

fig. V.17 and given in table V.7.

TABLE V.7. Cross sections for 225 < P < 500 MeV/c
in

3He(e,e'p)2H

P
ra

MeV/c

225-235

235-245

245-255

255-265

265-275

275-285

285-295

295-305

305-320

315-330

335-350

355-370

d5o

-10 2 j

503(56)

292(32)

251(26)

198(20)

142(16)

75(17)

66(13)

43(14)

24(9)

17(7)

15(5)

10(7)

"HeU.e'dJ'H

ra

MeV/c

315-335

373-387

388-403

405-415

415-425

425-435

460-470

470-480

480-490

490-500

do
d©' dïï , d R

€ p

io"1° fm2/MeVsr2

32(50)

8.9(3.1)

7.0(2.8)

4.6(1.9)

8.2(2.1)

7.2(2.5)

4.0(1.0)

4.4(0-9)

3-1(0.8)

3.6(1.0)
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As can be seen in figure V.17 the measured cross sections follow

a rather smooth trend for the entire range covered by the (e.e'p)

reaction (Pm < 370 MeV/c) and the (e.e'd) reaction (Pm > 315 MeV/c).

The large error which had to be assigned to the (e.e'd) point at the

lowest P value for this reaction is due to i) the phase space

involved and ii) the insufficient resolution for such low energy deu-

terons. The correction for time of flight differences, for instance,

hardly improves the coincidence timing spectrum since the multiple

scattering in the wire-chamber foils prohibits a proper reconstruction

of the particle trajectory. The cross section was calculated for the

integrated missing energy and momentum interval spanned by the accep-

tances of the two spectrometers.
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Figure V.17
Measured cross sections for the 3He(e,e'p;2H (circles) and
3He(e,e'd)'H (recoil kinematics, stars) reactions as a func-
tion of the missing momentum.
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V.2.4 Disoussion

For the comparison of the data with calculations it is impor-

tant to note that the kinematics for the (e.e'p) and the (e.e'd)

recoil-detection data are not really identical: for the two cases a

sign difference exists in the angle y between the momentum of the

outgoing proton and the momentum transfer. Due to the Y dependence of

the off-shell electron-proton cross section (see equation III.5) on

the transverse-transverse interference structure function, this sign

difference results in a different o for the (e.e'p) and the (e.e'd)
ep

data. The consequence of this is a difference in the theoretical

cross section for the two data set;-*. Therefore the data sets are shown

separately (fig. V. 18a and b) for a discussion of our results in com-

parison with the theoretical predictions.

The results of a PWIA Faddeev calculation [Lag-85] is plotted as

a dotted line. This calculation is clearly not capable of explaining

the present data. At relatively low recoil momenta (225 Pm < 300

MeV/c) the experiment reveals 20-50 % reduction of the cross section

with respect to the calculation. When the missing momentum increases

this reduction gradually changes into a significant enhancement. At
P = 480 MeV/c the experimental cross section is almost a factor ten
m

larger than calculated. In the pure PWIA this result would indicate

the presence of additional high momentum components in the 3He

ground-state wave function. However, other contributions to the cross

section should be considered. In a diagrammatic expansion (see

III.3-^) the effects of photon-pn coupling, FSI and MEC were calcu-

lated [Lag-85]. The result of a calculation that includes photon-pn

coupling in addition to the PWIA diagram is also plotted in the fig-

ure. Including the photon-pn coupling already gives qualitatively

better agreement at P > 350 MeV/c between the present data and

theory. In fig. V.18 calculations are also plotted that include the
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final state interaction (dashed line) and in addition to that the

effect of meson exchange currents (solid line). At 225 < P < 350

MeV/c the FSI reduces the cross section by 20 - 50 %. Note that in

this regime of kinematics the effect of FSI is calculated to be quite

significant, whereas at P =100 MeV/c virtually no effect due to FSI

was predicted, see section V.I.3.2. In this region (225 < P < 350

MeV/c) the results obtained by Laget give a good description of the

present data. The reduction of the experimental cross sections appears

to be mainly due to the FSI (p-d rescattering); the effect of MEC is

calculated to be small. At larger recoil momenta the calculation

including FSI crosses the PWIA result; at P > 350 MeV/c the calcu-

lated cross section is only weakly dependent on the missing momentum.

The calculation now overshoots the experimental data by roughly a fac-

tor of two. The effect of meson exchange currents is relatively small

in this regime of kinematics. Given the difference between this

approximate calculation and the data at P^ > 350 MeV/c there are two

effects requiring a more detailed study: the photon-pn coupling (which

will be discussed in more detail in section V.3), and the FSI (which

at the high recoil momenta, i.e. in the regime of very low cross sec-

tions, dominates over the pure PWIA cross sections). The calculated

large effects of the corresponding diagrams, see fig III.3, and the

discrepancy still existing with the present experiment point to the

need to go beyond the diagrammatic expansion of the scattering ampli-

tude; a more detailed insight awaits the availability of a full scale

continuum Faddeev calculation.
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V.3 The 3He(e,e'd)1H reaction for a study of the photon~pn coupling

V.3.1 Kinematics

The kinematics used in this experiment are given in table V.8.

The table gives angles, momenta and energies at the reaction vertex

corresponding to the central value of the experimental acceptances.

TABLE V.8. Kinematics for the deuteron knockout experiments

D1

D2

D3

D4

D5

D6

e

MeV

390.0

390.0

390.0

390.0

390.0

390.0

6e'
deg

63.0

56.9

63.O

78.5

63.0

67.0

q

MeV/c

384.9

319.8

380.3

449.8

376.7

380.3

u

MeV

46.1

52.0

58.4

75.1

67.6

112.1

V
deg

-51.0

-54.1

-51.0

-43.3

-51.0

-42.6

d'

MeV/c

398.2

410.9

440.4

508.5

468.4

575.5

Tpd
MeV

15.6

25.0

27.6

34.2

37.3

81.7

P
m

MeV/c

16.7

61.2

60.1

58.7

92.2

195.2

In order to emphasize the photon-deuteron coupling it is crucial

to suppress the contribution from recoiling deuterons originating from

proton knockout reactions. This was done by choosing parallel kinemat"

ics. In that case one can make optimal use of the exponential fall off

of the spectral function. This can be understood from the following

argument (see also fig. V.19).

In the Plane Wave Impulse Approximation (PWIA) the two-body breakup

coincidence cross section for (e.e'p) is given by

d5o/de'dfi ,dn , = K 0 S (P ),
e' p' p ep p m (V.10)

where K is a kinetnatical factor, 0 is the elastic electron'-proton

cross section and S (P ) the spectral function for the two-body
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Figure V.I9

Vector diagrams for the kinematics employed in the study of
the photon-deuteron coupling. When parallel kinematics is
chosen a large suppression of recoiling deuterons (d2) due
to (e,e'p) reactions with respect to direct knocked out deu-
terons (d,) is obtained.

breakup of 3He at missing momentum P . Likewise for the (e.e'd) reac-

tion we write:

d5c/de'dfl ,dfl., = K.a.SXP),
e' d' d ed dv m'

(V.11)

where a . is the elastic electron-deuteron cross section. For the
ed

two-body breakup channel one has S (P ) = SAP ). In parallel
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kinematics the momentum of the knocked out deuterons is d' = P +q.

For relatively large values of the momentum transfer one has d'>>P ;

thus recoil deuterons have a largely suppressed probability since

S(d') « S(P ). This effect is partially counter balanced by <j being

a factor of ten (in the present kinematics) smaller than o._.
ep

Two aspects of the photon-deuteron coupling were studied:

i - At a fixed momentum transfer q = 380 MeV/c data were taken at a

range of missing momenta, yielding information on the momentum

distribution of the deuterons in 3He.

ii - At a fixed missing momentum P = 60 MeV/c the momentum transfer

was varied (350 < q < 450 MeV/c) yielding information on the

structure of the deuteron bound in 3He.

Since parallel kinematics are used the energy transfer as is varied in

order to cover a range of missing momenta. Thus it is not possible to

keep the relative kinetic energy between the proton and the deuteron

constant at the different missing momenta studied. Consequently in a

cross-section calculation the FSI have to be evaluated for each

kinematicai setting individually.
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V.3.2 Results

The 3He(e,e'd)1H data were analyzed in the cross-section

representation d5o/de'dft ,dn . The results are summarized in table

V.9.

TABLE V.9. Cross sections for the deuteron knockout experiments

3»e(e,e'ti)1H

P [MeV/c]
m

0-10

10-20

20-30

30-40

40-50

50-60

60-70

70-80

80-90

90-100

100-110

110-120

120-130

170-200

200-230

d5o/de'dfi ,dft [ 10 fmVMeVsi*2 ]

q * 350 MeV/c

39(3)

41(3)

29(3)

q = 380 MeV/c

34(13)

35(5)

34(3)

29(2)

28(3)

22(2)

18(2)

14(2)

9.2(0.9)

5.4(0.9)

4.2(0.7)

3.8(0.5)

2.2(0.5)

0.22(0.14)

0.09(0.06)

q = 450 MeV/c

8.8(1.1)

7.4(0.7)

6.7(1.0)

5.8(0.8)

4.7(0.6)
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V.3.3 Discission

The data concerning the missing momentum dependence of the

photon-deuteron coupling process, as presented in table V.9, are shown

in fig. V.r.o.

le-06-

0}
le-07_

CM :

E le-OS-j

/-vi le-09_,

-q

ie-12.

He(e,e'd)1H

Y-P

i i i i i i i i i | i i i i r i i i i | i i i i i i i i i | i i i i i i i i i | i I i i i i i i

50 100 150 200

Pm [MeV/c]
Figure V.20

Data for the 3He(e,e'd)'H reaction at fixed momentum
transfer q = 380 MeV/c. The dotted line gives the cross
section when only recoiling deuterons due to 3He(e,e'p)2H
reactions are taken into account (in pure PWIA). The solid
curve gives the cross section for the case that the photon
couples quasi-elastieally to the deuteron, see section
III.3.3.

The dashed line represents the expected contribution due to recoiling

deuterons corresponding to (e,e'p) reactions. This contribution is

calculated using a spectral function obtained from a Faddeev calcula-

tion [MeiH-83]. In the (PWIA) interpretation that the virtual photon

only couples to the proton, leaving the deuteron as a spectator, this

is the only contribution. Clearly this is not the case; the data
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cannot be explained with only this mechanism. Our calculation in

which the photon only couples quasi-elastically to the deuteron, as

described by eqs. III.20-23 gives, in spite of its simplicity, fair

account of the data. A more extensive calculation was performed by

Laget. This calculation includes both the T = 0 and T = 1 components

of the photon-deuteron coupling. The calculations were performed for

d5a/de'dQ tdfl , and thus had to be transformed to the d
5o/de'dn ,d(! ,

representation. This was done by using the ratio of the kinematic

factors for the two representations:

where

1 * (V.13)
E. p..p

1 - -i-i—
E. 2

In the case of parallel kinematics this ratio reduces to

d=o/rie'dne,dnp, ,-,-,2

d5o/de'dn ,dfl., 14)

The dotted curve in fig. V.21 corresponds to a calculation including

only diagrams a (photon-proton coupling) and d (p-d rescattering,

FSI(p)) as shown in fig. III.3. Though the rescattering enhances the

contribution from recoiling deuterons, the calculated cross section

still is in substantial disagreement with the data. The special choice

of the kinematics enhances the contribution of the diagrams c

(photon-pn coupling), and e (p-d rescattering) (fig. III.3). On the

inclusion of the photon-pn coupling, calculated in PWIA, and the final

state interaction one finds a significant improvement. At low missing

108



Ci le-08_

'ai

a
Q) le-09_

O

ie-10-

i I i i i i

PWIA+FSKp)
-—PWIA+FSKpJ+ty-pn)

PWIA+ly- pnkFSI +MEC

50 100 150

Pm [MeV/c]
200

Figure V.21
The same data as in fig. V.20. The dotted curve is the cross
section for recoiling deuterons due to (e.e'p) reactions
taking into account the p-d rescattering. The dashed line is
a calculation including the exchange terms (photon-pn cou-
pling). The solid line represents a calculation including in
addition to the photon-pn coupling also the final state
interaction as well as meson exchange currents [Lag-85].

momentum (P < 50 MeV/c) the data fall below the calculated values. A
m

similar reduction was found for the 3He(e,e'p)2H reaction. However

for 50 < P < 120 MeV/c the 3He(e,e'd)'H data are described much
m

better than the 3He(e,e'p)2H data, see fig. V.8.

The q-dependence of the cross section at P = 60 MeV/c is shown in

fig. V.22. The calculation including the photon-pn coupling and

FSI+MEC (solid curve) describes the data well. The q-dependence of the

cross section follows to a reasonable extent that of the elastic

electron-deuteron cross section o . indicating that the effective

(off-shell) form-factor in the photon-deuteron vertex is not much dif-

ferent from the one of the free Y-d vertex which was actually used in
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Figure V.22
Data for the 3He(e,e'd) XH reaction at varying momentum
transfer. For explanation of the curves see fig. V.21.

the calculation [Lag-85]. As has been explained by Laget [L.ag-85]

this is a good approximation for the momentum transfer range used in

the present experiments, since the spatial distribution of the pn-pair

in 3He and of the deuteron appear to be similar. The other main

assumption in Laget's model is the use of the on-shell proton-deuteron

rescattering matrix element, which is parametrized by the experimental

phase shifts. It is rather difficult to evaluate the off-shell

effects since a full treatment requires the solution of the three-body

problem in the continuum.

In summary the present (e.e'd) coincidence data show a consider-

able flux of knock out deuterons, stressing the importance op the

direct coupling of the virtual photon with correlated p-n pairs.
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VI. Summary and concluding remarks

In this thesis the results of (e.e'p) and (e.e'd) coincidence

experiments, designed to study several aspects of the electrodisin-

tegration of 3He in the two-body breakup (3He + p+d) channel, are

presented and discussed. After a general introduction, chapters II,

III and IV give descriptions of the existing data on the proton momen-

tum density in 3He, the theoretical framework for the analysis and

interpretation of the data and the instrumentation employed in the

present experiments.

Data have been taken to study the following topics:

- the 3He(e,e'p)JH reaction for missing momentum P < 140 MeV/c (sec-

tion V.1)

- the 3He •> p+d electro disintegration for 225 < P < 500 MeV/c

employing the 3He(e,e'p)i!H (225 < Pm < 370 MeV/c) and
 3He(e,e'd)1H

(310 < P < 500 MeV/c) reactions (section V.2)
m

- the knockout of deuterons from 3He with the 3He(e,e'd)'H reaction

(section V.3)

At relatively low momentum (P < 140 MeV/c) the momentum distri-

bution calculated with a Faddeev technique is 25-30? larger than the

experimental values. If final state interactions (FSI) were responsi-

ble for this reduction one would expect a dependence of the spectral

function on the relative kinetic energy of the proton and deuteron

T . To study this dependence data were taken in the range 75 < P <

140 MeV/c for different energies T . (23 < T . < 107 MeV. The result
pu pQ

is that, within the errors (= 5 %), no dependence of the measured

spectral function was observed. This is in agreement with the small

dependence calculated in a diagrammatic approach to represent the

total scattering amplitude: the effects of p-d rescattering and meson

exchange currents on the results obtained in the PWIA were found to be

less than 4 %. The observed dependence of the spectral function on
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T . might indicate that in this P region the FSI effects are not
pd ra

important.

Calculations, employing a variational technique, in a basis con-

sisting of correlated harmonic oscillator states tend to yield a 20%

lower value for the spectral function at P < 30 MeV/c than the Fad-

deev calculation. These calculations, which give a fair account of

the binding energy and charge radius, describe the data in this region

better than the Faddeev calculation. However, for P = 60-100 MeV/c

these calculations yield the same result as the Faddeev calculation

which implies that in this region of P all calculations are larger

than the experimental results. The observed spectral function, assum-

ing that indeed the effects of FSI are not important in this regime of

kinematics, indicates that a modification of the theoretical wave

function is called for.

The next experiment concerns the high momentum region (P > 225

MeV/c) covered by

i - 3He(e,e'p)2H data taken for 225 < Pm < 300 MeV/c at such a T d

value that a comparison with earlier results from Saclay is possi-

ble, and

ii- 3He(e,e'd)lH data taken for 300 < P < 500 MeV/c employing a novel

"recoil detection" technique to overcome the otherwise unfavourable

signal to noise ratio.

In agreement with the result obtained at Saclay we found that for 225

< P < 350 MeV/c the values from Faddeev (PWIA) and variational calcu-

lations are 20-50 % enhanced compared to the experimental values. At

higher missing momenta P > 350 MeV/c the cross section was found to

decrease less rapidly than predicted by these calculations. Before

interpreting this as an indication of an excess of high momentum com-

ponents in the wave function one should also consider the effects of

p-d rescattering and meson-exchange currents and of contributions due

to the knockout of correlated p-n pairs. The cross sections
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calculated (for 225 < P < 350 MeV/c) including such processes are

reduced with respect to the PWIA result and are found to be in good

agreement with the present data. At higher missing momentum up to Pm =

500 MeV/c, however, the thus calculated cross sections overshoot the

data by almost a factor of two.

The knockout of correlated p-n pairs is the third aspect investi-

gated in the present experiment. This mechanism was studied in a

'HeCe.e'di'H coincidence experiment, at kinematics such that recoiling

deuterons originating from (e.e'p) reactions were suppressed

optimally. The data can be reproduced quite satisfactorily in a cal-

culation including the contributions of T = 0 and T = 1 states of the

p-n pair as well as the p-d rescattering and meson-exchange currents.

It is remarkable that the data can also be explained by a simple model

(see section III.3.3) in which the virtual photon couples quasi-

elastically to the deuteron.

The data strongly support the need to include the photon-pn coupling

in calculations of the quasi-free process.

Concluding remarks

Considering the, T independent, discrepancy between the meas-

ured and calculated cross sections for the 3He(e,e'p)zH reaction at 75

< P < 1*10 MeV/c as well as the difference observed between theory an
m J

experiment at P > 370 MeV/c it would be instrumental to study the T .m pd

dependence of the cross section at P = 250 MeV/c and P = 450 MeV/c.

In this way more experimental information on the effect of FSI can be

obtained.

One of the prime motives to perform the present experiment has

been that the inclusive quasi-elastic reaction (e,e') study at SLAC

indicated, according to the authors, an appreciably enhanced amount of

momentum components for P > 200 MeV/c. In the range 200 < P < 300
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MeV/c we have not observed such an enhancement in the 3He(e,e'p)zH

data. The interpretation of the inclusive data via y-scaling in terms

of a momentum distribution is, however, rather controversial at

present. The main issue concerns the role of the final state interac-

tion in the interpretation of the (e,e') data. Further theoretical

work on the role of the FSI in both the (e,e') and the (e.e'p) reac-

tion is needed.

The results of our investigation of the photon-pn coupling sup-

port the explanation of the excess cross section observed in the SLAC

experiment at 3.26 GeV in terms of scattering from correlated pn-

pairs. Therefore it is especially interesting to extend the investi-

gation of the photon-pn coupling to a larger momentum transfer and

missing momentum range and possibly to the full kinematical region

covered in the SLAC experiment.

In the domain of kinematics of the present experiments the

photon-pn coupling can be described in first order as a quasi-elastic

photon-deuteron coupling. In order to suppress the influence of such

processes in 3He(e,e'p)2H experiments at large missing momentum it is

suggested to use parallel kinematics.

Upon comparison of the present spectral-function dependence on

the value of the missing momentum P , with results of the 3He(p,pd)p

and 3He(p,pd)p reactions, the following observations can be made. The

(p,2p) and (p,pd) experimental spectral function is 50% smaller close

to P = 0 MeV/c and show a smaller slope (dS/dP ) in the range 0 < Pm m m

< 200 MeV/c. Furthermore the decrease in slope as observed in the

electrodisintegration at P = 350 MeV/c occurs in this case already at

P = 250 MeV/c. This constitutes an indication that secondary

reaction-mechanism processes play a larger role in the (p,2p) reac-

tion.



Reviewing the material discussed above we conclude that some

reservation concerning an explanation of the discrepancy between

theory and experiment solely in terms of a deficiency of the Faddeev

wave function is called for. What is needed is to go beyond the

diagrammatic treatment of the FSI effects by means of a full continuum

Faddeev calculation of the 3He(e,e'p)2H coincidence cross section.
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A cryogenic target system for liquid 'He and 'He operating at temperatures between 1.2 and 2.2 K that can take one wait of
electron beam power is discussed. For 4He in the superfluid state an effective target thickness nearly independent of beam dissipation
was observed. In the case of 3He the effective target thickness changed only modestly and can be corrected for reliably. The resolution
attainable in the 3He(e, e'p)zH coincidence reaction with this cryolarge! and the electron and hadron spectrometers is shown to be
600 keV.

1. Introduction

In order to efficiently carry out the program of
electron and photon induced reactions on few-body
systems, scheduled at the 500 MeV electron scattering
facility at NIKHEF-K, it is essential to have a cryogenic
target available that can handle a beam-power dissipa-
tion of the order of one watt. This is especially true (or
electron-particle coincidence studies. Optimization of
the product of beam current and effective target thick-
ness is necessary if the small cross sections, typical for
experiments with the electromagnetic probe, are to be
measured in a reasonable span of lime. A flat and
relatively thin target (of high density) is important in
view of the optical acceptance of the outgoing particles
by the two spectrometers and in order to be able to
exploit their excellent resolutions. With a liquid target
at relatively low pressure thin metal windows can be
used.

In these few-body studies it is also important to
obtain high-precision absolute cross sections. The target
density therefore must be well calibrated and should
remain stable under the high-power conditions of the
experiment. We have developed a cryogenic target sys-
tem for liquid 3He and "He, operating at. a temperature
below 2.2 K. and a target-cell pressure of < 400 mbar.
The 4He can be maintained in the superfluid state
below the A-point at 2.17 K with a virtually constant
target density up to a heat dissipation of about one
watt. Liquid 3He is a normal fluid with a strongly
decreasing density between 1.5 K and its boiling point

O167-5087/84/SO3.00 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

at 3.2 K. By monitoring its vapour pressure and temper-
ature it is possible to correct for the change in density in
the range of operating temperatures.

We discuss the design of the cryogenic system in
some detail and we present test results obtained in a
preliminary study of the 4He(e, e^t^H and
3He(e, e'p)2H coincidence reactions.

2. Design of the cryotarget

The boiling temperatures of liquid 3He and 4He at
normal atmospheric pressure are 3.2 and 4.2 K, respec-
tively. A target-cell temperature of the order of 1.2 to
2.2 K can be achieved through heat contact with a
pumped 4He bath, which is filled regularly from a main
4 He bath at atmospheric pressure and thus at 4.2 K. In
the chosen temperature region the densities of 'He and
4He are rather constant; the density of 'He decreases
rapidly above about 2.5 K. At the operating tempera-
tures "He is in a state of superfluidity. This means that
the heat conductivity in the target is exceedingly good
which inhibits boiling phenomena in the region where
the b;am interacts with the liquid. In the case of 3He
bubbles may occur in the liquid during beam irradia-
tion. It is therefore important to have the 3He liquid
flowing directly from the cell to a heat exchanger and
back into the cell.

In the above mentioned temperature region the den-
sity of 3He varies from 81.4 to 76.2 mg/cm3; that of
4He varies only from 145 to 146 mg/cm3. With a target

t Reprinted with kind permission of North-Holland Publishing Company
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b

Fig. I. Schematic drawing of the cryogenic target system show-
ing the main components and its mourning on the scattering
chamber.

thickness of 1 cm the high-energy electrons dissipate
0.16 (0.20) MeV per electron for 'He (4He). With a
beam current of 4 /* A the heat production in the target
including the cell windows is of the order of 1 W. The
cryogenic system is designed to accept such a heat load.
A simplified diagram of the cryogenic system positioned
inside the scattering chamber is shown in fig. 1. The
main components of the cryosïat are: i) a liquid nitro-
gen bath (77 K) with demountable thermal shield, ii) a
liquid hslium bath at 4 K also with a demountable
shield, iii) a heat exchanger cooled by pumped helium
and iv> a target cell which can be rotated over +70°
and which can be moved up and down over a distance
of 12 cm inside the cryostat. The target cell and heat-ex-
chunger design is shown in fig. 2.

The geometry of the cell is flat in order to achieve
optimal resolution in coincidence experiments. This can

be achieved for a given kinematics by changing the
target cell angle 0 T with respect to the beam direction.
The cell windows are made from stainless steel foils of
25 jj-m thickness. The nominal distance between the
window foils is 10 mm. The cell windows can easily
support the nominal cell pressure of 5 400 mbar. In
order to avoid turbulence of -1He inside the cell itself
two flow-guiding strips are mounted in the cell.

In order to allow subtraction of background events
from the cell windows, a dummy cell is mounted under-
neath the main target cell. A fluorescent screen viewed
by a TV-camera is mounted below the dummy cell. A
hole in the middle of this screen is covered with a CH2

foil, which is used to calibrate the coincidence set-up for
(e. e'p) reactions. The target as a whole is moveable in
the vertical direction inside the cryostat.

The heat shield, cooled by liquid nitrogen, minimizes
heat leaks from the outside at room temperature into
the target system considerably. The electron beam
traverses this shield through thin stainless steel windows.
Scattered electrons and reaction products from the target
can be observed in the range of scattering angles of 20°
to 160° through slotted windows in the heat shield.
These windows are covered with 80 fim thick kapton
foils. To prevent heat radiation through these foils two
layers of aluminized mylar each of 6 fim thickness are
wrapped around this shield.

The second heat shield attached to the 4 K helium
bath has similar openings for the beam and slotted
windows for reaction particles. They are only covered
with two mylar foils to reduce the input of radiant heat
from the nitrogen-cooled shield onto the target cell and
heat exchanger. The amount of radiant heat onto the
target plus heat exchanger has been estimated to be 30
to 60 mW depending on the position of the cell. Special
attention is paid to the vacuum system in order to
safeguard against loss of the expensive 3He. e.g. by
breaking of the cell windows. For that purpose two
separate vacuum sections are designed. The "outer
vacuum chamber" (OVC) related to the beam pipe,
reaction chamber, spectrometer and of the cryogenic
system outside ibe nitrogen vessel and shield. The "in-
ner vacuum chamber" (1VC) concerns the part of the
cryostat inside the nitrogen shield (see fig. 1). The IVC
is pumped with a separate molecular pump with a
fast-valve mechanism which is closed if ^He escapes
into this vacuum region. The windows in the nitrogen
shield are designed to support the pressure caused by
either the 3He lost from the cell into the inner vacuum
or an implosion of atmospheric pressure. The kapton
windows can easily hold a sudden pressure raise of 1 to
2 bar. The functioning of the system to safeguard the
'He in the event of a sudden release due to the collapse
oF the cell has been shown to be satisfactory in practice.

The liquid 3He (or 4He) inside the target cell is kept
at low temperatures with the aid of a heat exchanger.
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Fig. 2. Vertical cross section of the demountable cell and heal exchanger. In the horizontal cross section the angle &x <>ƒ ihe cell with
respect to the beam is indicated. The filling line for the dHe hath surrounding the heai exchanger is not shown.

The target liquid heated by the beam can raise freely
into this heat exchanger to its top section consisting of a
small expansion chamber. From there the liquid is able
to flow back through three spiraling tubes <one is .shown
in fig. 2) back into the target cell. This heat-exchanger
construction is based on an earlier design study {1J. The
unrestricted vertical flow of the heated liquid into the
expansion chamber is essential in the case of 3He to
make a large dissipation of heat possible.

3. Operation of the cry o target

After mounting of the cryogenic system on the
.scattering chamber all sections are carefully leak tested.
Precooling is carried out with the aid of liquid nitrogen
in the top bath and a few mbar of nitrogen contact gas
inside the inner vacuum chamber. After evacuating the
tVC liquid helium is transferred into the main helium
bath. After partially filling this bath the needle valve at
its bottom is opened letting helium flow through a long
stainless steel tube into the heat exchanger of the cell.
At the same time the pump (60 m3/h) for the pumped-
helium section of the heat exchanger is started. In this
way the heat exchanger plus cell are cooled more or less
simultaneously with the helium transfer Next 3He (or
4 He) is condensed inside the cell via a 3 mm (wall

thickness 0.5 mm) stainless steel lube. Possible contami-
nants of this gas are condensed in a liquid-nitrogen
cooled trap and a filter inside the cryostat. A third tube
to ihe cell is used to monitor the vapour pressure. Thi;.
tube is also useful as a safety line in the case of blocking
of the condensing line. The three tubes going from fixed
positions in the cryostat to lhe heat-exchanger plus cell
are spiraling in order to allow rotation and lifting of the
cell.

The functioning of the cryostat can be controlled
remotely. Several automated devices are installed; e.g.
for the transfer of liquid nitrogen and helium during the
experiments and for safeguarding the 'He. which can be
dumped into vessels of sufficient volume in case of
malfunctioning of ihe cryostal. Liquid level sensors,
which are automatically read oui al suitable time inter-
vals (0.1 to 10 min), are used for the main helium bath,
the pumped helium bath and the -*He cell.

The evaporation rate of liquid helium varies from 0.5
1/h for continuous cooling of the cell without a beam
load, to about 3.5 1/h under the same conditions with a
heat load of 1 W due to the beam. The evaporation rate
of the nitrogen bath amounts 0.5 to 0.9 1/h. The heat
input to the cell unit without a beam load is about 0.11
W; it is partly due to radiant heat (30-60 mW) and
partly to the pumping line plus the vertical bar used IO
control the position of the cell.
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yy. Posima el ai / Target system for electron stuttering

4. Test results

Jn order to study the dependence of the effective
target thickness on beam-power dissipation we used the
we'l-known elastic electron scattering cross sections of
•'He [2] and 4He J3j. In the experiments the power
dissipation inside the target was varied with fixed
kinematics. Changes in the observed elastic cross sec-
tion were related to target density changes. The change
in target thickness due to variation of the (vapour)
pressure on the window foils, is very small and can
therefore be neglected. For cross-check purposes we
used both the electron spectrometer (ODD) and the
hadron spectrometer (QDQ) in a symmetric 40°
arrangement. The target was set perpendicular ( 0 T =
90°) to the beam direction. Electron energies were 289
and 318 MeV. The beamspot was dispersed in the
vertical direction in order to reduce the power density
on target. In the actual coincidence experiments the
dispersion matching mode [4| was used in order to
achieve oplimum resolution. With a beam-energy spread
of 0.25% the beam size at ihe target was typically 2 mm
in the horizontal and 15 mm in the vertical direction.
The beam-power dissipation was varied at a fixed repe-
tition rate of 350 Hz and constant peak power by
varying the beam burst from 2 to 20 /is. The result of
this test for 4He is shown in fig. 3- It is seen that in the
power-dissipation range from 0 to 1.0 W the 4He den-
sity was almost constant. At larger beam power dissipa-
tion an abrupt change of density was observed due to
the transition from ihe superfluid to the normal con-
ducting state.

In fig. 4 ihe results for 'He are shown. Repeated
measurements at constant currents were done in order
to test the stability of the system. From the scatter of
elastic cross sections in these measurements a stability
of 2% was deduced. A fit to the data yields a density
dependence of Ï6.0 + 1.7$ per watt of average beam
current. With trie known spectrometer solid angles, the
detection efficiency and the 3He cross section (known
with an accuracy of 3%) the target thickness was calcu-
lated at zero power dissipation, extrapolated from the
fitted curve. An error of 0.7% due to »he extrapolation

Fig. 4. Relative change of target thickness of 'He as a function
of dissipation in the cell.

of the fit to zero beam current was added linearly to the
error in the theoretical cross section value. As a result a
target thickness of 85 + 3 mg/cnr was found. This
value is in good agreement with the value 8 3 + 2 mg/cnr
deduced from the geometry of the target cell taking the
curvature of the windows into account. A resistance
thermometer was mounted inside the cell to measure the
temperature of the liquid 3He. In addition the vapour
pressure or 3He was monitored. From this information
it is possible lo correct the data for the change in target
density. The result of this correction is presented in fig.
5. The fitted line corresponds to a decrease in effective
target thickness of 8 + 2% per wall. Half of the contri-
bution to the slope of the uncorrected data therefore
stems from temperature effects in (he target cell. The
remaining slope is probably due to some bubbling of
the liquid 3He in the region where the beam interacts
with the target.

We have used the target arrangement in a study of
the coincidence reaction ^Hefe. e'p)2H. The data are
represented as a function of the missing energy variable
£ m . defined as Em = el ~c2-Tp where e^e-,) is the
incoming (scattered) electron energy and Tp is the kinetic
energy of the detected proton. In fig. 6 it is shown that a
resolution of 600 keV (fwhm) is obtained. largely suffi-
cient to separate the two-body break-up peak at fm = 5.5
MeV from the three-body break-up continuum.

Fig. 3. Relaiive change of target thickness of 4He as a function
of the cleciron-beam power dissipated in the cell.

00 02
P IWottl - -

Fig. S. Relative change of the target thickness of 'He. corrected
for measured temperature and vapour pressure, as a function of
dissipation in the cell.
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I . . . I . . . .

He (eep)
EO = 318 MeV
ee=90°
Pm=15MeV/c

-6D0 keV

5 10 15
missing mass Em(MeV)

Fig. 6. Missing mass spectrum with 600 eV resolution of the
'H<He.ep)2H reaction.
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Appendix-B : Phase-space factors in (e.e'X) experiments

The phase-space factor occurring in the five-fold differential cross

section may vary considerably over the phase-space acceptance of the

experiment. There may occur even poles in the phase space of the

experiment. This will be shown in B.I. A second point to be con-

sidered is that at one setting of the two-spectrometer setup large

variations of the phase-space factor may occur due to the acceptances

of the spectrometers. When in the data analysis this factor is calcu-

lated on an event by event basis the variation is properly accounted

for. An estimate of this variation is given in B.2. Both '„he varia-

tion of the phase-space factors as well as the occurence of poles in

the phase space may be important when light nuclei are studied. i t

will be shown that for the kinematics given in section V.2 ( 225 < P

< 500 MeV/c) there are no poles present and that especially in the

case of deuteron knockout (section V.3) the variation of the recoil

factor is such that this factor should be treated on a event by event

base in the analysis of the data.

B.1 Survey of phase-space factors
_ — _ ^ _ _ — _ _ — _ _ _ _ _ _ ^ _

The phase space factor occurring in the formulation of the five-

fold differential cross section is given in table B.I for a number of

representations. The transformation of cross sections from one

representation to another is performed by multiplying with the ratio

of the phase-space factors.
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TABLE B.I . Survey of phase space factors

1

2

3

4

5

6

Detected
particles

e ' , P'

e ' , P'

e \ P B

e - .P „

P'.PB

P'.PB

Vector
Integration:

?B

h

P'

P'

e

e'

Scalar
Integration

V

e'

EB

e'

V

h

Differentials
dsa/ . . .

de'dQ ,dn ,

dE p , d B p . dn e l

de'dne ,dnB

dEBdnBdne,

dEBdnBdnp,

dEp ,dnp ,dnB

Phase space factor F.

e ' 2 Ep'P'

h p'!

e ' 2 Ep.P'

^B e ' !

« I2EBPB

1-EB PB-"5 '

e'2 V B

l e ' p ' . e '

P'WB

e - - p ^

EBPB E p ' P '

1-E£' I l i .
e ' p ' 2

B.1.1 Numerical r e su l t s

The phase-space factors p.s in table B.1 are calculated

for e = 390.0 MeV, q = 250 MeV/c, u = 113 MeV, E = 5.5 MeV with M, =o m A
3.0106 a.m.u.. Since for the (e ,e 'p) data for the range 225 < P <

500 MeV/c kinematics we are dealing with ft and for the data obtained

in "recoil kinematics" in (e .e 'd) representation with f3 we show for

these factors the resu l t in f ig. B.2. As is evident from this figure

both f, and f3 vary smoothly as function of P . We also show f6

(dashed) in the case that the proton i s knocked out in the forward
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Pm [MeV/c]

1 I '
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Figure B.I
Phase-space factors for the 3He(e,e'p)2H and 3He(.e,e'd)1H reac-
tions (solid lines). The dashed line is the phase space factor
corresponding to the case that the proton and the deuteron are
detected and that the electron is not observed.

direction of the momentum transfer. The occurence of poles in this

case is due to a zero in the denominator of the recoil factor. In

order to diminish the sensitivity for variations of parameters affect-

ing the phase space one should avoid experimental conditions close to

such poles.
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B.2 Variation of the recoil factor over the phase space

When passing from the six-fold to the five-fold differential

cross section by integrating the delta function, that reflects the

conservation of energy, a Jacobian has to be taken into account. This

Jacobian connects the missing energy to the energy of one of the

detected particles. Due to its form this Jacobian is usually called

recoil factor. An estimate of the maximum variation of this recoil

factor over the full phase space is obtained by calculating its par-

tial derivatives with respect to the experimental observables. We

restrict ourselves to the case of coplanar kinematics.

B.2.1 Derivative with respect to the experimental variables

The partial derivatives of the recoil factor are presented

below for the 3He(e,e'd)'H reaction, because in this case the effects

are the most prominent. Then the expression for the recoil factor

reads :

R = j (B.1)

1 - —-cose
Bd'

where 6 denotes the angle between the knocked out deuteron and the

recoiling proton.

The Jacobian is derived under the condition that the missing energy is

fixed :

Em = ^ ^ e ^ d ' ' 0 ' ' * 1 ^ = c o n s t a n t <B-2)

Thus the recoil factor can be considered as a function of three vari-

ables :
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R = R(6 e , ,8d , ,e ') (B.3)

Its maximum variation over the phase space is given as :

Derivative with respect to e'

The derivative with respect to the energy of the scattered electron

< B * 5 >

note that :

1 -• -> -> +
p cose = -77-d'.(e-e'-d')

thus :

eDGos8 , , - e ' c o s ( 8 . - e . - J - d ' (B.6)
9 d e ' d '

-cos(6e,-6d,)~g4 (B.7)

The r e s u l t i s :

3R „ . r ^ e ' - V p
P

coser.

IE B E E fl
|_ pBd' p d1 pd'

where ~-y i s given in equation B.18.
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Derivative with respect to 6 ,
6

The derivative with respect to the electron scattering angle is given

by :

f-£- - -R.L, nose J - 1- 1 3
cose (B.9)

The result is :

-^-|eoe'sinee, - e'd'sin(ee,-ed, )1

e P cose p cose
dp ^ P 3d' (B.10)

The derivative
3d'

9 8e'
is given in equation B.I 9.

Derivative with respect to 6
d'

The partial derivative with respect to 6., is :

3 R
-p cose

1 3
p cose

- p
C B . 1 1 )

This results in :

3 R
= Ra

e<sin(ee,-edI)+eosined,

Ep8d'

d'p cose

r[e'sin(ee,-e,,)+eosineH,

128



I p cose E m* 6 . ,p cose

[_ p d' d' p

3d'
aed'

(B.12)

3d'
The derivative — — is given in equation B.20.

Partial derivatives of d'

Since the missing energy is constant the following relations hold:

E* — a — ^ I — C -»I? Am XTT» ( D 1 O ^

f» 0 H ' r̂  i-i /< ' " ' J '

3d'

3E

~ + —(dl-e0cosed,+e'cos(ee,-8d,))

, - e'd'sin(ee,-ed,)l
3E

Using these relations one obtains

3e
!5 / !5
3e' 3d' Eped>~ppeose

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

3d'
3Em 3Em el(eosin6eJ-d'sin(ee,-ed,))

and :

(B.19)
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3 d '
9E

- - /
3E

rj
3 d '

d'(eosine +e'sin(e - e , , ) )

E p B d '" p p C 0 S 8
(B.20)

B.3 Results

The variation of the recoil factor is calculated for the
3He(e,e'd)lH reaction in parallel kinematics using the above derived

expressions. The beam energy was 390.0 MeV and the momentum transfer

380 MeV/c, Ap/p = 0.04 for the detected particles, A8 , = 20 mrad and
e '

A6 35 inrad.

TABLE B.2. Variation of the recoil factor

MeV/c

0- 50

50- 80

80-130

170-230

jAR/R-1|

%

31.1

22.3

16.8

10.7

As can be seen from this result the variation of the recoil factor

over the phase-space acceptance of the experiment can be fairly large.

Therefore the recoil factor is calculated on a event by event base in

the analysis of the data.
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Samenvatting

In dit proefschrift worden (e.e'p) en (e.e'd) coincidentie

experimenten beschreven waarin een aantal aspekten van de door

elektronen veroorzaakte opbreking van de 3He kern in een proton-

deuteron systeem wordt bestudeerd. Na een algemene inleiding wordt

achtereenvolgens in de hoofdstukken II, III en IV een korte

beschrijving gegeven van de tot dusver bekende experimentele gegevens

omtrent de waarschijnlijkheidsverdeling van de proton impulsen in 3He

(hierna aangeduid met impulsdichthsid) van de bij de analyse en

interpretatie van de metingen gebru: kte theorie en van het gebruikte

instrumentarium.

Nieuwe meetgegevens werden verkregen met betrekking tot de

volgende onderwerpen :

- de 3He(e,e'p)2H reaktie bij "ontbrekende impuls" (P ) waarden

kleiner dan 140 MeV/c (paragraaf V.1),

- de 3He •• p + d reaktie voor 225 < P < 500 MeV/c d.m.v. de

3He(e,e'p)2H (225 < Pm < 370 MeV/c) en
 3He(e,e'd)1H (310 < Pffl < 500

MeV/c) reakties (paragraaf V.2),

- de uitstoot van deuteronen uit de 3He kern door gebruikmaking van

de 3He(e,e'd)1H reaktie (paragraaf V.3).

Het eerste experiment toont dat bij relatief lage waarden van P

(P < 140 MeV/c), de impulsdichtheid berekend met behulp van de

Faddeev techniek 25 tot 30% groter is dan waargenomen. Wanneer

eindtoestandswisselwerking (FSI) de oorzaak is van deze diskrepantie

verwacht men dat het meetresultaat afhangt van de relatieve kinetische

energie T . van het proton en deuteron in de eindtoestand. Deze

afhankelijkheid werd onderzocht door metingen te verrichten in het

P -gebied 75 < P < 1M0 MeV/c voor T .-waarden variërend van 23 tot

107 MeV. Het resultaat van deze metingen is dat, binnen de

experimentele nauwkeurigheid (= 5%) de gemeten impulsdichtheid
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onafhankelijk is van T . Dit resultaat is in overeenstemming met een

berekening waarin de effecten van p-d verstrooiing na de reaktie en

meson uitwisselingsstromen kleiner blijken te zijn dat 4?. De

waarneming dat de gemeten impulsdichtheid onafhankelijk is van T kan

er op wijzen dat in dit P gebied wisselwerkingen in de eindtoestand

een onbelangrijke rol spelen.

Berekeningen waarbij gebruik gemaakt wordt van variatierekening,

met behulp van een basis bestaande uit gekorreleerde harmonische

oscillator golffunkties, resulteren in een ongeveer 20% lagere

impulsdichtheid bij P < 30 MeV/c dan de Faddeev berekeningen. In dit

P -gebied geven deze berekeningen, die de gemeten, bindingsenergie en

ladingsstraal reproduceren, een betere beschrijving van de

meetgegevens. Bij hogere P -waarden, 60 < Pm < 100 MeV/c, wordt

evenwel ongeveer dezelfde dichtheid berekend als met de Faddeev

techniek; in deze twee typen berekeningen wordt een ongeveer 25%

hogere dichtheid gevonden dan experimenteel waargenomen. Aannemende

dat de FSI effekten verwaarloosbaar klein zijn suggereert deze

diskrepantie dat een aanpassing van de theoretische golffunktie

noodzakelijk is.

Een tweede experiment heeft betrekking op hogere P waarden (P >

225 MeV/c) door middel van

- 3He(e,e'p)2H metingen bij 225 < ?m < 370 MeV/c bij een zodanige

waarde van T . dat een vergelijking met de reeds bekende resultaten

uit Saclay mogelijk is en

- 'Hete.e'cO'H metingen bij 310 < P < 500 MeV/c waarbij gebruik

gemaakt is van een nieuwe "terugstoot-detektie" techniek voor de

noodzakelijke verbetering van de signaal-ruis verhouding.

In overeenstemming met de resultaten uit Saclay werd bij 225 < P <

300 MeV/c gevonden dat de met behulp van de variatiemethode en de

Faddeev techniek berekende impulsdiohtheid 20 tot 50% groter is dan de

meetwaarde. Bij hogere P waarden P > 350 MeV/c blijkt de gemeten
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werkzame doorsnede minder snel dan berekend af te nemen als funktie

van P . Dit resultaat kan niet zonder meer geïnterpreteerd worden als
m

een signaal van een hogere Impulsdiehtheid bij Pm > 350 MeV/c.

Volgens een benaderende berekening van Laget dienen de effekten van

p-d verstrooiing in de eindtoestand en meson uitwisselingsstromen

alsmede de uitstoot van gekorreleerde nucleon paren in aanmerking te

worden genomen. Bij P -waarden tussen 225 en 350 MeV/c wordt een

lagere werkzame doorsnede voorspeld wanneer met deze processen wordt

rekening gehouden; de meetresultaten worden goed beschreven door deze

berekening. Echter bij hogere P -waarden, 370 < P < 500 MeV/c wordt

een ongeveer tweemaal zo hoge dichtheid berekend als experimenteel

waargenomen.

Het derde experiment betreft een onderzoek naar de uitstoot van

gekorreleerde pn-paren met behulp van de 3He(e,e'd)lH reaktie. De

kinematika van dit experiment is zo gekozen dat de bijdrage van

terugstotende deuteronen ten gevolge van (e,e'p) reakties zoveel

mogelijk wordt onderdrukt. De meetresultaten worden bevredigend

beschreven door een berekening waarin zowel de T = 0 en T = 1

toestanden van het pn-pair als ook p-d verstrooiing in de eindtoestand

en meson uitwisselingsstromen worden meegenomen. Het is opmerkelijk

dat de P afhankelijkheid van de metingen evenzeer beschreven kunnen

worden met een eenvoudig model waarin het virtuele foton quasi-

elastisch wisselwerkt met het deuteron. De metingen tonen dat het

noodzakelijk is de uitstoot van gekorreleerde pn-paren bij de

berekening van de quasi-vrije werkzame doorsnede in rekening te

brengen.

137



Slotopmerkingen

Gezien de, T onafhankelijke, diskrepantie tussen de gemeten en

berekende impulsdichtheid bij 75 < P < 140 MeV/c in de 3He(e,e'p)2H

reaktie alsmede het verschil tussen theorie en experiment bij 370 < P

< 500 MeV/c is het wenselijk de metingen van de T .-afhankelijkheid

uit te breiden naar P = 250 MeV/c en Pm = M50 MeV/c; op deze wijze

kan meer informatie verkregen worden over de invloed van FSI.

De uit quasi-elastische (e,e') verstrooiingsexperimenten

afgeleide bewering dat de impulsdichtheid van protonen in 3He met name

bij hoge impulsen (P > 200 MeV/c) belangrijk hoger is dan berekend,

is een van de belangrijkste drijfveren geweest voor de hier beschreven

experimenten. De in dit proefschrift beschreven resultaten geven geen

eenduidige aanwijzing voor een verhoogde impulsdichtheid bij P > 225

MeV/c. De interpretatie van de inclusieve verstrooiingsexperimenten,

via een y-scaling analyse, in termen van een impulsdichtheid is echter

enigszins kontroversieel. Een belangrijk punt betreft de rol van FSI

bij de interpretatie van de (e,e') gegevens. Nader theoretisch

onderzoek naar de rol van FSI zowel in de (e,e') als in de (e.e'p)

reakties is vereist.

De resultaten van het onderzoek naar de foton-pn koppeling

ondersteunen de verklaring van de, in het SLAC experiment bij 3-26 GeV

gemeten, verhoogde werkzame doorsnede in termen van verstrooiing aan

gekorreleerde pn-paren. Mede daarom is het bijzonder interessant de

studie van de foton-pn koppeling uit te breiden tot een groter

interval in impulsoverdracht en ontbrekende impuls P , zo mogelijk tot

het in het SLAC experiment bestreken kinematisch gebied.

In het kinematisch gebied waarin de hier beschreven experimenten

zijn uitgevoerd blijkt dat de foton-pn koppeling in eerste orde

beschreven kan worden met een quasi-elastische foton deuteron

koppeling. De invloed van deze processen op 3He(e,e'p)2H experimenten
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bij hoge P -waarden kan verminderd worden door in parallelle
m

kinematiek te meten.

Indien de met (e.e'p) experimenten gemeten impulsdichtheid

vergeleken wordt met de resultaten van 3He(p,2p) en 3He(p,pd)

experimenten valt het volgende op. In de buurt van ?m = 0 MeV/c is de

met protonen gemeten dichtheid 50? lager dan gemeten met eleetronen.

De afgeleide van de impulsdichtheid naar Pm is in het gebied 0 < Pm <

200 MeV/c duidelijk kleiner. De afname van deze afgeleide, die bij de

elektronen verstrooiingsexperimenten bij P = 350 MeV/c waargenomen

wordt, vindt reeds plaats bij P = 250 MeV/c. Deze effekten kunnen

gezien worden als een indikatie dat twee staps processen in het

reaktiemechanismen een belangrijker rol spelen bij de (p,2p) en (p,pd)

reakties dan bij de (e.e'p) reaktie.

Enige terughoudendheid is gewenst ten aanzien van een verklaring

van de in dit proefschrift beschreven diskrepanties tussen theorie en

experiment uitsluitend in termen van een onjuist berekende

golffunktie. Een "full continuum" Faddeev berekening is noodzakelijk

voor een vollediger behandeling van de FSI. Een dergelijke berekening

is vereist voordat een definitieve konklusie kan worden getrokken

omtrent de juistheid van de theoretische golffunktie.
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Nawoord

Een zo omvangrijk projekt als het opstarten van de (e.e'p)

coïncidentie metingen én het uitvoeren van de in dit proefschrift

beschreven 3He(e,e'p)2H en 3He(e,e'd)1H experimenten kan slechts

voltooid worden dankzij een uitstekende samenwerking van een groot

aantal mensen. Een ieder die mij geholpen heeft ben ik oprecht

dankbaar. Het meeste ben ik evenwel verschuldigd aan mijn ouders mij

steeds gestimuleerd hebben en die mij in staat hebben gesteld mijn

opleiding te voltooien.

Hooggeleerde Coen de Vries, als promotor heb jij een belangrijke

stempel op dit proefschrift gedrukt. De grote vrijheid bij het

verrichten van dit onderzoek alsmede de bijzondere begeleiding in de

laatste fase van de bewerking van het proefschrift mogen niet

onvermeld blijven.

Hooggeleerde Peter de Witt Huberts, aanvankelijk al co-promotor

en later als tweede promotor was jij verantwoordelijk voor de

dagelijkse begeleiding. Ondanks je vele overige werkzaamheden vond je

toch nog tijd voor diskussies omtrent de "few-body" fysika. Je grote

belangstelling voor dit onderwerp is onder meer tot uitdrukking

gekomen in de mate waarin je steeds nieuwe ideeën hebt aangedragen.

Zeergeleerde co-promotor, beste Louk Lapikas, jij bent de

architect geweest van de analyse software. Jouw zorgvuldige

calibratie-werk is steeds weer van grote waarde voor de hele EMIN-

groep.

Cher Jean Marc Laget, je vous remereie pour tous les calculs

présente's dans cette these.

Beste Eddy Jans, jij hebt als mijn voorganger in het 3He(e,e'p)2H

werk veel voorbereidend werk gedaan. Door op het juiste moment het

naaldventiel een mep te geven heb je menig meetpuntje gered.
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Dit experiment was onmogelijk geweest zonder het cryogene

trefplaat systeem. Veel mensen van de TH-Delft hebben aan dit systeem

gewerkt; onmisbaar was de bijdrage van Hans Postma, Aad Kollen, Wim

Schot en André de Vreede, bij wie ik altijd kon aankloppen met

eventuele problemen. De vele (nachtelijke!) uren sleutelen hebben

geresulteerd in een betrouwbaar, functionerend systeem. De bijdrage

van Wim Bloem en Jeannot Boogaard was essentieel voor de ontwikkeling

en het bedrijfsklaar maken van dit target. Van NIKHEF-zijde is vooral

door Cocky Noteboom, Jaap Kuijt en Guy Luijckx spijkerhard gewerkt om

het target in te bouwen en te integreren in de bestaande

meetopstelling. Herman Boer Rookhuizen, jouw besturing van het

naaldventiel is terecht veel besproken. Luke Prins, jij was onmisbaar

bij het testen van de cryostaat. Jos Wieman, jouw data-logging

systeem heeft zijn waarde bewezen bij het oplossen van problemen

tijdens de metingen.

Sander Kaarsgaarn,Erwin Kok en Peter Dunn ben ik vooral dankbaar

voor hun werk aan de detektoren; hierdoor is de goede proton-deuteron

identifikatie mogelijk geworden.

Beste Edwin Quint, jij hebt steeds een willig oor gehad wanneer

ik weer eens een probleem met de dataverwerking had; jouw hulp heb ik

zeer gewaardeerd.

De overige leden van de coin-club, en met name Jan-Willera den

Herder, Gerard v.d. Steenhoven, Rolf Ent, Henk Blok en Jo v.d. Brand,

dank ik voor hun uijdrage aan dit werk.

De operatoren van de Groep Versneller Techniek hebben

topprestaties geleverd door de voor dit experiment vereiste extreme

bundel specificaties waar te maken. Ber Kuijer, Frans Kroes, Jaap

Noomen, Pim Steman, Henk Bar en iedereen, die ik hier vergeet te

noemen, hartelijk bedankt. Wim, ik weet niet of ik ergens zo vaak

gedineerd heb als in "Bistro Buitenhuis". De verzorging van de

inwendige mens is bij jou in goede handen.



De overige leden van de EMIN-groep dank ik vooral voor hun

enthousiaste belangstelling voor mijn werk. Kees de Jager en Hans de

Vries (Sr.) jullie hebben mij op het spoor van de experimentele

natuurkunde deskundig begeleid. Jan v.d. Laan en Hans Blok, jullie

hebben in de opbouwfase van het instrumentarium veel werk verzet

waarvan ik dankbaar gebruik heb gemaakt. Rob Maas, jouw werk was al

klaar toen de experimenten nog moesten beginnen; dankzij de hoge

kwaliteit van AFBU zijn veel bijzondere experimenten mogelijk

gebleken.

Het beroep dat ik op de rekenfaciliteiten van het lab deed was

nooit tevergeefs. Dit was vooral dankzij de medewerking van Chris

Huis, Marten van Gelderen, Wytze van der Raay, Arie Maaskant, Ted

Lindgreen en Joke Tier ie.

De deskundigheid van de veiligheidsdienst blijkt onder meer uit

het feit dat ondanks de ongewone omstandigheden er nooit ongelukken

zijn gebeurd.

De afdeling chemie, en met name Paul Polak, dank ik voor de mij

geboden gelegenheid de "isotopen cursus" te volgen.

Ellen Verkerk, jij hebt de eerste versie van het manuskript

ingevoerd op de GOULD; hiervoor mijn dank. Hans Beumer, jouw

uitstekende fotowerk was een onmisbare bijdrage aan de verzorging van

dit proefschrift.

Tenslotte bedank ik iedereen die ik hier ten onrechte niet

genoemd heb. De goede en prettige samenwerking met iedereen die aan

dit projekt heeft meegewerkt was essentieel voor het bereikte

resultaat.

Een woord van dank is ook vereist aan iedereen die voor de zo

nodige ontspanning heeft gezorgd. Johan Ligtelijn, Marinus Clarijs,

Ruud van Oeveren en Vaughan Schlepp hebben aldus hun bijdrage aan dit

onderzoek geleverd.



Lieve Ariadne, door mijn nachtelijke avonturen heb ik je

menigmaal van je nachtrust beroofd. Bij tegenslagen gaf je mij weer

nieuwe moed. In de laatste weken voor het drukklaar maken van het

manuskript was je een full-time sekretaresse. Ondanks je eigen

onderzoek heb je gezorgd voor een jjt .
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1

De beschrijving van A(e,e'd)(A-2) reakties met een "één-pool"

benadering voor de foton-deuteron koppeling is onvolledig.

- Dit proefschrift, Hoofdstuk V

2

De door Sick uit het y-scaling gedrag van de inclusieve quasi-

elastische elektronenverstrooings gegevens van 3He getrokken konklusie

dat de straal van een gebonden nucleon minder dan 6% afwijkt van de

straal van een vrij nucleon is aanvechtbaar.

- I. Sick, Phys.Lett. 157B(1985)13

3

De door Retzlaff en Skopik gegeven parametrisatie van de

ladingsverdeling van de 3He kern is niet in overeenstemming met hun

meetgegevens.

- G.A. Retzlaff and D. Skopik et al., Phys. Rev. C 29(1984)1194

De aanname van Celenza et al. dat de 3s-gat sterkte in 2OST1

ongefragmenteerd is bij de beschrijving van het ladings verschil van

206Pb en 2O5T1 in termen van door kernmaterie gemodificeerde

vormfaktoren wordt experimenteel niet ondersteund.

- L.S. Celenza et al. Phys. Rev. C 32(1985)2173

P.K.A. de Witt Huberts, "New Vistas in Electro-Nuclear Physics",

Banff (Canada) 1985

5

Bij de identificatie van de zogenaamde gemengd-symmetrische 2

toestand in '56Gd door Bohle et al. wordt onvoldoende rekening

gehouden met de modelgevoeligheid van de argumenten.



- D. Bohle et a l . Phys. Rev. Let t . 55(1985)1661

6

Het onderzoek aan fragraentatieprooessen bij de interaktie van

elementaire deeltjes levert, zowel bij lage als bij zeer hoge

impulsoverdrachten, weinig informatie over de fundamentele

wisselwerking en de struktuur van de onderhavige deeltjes.

- D. Allasia et al., Z. Phys. C. Part, and Fields. 24(198t)n9

7

Aangezien, voor invalshoeken tussen 0° en 30° met de normaal, de

verstrooiing van laagenergetische ionen (10 - 100 eV) aan oppervlakken

voor een belangrijk deel wordt bepaald door zig-zag botsingen is een

2-dimensionaal model ter beschrijving van de hoek- en

energieverdelingen onvoldoende.

- E. Hulpke en K. Mann, Surface Sci. 133(1983)171

Bij terugkaatsing van deeltjes aan harde wanden zijn regenbogen en

catastrofes equivalent.

- T.C.M. Horn et al., J. Elec. Spectr. Rel. Phen. 38(1986)81

T. Poston en I. Stewart, Catastrophe theory and its applications,

(Pitman) 1978

9

De door Legrain, in de "cour de la cachette", ten zuiden van de Ipet-

soet (Karnak), gevonden kalksteen brokken zijn afkomstig van een op

deze vindplaats door Amenhotep I gebouwd heiligdom en niet, zoals

voorgesteld door Vandier, van oudere kapellen ter plaatse van de

huidige, in de Ipet-soet terweerzijde van de Hatsjepaoet-bouwwerken

door Toetraosis III opgerichte kapellen.



- J. Vandier, Manuel d'archélogie égyptienne, Tome II: Les grandes

époques; 1'architecture religieuse et civile. Paris 1955, blz 862

10

Keelklachten bij trompettisten zijn veelal het gevolg van een onjuiste

tongstand.

11

De immediaat overkappings prothese verdient te allen tijde, ongeacht

het aantal pijler elementen, de voorkeur boven de konventionele

iromediaat prothese.


