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1. Introduction.

The atomic nucleus is a dense many-body system of finite size, consisting of strongly

interacting protons and neutrons. The description of this complex system is generally based on

models, as the many-body problem can not be solved exactly for an interacting system of finite

size, consisting of more than three particles. Furthermore the complicated nature of the strong

nucleon-nucleon interaction makes this situation even worse.

This strong interaction is mainly of central form, but has also some tensor pan, causing for

instance the (small) quadrupole moment of the deuteron. The main features of this strong

interaction are a strong repulsive core with a range of approximately 0.4 fm. a strong attraction

between about 0.4 and 1.0 fm, and a gradually decreasing attraction outside this region.

One of the models that was proposed to explain various properties of the nucleus, is the

Independent Particle Shell Model (IPSM). In the IPSM the nucleons are assumed to move

independently in a mean field that is generated by the summed interactions between the nucleons

in the nucleus. This model, which is quite analogous to the atomic shell model, proved to be

very successful: magic numbers, spins, parities, and magnetic moments of low-lying levels of

odd-A nuclei could be predicted correctly. The success of the IPSM, in spite of the strong and

short-ranged character of the nucleon-nucleon interaction, is largely due to the Pauli principle,

which prohibits transitions of nucleons to already occupied states.

In reality, this idea of nucleons moving independently in a mean field is too naive and the

nucleons will still notice some residual effects of the nucleon-nucleon interaction. This residual

interaction causes correlations between the nucleons inside the nucleus. Due to the strong

repulsive core of the nucleon-nucleon interaction, the probability to find two or more nucleons in

a small volume will be small. This repulsive core produces the saturation without which a mean

field could not exist in which the nucleons move relatively freely, and is therefore a cornerstone

of the IPSM, but at the same time denies the nucleons to move really independently in this mean

field. These short-range correlations will affect the relative wave function of nucleons inside a

nucleus, and are responsible for high-momentum components in this relative wave function.

On the other hand, since the mean distance between two nucleons in a nucleus is in the

region where the strong interaction is mainly attractive, two interacting nucleons especially favor

a relative zero angular momentum, as this is energetically the most advantageous due to the

mainly central form of the strong interaction. This causes a pairing correlation. To include this

state of zero relative angular momentum, the spatial wave function of the two nucleons has to be

symmetric under their interchange. A fully symmetric spatial wave function requires however a

fully antisymmetric wave function in spin-isospin space, which, since a nucleon has two internal
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degrees of freedom in the spin-isospin space, can only be true for four nucleons or less. This

gives rise to four-body correlations. Because of these pairing and four-body correlations the

probability of finding a cluster of two or more nucleons in a nucleus will be enhanced.1

The existence of these latter correlations is for instance apparent in the alpha radioactivity in

heavy nuclei, in the regularity of observed binding energies of even-even N=Z nuclei, and in the

relatively large observed differential cross sections for deuteron- and alpha-transfer reactions.

Also photo- and pion-absorption experiments indicate that these processes primarily take place

on a correlated proton-neutron pair (quasideuteron) or on a larger cluster.2

Single-nucleon properties have been studied extensively with one-particle transfer reactions,

like (d,p) and (d,3He), and also with one-particle knockout reactions,3-4 like (p,2p) and (e.e'p).

From these reactions the probability to find a nucleon in a specific orbital (one-nucieon density)

can be deduced, and especially from the knockout reactions, the wave function of this nucleon

inside the nucleus (bound-state wave function) can be determined.

Measurement of two- (or more-) nucleon densities can give, in combination with

one-nucleon densities, direct information on the correlations inside nuclei.5 Information on two-

tor more-) nucleon densities is scarce, however. Some information has been obtained from

cluster-transfer reactions, like (p,t), (d,a) and (d,6Li), and from cluster-knockout reactions, like

(p,pd), (a,ad) and (p,pa), but the results of these experiments are hard to interpret due to both

uncertainties in the reaction mechanism and strong distortion effects in the entrance and exit

channels. For instance, in (d,6Li) and (p,pa) experiments a difference between calculated and

measured spectroscopic factors has been found of up to a factor 20.6 Also the measured

spectroscopic factors in (p.pd) and (a.ad) experiments differ by more than an order of

magnitude.7

The interpretation of electron-induced cluster-knockout reactions seems easier, as the

electromagnetic interaction is well known, and the only severe distortion effects for light nuclei

(electron distortions being negligible in this case) are between the knocked-out particle and the

residual nucleus. In addition, because of the weak electromagnetic interaction, the electron also

probes the interior of the nucleus. Thus, one may hope that by using the (e.e'X) reaction one is

able to deduce direct information on cluster-probabilities and cluster bound-state wave functions.

Using the (e,e'd) and the (e,e'a) reaction only certain classes of correlations can be probed.

A full investigation of two-nucleon correlations would require (e,e'2N) coincidence studies, but

these are technically not yet feasible as they need high duty-factor beams. Distinct advantages of

the (e,e'd) and the (e.e'o) reactions compared to (e,e'2N) are, however, mat these reactions can

be studied with high resolution using the same set-up as for (ce'p) reactions, and that distortion

effects can be calculated more easily, since there are only two strongly-interacting particles in the



final state.

Two-nucleon knockout reactions induced by real photons are presently already possible.

Recently a 6Li(y,np) and a 12C(y,np) experiment have been performed,8-9 which could be

described well by using the quasideuteron model,10 where it is assumed that the photon interacts

with a proton-neutron pair in close proximity. Still these experiments suffer from an energy

resolution which is generally not sufficient to discriminate between various final states of the

residual nucleus. Furthermore they are restricted to the photon point only, and the inclusion of

distortion effects in the analysis of the experimental data is difficult (in fact omitted in the

analysis of both experiments). Also it is hard to give a microscopic foundation of the

quasideuteron model.

Up to now only a few (e.e'X) experiments have been performed (X*p). A 6Li(e,e'd)

experiment was performed at DESY,1' but with an energy resolution insufficient to discriminate

between the transition to the 4He ground state and the transition to the breakup of 4He. Both
6Li(e,e'd) and 6Li(e,e'a) have been measured at Saclay,12 but due to the low energies of the

outgoing particles the results are obscured by the influence of large distortion effects. At

NIKHEF-K the 3He(e,e'd) reaction has been studied13 at relative energies of the pd-pair

between 25 and 100 MeV. The results could be well described in a calculation including both the

contribution of T=0 and T=l states of the p-n pair, and contributions due to p-d rescattering and

meson-exchange currents. This 3He(e,e'd) reaction is a special case, however, since also the
3He(e,e'p) reaction can lead to a final state of a proton and a deuteron.

In this thesis (e,e'd) experiments on 4He, 6Li, and 1 2C, and also a first (e,e'a) experiment

on 6Li are described. The aim of these experiments is twofold: to study the mechanism of

(e,e'X) reactions and to extract useful spectroscopic information, i.e. the probability to find a

cluster X inside a nucleus and the cluster bound-state wave function, from these experiments^

In a simple approximation the (e.e'X) coincidence cross section is just the product of these

two ingredients : a kinematical pan, representing the free electron-X scattering, and a nuclear

structure part, representing the probability to find a cluster X in a nucleus with some specific

binding energy and some specific momentum.2'14 This simple description of the (e,e'X) cross

section is, however, complicated because of several reasons : (i) the final-state interaction (FSI)

between the knocked-out particle X and the residual nucleus B; (ii) the kinematical part and the

nuclear structure part will be mixed up, especially because the free electron-X scattering will be

modified in the nuclear medium; (iii) the role of two-step processes like (e,e'p)(p,d). The only

way to obtain conclusive information from the (e,e'X) cluster knockout reaction is to study the

(e,e'X) coincidence cross section under different kinematical conditions, and also for different



target nuclei, to check in this way the reaction mechanism, the final-state interaction effects, and

to what extent reaction mechanism and nuclear structure part can be disentangled.

The complications due to FSI effects are probably relatively easy to handle, as the FSI

presumably can be treated in the framework of the optical model. This optical-model description

has heen tested quite extensively in elastic scattering experiments of hadronic projectiles X and

target nuclei B. In (e.e'p) experiments the FSI effects were sufficiently well accounted for by

describing the proton distorted wave function as an optical-model wave function. The

description of FSI effects in (e,e'X) reactions can also be checked by measuring some (e.e'Xl

kinematics at different kinetic energies of the knocked-out particle X.

The complications due to the role of two-step processes are difficult to estimate. This is a

vital problem, as the usefulness of a reaction as a direct probe of correlations may be reduced if

the contribution of sequential transfer is large. A test of the mechanism of the (e.e'X) reaction

may give some indication on the influence of sequential transfer, but this is not certain, as

two-step processes are in general experimentally difficult to separate from direct knockout

processes. Apart from this the calculation of the sequential transfer process is complicated due to

nonorthogonality effects, which behave like and even can cancel the contribution of the direct

transfer process.'^ The influence of these two-step processes is not discussed further in this

thesis, and has to be the subject of a future study.

The uncertainty of the mechanism of the (e.e'X) reaction, partly due to the possibility of

two-step processes and partly due to the possible modification of the free electron-X scattering

process in the nuclear medium, will be investigated by measuring the (e.e'X) coincidence cross

section under different kinematical conditions, such that the nuclear structure part is kept

approximately constant, and the only changes are in the reaction mechanism pan. The

investigation of this on several target nuclei may hopefully give some more definite answers.

These tests will also give information about the extent to which the reaction mechanism and

nuclear structure part are mixed up, which is directly connected to the exact reaction mechanism.

The description of the mechanism of the (e,e"X) reaction using the free electron-X

scattering will only be valid if the cluster X inside the target nucleus has exactly the same

intrinsic properties as the free particle X. For the (e.e'p) reaction in quasielastic kinematics this

is nicely fulfilled, since the nucleus can be described very well as consisting of nucleons only,

although these nucleons themselves are clusters of three quarks. For (e,e'X) reactions, where X

is a cluster of nucleons. the fulfillment of this condition is more an exception than a rule, as for

instance the size of the free cluster will be different from that of the cluster inside the target

nucleus. For a good description of the (e.e'X) reaction one therefore has to start with the real

constituents of the nucleus: the nucleons.



The (e.e'X) experiments were performed at NIKHEF-K, using the two high-resolution

spectrometers.16 With this setup an energy resolution of about 200 keV is possible for (e.e'd)

experiments. The target nuclei chosen to investigate the (e,e'd) reaction are 4He, 6Li, and I2C.

For these light nuclei Coulomb distortion effects of the electron can be neglected, and the excited

stales of the residual nuclei are sufficiently far apart to be investigated individually. Noi

unimportantly, the FSI effects will also be smallest for these light nuclei.

The nucleus 6Li is known to have a large amount of clustering and can, according to

different models, be largely described as an a-d system.17 The results of the 6Li(e,e'd)4He

reaction can be compared directly with the results of Faddeev calculations describing 6Li as an

«pn system,18 or with the results of cluster model calculations.19

The nucleus 4He is chosen because 4He is both a very dense and tightly bound nuclear

system, where the effect of correlations will be relatively large, and a fundamental few-body

system, for which extensive microscopic calculations are available, including realistic

nucleon-nucleon interactions.-*1"--

In the 1-C(e,e'd)lt)B reaction transitions to various bound excited states in 10B are possible,

which allows for a sensitive test of shell-model wave functions like those of Cohen and

Kurath.^ Especially the transition to the J7t=O+,T=l state in 10B at an excitation energy of 1.74

MeV is interesting, as this transition is isospin forbidden for a quasielastic deuteron knockout

process.

The nucleus 6Li is also an obvious candidate to perform a first (e,e'a) test, because of its

prominent a-d character. The 6Li(e,e'a)"H results can also directly be compared to the results

of the complementary 6l.i(e,e'd)4He reaction, as the nuclear structure part is the same and the

same optical potential enters in the (e,e'd) and the (e.e'a) reactions in this case.

Chapter 2 of this thesis contains a description of the 6Li(e,e'd)4He reaction. Chapter 3 is

devoted to the transition in the 12C(e,e'd) reaction to the isospin forbidden J7t=0+, T=l state in
I(IB at an excitation energy of 1.74 MeV. In Chapter 4 the mechanism of the 4He(e,e'd)2H

reaction is considered. Chapter 5 gives an extensive review of all three (e.e'd) experiments,

wherein the mechanism of the (e.e'd) reaction and the extracted spectroscopic results are

discussed. As the 6Li(e,e'ot) reaction was measured with a special detector, capable of detecting

low-energetic particles, this detector is described in Chapter 6. In Chapter 7 the 6Li(e,e'a)

reaction is considered. Finally, in Chapter 8 the results of this thesis will be discussed.



References

1. A. Arima, H. Horiuchi, K. Kubodera, and N. Takigawa, Adv. Nucl. Phys. 5, 345 (1972).

2. R.D. McKeown et al., Phys. Rev. Lett. 44, 1033 (1980).

3. P. Kitching, W.J. McDonald, Th.A.J. Mans, and C.A.Z. Vasconcellos, Adv. Nucl. Phys.

15, 43 (1985).

4. S. Frullani and J. Mougey, Adv. Nucl. Phys. 14, 1 (1984).

5. W. Kratschmer, Nucl. Phys. A298.477 (1978).

6. J.C. Vermeulen et al., Nucl. Phys. A362.189 (1981);

J. Cook and K.W. Kemper, Phys. Lett. 123B. 381 (1983).

7. C. Samantha et al., Phys. Rev. C 26, 1379 (1982).

8. J.M. Vogt, Ph. D. thesis, University of Mainz, 1987 (unpublished).

9. S.N. Dancer et al., Phys. Rev. Lett. 6_L 1170 (1988).

10. J.S. Levinger, Phys. Rev. 84, 43 (1951).

11. F.H. Heimlich et al., Nucl. Phys. A228.478 (1974).

12. J.P. Genin et al., Phys. Lett. 52B, 46 (1974).

13. P.H.M. Keizer et al., Phys. Lett. 157B. 255 (1985).

14. N.S. Chant and P.G. Roos, Phys. Rev. C15, 57 (1977).

15. U. Gotz, M. Ichimura, R.A. Broglia, and A. Winther, Phys. Rep. 16, 115 (1975);

N. Hashimoto and M. Kawai, Prog. Theor. Phys. 59, 1245 (1978).

16. C. de Vries et al., Nucl. Instrum. Methods Phys. Res. 223,1 (1984).

17. H. Walliser and Y.C. Tang, Phys. Lett. 52B, 344 (1984);

R. Beck, F. Dickmann and A.T. Kruppa, Phys. Rev. C 30,1044 (1984);

A.T. Kruppa, R. Beck, and F. Dickmann, Phys. Rev. C 36,327 (1987);

18. W.C. Parke and D.R. Lehman, Phys. Rev. C 29, 2319 (1984);

C.T. Christou et al., Phys. Rev. C 31, 250 (1985).

19. R. Beck, F. Dickmann, and R.G. Lovas, Nuck-Phys. A446. 703 (1985);

R.G. Lovas, A.T. Kruppa, R. Beck, and F. Dickmann, Nucl. Phys. A474.451 (1987).

20. A.C. Fonseca, Nucl. Phys. A416.421C (1984).

21. R. Schiavilla, V.R. Pandharipande, and R.B. Wiringa, Nucl. Phys. A449. 219 (1986).

22. H. Morita, Y. Akaishi, O. Endo, and H. Tanaka, Prog. Theor. Phys. 78,1117 (1987);

H. Morita, Y. Akaishi, and H. Tanaka, Prog. Theor. Phys. 79, 863 (1988).

23. S. Cohen and D. Kurath, Nucl. Phys. A141. 145 (1970).



2. Reaction 6Li(e,e'd)4He and the a-d Momentum Distribution
in the Ground State of 6Li

Abstract
The a-d momentum distribution in the ground state of 6Li has been measured in parallel

kinematics with the reaction 6Li(e,e'd)4He in the momentum range 0 < pm < 270 MeV/c. The

reaction can be described by a direct coupling of the virtual photon to a deuteron in 6Li. The

results agree well with the predictions of a three-body aNN model of 6Li.

Correlations between nucleons bound in a nucleus play an important role in nuclear physics,

e.g., in alpha decay and in pion absorption. Although single-nucleon densities have been

studied extensively with stripping and pickup reactions and more recently with the (e,e'p)

reaction,1 little is known about two- (or more-) nucleon density functions. Some information

has been obtained from knockout reactions with hadrons, especially from the (p,pd) reaction.2

However, the results of such experiments are hard to interpret because of both uncertainties in

the reaction mechanism and distortion effects in the entrance and exit channels.•*

Electron-induced knockout reactions, like (e,e'd), suffer from fewer uncertainties because the

electromagnetic interaction which drives the reaction is known, and the only important distortion

effects occur between the hadronic particles in the final state.

The only (e,e'd) measurements with a reasonable energy resolution have been performed

on 6Li at Saclay4 and on 3He at NIKHEF-K.5 However, the energy of the outgoing deuterons

in the ''Li experiment was rather low, resulting in large rescattering effects, and only a limited

momentum range was investigated. In the experiment reported here we have studied the reaction

^Li(e,e'd)4He at higher deuteron energies with good resolution over a large momentum interval

and have compared the extracted a-d momentum distribution with model predictions.6

The 6Li nucleus is an excellent candidate for such a comparison because the tight binding of

He and the small separation energy between the a and the deuteron in ^Li suggest a

description of this nucleus as an a-d cluster or as an apn three-body system. In either approach

the Pauli principle plays an important role. In cluster models antisymmetrization leads to an

effective a-d wave function that has a 2S form, i.e., a wave function that possesses a node,

independent of whether the relative-motion wave function is chosen to have IS (no node) or 2S

character before antisymmetrization.7 Likewise, three-body models of 6Li, which go beyond

cluster-model and resonating-group work7-8 in that the dynamics are not reduced to effective

two-body dynamics, predict an effective S-wave a-d wave function of the 2S form.9'10-11 The



structure of this wave function is reflected in the a-d momentum distribution in (iLi. Thus a

determination of this distribution constitutes a test of three-body models of 6Li.

If one assumes that the vinual photon couples quasielastically to the deuteron5 and that one

can neglect the D-wave component in the 6Li -» a + d vertex,6-9-1' the coincidence cross

section for the (e.e'd) reaction in the plane-wave impulse approximation (PWIA) can be

written1" as

— — = Ko ,S(E .p ) (1)
de dp ^ '" •»

where e' is the momentum of the outgoing electron, p is the momentum of the outgoing

deuteron. K is a kinematical factor, and ocd is the elastic electron-deuteron cross section,

corrected for the (small) off-shell effects according to the current-conservation prescription of

de Forest.1-1-14 The dependence of the cross section on ocj will be discussed below. The

spectral function S(E|](. pm) is the probability of finding a deuteron with energy -Em and

momentum pm in the target nucleus. For a transition to a bound state one can define ihe

momentum density distribution p(pm) = JAEm^'^m-Pni^^nr which is the Fourier transform of.

in our case, the effective a-d wave function V^jtR):
I r • i p r a . R | :

p(p) = I e y (R)dR I . (2)
111 J (t-d

where R is the a-d relative coordinate.

Inclusion of the interaction between the deuteron and the a panicle in the final state can be

incorporated approximately by the change of p in Eq. (2) into the distorted momentum

distribution pD(pm,p), which now also depends on the momentum of the outgoing deuteron.

The distortions can be described by replacement of the plane wave for the deuteron. which is

used in Eq. (2), by an optical-model wave function.

The 6Li(e,e'd) experiment was performed at the NIKHEF-K electron accelerator. The

experimental setup, which includes two magnetic spectrometers, was the same as has been used

for (e,e'p) experiments.15 Identification of the outgoing deuterons and rejection of other

particles was accomplished by pulse-height discrimination in two scintillators behind the

multiwire drift chambers in the focal plane of the hadron spectrometer. The target was a

self-supporting foil of thickness 13.0 mg/cm-. enriched to 98.7% in 6Li. The energy of the

incoming electrons was 480 MeV. The ran .̂e in missing momentum covered in the experiment

was -50 < pm < 270 MeV/c. using parallel kinematics (p//q, pn) = p-q). The outgoing deuteron

energy was such as to yield an a-d center-of-mass energy Ecm of 45 MeV for the data wiih pm

lower than 120 MeV/c, 55 MeV for 120 < pm < 230 MeV/c, and 70 MeV for 120 < pm < 270

MeV/c.
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Fig. 1 Missing-energy spectrum of the 6Li(e,e'd) reaction.

The data analysis included subtraction of accidental coincidences and unfolding of the

radiative tail (see Ref.15 for details). An Em .spectrum for 80 < pm < 120 MeV/c is shown in

Fig. 1. Except for the peak corresponding to the ground state of 4He, the spectrum is consistent

with zero up to the breakup threshold of 4He. The resolution is 250 keV, which is almost

completely due to variation in deuteron energy loss in the target. The momentum distribution

for the transition to the ground state of 4He is shown in Fig. 2. The curves are the results of

calculations in which we used the 'repulsive' a-d wave function of Parke and Lehman."

(Using the 'attractive' wave function of Ref. 11 gives an almost equivalent, though slightly

poorer, description).The PWIA curve shows a maximum at pm = 0 and a minimum (at pm =

145 MeV/c) characteristic of a 2S-type wave function.The other curves are the results of

distorted-wave impulse approximation (DWIA) calculations for the relevant deuteron energies.

Because our data were obtained at different values of EC(n, we used the global optical-model

parameter set of Hinterberger et al.16 As can be seen from the difference between the PWIA and

DWIA curves, distortion effects are relatively small at low pm. This can be understood from the

fact that the data at small pm are sensitive mainly to the wave function at large values of R,

where the optical-model potential (OMP) is weak. However, at larger pm the minimum which

exists in the PWIA curve is almost completely filled in because the contributions from the

nuclear interior, which are responsible for the minimum, are strongly suppressed by the



absorptive part of the OMP. The overall agreement in shape between the data and the DWIA

calculation is rather good. It seems that more strength around pm = 0 is needed in the

calculation. In this region using a different OMP changes the calculated cross sections by only a

few percent, while in the high-pm region it yields effects of up to 30 %.

The a d probability in the ground state of 6Li from the three-body calculations is P = 0.616

(Ref.l l) . The data yield P=0.73, which was obtained by integration of the measured

momentum distribution (extrapolated to infinity) after correction of it for distortion effects. The

statistical and extrapolation uncertainty is 0.03. The uncertainty due to target thickness , solid

angle, etc., is about 0.04. The uncertainty from the description of the distortion effects with the

optical model is estimated to be 0.07. Values of P from the 6Li(p,pd) reaction2 obtained by

normalization of a calculated momentum distribution at pm= 0 to the data range from 1.08 to

1.35.

PWIA
DWIA |45
DWIA (55!
DWIA (70)

-100
1 1 r

100 200
pjMeV/c]

300

Measured momentum distribution for the reaction 6Li(e,e'd)4Heg^ compared with the

results of DWIA calculations, which use the 'repulsive' wave function of Ref. II.

DWIA curves are for the indicated center-of-mass energies. Each data point represents

an average over a 10 MeV/c bin.
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In order to investigate the region of the minimum more thoroughly, data for 120 < pm < 230

MeV/c were obtained as well for Ecm=70 MeV, in which case the distortion effects are expected

to be smaller than for Ecm=55 MeV. The two data sets are compared in Fig. 3. Although the

separate data points exhibit overlapping error bars, the higher-Ecm data tend towards the PWIA

curve, i.e., the 70 MeV points are systematically lower at pm~160 MeV/c and higher at pm~200

MeV/c, in agreement with the DWIA calculations.

It should be mentioned that the data cannot be described by assuming a lS-type a-d wave

function, because a IS wave function yields a momentum distribution that decreases smoothly

at pm~150MeV/c, in contrast with the data, which show a change of slope (Figs. 2 and 3). It

should be noted that in the 6Li(p,pd)4He reaction the various distortions completely hide the IS

or 2S character of the a-d wave function.3 Clearly the (e,e'd) reaction has the advantages that

the electron can probe the nuclear interior and that only one distorting interaction is present.

16U(e.e'dl'"He
• ECI-=70MeV
- PWIA
•• DWIA (55)
• DWIA (70)

10

o
Pm[MeV]

250

Fig. 3 Momentum distribution for the reaction 6Li(e,e'd)4Heg s for 120 < pm < 230 MeV/c,

measured at two a-d center-of-mass energies. DWIA curves are for the indicated

center-of-mass energies. Each data point represents an average over a 10 MeV/c bin.

I I
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'Li(e,ed)"He
— DWIA
a Ecr=38MeV
o Ecn=45MeV
- EcfT=59MeV
• Ec(r=73Mev

40 <p < 80MeV/c

4 ,6
q2[frrf2]

8 10

Fig. 4 Measured cross sections for the reaction 6Li(e,e'd)4Heg s as a function of the

momentum transfer squared. The dashed curve indicates the expected behavior

(normalized at the highest q) of the cross section for direct deuteron knockout,

corrected for distortion effects.

We explicitly checked the assumption that the coincidence cross section follows O"̂  as a

function of q [Eq. (1)]. Therefore data were taken for four values of q between 370 and 550

MeV/c, with pm kept constant at 60 MeV/c. The measured cross sections are compared with

KCT Ĵ in Fig. 4. The change of the coincidence cross section by a factor of nearly 40 is, within

the error bars (<10%), accounted for by the change in o^j (of a factor of 10) and K over this

range of q. Since Ecm changes with q (because pm is kept constant and p//q), the distortions

change also, but this change is not large at this value of pm(~30%). The curve for Ko^j includes

a correction for this effect. The variation in O ĵ is almost completely due to its Coulomb part, as

the kinematics of our data points were such that the transverse contribution is —15% at the

highest-q point and much less for the other points. It is hard to imagine that a different reaction
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process would yield the observed q dependence. For instance, sequential knock-out (e,e'p)(p,d)

is expected to follow approximately Ka, which changes by only a factor of 5 in the q range of

our data points. Thus it can be concluded that the (e,e'd) reaction on 6Li proceeds primarily via

quasielastic deuteron knockout, akin to what has been found for the ^He(e.e'd) reaction.5

In summary, the reaction 6Li(e,e'd)4He allows one to determine the a-d momentum

distribution in the ground state of 6Li. The reaction can be described by a direct coupling of the

virtual photon to a deuteron in 6Li. A three-body model for 6Li gives a good description of the

data. The data clearly illustrate the 2S character of the a-d relative wave function, as required

by antisymmetrization.

This work was supported in part by the Stichting voor Fundamenteel Onderzoek der Materie

(FOM), which is financially supported by the Nederlandse Organisatie voor Zuiver

Wetenschappelijk Onderzoek (ZWO), by the National Science Foundation, by the U.S.

Department of Energy, and by the Jeffress memorial trust.

This work was performed in collaboration with B.L. Berman, W.J. Briscoe, C.T.

Christou, and D.R. Lehman (The George Washington University), and B.E. Norum and A.

Saha (University of Virginia).
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3. Deuteron Formation in the Reaction 12C(e,e'd)loBx=i

Abstract
In the reaction 12C(e,e'd)10B the lowest-lying T=l state in 10B is found to be as strongly

excited as the T=0 ground state of 10B, although the transition to the T=l state is isospin

forbidden for direct deuteron knockout. A mechanism of integration of a p-n pair in a relative

T=l state into a deuteron, is proposed to explain this result. This new proposed mechanism is

consistent with both the observed purely transverse character of the transition and the

momentum-transfer dependence of the cross section.

In this Letter we report on a measurement of the reaction l2C(e,e'd) leading to the residual
ll)B nucleus in its ground and low-lying excited states, with a surprising result. The results of

the previous measurements on the 3He(e,e'd)'H and the 6Li(e,e'd)4He s reactions1'2 could be

described well by assuming that the reaction proceeds via direct, quasielastic knockout of a

deuteron. The momentum-transfer (q) dependence of the process is the same as that for the

elementary electron-deuteron cross section oC(1. Therefore it is surprising that we found the ()+,

T=l state at an excitation energy of 1.74 MeV in 10B to be strongly excited in the 12C(e,e'd)

experiment, since the transition to this state is isospin forbidden for a direct knockout process.

Because the strength of this transition is of similar magnitude to those for the transitions to the

ground and first-excited states in 10B, which are the strongest isospin-allowed transitions, it

seems unlikely that the two-step process 12C(e,e'p)(p,d)'®B is the dominant process. Hence

another reaction mechanism is needed to explain this result.

This mechanism could be the integration of a p-n pair into a deuteron. If an electron is

scattered from a deuteron, there is a possibility that the deuteron breaks apart and that the p-n

system ends up in a relative *S state, which is only slightly unbound. The strength of this

breakup channel may even be comparable to that of the elastic channel.3 Reversing this process,

it is possible, if an electron is scattered from a p-n pair in a relative 'S state inside a nucleus, that

this p-n pair is emitted as a real deuteron. This 'deuteron-integration' mechanism, which

involves both spin and isospin flip of the p-n pair, might be responsible for the strong excitation

of the T=l state in the reaction l 2C(e,e'd)'°B. The occurrence of such a deuteron

electrointegration process is very interesting, as this would mean that one could obtain

information on correlated p-n pairs in a relative *S state inside a nucleus. In this Letter an

investigation of the mechanism of the reaction I2C(e,e'd)10B, 74 ^ y is described.

Within the one-photon-exchange approximation and with the restriction to the case where the
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momentum p of the outgoing deuteron is parallel to the momentum transfer q (parallel

kinematics), the (e.e'd) coincidence cross section can be expressed4 in terms of two structure

functions W, and WT:

d<k q2

(1)
Mou

de'dp q

where e1 is the momentum of the outgoing electron, K is a kinematical factor, o~Mou is the Molt

cross section, q2 is the squared four-momentum transfer, and co is the electron energy loss,

while the virtual-photon polarization parameter £ is given by

e = | l + - ^ t a n 2 ( — ) | " ' (2)
q2 2

with 0C. the electron scattering angle.

With only an S-wave component in the A —» (A-2) + d vertex,^-6 the quasielastic

A(e,e'd)A-2 coincidence cross section can be factorized in the plane-wave impulse aproximation

(PW1A)7 as

c U m m
dedp

where the spectral function S(Em ,pm) is the nuciear structure pan, i.e., the probability of

finding a deuteron with binding energy Em and momentum p m in the target nucleus, and Ko"c<j is

the reaction mechanism part, with o^j describing the electron-deuKron scattering cross section.

Final-state- interaction effects between the outgoing deuteron and the residual nucleus can be

approximated by replacing S(Em,pm) with the distorted spectral function SD(Em,pm.p). The

electron-deuteron scattering cross section can be writtten generally as
q2

°cd(q) = aMou-, f'Fjq^+e-'lF-rCq2)!2}. (4)
q z

For quasielastic deuteron knockout FL and FT are the known longitudinal and transverse form

factors of the deuteron. For the case of the deuteron-imegration process we assume a

description similar to Eq. (3), now taking for o c d the electron-deuteron integration cross section,

which, assuming validity of time invariance, is the same, apart from spin factors, as the

electron-deuteron disintegration cross section.8 By describing the reaction in this way we have

implicitly treated the p-n pair as a quasibound singlet deuteron.

We have studied the mechanism of the 12C(e,e'd) coincidence reaction in two ways: (1) The

longitudinal-transverse character has been investigated by performing measurements at constant

(co,q) but different incoming electron energy E o and electron scattering angle 0C.. (II) The

behavior of the coincidence cross section as a function of q has been investigated by changing

the value of q.
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The l2C(e.e'd) experiment was performed at the NIKHEF-K electron-scattering facility.9

With use of a 15.9-mg/cm2 carbon target a (typical) missing-energy resolution of 200 keV

(FWHM) was achieved. All measurements were performed in parallel kinematics (p //q), which

means that in the q check the distortions change, as the 10B-d center-of-mass energy Ecm

changes. In the LT check Ecm was kept fixed at 52 MeV. For kinematical reasons the

missing-momentum region was different in the two cases, i.e., 35 < pm < 85 MeV/c (pm ccnlra |

= 60 MeV/c) and 70 < pm < 130 MeV/c (pm ccnlral = 100 MeV/c), respectively . Further

kinematical information is given in Table I. The data were analyzed as described in Refs. 2 and

10. An excitation-energy spectrum is shown in Fig. 1. The 3+ ground state of IOB, the

first-excited 1+ state at Ex = 0.72 MeV, and the 0+, T=l state at 1.74 MeV can be seen clearly.

To check the L/T behavior of the reaction I2C(e,e'd)I0B, 7 4 McV, a Rosenbluth separation

has been performed: the measured cross sections at pm = 60 MeV/c (see Table I) were divided

by K.aMoll q
2/q2, which, according to Eq. (1), yields the sum WL + e"lWT. This sum is plotted

as a function of e"1 in Fig. 2. A linear least-squares fit to the data gives WL = (-0.2 ± 0.4). 10"10

(Me V/c)~3 and WT = (1.2 ±0.2). 10'1() (MeV/c)"3. Thus the data indicate within the uncertainties

a purely transverse process. Since the center-of-mass energy Ecm was kept fixed in our

kinematics, and the distortions are not expected to be very different1' for WL and WT, this

conclusion is not influenced by distortion effects. The purely transverse character of the reaction

is consistent with an explanation in terms of the deuteron-integration mechanism. The results of

the LT check speak against a two-step reaction mechanism because the process (e,e'p)(p,d) is

TABLE I. 12C(e,e'd) kinematics.

Pm
IMeV/c)

60

60

60

60

100

100

100

EQ

(MeV|

313

337

406

466

481

481

481

3.93

3.02

2.00

1.64

1.27

1.43

1.57

q2

ffm-2]

4.45

4.45

4.45

4.45

2.29

3.30

4.07

Ecm

[MeV]

52

52

52

52

40

52

61
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Fig. 1 Excitation-energy spectrum of the 12C(e,e'd)10B reaction. Labels indicate F,T.

8 . 10 1 0 ;
; i2C(e,e'd)10B

1 i Ex= 1.74 MeV
6. i010r

AT= 1

4.10-10!"

2. 10-10 !-

Fig. 2 Rosenbluth plot for the l2C(e,e'd)t0B, 74 MeV reaction. The solid line represents the
best straight-line fit to the data.
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not expected to be a purely transverse process, since the (e.e'p) reaction has a predominantly

longitudinal character, and we do not see how the (p,d) part can change this character

significantly. The (e,e'n)(n,d) process would be purely transverse, but in our kinematics the

(e,e'n) cross section is much smaller than that for (e.e'p). It should be mentioned that for the

first two isospin-allowed transitions we found WL values significantly different from zero,

indicating the expected difference in reaction mechanism.

The second check is to investigate whether the q dependence of the cross section follows

that of the deuteron electrodisintegration cross section. This was done by taking data for three

values of q2, keeping pm constant at 100 MeV/c. The q behavior of the measured
12C(e,e'd)10Bj 7 4 McV cross section and that of the deuteron disintegration cross section are

compared in Fig. 3. We used calculations by Fabian and Arenhovel,12 which include

meson-exchange currents and ground-state isobar components for ihe deuteron disintegration

2

l 2C(e.ed)1 0D - - - DW1A

10 ' -

52 MeV -

X E c m - 61 MeV -

-8

-0)

UJ

! 70 < p m < 130 MeV/c

10
."9 i

Fig. 3 Measured cross sections for the reaction 12C(e,e'd)10Bj 74 M e V as a function of the

momentum transfer squared. The dashed curve indicates the behavior (normalized at

the lowest q2) of the calculated deuteron disintegration cross section.
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process. These calculations give a good description of the measured deuteron disintegration

cross sections in the q range of the present experiment.4 The calculated cross sections have been

integrated over the energy region 0-3 MeV above threshold, because the major contribution of

the 'S p-n state is expected to be concentrated below 3 MeV above threshold. We explicitly

calculated the effect of the changing final-state interaction, due to different values of Ecm, by

using the factorized distorted-wave impulse approximation (DWIA) code PEEP.13 The global

optical-model parameter set of Hinterberger et a!.14 and an / = 0 bound-state wave function of

the Woods-Saxon type were used to estimate these distortion effects for pm = 100 MeV/c. The

differences in final-state interaction are taken into account in the calculated disintegration cross

section. As can be seen in Fig. 3 the variation in measured coincidence cross sections is a factor

of 5.9 ± 1.2, which agrees well with the variation in the calculated deuteron disintegration cross

section of 6.2 ± 0.3, where the uncertainty is due to distortion effects. The choice of the

integration interval of 0 - 3 MeV above threshold has Htt'e influence (< 1%) on this factor.

In hadron-induced deuteron-knockout experiment a mechanism where the hadronic panicle

changes a p-n (S=0,T=l) pair into a deuteron also can tako place. In the reaction ^Qp.pdj'^B,

the excitation of the I ( IB, 7 4 McV state indeed can be disrribed reasonably well by such a

mechanism.15 However, these data do not exclude other mechanisms, since the general trend of

the experimental cross sections also can be reproduced -vith a constant p-d cross section,

independent of the momentum transfer q.

In summary, we have found evidence that the 0+, T=l ^div at 1.74 MeV excitation energy

in 10B is excited in the reaction l2C(e,e'd) through the mecranism of deuteron integration. If

f urther theoretical study about the possible contributions of two-step processes indeed supports

the dominance of the proposed deuteron-integration mechanism, we may, by use of this

reaction, be able to investigate correlated p-n pairs in 12C which are not in a deuteron quantum

state, and thus to obtain complementary information about correlations in the 12C nucleus. The

prospect then would be the application of this method to other nuclei as well.

We would like to thank Prof. H.Arenhdvel for the calculation of the electrodisintegration

cross sections. This work was supported in pan by the Stichting voor Fundamenteel Onderzoek

der Materie (FOM), which is financially supported by the Nederlandse organisatie voor

Wetenschappelijk Onderzoek (NWO), by the National Science Foundation, by the U.S.

Department of Energy, and by the Jeffress Memorial Trust.

This work was performed in collaboration with B.L. Berman and W.J. Briscoe (The

George Washington University), B.E. Norum (University of Virginia), and A. Saha (CEBAF,

Newport News).
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4. The Mechanism of the 4He(e,e'd)2H Reaction.

Abstract
The cross section for the 4He(e,e'd)2H reaction has been measured as a function of the

four-momentum transfer q at a missing momentum of 125 MeV/c. The data show that this

reaction cannot be described as quasielastic knockout of a deuteron. Comparison of the data

with a microscopic calculation of the cross section for a direct knockout reaction indicates that

more high-momentum components in the relative wave function of two nucleons in 4He or other

processes like (e,e'p)(p,d) are needed.

Single-nucleon densities p^r ) within the nucleus have been extensively investigated by

proton-stripping and proton-pickup or knockout reactions. In particular the (e.e'p) reaction

proved to be very instrumental to study these densities.1"4 In contrast information about the

two-nucleon density function5 p2(rj,r2) is very scarce. Although only certain correlations can

be probed, the (e,e'd) reaction seems well suited to study this two-nucleon density function,

since this reaction can be studied with high resolution and there are only two strongly-interacting

particles in the final state. Indeed the d-4He momentum distribution in the ground state of 6Li

could be determined well using the 6Li(e,e'd) reaction.6 Therefore it seems extremely

worthwhile to study the 4He(e,e'd)2H reaction, since 4He is both a very dense and tightly

bound nuclear system, where the effect of correlations will be relatively large, and a

fundamental few-body system, for which extensive microscopic calculations are available.7"9

However, in order to be able to determine a d-d momentum distribution in the ground state of
4He from the 4He(e,e'd)2H data, knowledge about the mechanism of the 4He(e,e'd) reaction is

essential.

Although the electromagnetic interaction mainly takes place with a single nucleon, the

momentum transfer dependence of the 6Li(e,e'd)4He s cross section is, after correcting for

distortion effects, the same as that of elastic electron scattering from a free deuteron.6 This

indicates that the 'deuteron cluster1 in 6Li can be quantitatively regarded like a free deuteron.

However, because of the tight binding (small size) of 4He and the small binding (large size) of a

free deuteron it is certainly not obvious that the 4He(e,e'd)2H reaction can likewise be described

in terms of a quasielastic scattering mechanism.

In this letter we present the results of a measurement of the variation of the 4He(e,e'd)2H

cross section as a function of the four-momentum transfer q. We will show that the data can not

be described as quasielastic scattering, which has a direct impact on the extraction of cluster
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spectroscopic information from knockout reactions. We will also compare the obtained data with

the results of a microscopic approach to describe the mechanism of the 4He(e,e'd)2H reaction.

The 4He(e,e'd)2H experiment was performed at the NIKHEF-K electron scattering

facility10 at an incident electron energy of 460 MeV. A cryogenic target system" was used at an

operating temperature of 20 K and a pressure of 400 kPa, resulting in a target density of 10

mg/cm3. The effective length of the target when viewed at 90 degrees amounts to 2.3 cm. The

target thickness, which varies as a function of the dissipated power, could be related within an

accuracy of 2% to measurements of the elastic electron-scattering cross section by use of the

corresponding proton singles rates. The measurements were performed at a fixed d-d

center-of-mass energy of 35 MeV, keeping the missing momentum region 100 < pm < 150

MeV/c constant. The values of q2 were 1.75, 2.49, 3.36, and 4.79 firf2. An excitation-energy

spectrum for q2 = 1.75 fm"2 is shown in Fig. 1. The 2H ground state and the breakup of 2H

starting at the threshold of 2.2 MeV can be clearly seen. The measured cross sections are shown

in Fig. 2. The systematical error on these cross sections is estimated to be smaller than 1%.

4He(e.e'd)

ri. 2 . 107

<u

q2 = 1.75 fm'2

100<p < 150MeV/c

1 . 10

0

r7j-

0 4 8

Ex I MeV ] —>

Fig. 1 Excitation-energy spectrum of the 4He(e,e'd) reaction.

Assuming quasielastic scattering and only an S-wave component in the 4He --> d + d

vertex, the 4He(e,e'd)2H deuteron knockout coincidence cross section can, in analogy to the
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(e,e'p) reaction, be factorized in the plane-wave impulse approximation

de'dp (1)

where e' is the momentum of the scattered electron, p that of the outgoing deuteron, K is a

kinematical factor, S is the spectral function, i.e. the nuclear structure part,14 and a^ is the

electron-deuteron cross section. Final-state interaction effects can be approximated by replacing

S(Em, pm) with the distorted spectral function SD(Em, pm , p).

The measured cross sections are compared in Fig. 2 with the predicted behavior of the

kinematical factor K times the free electron-deuteron cross section (dashed curve). Although the

lOf tr

10-n

^1

JO"8

4He(e,eld)2H

100<pm<150MeV/c

o Ecm = 35MeV
— quasielaslic DWIA
.... DWIA (modified)

— microscopic DWIA

io-9

2 4 6
q2 [fnr2] —>

Fig. 2. Measured cross sections for the reaction 4He(e,e'd)2H as a function of the

momentum transfer squared. The dashed curve indicates the behavior of the

kinematical factor K times the free electron-deuteron cross section. The doned curve

indicates the behavior of the kinematical factor K times a modified electron-deuteron

cross section. The solid curve is the result of a microscopic calculation of this

reaction. AH curves have been corrected for distortion effects and were normalized at

the lowest q .̂
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d-d center-of-mass energy is kept constant, the predicted behavior had to be corrected for

final-state-interaction effects, as the angle between p and pm changes. These were calculated

with the factorized (e,e'p) DW1A code PEEP,15 using the bound-state wave function of Ref. 9,

and u d-d optical potential constructed by double folding, using the JLM effective

nucleon-nucleon interaction.16'17 It may be questioned if an optical potential is realistic at all for

ihe d-d system, but a double folding potential is probably the best first-order approximation to

estimate the effects of the final-state interaction. The final-state interaction reduces the spectral

function at pm= 125 MeV/c with a factor of approximately 17 for the lowest value of q2, and a

factor of approximately 13 for the highest value of q*\ Using instead of the bound-state wave

function of Ref. 9 a bound-state wave function that reproduces the calculated d-d momentum

distribution of Ref. 8 gives reduction factors of 16 and 10, respectively.

The conclusion from the above comparison is that the measured cross sections can not be

described using the free electron-deuteron scattering cross section. Because the

electron-deuteron cross section depends on the relative wave function of the p-n pair inside the

deuteron,1819 the underlying reason may be that in the 4He(e,e'd)2H reaction the electron is

scattered from a p-n pair that is different from a free deuteron. For instance, both p-n pairs

inside 4He have to change size in the transition to the final system, as the size of 4He is smaller

than the size of a free deuteron. Therefore we will now consider a microscopic treatment of the
4He(e,e'd)2H reaction.

We will describe the interaction of the electron with the nucleus 4He as the sum of the

one-body interactions with the nucleons. Taking for simplicity only charge interaction into

account and neglecting two-step processes like (e,e'p)(p,d) the transition matrix element for the
4He(e,e'd)2H reaction in PW1A contains the factor

(2)

where r; indicates the position of nucleon i, e ; is its charge, and F (q) is the proton form factor

reflecting the fini ; size of the protons (we have only sketched the transition matrix element and

left out details or. quantum numbers). The internal deuteron wave function is denoted with $4

and the 4He wavt function with 4*. The six-fold (e,e'd) cross section can be written in terms of

Mfias
6

-£?-= Kov. J M . I 2 . (3)
dedp Motl fi

We can obtai> a general idea of the effects caused by the difference between the p-n pair in
4He and the p-n pair in a free deuteron in a simple approximation. In this approximation we
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assume a cluster approach, where the nucleus 4He is described as consisting of two (S=1,T=O)

p-n pairs. At first instance these p-n pairs can be assumed to be identical, so that we have

described the 4He wave function as a product of two internal wave functions of 'shrunken

deuierons' and a relative wave function. This projection is too crude, however, since one can

also end up with two deuterons in the final channel if one starts with two p-n pairs with different

quantum numbers. Also, by selecting two 'deuterons1 inside 4He antisymmetrization between

the nucleons is lost. This neglect of antisymmetrization causes exchange contributions, as the

protons io not necessarily have to overlap with the neutrons inside their own 'deuteron1 to form

a free deuteron in the final state.

In a slightly better projection the wave function of the 4He nucleus is written as a product of

a deuteron wave function and an overlap wave function between a deuteron and 4He.9>2° The

latter can be written as a product of a bound-state wave function and an internal wave function

of the p-n pair. The advantage in this approximation is that one of the p-n pairs does not change

and can be viewed as a spectator. In a fact on zed approach the six-fold (e,e'd) coincidence cross

section can then be easily rewritten from Eqs. 2 and 3 as

d o • :~-" -2

' vr ) > l
de'dp M

where <t>pn(r) is the internal wave function of the p-n pair with r the relative coordinate of the p-n

pair, and S(Em, pm) contains the wave function of the p-n pair relative to the spectator deuteron.

From Eq. 4 it can be seen that if <t>pn(r) is equal to the internal wave function of a free deuteron

^( r ) (the quasielastic scattering assumption) Eq. 1 is recovered.

In the practical calculations only the main term of the expansion20 of the overlap wave

function into an internal and a bound-state wave function was used, which means that the

angular Quantum numbers of the internal wave function and of the bound-state wave function

were restricted to zero. In Fig. 2 the measured cross sections are compared with the predicted

behavior of the kinematical factor K times this modified electron-deuteron cross section (dotted

curve). It can be readily seen that the calculated behavior hardly differs from the behavior of the

free electron-deuteron cross section in the q2-region 1.75- 4.79 fm"2. Obviously for the values

of q-, at which we performed our experiment, the high-momentum components in the internal

wave function of the p-n pair are such that the transition form factor l<0d(r) I Fp(q) e l 1 r ' 2 I

<t>pn(r)>l in Eq. 4 has a similar q-dependence as the deuteron form factor, even though the p-n

pair inside 4He has a much smaller radius than a free deuteron, i.e. the dependence is flatter at

low q than for a free deuteron. To illustrate this more explicitly we have compared in Fig. 3 the

deuteron longitudinal form factor with the transition form factor of Eq. 4. The latter goes

through a minimum for q2=20 fm"2. The exact location of this minimum is strongly dependent
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on the high-momentum components in the internal wave function of the p-n pair, and thus a

slightly different contribution of high-momentum components may appreciably change the

dependence on q in the region of our experiment. The possible minimum in the longitudinal

form factor of a free deuteron occurs at a much higher value of q2, although it should be noted

that the Coulomb form factor is expected to have a minimum at about 16 far2.21

0 4 9 16

q2 [far2] —>

25 36

Fig. 3. Comparison of the deuteron longitudinal form factor with the transition form factor of

Eq. 4.

The conclusion from the simple approximation considered is that a direct knockout (e,e'd)

reaction, especially its dependence on the momentum transfer q, is sensitive to the short-range

correlations in the target nucleus. In this approximation the 4He wave function was projected

onto the product of a deuteron wave function and an overlap wave function <2HI4He>. As has

already been mentioned, in this projection only one component was taken into account in the

latter wave function. Further antisymmetrization between die nucleons in the p-n pair and the

spectator deuteron, which causes exchange contributions, was neglected.
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To overcome these shortcomings the cross section has been calculated directly according to

Eqs. 2 and 3, using a fully microscopic 4He wave function. For this the 4He wave function of

Ret". 9 was taken. This wave function is calculated in the so-called Amalgamation of Two-body

correlation into the Multiple Scattering process method,22 where the correlations between the

nucleons due to a Reid soft core V8 Model nucleon-nucleon potential are included in the trial

wave functions in terms of two-body correlation wave functions. Different on-shell and

off-shell two-body correlation functions are taken into account in this model.

The measured 4He(e,e'd)2H cross sections are compared with the calculated behavior of the

cross section20 in this microscopic model in Fig. 2 (solid curve). Since in Eq. 2 the relative

motion of the two deuterons in the final state is described as a plane wave, we had to correct for

distortion effects. This was done as described before.

The data are not well described by the microscopic model. In fact, the agreement with data is

worse than the previous ones. Since our data are primarily longitudinal (>95%), we think that

the assumption of charge scattering only does not influence our results significantly. It may be

that the discrepancy is due to the underestimate of the high-momentum components in the

relative wave function of the p-n pair in the 4He wave function of Ref. 9. As already shown in

Fig. 3 our data are in a sensitive region. However, the discrepancy may also be due to the

influence of two-step processes (e,e'p)(p,d) or of two-body contributions. We are now in the

process of calculating the role of two-step processes in both the °Li(e,e'd)4Heg s and the
4He(e,e'd)2H reactions.

We like to stress here, that if a deuteron-knockout reaction proceeds by the direct coupling

to a p-n cluster, then the extracted cluster spectroscopic information depends on the relative

wave function of the p-n pair inside the target nucleus. Most knockout experiments are analyzed

by dividing out a free projectile-deuteron cross section (in initial-state or final-state kinematics),

which is here shown to be not correct. The dependence on the momentum transfer q of a

deuteron knockout reaction may be different than that of a free projectile-deuteron cross section.

Even if the dependence happens to be the same in the q2-region of interest, the absolute

magnitude may be different due to the non-perfect overlap of the p-n pair with a free deuteron,

which in turn influences the absolute normalization of the extracted spectroscopic information.

In summary, we have experimental data indicating that it is not allowed to extract cluster

spectroscopic information from a cluster knockout reaction just using a free projectile-cluster

interaction, since the relative wave function of the nucleons in the cluster may change during the

reaction. With a microscopic direct knockout model, which takes this change into account, the

variation of the 4He(e,e'd)2H cross section as a function of q2 could still not be described. This

may be due to the underestimate of high-momentum components in the internal wave function of
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the p-n pairs inside 4He, or to the neglect of the role of two-step processes or two-body
contributions.
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discussions.
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5. The (e,e'd) Reaction on 4He, ̂ Li and

Abstract
The (e.e'd) reaction has been measured on 4He, 6Li, and 12C. The theoretical description of

an electron-induced cluster knockout reaction is discussed in a quasielastic approach and a

semi-microscopic approach. This description is compared with the measured (e.e'd) cross

sections as a test of the electron-deuteron scattering mechanism and of the possibility to extract

nuclear structure information. It is shown that a quasielastic approach is only valid in limiting

cases like the 6Li(e,e'd) reaction. However, also a semi-microscopic approach is not able to

describe our data of the 4He(e,e'd)2H and the 12C(e,e'd) reactions. For this reason there remain

large uncertainties in the absolute magnitude of the extracted spectroscopic information.

Nevertheless the form of the theoretical momentum distributions are in reasonable agreement

with our data.

1. Introduction

Experimental studies of the electron-induced quasifree proton knockout reaction (e,e'p) have

proved to be very useful in gaining information on the structure of nuclei. In first instance they

provided direct evidence for the shell structure of nuclei not only near the Fermi level, but also

far below this level.1 Later, due to improved energy resolution, bound-state wave functions and

spectroscopic factors for transitions to specific states of the residual nucleus could be

obtained.2-3 Nowadays, these single-particle properties have been quite extensively investigated

with the (e,e'p) reaction.4"7

Likewise, experimental studies of the electron-induced deuteron knockout reaction (e.e'd)

can be useful in investigating two-nucleon correlations, i.e. the probability to find deuteron

clusters in the target nucleus, and the bound-state wave functions of such clusters.8 This

information about correlations is essential to understand processes such as a-decay and

Jt-absorption, which have to take place on clusters of two nucleons or more.

It will be seen that the (e,e'd) reaction is dependent on the relative motion of the two

nucleons before the reaction. For the momentum transfers normally used in electron-induced

deuteron knockout reactions one especially is sensitive to the high-momentum components of

this wave function, and thus to short-range correlations.9 The understanding of the (e.e'd)

reaction may therefore help considerably in investigating correlations in nuclei.

A full investigation of two-nucleon correlations requires (e,e'2N) coincidence studies, but

these are not yet technically feasible as they need high duty-factor beams. The (e,e'd) reaction
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probes only certain classes of correlations, since the reaction is always restricted to a projection

on a physical deuteron in the final channel. The (e.e'd) reaction obviously investigates

(S=1,T=O) deuteron-like correlations, but we will discuss in section 2 that also (S=O,T=1)

proton-neutron correlations can be studied in some cases. Compared to the (e,e'2N) reaction

distinct advantages of the (e,e'd) reaction are that it can be studied with high resolution using the

same set-up as for (e.e'p) reactions, and that distortion effects can be calculated more easily,

since there are only two strongly-interacting particles in the final state.

Some information on two-nucleon correlations has come from two-nucleon transfer

reactions, like (p,t) and (d,a), and from two-nucleon knockout reactions with hadrons, like

(p,pd) and (a,ad), but the results of such investigations are in many cases inconsistent.1® Most

probably this is due to the complicated reaction mechanism, which encompasses multi-step

processes, optical-model potentials of composite particles, three-body final states ( in knockout

reactions), etc.

In view of these complications it is essential to test the mechanism of die (e,e'd) reaction if

one wants to extract useful information about two-nucleon correlations from the (e.e'd)

knockout reaction. This mechanism can be tested in two ways: by studying the

longitudinal/transverse character of the (e.e'd) coincidence cross section and by studying the

dependence of the (e,e'd) coincidence cross section on the momentum transfer. The use of

optical-model potentials, necessary to describe the final-state interaction between the

knocked-out deuteron and the residual nucleus, can be checked by studying die (e,e'd) cross

section for different kinetic energies of the knocked out particle.

To investigate the (e.e'd) reaction we used three different target nuclei: (i) 6Li, which,

according to different models, can be largely described as an a-d system.11 (ii) 4He, a very

dense and tightly bound nuclear system, for which the effect of correlations will be relatively

large and extensive microscopic calculations are available.12 (iii) 1 2C, where transitions to

various bound excited states are possible, and where one can investigate if shell-model wave

functions like those of Cohen and Kurath give a correct prediction of correlations in a slightly

heavier nucleus.13 Especially the combined investigation of the (e.e'd) reaction on these three

nuclei may give some more definite answers on the usefulness of the (e,e'd) reaction.

This paper is organized as follows : in section 2 die theoretical description of the (e.e'd)

reaction is discussed. In section 3 the experimental set-up and the data analysis is outlined. In

section 4 the calculation of the final-state interaction effects between the knocked-out deuteron

and the recoiling residual nucleus is presented. Section 5 is devoted to the results of the tests on

the mechanism of the (e,e'd) reaction. The nuclear structure information derived from the

experimental data is described in section 6. Finally, the results are discussed in section 7.
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2. Theoretical description of the (e,e'd) reaction.

In this section the theoretical description of the (e,e'd) deuteron knockout reaction is

discussed. In subsection 2.1 the general formula for the (e,e'X) coincidence cross section in the

Born approximation is given. For the rest of this section we will concentrate on the description

of the (e,e'd) reaction, although most formulas could be given in the same manner for other

cluster knockout reactions like (e.e't) or (e,e'a). We will outline a general formalism for (e.e'd)

knockout reactions, starting with the basic constituents of the nucleus, the nucleons, but will

also consider the most simple approximation, wherein the knocked-out deuteron is assumed to

exist already as an elementary entity inside the nucleus, and the reaction can be considered as

quasifree knockout.

It will become clear that (e,e'd) is a much more complicated process than (e,e'p) and hence

also more assumptions have to be made in the former case. In analyzing data within the sketched

framework these larger uncertainties must be taken into account.

The kinematics of the quasifree (e,e'd) reaction are shown in Fig. 2.1. An incoming electron

(Ee,e) scatters from the target nucleus (MA,pA), emitting a virtual photon (co,q), which is

transferred to a deuteron with binding energy Effl in the nucleus and momentum p m . The

scattering angle between the scattered electron (Ee.,e') and the incoming electron will be denoted

by 9e-. The knocked-out deuteron is detected at an angle 6X.. The angle between the momentum

transfer q and the knocked-out deuteron (Ex.,px.) is given by y. The residual nucleus is

recoiling with (EB,pg). To simplify the figure the knocked-out particle is assumed to be detected

in the scattering plane of the electron; a possible azimuthal angle between the scattering plane of

the electron and the plane through q and px- will be denoted by $.

(MA.pA)

Fig. 2.1 Kinematics of the (e.e'd) reaction.
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2.1 THE (E,E'X) COINCIDENCE CROSS SECTION IN BORN APPROXIMATION.
The differential cross section for the process e + A —> e' + X + B is, according to Fermi's

Golden Rule, generally given by14

**= —p=ITI2p (2.1)
/ 2 ' "•

where the first factor is a flux-factor, p 3 f is the invariant energy density of three-particle final

states, and Tfl is the transition amplitude.

In the one-photon-exchange or Born approximation this transition amplitude can be written

as

Tfi = <$ f
( ) IH 1 l0 i

( + J >. (2.2)

where H[ is the electron-nucleus interaction hamiltonian causing the transition, and <j)f̂  and <^+)

are the distorted wave functions (solutions of the full hamiltonian minus Hj) of the final- and

initial-state, respectively. The (e.e'X) coincidence cross section can now be written exactly as15

dE ,dQ .dE ,dQ .
c e x x -M

(2.3)
where o"Mou is the Mott cross section, and the virtual-photon polarization parameter e is given
by

2

q~

The response functions W; are in general functions of to, q, px. and y. Both W-J-J- and WLT are

functions of the component of px. perpendicular to q, and thus disappear in kinematics, where

the momentum of the outgoing particle px> is parallel to q (parallel kinematics, Y=0°)-

2.2 THE (E,E'D) COINCIDENCE CROSS SECTION IN QUASIELASTIC PWIA.

As the basic constituents of a nucleus are nucleons, a description of electron-induced

deuteron knockout has to be based on the interaction of the electron with these nucleons. We

will sketch only the general framework with focus on the physical assumptions, and leave out

details like spin degrees of freedom and angular momentum quantum numbers, if these are not

relevant.

In the framework of the plane-wave impulse approximation (PWIA) the following

assumptions are made : i) only the one-body contribution to the nuclear current is taken into

account, i.e. the virtual photon couples to a single nucleon that is part of the knocked-out

deuteron, ii) the nucleons inside the nucleus have the same intrinsic properties as free nucleons,
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and iii) the distorted wave functions are approximated by plane waves. In connection to this set

of assumptions we will consider only one-step processes that lead to knockout of a deuteron,

and neglect two-step processes like (e,e'p)(p,d).

The transition amplitude for the deuteron knockout A(e,e'd)B reaction is now given by

T ( 2 )
1 = 1.2

(2.5)

where <pd is the d-B plane wave in the final channel, <j>d is the internal wave function of a free

deuteron, <I>A and OB are the wave functions for the initial and final nuclei A and B, and ^B

denotes the internal coordinates of B. The one-body operators V(re-rj) and V(re-r2) can both

lead to deuteron knockout in the same way as both can lead to elastic electron-deuteron

scattering.16'17 The description of the (e.e'd) reaction is in this way analogous to elastic

electron-deuteron scattering, where the virtual photon couples to one nucleon only, which, by

virtue of its overlap with the other nucleon, recoils as a deuteron.

Of course the initial wave function and the total final wave function must be antisymmetrized

with respect to interchange of any two nucleons. The factor in front of the overlap matrix

element which is the square root of the number of possibilities to take two particles from a

system of A particles is related to this. Antisymmetrization between the nucleons in the deuteron

and the residual nucleus B will be neglected in the rest of this section. We will come back to the

exchange contributions caused by this antisymmetrization in subsection 2.6.18

The wave function of the initial nucleus A can be expanded into terms containing the wave

function of the final nucleus B and a two-particle wave function W^rj). This two-particle

wave function ({Kr,,^) can then be expressed in terms of the relative and the center-of-mass

coordinates of the two particles (see subsection 2.5 for more details). In this subsection we will

assume that an extreme cluster model is valid, which means that there exists already a preformed

deuteron cluster inside the target nucleus A, with the same internal properties (spin, isospin and

relative p-n wave function) as a free deuteron. " ^

In this extreme cluster model the wave function of A can be expanded in the following

form.

]
B Jd N.L

(jBJdMBMdljAMA)(TBONBOlTANA) ^ ( r , - ^ ] '

(2.6)
where the normalized wave function (p^L describes the state of relative motion between the
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deuteron and the residual nucleus B, with N and L the principle and angular momentum

quantum numbers, respectively. Spin and isospin quantum numbers are written as Jx and Tx,

and their projections as Mx and Nx. The bracket denotes the amplitude for projecting the

deuteron wave function out of the initial wave function. Indices A and B of the wave functions

<t> represent all relevant quantum numbers of the nuclear systems A and B.

The overlap wave function of the initial nucleus A and nucleus B in the considered final state

can then be written simply as

N.L
r +r J*.T

[cp^rg- - ^ ) «t»dC""1-r:2)] . (2.7 )

for the case that A and B have spin/parity and isospin O^O and P.T, respectively. The isospin T

has to be equal to 0, since the deuteron has T=0. The overlap wave function can be seen to be

just the product of the bound-state wave function q ^ and the internal wave function of the

deuteron cluster times a spectroscopic amplitude. The square of this amplitude will then give the

probability to find a deuteron inside target nucleus A. Normally also the spin part of the

deuteron is included in the definition of the bound-state wave function, analogous to the (e,e'p)

case. Since the deuteron has spin-1, in principle two values of L (and many values of N) are

possible for the bound-state wave function, for each value of J.

For this extreme cluster model, the first two assumptions made in PWIA are equivalent to

what we will call quasielastic PWIA, i.e. i) the virtual photon couples to a preformed deuteron,

which is knocked out of the target nucleus, and ii) the deuteron inside the nucleus has the same

properties as a free deuteron. The fact that the deuteron really is a cluster consisting of two

nucleons, is not important anymore. This situation can be compared to that of proton knockout

reactions, where the proton really is a cluster of three quarks, and the virtual photon couples to

one quark only.

In this extreme cluster model it can be shown4-21 that the (e,e'X) coincidence cross section

factorizes into a reaction-mechanism part and a nuclear-structure part, if only one angular

momentum A contributes. Here A is a recoupling angular momentum satisfying the triangular

relationship with L and L', the possible orbital angular momenta of the knocked-out cluster, and

Sx and S'x, the possible spins of the knocked-out cluster. This recoupling arises because the

cross section is the square of a transition matrix element (one of which has primed quantities),

and one thus gets a quadratic of the Clebsch-Gordan coefficients indicated in Eq. 2.6.

Factorization is valid if

a) L=0,
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b) X is a spin-0 cluster,

c) X is a spin-1/2 cluster. In this case parity conservation, which requires that L and L' are

both either even or odd, forbids A=l,22 and thus again only A=0 is allowed.

For spin-1 clusters, however, there are in general two possibilities, A=Oand A=2 (A=l is again

not allowed because of parity conservation), which means that the cross section does not

factorize a priori. Factorization is in that case valid if only an L=0 bound-state wave function is

possible, or a reasonable approximation if the L=0 component is large compared to other

components. Factorization is in principle not valid, if the contribution of an L*0 bound-state

wave function is large.

To describe the (e,e'd) reaction we now make the further assumption that the A=2 part can

be neglected, and thus factorization is valid. With this assumption added, the quasielastic (e.e'd)

coincidence cross section can, analogous to the quasielastic (e,e'p) cross section, be written in

the factorized form

= px.Ex.Oed S(E p ) , ( 2.8 )
dE.dO.dE^.dQ,.

where o^, is the (off-shell) electron-deuteron cross section (see subsection 2.3), and S(Em, pm)

is the spectral function, which is the probability of finding a deuteron in the parent nucleus A

with binding energy Em and momentum pm. This spectral function can be written as

( m i n - E 1 . + EA), (2.9)
f

where f labels the final states, Ef and EA are the energies of the final and initial states, and the

momentum density P((pm) can be written as

^ j B d A 2.10)
(2n)

which is the Fourier transform squared of the overlap wave function of the deuteron and the

residual nucleus B with the target nucleus A times the square root of the factor A(A-l)/2.

The spectroscopic factor SL is defined as the norm of the overlap wave function

<OB
f0dl«I>A> multiplied by the counting factor A(A-l)/2:

Summing of this spectroscopic factor SL (multiplied by an isospin Clebsch-Gordan coefficient

squared) for all final states of B gives the number of deuterons to be found in nucleus A.
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2.3 THE OFF-SHELL ELECTRON-DEUTERON CROSS SECTION.

The differential cross section for elastic electron-deuteron scattering can be written as16-17

— = oMoll ( ACq2) + BCq2) tan2 (9/2) ] , ( 2.12)
dft

where 6 is the scattering angle of an electron on a deuteron in the laboratory system, and

A(q2) = Gc
2(q2) + | T , 2 G^q2) + |

. (2.13)

Here T| = -q 2 /4Md
2 with Md the deuteron mass, and G c , G Q , and G M are the Coulomb,

quadrupole, and magnetic form factors of the deuteron, respectively.^"^4 To give a global

indication, for q2 < 7 fm'2 the value of B is at least one order of magnitude smaller than the

value of A.

Obviously the deuteron in the nucleus can not be treated as a free deuteron, as the deuterons

are off-shell. De Forest has given a current-conserving prescription to account for these off-shell

effects in the case of a (moving) proton.35 In the spirit of treating the deuteron as an elementary

entity the off-shell effects of the deuteron were included by substituting deuteron variables into

the current-conserving proton off-shell cross section g^.1 as given by de Forest, and thus

(2.14)

where

E = yJp\u^ , q = (Ex.-E,q). (2.15)
The off-shell effects are especially influential near the photon point In deuteron knockout

kinematics one normally measures far away from this point, and the off-shell effects are in

practice rather small (<3%). In the rest of this article they always will be included using the

above prescription.

2.4 THE (E,ET>) COINCIDENCE CROSS SECTION IN QUASIELASTIC DWIA.

In PWIA the distorted wave functions of relative motion in the final and initial state are

described by plane waves. For the electron wave functions this approximation is reasonable, as

only Coulomb distortions of the electron waves in die field of the nucleus play a role, and these
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are small for light nuclei. More important are the distortions due to the final-state interaction

(FS1) between the knocked-out deuteron and the residual nucleus. From now on we will only

consider these last distortion effects.

Denote with Xd(Pcm>r)tne distorted wave function of the outgoing deuteron relative to the

residual nucleus B, where p c m is the asymptotic center-of-mass momentum of the outgoing

deuteron, and r is the center-of-mass coordinate between d and B. If the FSI between the

outgoing particle and the residual nucleus is neglected, Xd̂ Pcm'1") becomes equal to the plane

wave <f>d(r) of Eq. 2.5, and we have the PWIA expression of Eq. (2.8). In the quasielastic

distorted wave impulse approximation (DWIA) one assumes a factorized form again

with

and

i— j 2

P X P X ) = l|drXr(Pcni.r)e1 A "^ACA^ <•£•„!**>! . (2.18)
In this factorization approximation the distortion effects show up in the measured momentum

density only.

There are two effects that may invalidate this factorization. Firstly, if the FSI is spin

dependent, then factorization is in general not valid.36 However, the spin dependence for (e,e'd)

is small, because the spin-orbit interaction is small, and also because the spin-dependent part of

electron-deuteron scattering (see Eq. 2.13) is small for not too large values of the momentum

transfer q.

Secondly, a direct consequence of the FSI is that the measured momentum of the

knocked-out particle is reduced due to the attractive nuclear potential. Therefore in DWIA it is

not possible to deduce the value of the momentum of the particle in the nucleus exactly. If the

main contribution to the reaction of K^Pcm*1*)is' however, confined to a small momentum

interval only, i.e. the spread in the forementioned reduction is small, it is still possible to derive

information on the most probable value of the missing momentum. Thus if the FSI is not too

strong, the assumed factorized form of quasielastic DWIA is a good approximation. This has

been confirmed by Boffi et al., who have studied the validity of the factorized form in (e.e'p)

reactions by comparing a factorized calculation of the coincidence cross section to an

unfactorized calculation. Especially in parallel kinematics factorization was seen to be a good
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approximation.37 Of course in (e.e'd) reactions the FSI will be stronger, but the usual

cjiiasielasiic DWIA with the factorized distorted momentum density will be a reasonable

approximation, if the outgoing deuteron energy is high enough, especially in parallel kinematics.

2.5 A SEMI-MICROSCOPIC APPROACH TO THE (E.ETJ) REACTION.

In the discussed extreme cluster model it is assumed that the p-n pair inside the nucleus has

exactly the same properties as a free deuteron. In general the internal state of the p-n pair prior to

the electron scattering does not have to be the same as after the scattering. This means not only

that the relative wave function of the p-n pair in the initial nucleus A may be different from the

relative wave function of the p-n pair in the free deuteron, but also that the spin and isospin of

the p-n pair may be different from those of the deuteron.

The expansion of the wave function for the initial nucleus A in a form containing the wave

function for the final nucleus B can generally be written as:-*8

B V,
(2.19)

where 0(r,,ri) is an unnormalized two-particle wave function with total angular momentum JX

and isospin Tx, and antisymmetric in the coordinates of the internal nucleons. Indices A and B

have been added to indicate that this wave function is an overlap wave function of nuclei A and

B.

This two-particle wave function can be expressed as a superposition of products of

normalized single-particle wave functions^

1/2 r J.T.

> ' ( 2 " 2 0 )

where the q; are the nucleon shell-model quantum numbers (n^l^jj), and the two selected

nucleons are coupled to angular momentum Jx and isospin Tx. Here the bracket is the

two-nucleon coefficient of fractional parentage as calculated with some nuclear model. For

instance, the calculated shell-model two-nucleon coefficients of Cohen and Kurath can be used

for transitions between nuclei in the lp-shell.13

As already mentioned in subsection 2.2 this two-particle wave function can be expressed in

terms of the relative and the center-of-mass coordinates of the two particles. This mathematical

transformation can be performed by first going from jj-coupling to LS-coupling
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S,A

where <(> is the spatial part of the single-particle wave function and y s the coupled spin part, and
then using Talmi-Moshinsky techniques.40 For harmonic-oscillator single-particle wave
functions this can be done easily, but this results in relative and center-of-mass pans also of
harmonic-oscillator form, which is not physical.41 For more realistic Saxon-Woods
single-particle wave functions the transformation can be performed by expanding each wave
function as a sum of harmonic-oscillator wave functions.41-42 For the case that the two particles
have zero relative angular momentum, Bayman and Kallio have given a procedure to perform
the transformation by direct integration.43

Using the transformation into relative and center-of-mass coordinates of the two particles,
the spatial part of Eq. 2.21 can be rewritten as

Kifri* •-AM* = 5 2 < N L n • AI "A^v^t W R v K^X •
N.L n.l

(2 .22)
where the internal wave function of the two-nucleon system is denoted with (j)n, and the wave
function relative to the residual nucleus B with (pNL (in writing R - rB for the center-of-mass
coordinate we have assumed that r, and r2 have been defined relative to the center-of-mass of
B).38,44 -j-jjg qu a ntum number L is the angular momentum of the center-of-mass of the
two-nucleon system relative to B, whereas 1 is the angular momentum of the two nucleons with
respect to each other.

Because the p-n pair in a deuteron is mainly in an (n=O,l=O)-state often a spectroscopic
amplitude for the decomposition of nucleus A into residual nucleus B and a p-n pair in such a
state of relative motion is used of the following form45

N + L/2

Sq'£i T < N L 0 0 Ll n1I1n2l2L> . ( 2.23)

In this definition the difference between the possible (pNL that result from different
combinations of qj and q2 is neglected. In the case of wave functions for nucleons in the
lp-shell only, this is a good approximation as in that case the exact form of (f*^ is not very
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dependent on the specific q;. In using this spectroscopic factor in the description of deuteron
knockout reactions it is also assumed that the (n=O,l=O)-state of the internal wave function has a
perfect overlap with the deuteron, which is in general not true. Finally the first factor is a
center-of-mass correction factor.46 We will come back to these points in subsection 6.3.

The transition amplitude of Eq. 2.5 becomes now a sum of terms of the form

(2.24)

where also the operator is now written in terms of r and R. We have left out in this form all
Clebsch-Gordan coefficients, the 9-j symbol, the Moshinsky bracket and summation over N, L,
n, 1, Jx, and Tx . Since the exact form of the two-particle wave function as expressed in a
center-of-mass and an internal wave function depends through the single-particle wave functions
on the quantum numbers q;, the sum of the matrix elements over q t and q2 does not factorize
into a purely kinematical (r) part and a purely nuclear structure (R - rB) part, even without
distortions.9 In principle also a spin-index S has to be attached to the spectroscopic amplitude
S I / 2 , and also to ( p ^ and <t>nl, as die two-particle system in the initial channel can have S=l or
S=0.

In order to illustrate the similarities and differences between the microscopic and quasielastic
description of the (e,e'd) reaction in DWIA, we will now consider a simple situation:

i) take only charge interaction into account,
ii) the two-particle wave function can be written as a product of one internal wave function

of the p-n pair <t>n((r) and one center-of-mass wave function <PNL(R - rB), which acts as a
cluster bound-state wave function, and

iii) factorization is valid.
In this case the squared transition matrix element can, just as in the derivation of the nuclear
form factor in elastic electron scattering, be rewritten to a form containing

i ( ( R ) + r C ) 2

(2.25)

where we have explicitly written the proton form factor F to account for the effects due to the

finite size of the protons.
The (e,e'd) coincidence cross section can in this simple situation be written as

^ ^ ff
E = P A ° L S f a . ' Pm' Prf) ( 126 >

with
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1 «t.nl(D>l . ( 2 . 2 7 )

^ " Ef+ EA> - < 2 - 2 8 >
f

and

PrV *> = tfw-rltftonX-rJe * * ' "S^^ (R- r B ) I .
(2.29)

The interaction part o^* contains only the internal wave function of the p-n pair before and

after the scattering process. We can now distinguish some simple cases:

a) 4>n|(r) = 0d(r). In this case o ^ * is equal to o^j, and we have the situation as described in

quasielastic DWIA.

b) 0nl(r) = <t>d*(r), where d* means that the quantum numbers S and T are the same as for

the deuteron, but the radial wave function, e.g. its extension, may be different. This has

to be incorporated in a^,*, and can be accounted for by using modified functions A*(q2)

and B*(q2) in Eq. 2.14. For a d* of reduced size compared to a free deuteron the two

features of A*(q2) are: a less steep slope as a function of q2 and a reduction at q=0

because of the imperfect overlap of the deuteron and the p-n pair.

c) 0n l is a (S=O,T=1) p-n pair inside the nucleus. Now the magnetic interaction with

the electron in Eq. 2.27 instead of the charge interaction has to be the cause of the

transition. If the radial wave function of this p-n pair is about equal to the radial wave

function of a (S=O,T=1) p-n system just above threshold, one finds that o c d* should

follow the deuteron electrodisintegration cross section leading to the just unbound singlet

state of the p-n system.

In our analysis in the next sections we will mainly use the semi-microscopic Eqs. 2.26-2.29.

Concluding we have given a semi-microscopic description of the (e,e'd) reaction, which

leads to a form where the six-fold cross section is a product of a modified electron-deuteron

scattering part and a spectral function. A fully microscopic calculation would have to calculate

the cross section starting from the matrix element of Eq. 2.24, but we have factorized out the

relative motion of the p-n pair as described by <|>n|(r) together with <t>d(r) into an

electron-scattering part o^*, and thus assumed a quasi-cluster approach, based on microscopic

two-nucleon wave functions.

If the p-n system inside the target nucleus is equivalent to a free deuteron, the quasielastic

knockout formalism is recovered from this semi-microscopic approach. If the p-n system is not

equal to a free deuteron, however, it will still be possible to derive nuclear structure information
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from (e,e'd) knockout experiments by constructing a so called reduced cross section, i.e. the
six-fold (e,e'd) cross section divided by a modified kinematical part Ko^,*, and comparing this
reduced cross section with theoretical momentum distributions.

2.6 EXCHANGE CONTRIBUTIONS.

In the description of the (e.e'd) reaction we have assumed that the electron scatters from one
of the nucleons in the knocked-out deuteron. In our formalism we have neglected so far
antisymmetrization between these nucleons and the nucleons in the residual system B. In this
subsection we will investigate the exchange terms that arise from this antisymmetrization.18

For convenience we will confine ourselves to charge interaction only. The results obtained
are general and do not depend on this restriction. Denote the antisymmetrization operator with
A. Globally the transition matrix element can be written as

Tfi = < A (d(lp;ln) B(2p,...,Zp;2n N,)) I £ Vej I A(lp,...,Zp;ln,...,Nn)> .

l J p (2.30)
We will antisymmetrize protons and neutrons separately, i.e. write the antisymmetrization

operator as

where Py permutates nucleons k and 1. The antisymmetrization of the neutrons just gives a
counting factor of N, because the operator does not depend on the neutrons. As the numbering
itself is irrelevant, the sum of the interactions can be replaced by Z times the interaction with
proton lp. The antisymmetrization of the protons gives, as in (e,e'p) reactions, two different
terms: a direct term, where the interaction took place with the proton in the deuteron, and an
exchange term, where the interaction took place with a proton in the residual nucleus B:

= 1/a4<d(lp;ln)B(2p, . . . ,Zp;2n, . . . ,Nn)IVe lplA(lp Zp;ln,...,Nn)>

(2.32)

The square roots of the coefficients Z and N will always be cancelled by the normalization

constants of the Slater determinants for the antisymmetrized wave functions of the protons and

neutrons.
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Thus the only exchange term is due to the fact that the virtual photon may have coupled to

the residual nucleus and the recoiling deuteron is detected. Although this contribution has an

extra factor of (Z-l)2 in the electron-residual nucleus scattering part, it can be made small by

choosing kinematics with sufficiently fast deuterons in the final channel, as the chance to have a

deuteron with very large momentum inside the target nucleus is very small, and also the chance

for electron-residual nucleus scattering at high momentum transfer q is much smaller than the

chance for electron-deuteron scattering. For instance, according to a calculation by Kratschmer

the exchange contribution is several orders of magnitude smaller than the direct contribution in

the 16O(e,e'd) reaction, for a deuteron kinetic energy of 91 MeV.9

We have used here a proton-neutron formalism to show the effects of the neglect of

antisymmetrization between deuteron and residual nucleus B, as this is more transparent than

using an isospin formalism. The latter gives an antisymmetrization factor {A(A-\)/2)*ft in Eq.

2.32, which after making the expansion of A into B is cancelled again, so that the final results

do not depend on the use of a proton-neutron or an isospin formalism.

3. Experiment and Data Reduction.

The (e,e'd) experiments were performed at the NIKHEF-K electron-scattering facility,

which has been described in detail by De Vries et al.47 Beams of electrons with energies up to

500 MeV, a repetition rate of 300 Hz, and a pulse length of 30 (is were used. The deuteron

kinetic energies were in the range 40-100 MeV. The scattered electrons and the knocked-out

deuterons were detected in two magnetic spectrometers, both equipped with a detection system

consisting of 4 multi-wire proportional chambers. Using the information from these wire

chambers the angular (0,<|>) information of the particles when leaving the target can be

reconstructed,48*50 and also time-of-flight differences between scattered electrons and

knocked-out deuterons can be corrected for the specific trajectory-lengths of the individual

particles. The resulting coincidence-time resolution for (e.e'd) experiments is about 1.2 ns

(FWHM). By using double dispersion matching a missing-energy resolution of about 200 keV

could be obtained, which is mostly due to variation in energy loss of the deuterons in the target.

The multi-wire proportional chambers of the hadron spectrometer are backed up with two

scintillator layers of 3 and 10 mm thickness, respectively. The identification of the deuterons

and the rejection of other particles was accomplished by pulse-height discrimination in these two

scintillators. At the detected energies the deuterons are being stopped in the second scintillator,

protons traverse both scintillators, and nitons and more strongly ionizing panicles are being

stopped in the first scintillator. This enables a clean separation between these particles, as shown
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for instance in the pulse-height spectrum of the scintillators in Fig. 3.1.

Detection efficiencies were determined by measuring the kinematically overcomplete
1 H(e,e'p) reaction, and comparing the number of detected protons with the number of scattered

electrons. A typical value for this detection efficiency is 0.99, with an error of 0.01. In the past

the deuteron detection efficiency has been determined, using the 2H(e,e'd) reaction, to be 1.01 ±

0.02 for 37 < Td < 55 MeV,51 in good agreement with the results from the 'H(e,e'p) reaction.

All measurements reported here have been corrected for the detection efficiency based on the

results of the 'H(e,e'p) reaction, measured before each (e,e'd) experiment

Targets for the 6Li and 12C experiments were self-supporting foils of thicknesses 13.0

mg/crrr and 15.9 mg/cm2, respectively. The 6Li-target was enriched to 98.7 % in 6Li, and was

rotated at a frequency of 3 Hz to avoid melting. The maximum allowed beam current for the 6Li

experiments was 25 \iA, whereas for the 12C experiments there was no restriction, and beam

currents of 10-35 U.A were used. The 4He target was a cryogenic target system,52 used at an

operating temperature of 20 K and a pressure of 400 kPa. The target thickness, which varies as

a function of the dissipated power, could be related with an accuracy of 2 % to the results of

elastic electron scattering cross sections, measured for each kinematical setting, by use of the

corresponding proton singles rates. The used beam currents were 8-30 |iA, and effective target

thicknesses were 12-26 mg/cm2.

tr-tons

Fig. 3.1 Pulse-height spectrum from the

two scintillators used for the

particle identification.
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Most measurements were performed in parallel kinematics (px7/q). Only in the

measurements used to check the reaction mechanism of the 4He(e,e'd) reaction some kinematics

were measured keeping both lpx.l and lp.,,1 constant, and thus varying the direction and

magnitude of q (px. = pm + q), in order to be able to maintain a constant center-of-mass energy

Ecm in these kinematics.

The data were analyzed as described in Ref. 53. In short, this analysis includes : (i) rejection

of other particles than deuterons; (ii) reconstruction of the interaction point on target from the

measured wire chamber information;48"50 (iii) sorting the data in Em and lpml; (iv) subtraction of

the accidental events, where the distribution of accidental events in our case is obtained from the

experimental data; (v) division by the calculated detection volume of coincidence events in

(Em,lpml)-space; (vi) a possible division by Ko^j or K<JC(J*; and (vii) unfolding of the radiative

tail.

The spectra for the reactions studied are given in Figs. 3.2-3.4. One can see that the random

subtraction and the unfolding of the radiative tail were done correctly, as the spectra are

consistent with zero up to the transition to the ground state, and also between various excited

states of the residual nuclei.

>

2 . 10-7-

1 . 107

a
a

4He(e,e'd)

Ecm = 35MeV

q 2 = 1.75 fm"2

100<pm< 150MeV/c

: f

k- .1 imijtll **,!.*•.•* Ml

0 4 8

Ex [ MeV ] —>

Fig. 3.2 Excitation-energy spectrum of the reaction 4He(e,e'd).
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Fig. 3.3 Missing-energy spectrum of the reaction 6Li(e,e'd).
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Fig. 3.4 Excitation-energy spectrum of the reaction 12C(e,e'd). Labels indicate J71, T.
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The systematical errors on the obtained momentum distributions are calculated to be smaller

than 8 % for all three cases. They are primarily due to uncertainties in target thickness (<3%),

opening angles (<4%), and the influence of uncertainties in electron and hadron scattering

angles, amounting up to 3% and 5%, respectively. A survey of other small systematical errors

can be found in Ref. 5.

4. Calculation of distortion effects.

In order to calculate the distortion effects due to the final-state interaction (FSI) between the

knocked-out deuteron and the residual nucleus we used the computer code PEEP, which was

developed for factorized (e,e'p) DWIA calculations.^' In this code the distorted spectral function is

calculated by means of a partial-wave expansion for the distorted wave of the outgoing deuteron.

These partial waves are the solutions of the radial Schrodinger equation, where the interaction of

the deuteron and the residual nucleus is described by an optical potential.

For the 6Li(e,e'd) case we used the global optical-model parameter set of Hinterberger et al.,54

whereas for the 12C(e,e'd)10B reaction the recent global optical-model parameter set of Bojowald

et al. was used.55 As hardly any deuteron-deuteron optical potentials are known in the literature for

the energy-region of our 4He(e,e'd) experiment, we constructed a d-d optical potential by double

folding, using the JLM effective nucleon-nucleon interaction56 and a gaussian-expanded deuteron

wave function. The JLM interaction has been used successfully in both single (for p + A) and

double (for a + A) folding calculations.57'59 A folding potential was used, as a phenomenological

potential, especially its shape, is not very realistic for such a light system. It may be questioned if

an optical model is realistic for a d-d case, but a double folding potential is probably the best

first-order approximation to estimate the effects of the FSI.

The calculated distortion effects depend also on the assumed overlap wave function, also called

the bound-state wave function, or, equivalently, the undistorted d-B momentum distribution in

target nucleus A. Here we only mention which overlap wave functions are used to estimate the

distortion effects. In section 6 we will discuss these overlap wave functions from the point of view

of nuclear structure calculations, and we will see how well they describe our data.

In the 6Li(e,e'd)4Heg s calculations we used the "repulsive" a-d wave function of Parke and

Lehman, resulting from an apn Faddeev calculation of ^ i , 6 0 and also the a-d wave function of

Lovas et al., calculated in a microscopic a + d breathing cluster model using the Dl force.61'62

In the 4He(e,e'd)2H calculations we used the d-d momentum distribution of Schiavilla et al.,

which results from a variational Monte Carlo calculation of 4He,63 and the d-pn bound-state wave

function of Morita et al., which is calculated in the so-called Amalgamation of Two-body
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correlation into the Multiple Scattering process method.64 The d-d momentum distribution of

Schiavilla et al. is also used to calculate the distortion effects in the 4He(e,e'd)pn and 6Li(e,e'd)4He

breakup reactions.

Finally, in the '-C(e,e'd)l()B calculations we used the computer code CHUCK3 6^ to generate

a bound-state wave function, using the two-nucleon coefficients of fractional parentage of Cohen

and Kurath13 and single-particle wave functions calculated in a Saxon-Woods well. An alternative

method is to generate a 2S or ID bound-state wave function in a Saxon-Woods well foradeuteron

directly in the computer code PEEP.37 See subsection 6.3 for more details.

5. Reaction Mechanism Tests.

5.1 INTRODUCTION.

The study of the (e.e'd) reaction mechanism is based on the general formula for the (e.e'd)

coincidence cross section in Born Approximation, as given in Eq. 2.3. For in-plane kinematics

(0 = 0), there exist two ways to check the validity of the theoretical description of the (e.e'd)

reaction. The first way is to use the functional dependence on the virtual-photon polarization

parameter e, which is especially useful in parallel kinematics, since then only the structure

functions WL and WT contribute. As the structure functions WL and WT themselves are

functions of a), iql, and lpx.l, a Rosenbluth separation can be performed by keeping these

quantities constant, and only changing the value of e in measuring the (e,e'd) coincidence cross

sections. Because e itself is also a function of (0 and Iql, the beam energy Ee and the electron

scattering angle 8C. have to be varied to change e.

The second way is to investigate the dependence of the (e,e'd) coincidence cross section on

the momentum transfer squared q2. In parallel kinematics y = 0, and to, Iql, and lpx.l change,

while in non-parallel kinematics one normally keeps lpx-l constant, and changes ca, Iql, and 7.

The change in e is mostly not very large. This second check will be called a q dependence

check.

The measured six-fold differential cross section is integrated over a discrete peak (or an

energy interval) in the missing-energy spectrum, which introduces a recoil factor R:

dE m , (5.1)

where the recoil factor R is given by
8E . r E . p . p .

Em

[ ] (5.2)
5E m *
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In comparing the measured five-fold differential cross sections with some theoretical

description, one has to incorporate this recoil factor in the theoretical description too.

The aim of these reaction mechanism checks is nicely illustrated in the factorized form of the

(e,e'd) coincidence cross section in quasielastic DWIA, as given by Eq. 2.16. The

q-dependence check investigates, whether the cross section has the same behavior as a function

of q as the (off-shell) electron-deuteron scattering cross section. The Rosenbluth separation

investigates whether the relative magnitude of the longitudinal structure function WL and the

transverse structure function WT is the same as in electron-deuteron scattering. In these checks

the nuclear structure part is kept constant ( constant pm and, evidently, Em), while changes in

distortion effects due to changes in lpx.l and y are corrected for by calculating these effects as

described earlier.

In a more general form the (e.e'd) coincidence cross section does not factorize into an

electron-deuteron scattering and a nuclear structure part. The role of the q dependence check is

then not that transparent, but one can generally state that one investigates the relative momentum

of the proton and neutron inside the nucleus by varying the momentum transfer and keeping the

missing momentum constant. At any rate, it will be obvious that in order to derive trustworthy

nuclear structure information out of the (e,e'd) cross section data, the behavior of the cross

section as a function of q, and also the longitudinal-transverse ratio have to be understood.

5.2 ROSENBLUTH SEPARATION IN THE REACTION 12C(E,E'D)10B.

A Rosenbluth separation has been performed in the reaction 12C(e,e'd) leading to the T=0

ground state, the T=0 first excited state, and the T=l second excited state of 10B. The cross

sections were measured in parallel kinematics at a central missing momentum of 60 MeV/c, a

center-of-mass energy Ecm of 52 MeV, and q2=4.45 fm'2. Division by KoMouq2/q2 yields the

sum WL + e 1 WT. The Rosenbluth plot for the transition to the 3+ , T=0 ground state of 10B is

given in Fig. 5. la, and for the transition to the 1+, T=0 first-excited state of 10B at an excitation

energy of 0.72 MeV in Fig. 5.1b. A linear least-squares fit to the data gives WL = (1.2 ± 0.4)

.1010 (MeV/c)"3 and WT = (0.2 ± 0.1).10'10 (MeV/c)"3 for the transition to the 3+ ground state,

and WL = (2.5 ± 0.5). 10'10 (MeV/c)"3 and WT = (0.5 ± 0.2). 10"10 (MeV/c)"3 for the transition

to the 1+ state. If one assumes the factorized DWIA to be valid, one expects the ratio W-r/WL to

be approximately 0.052, which is the ratio of the transverse to longitudinal form factor of

electron-deuteron scattering at these kinematics (as calculated with Eq. 2.14). Keeping this ratio

fixed gives only slightly poorer fits (see Figs. 5.1a and 5.1b).

The strong excitation of the 0+, T=l state at an excitation energy of 1.74 MeV was

surprising (see Fig. 3.4), since the transition to this state is isospin forbidden for a quasielastic
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Fig. 5.1 Rosenbluth plot for the reactions a) 12C(e,e'd)10B s , b) 12C(e,e'd)10B0 7 2 MeV, and

c) 12C(e,e'd)10B j 7 4 M c V . The solid line represents the best straight-line fit to the

data. The dashed line represents the best straight-line fit to the data, keeping the ratio

WL/WT fixed to the deuteron longitudinal/transverse form factor ratio.

deuteron knockout process. The transition to this state is discussed in more detail in Ref. 66,

where a mechanism of formation of a T=0, S=l deuteron from a T=l, S=0 p-n pair, the inverse

process of the electrodisintegration of the deuteron, is shown to describe this transition. The

Rosenbluth plot for this transition is given in Fig. 5.1c. If one compares this plot with the two

Rosenbluth plots for the transitions to the 3+ ground state and the first-excited 1+ state of '^B

(Figs. 5.1 a and 5.1b), one can see directly the difference in reaction mechanism. The two

transitions for which quasielastic deuteron knockout is isospin allowed have WL values
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significantly different from zero, whereas the transition to the 0*, T=l state of 10B is, within the

uncertainties, of purely transverse character. This illustrates the power of the Rosenbluth

separation test.

5.3 Q-DEPENDENCE CHECKS.

An investigation of the dependence of the (e.e'd) coincidence cross section on the

momentum transfer squared q2 has been performed for the 6Li(e,e'd) reaction and the
12C(e,e'd) reaction in parallel kinematics, and for the 4He(e,e'd) reaction in non-parallel

kinematics. In all cases the measured five-fold differential cross sections have been compared

with the kinematical factor K times the free electron-deuteron cross section, or K times the

deuteron electrodisintegration cross section.*** Changes in recoil factors (see Eq. 5.2) and in

distortion effects are always included. In all three reactions the data are primarily longitudinal

(more than 85 % in the 6Li case, more than 95 % for the 4He and 12C cases).

For the deuteron disintegration cross section we used, as in Ref. 66, calculations by Fabian

and Arenhovel,67 which include meson-exchange currents and ground-state isobar components,

because these calculations give a good description of the measured disintegration data in the q

range of our experiment.^ The calculated cross sections have been integrated over the energy

region 0-3 MeV above threshold, because the contribution of the ^ Q p-n state is expected to be

mainly concentrated below 3 MeV above threshold.

5.3.1. 6Li(e,e'd). In the 6Li(e,e'd) reaction both the transitions to the 4He ground state and

to the 4He breakup continuum, starting at an excitation energy of 19.815 MeV, were

considered. The measurements were performed at a fixed central missing momentum value of

60 MeV/c, and at values for q2 of 3.53,4.36,6.05, and 7.77 fm"2. The center-of-mass energies

Ecm for these kinematics were 38,45,59, and 73 MeV, respectively.

The 6Li(e,e'd)4Heg s cross sections are given in Fig. 5.2a. The fall-off of the cross section

by a factor of 40 in the measured q range is very well described by the curve, which gives the

expected behavior of Ka^q) , where o^j is the free electron-deuteron scattering cross section

(modified for the above-mentioned effects). Note that because the nuclear structure part (SD) is

not known absolutely, only the relative behavior can be checked, and not the absolute magnitude

of 0ed. The change by a factor of 40 is, within the uncertainty of about 10 %, accounted for by

the change in Ko^j of a factor of 54, and the change in distortion effects of a factor of 0.78.

Thus the q dependence check of the ̂ (e.e'd^rteg s reaction indicates that the reaction can

be described in a DWIA formalism, in which we assume quasielastic deuteron knockout, i.e.

knockout of a p-n pair that has the same intrinsic properties as a free deuieron. This could also

be expected, since model calculations indicate that the deuteron outside the 4He core in 6Li is
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physically approximately the same as a free deuteron, with almost the same size.

The cross sections of the 6Li(e,e'd) reaction leading to the breakup of 4He are shown in Fig.

5.2b. Three two-body channels contribute to this breakup of 4He: the p+3H channel starts at an

excitation energy of 19.815 MeV, the n+3He channel at 20.578 MeV and the d+d channel at

23.846 MeV. Therefore one expects that above an excitation energy of 23.846 MeV it becomes

possible to knock a deuteron out of the 4He core in the 6Li(e,e'd) reaction, leaving the residual

system as two deuterons. The first two channels will proceed by L=l knockout, while the latter

will have L=0, with corresponding different bound-state wave functions and distortions, and

possibly, different dependence on the momentum transfer. However, within the uncertainties

the fall-off of the cross section does not depend on the integration interval, as the fall-off of the
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Fig. 5.2 Measured cross sections for the reaction 6Li(e,ed) leading to a) the ground state of
4He, and b) the breakup of 4He integrated up to an energy of 10 MeV above

threshold, as a function of the momentum transfer squared. The dashed curve

indicates the behavior (normalized at the highest q2 for case a, at the lowest q2 for

case b) of the kinematical factor K times the electron-deuteron cross section, corrected

for distortion effects.
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data integrated in the region 19.5 < Ex < 23.5 MeV is a factor of 21+4, whereas in the region

23.5 < Ex < 29.5 MeV the fall-off is a factor of 21±3. For the total missing-energy interval, i.e.

integrated over a 10 MeV missing-energy interval above threshold, the fall-off is a factor of

21±2.

Fig. 5.2b shows that the q dependence check is nicely described by the behavior of

Kocd(q), corrected for distortion effects. This is surprising for two reasons: i) if one knocks a

deuteron out of the 4He core, one is certain that one of the basic requirements of quasielastic

DW1A is not fulfilled, since the deuteron must change size from the bound to the free state (see

also the 4He(e,e'd)2H results in subsection 5.3.2), and ii) we calculated the distortion effects

using the L=0 d-d momentum distribution in 4He, whereas one expects the bound-state wave

function below the threshold of 23.846 MeV to have L=l. For comparison, the expected fall-off

of Kocd(q) would be about a factor of 50 for such an L=l bound-state wave function.

Therefore one is inclined to think that it is just a coincidence that the fall-off of our data is

described so nicely. Still, the q dependence below threshold of d-d breakup appeared to be the

same as above this threshold, and the breakup momentum distribution appears to have mainly

L=0 character (see subsection 6.1), analogous to the d-d momentum distribution in 4He.

53.2. 4He(e,e'd). In the q dependence check of the 4He(e,e'd) reaction the transitions to

the 2H final state and the pn final state are investigated, at a central missing momentum value of

125 MeV/c, a center-of-mass energy of 35 MeV, and q2 values of 1.75, 2.49, 3.36, and 4.79

fnr2.

The data for the 4He(e,e'd)2H reaction are shown in Fig. 5.3. It is clear that the data in this

case are not described by the curve indicating the behavior of Kaed(q). This could be expected,

as one of the basic approximations involved in quasielastic DWIA or the extreme-cluster model

is violated, since the p-n pair inside 4He must have other intrinsic properties than the free

deuteron, especially the size must be different. The mechanism of the 4He(e,e'd)2H reaction has

been discussed in more detail in Ref. 69, where it was concluded that the q dependence of this

reaction probes the high-momentum components of the relative p-n wave function in the target

nucleus 4He, and, according to a more microscopic calculation of the 4He(e,e'd)2H reaction,

more contribution of high-momentum components or influence of two-step processes like

(e,e'p)(p,d) is needed.

The q dependence of the 4He(e,e'd)pn reaction is within the uncertainties found to be

independent of the integration interval in missing energy. The data for the interval 2 < Ex < 12

MeV are shown in Fig. 5.4. Because calculations64 indicate that the probability that 4He

consists of two S=0,T=l pairs is almost equal to the probability that 4He consists of two

S=l,T=0 pairs (deuterons), and the pn breakup state is mainly in a S=0,T=l state, we expect
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Fig. 5.3 Measured cross sections for the reaction 4He(e,e'd)2H as a function of the

momentum transfer squared. The dashed curve indicates the behavior (normalized at

the lowest q2) of the kinematical factor K times the electron-deuteron cross section,

corrected for distortion effects.

the 4He(e,e'd)pn reaction to select primarily this S=O,T=1 pair probability, and to proceed via

the deuteron integration mechanism, i.e. the inverse of the electrodisintegration process of the

deuteron. The measured data are compared with a curve indicating the behavior of this

integration mechanism in Fig. 5.4. One can see that the fall-off of the experimental data is

shallower than the predicted curve. Perhaps die difference can be explained by the fact that in the

disintegration process the final state is an unbound p-n pair, while in the integration process the

initial state is a p-n pair bound in the 4He nucleus. This p-n pair inside 4He is likely to have

another relative v -ve function than the unbound ' S o p-n state. Also sequential pick-up may

contribute.

58



10-f,: —. - ^ -
; 4He(e,e'd)pn

2<Ex<12MeV

100<pm<150MeV/c

— DWIA

ui"

2 4 6 8
q2 [firf2] — >

Fig. 5.4 Measured cross sections for the reaction 4He(e,e'd)pn, integrated up to 10 MeV

above threshold, as a function of the momentum transfer squared. The dashed curve

indicates the behavior (normalized at the lowest q2) of the kinematical factor K times

the deuteron breakup cross section, corrected for distortion effects.

5.3.3.12C(e,e'd). In the 12C(e,e"d)10B reaction the q dependence of the transitions to the

T=0, 3 + ground state, the T=0, 1 + first-excited state at 0.72 MeV, and the T=l , 0 +

second-excited state at 1.74 MeV have been studied. The data were taken at a central missing

momentum value of 100 MeV/c, for q 2 values of 2.29,3.30, and 4.07 fin"2 with center-of-mass

energies of 40,52, and 61 MeV, respectively.

The cross sections are compared to theoretical curves in Figs. 5.5 and 5.6. For both T=0

final states the curves indicate the expected behavior of the free electron-deuteron cross section,

whereas for the T=l final state the curve indicates the behavior of the deuteron integration

process. The difference in the curves for the two T=0 states is due to the different distortion

effects: the transition to the ground state is of L=2 character, while the transition to the

first-excited state is mainly of L=0 character. One can see that also the experimental data show
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Fig. 5.5 Measured cross sections for a) the reaction 12C(e,e'd)10B s , and b) the reaction
12C(e,e'd)10B0 7 2 M e V as a function of the momentum transfer squared. The dashed

curve indicates the behavior (normalized at the lowest q2) of the kinematical factor K

times the electron-deuteron cross section, corrected for distortion effects.

this difference in distortion effects, but in both cases the q dependence of the data is less

prominent than that of the electron deuteron cross section, a similar effect as found in die
4He(e,e'd)2H reaction. The q dependence of the l2C(e,e'd)l0BxlA M e V reaction is well

reproduced by the deuteron integration mechanism, indicating that a free 1 S 0 p-n pair in the

energy region 0-3 MeV above threshold resembles the (S=0,T=l) p-n pair bound in the 12C

nucleus. As both the q dependence and the Rosenbluth separation of the 12C(e,e'd)I0BT_1

transition can be understood by the deuteron integration mechanism, this mechanism will be

used in section 6 to extract nuclear structure information for the transition to die 1.74 MeV state

in 10B.
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Fig. 5.6 Measured cross sections for the reaction 12C(e,e'd)10Bj 7 4 McV as a function of the

momentum transfer squared. The dashed curve indicates the behavior (normalized at

the lowest q2) of the kinematical factor K times the deuieron breakup cross section,

corrected for distortion effects.

6. Extracting the Nuclear Structure Information.

In this section we will extract nuclear structure information from the measured six-fold

(e.e'd) cross section data by assuming that the data can be described in the semi-microscopic

framework, in which the cross section is a factorized product of an electron-deuteron scattering

part and a distorted nuclear structure part. Dividing the cross section by the (modified)

electron-deuteron cross section (Ka^ or Ka^*) will then give reduced cross sections for the

specific final states, which we try to describe by theoretical momentum distributions (i.e. the

nuclear structure information) using the distortion calculations. This phenomenological approach

may be reasonable if the direct knockout process A(e,e'd)B is dominant over the two-step

process A(e,e'p)(p,d)B, or if the q dependence of these processes is approximately the same.
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6.1 6LI(E,E'D).

6.1.1. 6Li(e,e'd) leading to the ground state of4He. The reduced cross section for the

transition to the ground state of 4He is shown in Fig. 6.1. The data are quite well described

using the "repulsive" a-d wave function of Parke and Lehman (Fig. 6.1a).60 The minimum in

the PWIA curve, characteristic of a 2S-type wave function, is almost completely filled in

because of distortion effects. The calculated curves seem to describe especially the region pm >

100 MeV/c quite well, but miss some strength around pm = 0. In Fig. 6.1b our data are

compared with a calculation using the a-d wave function of Lovas et al.61 In Ref. 62 an

extensive overview of the differences of the models used to calculate the a-d wave functions is

given. The region pm > 100 MeV/c is now described worse, which is due to the fact that the

second maximum in the momentum distribution of Lovas et al. is more than a factor of 2 larger

6Li(e,ed)4He
g.s.

- Ecm = 7(IMeV
— PWIA

D W I A <•».•>)
.... DWIA (55)
— DWIAI71D

n.

-100 300

Fig. 6.1 Measured reduced cross section for the reaction 6Li(e,e'd)4HeR s compared with the

results of DWIA calculations, in which a) the "repulsive" a-d wave function of Parke

and Lehman, and b) the a-d wave function of Lovas et al. was used. DWIA curves

are for the indicated center-of-mass energies. Each data point represents an average

over a 10 MeV/c bin.
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than in that of Parke and Lehman, but around pm = 0 MeV/c the description is better, although

some strength is still lacking in the calculations. Also 6Li(p,pd)4Heg s results seem to indicate

this excess strength around pm = 0,7 0 a region where the data are mainly sensitive to the wave

function at large values of the relative a-d distance, at which the optical-model potential is weak,

and thus distortion effects are small. As an illustration of this, Fig. 6.2 gives the sensitivity of

the 6Li(e,e'd)4Heg s reaction to the relative a-d distance, which shows that for the low

missing-momentum values only the tail of the a-d wave function is probed, whereas for larger

missing-momentum values the interior of the nucleus is probed.
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<
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Fig. 6.2 Radial sensitivity of the reaction 6Li(e,e'd)4Heg s . The curves indicate the

contribution to the distorted momentum distribution integrated from a lower cutoff in

the relative a-d distance up to infinity, divided by the total contribution, for three

values of the missing momentum.

Although the 6Li(e,e'd)4He cross section does not factorize a priori, even in quasielastic

PWIA, because the bound-state wave function has next to a L=0 part also a small L=2 part,

model calculations indicate that neglecting the L=2 component is perfectly valid for this case,



except in the vicinity of the diffraction minimum.71

The experimentally found a-d spectroscopic factor in the ground state of 6Li amounts to S =

0.73 ±0.14, which number was obtained by integrating the measured reduced cross section

(extrapolated to infinity) after correcting it for distortion effects. The quoted error encompasses

the uncertainties due to the description of the distortion effects and the extrapolation of the

reduced cross section, and also the statistical and systematical uncertainties. The apn

calculation of Parke and Lehman gives S = 0.62, whereas the cluster-model calculation of Lovas

et al. gives S = 0.93. The difference is mostly due to the more pronounced second maximum in

the calculations of Lovas et al.. Therefore an experimental value of S obtained by normalizing a

calculated momentum distribution to experimental data at pm = 0 will lead to wrong values of S.

Values of S derived in such a way from the 6Li(p,pd)4He reaction range from 1.08 to

1.35.™

ft.I.2. 6Li(e,e'd) leading to the breakup of4He. As already indicated in section 5.3, several

two-body channels contribute to the breakup of 4He. If one assumes 6Li to consist primarily of

an a core and a quasideuteron, one expects below the 4He —» d + d threshold energy the

knocked-out deuteron to be formed of one nucleon from the a core and one nucleon from the

quasideuteron, leaving as residual state ^He + n or ^H + p. Since the breakup of 4He is mainly a

(0,1,2)" state,72 the bound-state wave function of a deuteron relative to these breakup channels

must be of L=l character. If knockout of a deuteron from the a core can occur, leaving as

residual state two deuterons, primarily a IS (L=0) bound-state wave function is expected.

The reduced cross section for the transition to the breakup of 4He, integrated up to 10 MeV

above threshold, is shown in Fig. 6.3. In this case the data points are averages over a 50 MeV/c

bin, because the statistics of this transition were much smaller than for the transition to the

ground state of 4He. The data are surprisingly well described by using the d-d momentum

distribution in 4He and a normal d-4He optical potential, as was also the case for the q

dependence of this reaction. In addition, also the changes in distortion effects due to changes in

center-of-mass energies, are described very well.

The data exhibit mainly L=0 character, although a close inspection indicates that there may

be some L*0 strength in the region up to 4 MeV above threshold, i.e. below the 4He—» d + d

threshold energy of 23.846 MeV. It is clear that only a IS, and no 2S, form of the bound-state

wave function can describe the obtained reduced cross section. If we integrate our measured

momentum distribution, corrected for distortion effects, we find a spectroscopic factor of 4.0 ±

0.8.
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Fig. 6.3 Measured reduced cross section for the reaction 6Li(e,e'd) leading to the breakup of
4 He, integrated over a 10 MeV energy interval above threshold. The data are

compared with the results of DWIA calculations, using the d-d momentum

distribution of Schiavilla et al. and the ct-d optical potential of Hinterberger et al.

DWIA curves are for the indicated center-of-mass energies.

6.2 4HE(E,E'D).

It is shown \n Ref. 69 that it is not possible to describe the dependence on the momentum

transfer of the 4He(e,e'd)2H reaction using Eqs. 2.26-2.29 and a theoretical calculation of the

internal state wave function <t>n| and the center-of-mass wave function ( p ^ . For this reason we

derived reduced cross sections by dividing our cross sections by a modified electron-deuteron

scattering cross section obtained in the following manner. We generated o^j* according to the

matrix element in Eq. 2.27 using for the deuteron a normal Hulthen wave function and for the

p-n pair a Hulthen wave function of which the parameters (and thus the radial extension) were

scaled to describe the experimentally found behavior of the six-fold cross section as a function

of q^. Since the absolute normalization of this o ^ * is not given by the q-dependence data as also
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the nuclear structure part is contained in the data, we have chosen the normalization of a^j* by

taking A*(q2=0) = 1.0, although in principle there is no perfect overlap between the deuteron

and the p-n pair at q=0. For comparison, the overlap of the internal wave function of a free

deuteron (i.e. <|>d) and the internal state wave function <|»nj as calculated by Morita,64 resulted in a

valueatq=0of0.93.69

The reduced cross sections for the 4He(e,e'd)2H transition are shown in Fig. 6.4. In the
4He(e,e'd)2H calculations we used as bound-state wave function the d-d momentum distribution

of Schiavilla et al.,6-3 which results from a variational Monte Carlo calculation of 4He, in which

the Urbana nucleon-nucleon potential was used with two-body correlation functions and a

three-nucleon interaction (model VII). Inclusion of the latter seems necessary to describe the

binding energy of 4He. Also the d-pn bound-state wave function of Morita et al. is

considered,64 which is calculated in the so-called Amalgamation of Two-body correlation into

the Multiple Scattering process method, where the correlations between the nucleons due to a

Reid soft core V8 Model nucleon-nucleon potential are included in the trial wave functions in

terms of two-body correlation wave functions. In this model different on-shell and off-shell

two-body correlation functions are taken into account, but no three-nucleon interaction is

included.

In fact usage of a d-d momentum distribution is slightly inconsistent, since in the

semi-microscopic approach considered the bound-state wave function to be used in calculating

the distorted momentum distribution of Eq. 2.29 comes from the <2HI4He> overlap wave

function. This means that one ought to use a d-pn momentum distribution in the 4He(e,e'd)2H

calculations, instead of a d-d momentum distribution. The difference between these 'wo

momentum distributions is, however, not large. The main effect is a somewhat less steep slope

in the d-pn case.

Although the momentum transfer changes with the missing momentum for some

center-of-mass energy, and thus the experimental cross section was divided by different

electron-deuteron cross sections for different missing momenta as prescribed by the

q-dependence check, the form of the obtained reduced cross section is in remarkably good

agreement with the predicted momentum distribution. Also the changes in distortion effects for

the different center-of-mass energies themselves are in reasonable agreement with the data. The

spectroscopic factor experimentally found amounts to 0.810.2, while the calculation of

Schiavilla et al. indicates a spectroscopic factor of = 2.4 for deuterons inside 4He (see Fig.

6.4a).

The data are a factor of about 3 lower than the calculations. In the interpretation of this factor

of 3 one has to take into account that the data points are obtained by division of a modified o^*,
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and are thus dependent on the origin of the discrepancy between the observed q-dependence and

the q-dependence of oed (see subsection 5.3). If this discrepancy is due to the underestimation

of high-momentum components in the relative wave function of the p-n pair in the target

nucleus, the normalization of A*(q2), which was fixed now at 1.0 for q=0, gets smaller due to

an imperfect overlap between deuieron and p-n pair, and the data points go up. To give an idea :

the overlap of a Hulthen wave function and a scaled Hulthen wave function with a radius of 2/3

of the deuteron radius would give a normalization of 0.62 at q=0. On the other hand, if the

discrepancy is due to the influence of other mechanisms like two-step processes, this will most

probably represent extra cross section and the normalization of A*(q2=0) of 1.0 will not be too

far off.
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Fig. 6.4 Measured reduced cross section for the reaction 4He(e,e'd)2H compared with the

results of DWIA calculations, which use a) the calculated d-d momentum distribution
of Schiavilla et al., and b) the d-pn bound-state wave function of Morita et al..
DWIA curves are for the indicated center-of-mass energies. Each data point

represents an average over a 10 MeV/c bin.
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In Fig. 6.4b our data are compared with DWIA calculations using the d-4He bound-state

wave function of Morita et al., scaled to the same spectroscopic factor of 2.4 as predicted by the

calculation of Schiavilla et al.. It can be seen that the slope of the calculated momentum

distribution of Morita et al. is more pronounced than the slope of that of Schiavilla et al.. Using

the Argonne interaction instead of the Urbana interaction Schiavilla et al. predicted a d-d

momentum distribution more alike the one of Morita et al.. It should be noted that the difference

between the two predictions of the momentum distribution of Schiavilla et al. is closely related

to the differences in the charge radii of 4He as calculated with the two mentioned interactions.

Our data do not favor one of these calculated momentum distributions, although the

description in Fig. 6.4a seems to be a little better than that of Fig. 6.4b, but, as mentioned, this

may be mainly due to a difference in radii calculated in the two models.

A 4He(p,pd)2H experiment has been performed also, but the authors did not extract any

nuclear structure information because of the uncertainties coming from the unknown reaction

mechanism.^

6.3 12C(E,E'D).

The reduced cross sections for the 12C(e,e'd) transitions to the ground state, the first excited

and the second excited state of 10B are shown in Figs. 6.5 and 6.6. The reduced cross section

for both T=0 states was derived by dividing the measured cross sections by a modified

electron-deuteron cross section, in the same way as described in the previous section. The same

scaled Hulthen wave function as used in the 4He(e,e'd)2H case proved to describe the

q-dependence of the 12C(e,e'd) reaction leading to the T=0 states. Also the normalization at q=0

was taken to be 1.0 again. The reduced cross section for the T=l state of 10B was obtained by

dividing the cross section data by the kinematical factor K and the deuteron integration cross

section, which was assumed to be equal to the spinfactor (2S+1) times the calculated deuteron

disintegration cross section of Fabian and Arenhovel,67 integrated over the energy region 0-3

MeV above threshold.

The bound-state wave function for the transition to the ground state has L=2 (ID), that for

the transition to the first excited state has mainly L=0 (2S) character, with a small L=2 (ID)

contribution, whereas that for the last considered transition has only L=0 (2S) character.

Therefore in quasielastic PWIA factorization of the cross section of the first transition is not

valid (see section 2.2), whereas factorization for the second transition will be reasonable (the

third transition is not possible in quasielastic PWIA). In our phenomenological approach we

assume, however, that the factorized Eqs. 2.26-2.29 are valid.

Two types of calculations have been done. The first is in the spirit of the extreme cluster
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model. Using the program PEEP a cluster bound-state wave function ( p ^ is generated in a

Woods-Saxon well with parameters r0 = 1.10 fm and 0Q = 0.65 fm.37 The well depth is varied

to reproduce the separation energy. A nonlocality parameter of 0.62 fm is used. The assumed

radius parameter of the Woods-Saxon well is somewhat arbitrary, but has been chosen to give a

rms radius for the ID wave function equal to the one from the second type of calculations. The

spectroscopic factor used is taken from Cohen and Kurath13 and is equal to their value of

SI MAG and D1MAG times a factor of 1/2 due to the Moshinsky bracket to project out a

deuteron (we will see later that this is only approximately correct). No center-of-mass correction

factor (A/A-2)N + L^ (see Eq. 2.23) has been applied, because we think this is inconsistent with

the use of a phenomenological bound-state wave function with coordinates R - r B (see

subsection 2.5). The values of the spectroscopic factors we used are thus a factor of 1.44

smaller than the factors used in the analysis of (p,pd) and (d,a) experiments.7476
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Fig. 6.5 Measured reduced cross section for a) the reaction 12C(e,e'd)10B s , and b) the

reaction 12C(e,e'd)10B072 M e V compared with the results of DWIA calculations, in

which a cluster bound-state wave function or a sum of microscopic bound-state wave

functions were used. DWIA curves are for the indicated center-of-mass energies.

Each data point represents an average over a 10 MeV/c bin.

69



io-V

io-4

'2C(e.e'd)10B

E = 1.74 MeV

I 104

E „, = 52 ML-V

m.L, 65 I
DWIAIuiu-u-.(i5i

\ v

\

100 200
( MeV/c ] — >

300

Fig. 6.6 Measured reduced cross section for the reaction 12C(e,e'd)10Bj 7 4 M c V compared

with the results of DWIA calculations, in which a cluster bound-state wave function

or a sum of microscopic bound-state wave functions were used. DWIA curves are for
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In the second type of calculations we generated microscopically a bound-state wave

function on the two nucleon level in the computer code CHUCK3.65 Single-particle wave

functions (1P3/2 o r ^P\p) were generated in a Woods-Saxon well with parameters TQ = 1.25 frn

and ap = 0.65 fm. The Thomas spin-orbit factor was 25. The separation energies were chosen

to be -12.69 MeV and (-14.73 - Ex) MeV, which if added reproduce the separation energy of the

considered transition. The contributions from different P3/2~Pj/2 combinations were weighted

with the spectroscopic amplitudes S of Eq. 2.21, for which we took the two-nucleon

coefficients of fractional parentage of Cohen and Kurath times the factor of N(N-l)/2 (where N,

the number of lp nucleons, is 8). The overlap of each set of two Woods-Saxon single-particle

wave functions with an internal deuteron wave function, described by a Hulthen form with

binding-energy and short-range parameters 4.318 and 0.667, resulted in the corresponding
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bound-state wave functions <PNL- These various tpj^, although in principle dependent on the

quantum numbers qj and q->, resemble each other closely within the lp-shell. The overlap

amounts to about 90% of what an overlap, calculated with harmonic-oscillator single-particle

wave functions in both the target nucleus and the deuteron, gives. The latter overlap is assumed

in the calculation of cluster spectroscopic factors in the first type of calculation mentioned above.

The value of 90% hardly depends on the used Hulthen parameters, so we did not change these

parameters to account for a different radial extension of the p-n pair as assumed in the

description of the q-dependence of our data.

If one takes a coherent sum of the various calculated bound-state wave functions, the result

is very similar to the cluster bound-state wave function of the first type of calculations, as is

shown in Fig. 6.7 for wave functions of 2S and ID form.
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I . I .

cluster
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Fig. 6.7 Comparison of a cluster bound-state wave function and a sum of microscopic

bound-state wave functions of 2S form (left), and of ID form (right).

The reduced cross sections are compared in Figs. 6.5 and 6.6 with DWIA calculations using

the mentioned bound-state wave functions. One can see that the results of the second

(microscopic) type of calculation are lower than the first (cluster) type of calculations. This is

mainly due to the imperfect overlap of the Woods-Saxon single-panicle wave functions and the

deuteron Hulthen wave function. Generally one can state that the shape of the predicted
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momentum distributions is quite analogous to the reduced cross sections, indicating that the

phenomenological approach we used is not too bad. For instance, the different shape of the ID

transition to the ground state of 10B and of the 2S transitions to the two excited states is

reproduced quite well by the data.

The data are, however, a factor of about 3 lower than the calculations. Just as in the case of

the 4He(e,e'd) reaction the reduced cross section depends on the assumed origin of the

discrepancy between the observed q-dependence and die q-dependence of a^ (see subsections

5.3 and 6.2). The data points will go up if the high-momentum components in the relative wave

function of the p-n pair in the target nucleus are underestimated.

For the transition to the 0+, T=l state of '^B, which was found to proceed as a deuteron

integration process, the discrepancy between die data and die calculated momentum distribution

is difficult to explain. Only a small part of the discrepancy may be due to the chosen energy

interval of 0-3 MeV above threshold to calculate the deuteron electrodisintegration cross section.

The q-dependence of this cross section is hardly influenced (<2%) by extending the chosen

energy interval, and the absolute value changes only up to 10%.67 Therefore some other

explanation is needed.

Our results for the spectroscopic factors are compared to the results of (p,pd) and (d,a) in

Table 1. The analysis of the (d,ct) experiment has been done in a similar framework as our

microscopic calculation, but the spectroscopic factors found have been normalized to die

TABLE I. 12C(e,e'd)10B spectroscopic factors.

J* E. NL SC K
a S: NS(

[MeV] 12C(p,pd)b 12C(p,pd)C 12C(d,a)d 12C(e,ed)

3+

1+

0+

0.0
0.72

1.74

ID
2S
ID
2S

1.645
0.826
0.036
1.374

0.14 0.71 0.22 1.86
1.5
0.5

0.50±0.15
0.30+0.10

0.1010.04

a Cohen and Kurath spectroscopic factors times a Moshinsky bracket13

b Grossiord et a).74, Sf indicates final-slate kinematics, S; initial-state kinematics.
c Dcscroix el al.75

d VanderWoudeanddeMeijer.76

e N = A*(q2=0), see text.
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l 6O(d,a)14N transition.76 The (p,pd) experiments have been analyzed with a free

projectile-cluster interaction, calculated in initial or final-state kinematics.74-75 These two

choices lead to differences of a factor of about 7 for the spectroscopic factors. If we would have

analyzed our data with a free electron-deuteron cross section acd, our spectroscopic factors

would be higher by a factor of about 2.6. We like to stress here, however, that as long as the

q-dependence of the (e,e'd) reaction is not understood, the spectroscopic factors as derived from

these experiments will have large uncertainties.

It is remarkable that we do not find any indication for a transition to the 2+ state in 10B at an

excitation energy of 3.59 MeV (see Fig. 3.4), which was found in both (p.pd) and (d,a)

experiments. The spectroscopic factor calculated with the single-particle wave functions of

Cohen and Kurath amounts to 0.53.

7. Conclusions

The electron-induced deuteron knockout reaction (e.e'd) has been studied on 4He, 6Li and
12C. Especially the combination of these three nuclei proved to be useful to investigate the

mechanism of the (e,e'd) reaction, and to compare the cluster spectroscopic information as

extracted from these experiments with theoretical calculations.

The major difficulty in describing these (e,e'd) experiments is caused by the fact that the p-n

pair inside the target nucleus does not have to be the same as the free deuteron, but can have

different quantum numbers than the free deuteron, or a different relative wave function.

We have developed a semi-microscopic approach where the electron couples to the nucleons

instead of to a preformed cluster. In a simple approximation the effects of this approach were

illustrated. If the p-n pair is equal to a deuteron, the (e,e'd) cross section is expected to have the

same dependence on the momentum transfer q as the free electron-deuteron cross section

(quasifree scattering), but if one of the above phenomena occurs, the electron-scattering part is

modified.

The mechanism of the (e,e'd) reaction has been tested in two ways : (a) in all three cases

considered we investigated the dependence of the (e,e'd) reaction cross section on the

momentum transfer, and (b) in the 12C case we also studied the longitudinal/transverse character

of the (e,e'd) reaction by performing a Rosenbluth separation.

The dependence of the (e,e'd) coincidence cross section on the momentum transfer could be

described by a quasifree scattering process only in the ^(e .e 'd) reaction. Of special character

was the 12C(e,e'd)I0B, 74 M e V reaction, which was described well by a deuteron integration

process. In the latter process the electron scatters inelastically from a (S=0,T=l) p-n pair inside
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12C, transforming it into a deuteron. In all other transitions considered it was found that the

dependence on the momentum transfer was less steep than the free electron-deuteron scattering

or the deuteron integration process predicted. This may be related to a different relative wave

function of the p-n pair in the target nucleus. Intuitively one would expect for the scattering from

an object with smaller radial extension a less steep dependence on q.

The Rosenbluth separation in the 12C(e,e'd) indicated that the transitions to the ground state

and the first excited state of 10B (both T=0) had a different character than the transition to the

second excited T=l state of 10B. For the two first-mentioned transitions, which are mainly

longitudinal, it was found that there is some indication for an enhanced transverse structure

function, although our data are still consistent with a free longitudinal/transverse ratio. The latter

transition was purely transverse, confirming the deuteron integration mechanism.

Although the dependence of the (e,e'd) cross section on the momentum transfer is not

understood fully in all transitions considered, it still seems possible to derive from the

experimental cross sections information on the nuclear structure by assuming a semi-cluster

approach. In this semi-cluster approach the (e.e'd) cross section is assumed to factorize into a

possibly modified electron-deuteron scattering part and a distorted nuclear structure part The

electron-deuteron scattering part was derived in a phenomenological manner from the

q-dependence data.

In the 6Li(e,e'd)4Heg s reaction we were able to compare the theoretical momentum

distribution from an apn model and a cluster model with our data. Both models are globally, but

not totally consistent with our data. The spectroscopic factor experimentally found amounts to

0.73+0.14, whereas the apn model and the cluster model predict 0.62 and 0.93,

respectively.62-63 The spectroscopic factor of the transition to the breakup of 4He, integrated

over 10 MeV above threshold, was found to be 4.0+0.8.

In the 4He(e,e'd)2H reaction the form of the theoretical momentum distributions were in

reasonable analogy with our reduced cross sections, which were obtained by dividing the

measured cross sections by a modified electron-deuteron scattering part as derived from our

measurements on the momentum-transfer dependence. The spectroscopic factor obtained from

the data is much smaller than the theoretical prediction,63 but this depends heavily on the

absolute normalization of our phenomenological approach to describe the q-dependence of the

reaction.

Also in the 12C(e,e'd) reaction the shape of the momentum distributions, as calculated from

two-nucleon coefficients of fractional parentage of Cohen and Kurath,13 single-particle wave

functions of Saxon-Woods form and a deuteron wave function of Hulthen form, were in

reasonable agreement with the reduced cross sections, not only for the transitions to both
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low-lying T=0 states of 10B, but also for the first T=l state of 10B. The spectroscopic factors

found were again much smaller than the theoretical predictions, equivalent to the 4He(e,e*d)2H

case.

Summarizing, the (e,e'd) reaction seems to be a valuable tool to investigate correlations in

nuclei. However the dependence of the (e.e'd) coincidence cross section on the momentum

transfer must be understood. This will involve performing more (e.e'd) experiments and fully

microscopic theoretical calculations, which have to include also sequential processes like

(e,e'p)(p,d).

We would like to thank Prof. H. Arenhovel for the calculation of the electrodisintegration

cross sections, Prof. P.D. Kunz for providing us with a version of CHUCK3 modified for the
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bound-state wave function, and Dr. H. Morita for the calculation of several two-particle wave

functions in 4He.
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6. The Recoil Detector

The recoil detector is a low-pressure time-projection chamber, constructed to work adjacent

to the vacuum of a magnetic spectrometer in order to detect low-energetic particles.1 The recoil

detector was originally built to detect recoiling residual nuclei in (e,e'p) or (e,e'n) experiments at

NIKHEF-K, but can also be used to detect low-energy knocked-out particles in (e.e'X)

experiments. In these experiments the major flux consists of protons. However, the

low-pressure recoil detector is not sensitive to the low ionization rates of these protons.

The detector (see Fig. 1) consists of four functional parts, a multi-wire proportional

chamber (MWPC), a drift space, a parallel plate avalanche chamber (PPAC) and a scintillator.

The detector is separated from the spectrometer vacuum by the entrance foil of the detector itself,

made of 6 \xm mylar, that in a later version has been replaced by 2 \xm aramide foil.

t 3mm Plastic Scintillator

-200V
-1000V
-1800V
PPAC

athode (C).
Anode(B)+-
^athode (A)-

50mrn Driftspace

Entrance foilJ
Fig. 1 The recoil detector.

The MWPC consists of 3 wire planes, of which the first and third act as cathodes, both

grids (A,C) consisting of 470 BeCu wires of 80 urn diameter with a pitch of 2 mm, while the

central wire plane is the anode (B), consisting of 235 W/Au wires of 20 nm diameter with a

pitch of 4 mm. The distance between the anode plane and either cathode plane is 4 mm. The

high voltage of the cathodes is typically -1100 V, the anode is grounded.
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A low-field drift space of 50 mm depth follows the MWPC. It shares a cathode plane with

the MWPC (C) and the PPAC (D). The latter acts as a drift cathode with a high voltage of -1800

V typically. At both sides of this drift space field cages of Al plates fixed at intermediate

potentials are located, which form a homogeneous field inside the drift space. The detector is

filled with 40 mbar pure isobutane, which means that E/p in the drift space is only 3.5

V/cm/mbar In this low-field drift space the ionizations, produced along a track of an incoming

charged particle, drift to the MWPC with a drift velocity of about 0.057 mm/ns. The charge

from these tracks is amplified and collected by the anode wires in the MWPC. The ionization

rate of protons is generally too low to be detected.

The PPAC is situated behind this drift space. It consists of 3 planes of a fine mesh

stainless steel wire gauge, each with 91% transparency, separated from each other by 2.2 mm.

The first of these planes is also the drift cathode (D) of the drift space, the second (E) and third

(F) are typically at substantially lower high voltages of -1000 V and -200V. The PPAC is used

as a fast trigger detector, and enables the readout of the anode wires (B).

The last part of the recoil detector is a 3 mm thick scintillator (G), situated at a distance of

10 mm from the PPAC. It is connected at both ends via optical fibers to photomultipliers. This

scintillator determines the full energy of the particle and is used for particle identification.

As the recoil detector is operating inside the hadron spectrometer at NIKHEF-K, the

panicles are expected to traverse the detector at angles of 51i9°, which means that the maximum

number of anode wires involved in the identification of a track is 16. This circumstance reduces

the number of electronics channels needed for readout of the anode wires. The anode wires are

divided for this purpose into 15 groups of 16 wires each, called sectors, and the corresponding

wires of each group are combined. Readout of 16 signals is sufficient, since a sector

information number, indicating which sectors are involved in a track, is also available. Using

the arrival times of the secondary electrons at the anode wires of the MWPC, measured with

respect to the delayed PPAC time signal, and the sector information number, the position and

angle of the track with respect to the focal plane can be detennined. The intrinsic resolutions of

the recoil detector are 0.3-0.5 mm in position, and 0.3-0.5° in angle, both FWHM, derived

from an analysis of residuals from track fits. The angular resolution in a 4He(e,e'a) test

experiment was found to be approximately 1°, which probably is due to multiple scattering in

the entrance foil of the recoil detector, and is, as such, energy and particle dependent.

Using this recoil detector 4He-particles can be detected in the range 5-60 MeV, 3H-particIes

in the range 3-11 MeV, and 3He-particles in the range 5-45 MeV. The lower limits of these

energy regions are given by the energy needed to reach the PPAC (used for triggering); the

upper limits are given by the point at which the ionization rate is barely detectable. The
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separation of different kinds of particles is performed using the energy-loss information from

the cathode grids and, in some cases, the total-energy information of the scintillator. The

energy-loss resolution of the cathode grids was found to be 15 %, the limit set to such a device

by the ionization process. Since a magnetic spectrometer is a momentum-selecting device, in this

way a separation can be made between 2H-, 3H- or 3He-, and 4He-particles.

The efficiency of the detector was determined with the kinematically overcomplete
3He(e,e't) and 4He(e,e'a) reactions, by comparing the number of scattered electrons with the

coincidence yield of these reactions, and appeared to be about 50 %. The efficiency corrected for

dead times and transparencies is about 70 %.

As the recoil detector consists of one MWPC, only one angle with respect to the focal

plane can be measured, which is the out-of-reaction-plane or in-dispersive-plane angle (8). Due

to the uncertainty in the other angle, the out-of-dispersion-plane angle (<)>), the resolution in the

physical quantities, which can be reconstructed from the measured focal-plane information using

a parametrization of the magnetic properties of the specb jmeter, deteriorates.

In (e,e'X) experiments one normally extracts a spectral function, which is the joint

probability to find a particle X inside the target nucleus with a certain missing momentum and a

certain binding energy (or missing energy) from the measured six-fold differential cross

sections. In kinematics where the recoil nucleus is measured, the missing-momentum resolution

is as usual 2 MeV/c, but the missing-energy resolution is about 10 MeV. This missing-energy

resolution is mainly accounted for by the uncertainty in the kinetic energy of the undetected

knocked-out particle, which is classically equal to (pm+q)2/2M, where the uncertainty in the

undetermined angle <J> introduces an effect compatible with an uncertainty of about 14% in lpml.

It should be noted that the absolute value of the missing momentum can be extracted quite

accurately, but not its precise direction.

In (e,e'X) cluster knockout reactions usually parallel kinematics are chosen, which means

that the momentum transfer is in the direction of the missing momentum, in order to optimize the

missing-energy resolution. In that case the missing-energy resolution is mostly due to variation

in the energy loss in the target, while the missing-momentum resolution is about 14% of the

momentum of the knocked-out particle. In both cases the uncertainty of 14% in the momentum

of the undetected particle -J due to the 140x140 mrad opening angle of the hadron spectrometer

at NIKHEF-K.

Reference

1. J.J.M. Steijger et al., to be published in Nucl. Instrum. Methods Phys. Res.
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7. The 6Li(e,e'a) Reaction.*

Abstract
An (e.e'a) experiment has been performed with good resolution on the target nucleus 6Li.

The dependence of the 6Li(e,e'a)2H cross section on the momentum transfer has been

compared with that of the free electron-alpha scattering cross section. The data indicate that the

momentum transfer dependence of the former could be slightly stronger than the latter. The

preliminary results on the a-d momentum distribution extracted from this (e,e'a) experiment are

in reasonable agreement with those obtained from a 6Li(e,e'd)4Heg s experiment.

Inside a nucleus strong correlations between the individual nucleons (clusters) may exist

locally. The existence of such clusters is apparent in for instance photon- and pion absorption

experiments, which give indications for the absorption on a cluster,1 and in the a-decay

process. Up to now even advanced shell model calculations severely underestimate these

nucleon correlations, see e.g. Ref. 2.

The existence of alpha clusters in nuclei can be examined with a-transfer reactions.

Especially the ground-state a-particle spectroscopic strengths for nuclei in the sd and fp shells

have received considerable attention.^ The experimental systematics of these strengths has not

yet been understood on the basis of shell model calculations, particularly not in the upper half of

the sd shell. In hadron induced reactions, like (d,6Li) and (p,pa), differences between

calculated and measured spectroscopic factors have been found of up to a factor of 20.4 In

addition experimentally determined spectroscopic factors appear to be strongly reaction

dependent.5 Part of this problem is undoubtedly due to an insufficiently understood reaction

mechanism.

The (e,e'a) reaction is less hampered by the drawbacks of reactions initiated with hadrons:

1) the electromagnetic interaction is well known, and 2) only one optical potential, between the

a and the rest nucleus, is needed and the bound-state wave function is directly measured in

p-space. Furthermore the electron also probes the interior of the nucleus, although this is partly

counterbalanced by the absorption of the alpha particle inside the nucleus. Therefore, one may

hope that the (e,e'a) reaction can give more reliable information on clustering, like

spectroscopic factors and cluster bound-state wave functions, than the hadron induced reactions.

Nevertheless, a major question in the interpretation ot the (e,e'a) reaction will be, whether the

reaction can be described as a direct knockout of an alpha particle, as sequential processes may

obscure the sensitivity of a probe to clustering.

Up to now the only (e,e'o) experiment performed is 6Li(e,e'a),6 but the obtained energy
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resolution was not sufficient to separate the 2H final state from the pn breakup state starting at

2.2 MeV excitation energy. Also the kinetic energy of the knocked-out alpha particle was only

11.5 MeV, which meant that the results were obscured due to severe distortion effects.

The 6Li nucleus is an obvious candidate to perform a first (e,e'a) test, since 6Li consists

primarily of a deuteron and an alpha cluster. Model calculations indicate that also the sizes of

both clusters are hardly different from the free case.7 The 6Li(e,e'd) reaction leading to the

ground state of 4He could be described by a quasielastic deuteron knockout mechanism,8

indicating that the deuteron cluster in 6Li is indeed quantitatively like a free deuteron. Therefore

it will be interesting to see whether the (e,e'a) reaction on 6Li likewise proceeds via direct alpha

knockout, and to compare the data of the complementary 6Li(e,e'd)4Heg s and 6Li(e,e'ot)2H

reactions with each other, since the same optical potential and bound-state wave function enter in

these reactions.

Assuming quasielastic scattering the electron-induced alpha knockout reaction can be

described in the plane-wave impulse approximation (PWIA) as 9-10

6

° Ko_ S(Em,pJ, (1)
d e ' d p " ~ e a ~v~"<"' •"•"'

where e' is the momentum of the scattered electron, p that of the knocked-out alpha particle, K

is a kinematical factor, and a e a is the off-shell elastic electron-alpha scattering cross

section.11'12 The spectral function S(Em, pm) is the nuclear structure part, representing the

probability of finding an alpha with binding energy Em and momentum pm in the target nucleus
6Li. Integrating this spectral function over an energy interval containing some state of the

residual nucleus gives the momentum distribution p(pm) of the knocked-out cluster leading to

that state.

In principle the 6Li(e,e'a) reaction is more advantageous than the 6Li(e,e'd) reaction for

investigation of the nuclear structure of 6Li, since the (e.e'a) cross section factorizes in

quasielastic PWIA into a purely kinematical and a nuclear structure part, whereas the (e,e'd)

cross section does not factorize a priori. The difference is caused by the spin of the knocked-out

particle.9'10 In practice however, model calculations show that factorization is a very good

approximation in quasielastic PWIA in the 6Li(e,e'd)4Heg s case, except in the vicinity of the

diffraction minimum,13 and factorization is in both cases not valid if final-state interaction

effects between the alpha and the residual p-n pair are included. Normally one still assumes

factorization, and incorporates these final-state interaction effects into a distorted momentum

distribution pD(pm,p).

The 6Li(e,e'a) experiment was carried out with the NIKHEF-K electron accelerator14 at an

incident electron energy of 548 MeV. The target used was a self-supporting \ i foil of thickness

84



6.1 mg/cnr, enriched to 98.7%. The kinetic energy of the alpha particles was typically between

28 and 40 MeV, although one kinematics was measured with a kinetic energy of only 21 MeV.

The experimental setup consisted of the two standard high-resolution spectrometers used for

(e.e'p) experiments, but the knocked-out alphas were measured in a low-pressure

time-projection chamber,15 situated adjacent to the vacuum of the hadron spectrometer, instead

of in the usual four wire chamber setup. The efficiency of this detector was determined from

elastic electron-3He and electron-4He scattering measurements, by comparing the number of

scattered electrons with the number of recoiling target nuclei, and was found to be 70±10%.

The measurements were performed in parallel kinematics (p//q, q=p-pm). Data were

measured at central pm values of 30,60, and 100 MeV/c (at center-of-mass energies of 15,20,

and 20 MeV, respectively). At the last point two more measurements were performed at

different values of the four momentum transfer q to compare the behavior of the (e.e'a)

coincidence cross section with the expected behavior according to Eq. 1. Since the data were

measured in parallel kinematics, apart from the momentum transfer also the center-of-mass

energies of these two measurements were different, i.e. 16 and 24 MeV. The data analysis

included subtraction of accidental coincidences and unfolding of the radiative tail.16 A

missing-energy spectrum for 70 < pm < 130 MeV/c (Ecm=24 MeV) is shown in Fig. 1. The

obtained energy resolution is about 1.5 MeV, sufficient to separate the 2H final state from the pn

oo

60

40

20

6Li(e,e'a)

70 < pm < 130 MeV/c

T a = 38 MeV

10
E m [MeV] - >

Fig. 1 Missing-energy spectrum of the 6Li(e,e'a) reaction (without random subtraction and
radiative unfolding).
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breakup state, starting at 2.2 MeV excitation energy. The total systematical error in the data,
which is mostly due to the uncertainty in the efficiency of the time-projection chamber, is
estimated to be less than 20%.

The measured cross sections for the 2H final state are shown in Fig. 2 (a), together with the

behavior of the kinematical factor K times the electron-alpha scattering cross section. Because

the center-of-mass energy changed in these measurements, the predicted behavior of K a m had

to be corrected for final-state interaction effects. We calculated these effects with the factorized

(e.e'p) computer code PEEP,17 using the 'repulsive' a-d wave function of Parke and

Lehman,18 and the global optical-model parameter set of Hinterberger et al.,19 for the various

center-of-mass energies. In the description of the 6Li(e,e'd) reaction it was found that the data

could be described very well by a distorted momentum distribution, calculated in this manner.
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Fig. 2 Measured cross sections as a function of the momentum transfer squared for a) the

reaction 6Li(e,e'a)2H, and b) the reaction 6Li(e,e'a)pn, integrated up to 10 MeV

above threshold. The dashed curves indicate the expected behavior (normalized at the

lowest q) of the cross section for quasielastic alpha knockout, corrected for distortion

effects.
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Whereas the study of the mechanism of the 6Li(e,e'd)4Heg s reaction indicated a good

description by a quasielastic deute >i knockout mechanism,7 and also similar studies in a
6Li(p,pa)2H reaction were in good agreement with quasielastic distorted-wave impulse

approximation calculations,20 our data do not seem to support such a quasielastic mechanism.

The experimental dependence of the five-fold cross section on the momentum transfer seems to

be stronger than the quasielastic alpha knockout mechanism prescribes. However, including the

systematical uncertainties our data could still be consistent with a quasielastic mechanism, since

the variation in experimental cross sections is 39±9 in the measured q-range and the predicted

variation is 3(tt2 (where the latter error is attributed due to the uncertainty in the calculated

distortion effects).

Combining the results of the 6Li(p,pa)2H reaction and the 6Li(e,e'a)2H reaction it seems

likely that a quasielastic description of the alpha knockout reaction on 6Li is justified for high

enough bombarding energies. Still, since a stronger dependence on the momentum transfer of

the data than expected by a quasielastic knockout mechanism may also be possible, it could also

be that the alpha cluster inside 6Li is somewhat different from a free 4He nucleus. For instance,

the alpha cluster may show a little more radial extension, which could reflect itself in such a

stronger dependence.21

For the transition to the pn breakup state a similar reaction mechanism as in the transition to

the 2H final state seems likely, if one assumes an inert alpha cluster in 6Li. Faddeev ocpn

calculations of Parke and Lehman predict this breakup state to carry some 35% of the total

strength (the remaining strength is in the ad channel). The measured cross sections for the pn

breakup state, integrated up to 10 MeV excitation energy above threshold, are shown in Fig. 2

(b).

The dependence on the momentum transfer for the cross section to the pn breakup state can

be seen to be much less pronounced than in the case of the 2H final state. Part of the discrepancy

can be explained because the bound-state wave function of the p-n pair will be partly of L=2

character, and distortion effects for such an L=2 bound-state wave function are more severe at

pm=100 MeV/c, but this alone can not explain the discrepancy between the behavior of both

transitions. Perhaps the final-state interaction between the knocked-out alpha particle and the p-n

pair in the continuum is not described good enough by the d-4He optical potential we used.

Another explanation for the discrepancy may be that the 6Li(e,e'a) reaction leading to the pn

breakup can not be described by a quasielastic scattering mechanism. For this latter point there

can be two reasons: firstly the overlap of 6Li and the p-n pair may not be equivalent to a free

alpha, but to some 'shrunken' alpha, secondly higher order processes (e,e'x)(x,a) may be more

important for the transition to the pn breakup state than for that to the 2H final state.
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'repulsive' a-d wave function of Ref. 18. DWIA curves are for the indicated

center-of-mass energies. Each data point represents an average over a 60 MeV/c bin

for case a), and a 10 MeV/c bin for case b).

A 6Li(a,2a) experiment was performed recently, but the data of the pn breakup state were

analyzed in the quasielastic PWIA, only accounting for the distortion effects by a global factor

of two.22 Our 6Li(e,e'a)pn data indicate that an analysis in the quasielastic PWIA of alpha

knockout data on 6Li leading to this pn breakup state is questionable.

Assuming that the transition to the 2H final state can be described by a quasielastic scattering

mechanism, a distorted momentum distribution can be extracted from the data by dividing the

six-fold cross sections by Kae a . The results are shown in Fig. 3, together with the results

derived from the 6Li(e,e'd)4He s reaction.8 Both results seem to be in reasonable agreement

with each other. The data are compared to the forementioned distortion calculations for the

different center-of-mass energies (note that in both cases the same a-d wave function and the

same optical potential are used). The excess of experimental strength found in comparison to the

300
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theoretical predictions around zero missing momentum is present in both knockout reactions.

The similarity of the experimentally found momentum distributions with the different reaction

probes (e,e'd) and (e,e'a) is encouraging for the expectation that future (e.e'a) experiments can

fruitfully study the existence of alpha clusters in nuclei.

Summarizing, we have performed a **Li(e,e'a) experiment with good energy resolution at

NIKHEF-K, where the knocked-out alpha particles were detected in a low-pressure

time-projection chamber. For the transition to the 2H state the data can be described by a

quasielastic alpha knockout mechanism, and the extracted a-d momentum distribution using that

mechanism is in reasonable agreement with the results from a previous ^Li(e,e'd)4He_ s

experiment. For the transition to the pn breakup state the data can not be described with a

quasielastic knockout mechanism.

Please note that the data in this chapter are still preliminary, especially for the pn breakup state.
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8. Summary and Discussion.

The aim of nuclear physics is to describe the dense many-body system of interacting

nucleons, which together form the atomic nucleus. In a nucleus locally strong correlations

between the nucleons can occur, which are caused by the nucleon-nucleon interaction. These

correlations play an important role in processes like a-decay and pion- and photoabsorption.

These correlations can influence the probability of finding a cluster inside the nucleus, and

also the internal properties of such a cluster (i.e. quantum numbers and relative wave function).

This can be studied by reactions where the projectile picks up or knocks out a number of

correlated nucleons (or cluster) from the nucleus. However, the interpretation of these

experiments is difficult in view of uncertainties in the reaction mechanism and strong distortion

effects, especially in hadron-induced reactions. The (e.e'X) reaction seems to be a more suitable

probe to investigate correlations in nuclei, since in this case there is only one strongly interacting

particle in the final channel. Using the two high-resolution spectrometer setup at NIKHEF-K

electron-induced cluster-knockout experiments can be performed with an energy resolution of

only a few-hundred keV, sufficient to separate the lower excited states of light nuclei. In this

thesis (e,e'd) experiments on 4He, *Li and I2C, and also a first (e,e'a) experiment on ^Li are

presented.

In (e.e'X) experiments the scattered electron and the knocked-out cluster are detected in

coincidence. One can use the measured energies and angular directions of these two particles,

together with information on the incident electron, to reconstruct the momentum of the cluster in

the target nucleus. The momentum distribution of these clusters and the probability to find such

a cluster in the nucleus will then give direct information on correlations inside nuclei. If one

assumes the electron to scatter from a preformed cluster in the nucleus (quasielastic scattering),

this momentum distribution can be determined relatively easy from the measured (e.e'X) data.

Unfortunately there are several complications that make it more difficult to derive reliable

information on correlations from electron-induced cluster knockout experiments. Most important

of these are that there may be a contribution from other processes like (e,e'p)(p,d) and that the

form of the cluster can change in the transition from bound in the nucleus to free. For instance,

the size of the nucleus 4He is smaller than that of a free deuteron, which will have its impact on

the description of the 4IIe(e,e'd) reaction. We have derived a semi-microscopic description that

takes the latter complication into account. In this semi-microscopic framework the

cluster-momentum distribution can be extracted from the measured (e,e'X) data using a

modified electron-cluster scattering. For a preformed cluster with essentially the same internal
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properties as a free cluster this semi-microscopic description is equivalent to the quasielastic

scattering description mentioned above.

Since the value of the information on correlations obtained from cluster-knockout reactions

is directly linked to the understanding of the mechanism of these reactions, it is essential to

perform a test on this mechanism. This has been done by studying the (e,e'X) reaction under

different kinematical conditions, such that the initial momentum of the cluster in the target

nucleus probed was constant, but the momentum transfer q as given to the cluster by the virtual

photon varied. In this way one can test whether a reaction can be described by quasielastic

scattering. The results of this test of the mechanism of the (e.e'X) reaction can be used to derive

more trustworthy information on cluster-momentum distributions in nuclei.

The nucleus 6Li can be described very well as consisting of an alpha and a deuteron cluster.

As the 6Li(e,e'd)4Heg s data are found to have the same dependence on the momentum transfer

q as the free electron-deuteron scattering, it can be concluded that the deuteron-like cluster in 6Li

resembles the free deuteron and that the reaction can be viewed as quasielastic scattering. Using

this information the momentum distribution of the deuteron cluster inside the nucleus 6Li could

be determined accurately enough to indicate the existence of a minimum in this distribution,

reflecting the Pauli principle, which forbids the nucleons in the deuteron cluster to have the same

quantum numbers as the nucleons in the alpha cluster. This momentum distribution is rather

well described by microscopic calculations. The experimental probability to find a deuteron

cluster in the nucleus 6Li was found to be 73±14%, which is to be compared with the predicted

values of 62% by an aNN model, and 93% by a cluster model. Also the data for the 6Li(e,e'd)

reaction leading to the breakup state of 4He appear to be consistent with a quasielastic scattering

description.

In the 6Li(e,e'rx) reaction the transition to the 2H final state can also be described by a

quasielastic scattering mechanism, and the derived momentum distribution is in reasonable

agreement with the complementary 6Li(e,e'd)4Heg ̂  results described above. The transition to

the pn breakup state can, however, not be described as quasielastic scattering.

In nuclei other than 6Li the bound p-n cluster may be very different from a free deuteron,

not allowing a quasielastic description. This effect seems to be most pronounced in the nucleus
4He, as this is a very dense and tightly bound nuclear system. Indeed the dependence on the

momentum transfer of the 4He(e,e'd) data is very different from the free electron-deuteron

scattering.

However, even a microscopic calculation of the direct knockout 4He(e,e'd)2H reaction data
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is not able to describe the experimental dependence on the momentum transfer. More

high-momentum components in the relative wave function of two nucleons in 4He, or two-step

processes like (e,e'p)(p,d) are necessary to describe the data. In that respect the difference

between the 4He(e,e'd)2H reaction and the 6Li(e,e'd)4He_ s reaction, where the dependence on

the momentum transfer could be easily described by a quasielastic electron-deuteron scattering is

striking.

The form of the momentum distributions as extracted from our data in the semi-microscopic

description is in reasonable agreement with theoretical predictions, but a definite value for the

probability to find a deuteron cluster inside 4He can not be given, since ihe variation of the

(e,e'd) data as a function of the momentum transfer is not understood yet. This discrepancy has

to be solved before one is able to derive from our data an absolute value for this probability. For

the time being we can only state that the probabilities we find seem to be rather low.

In the 12C(e,e'd) reaction leading to the ground state and the first excited state of IOB the

dependence of the data on the momentum transfer also can not be described by quasielastic

scattering. Discrepancies between the data and the quasielastic description are found to be

similar to the 4He(e,e'd)2H case. A semi-microscopic description of our data leads to a

reasonable form of the extracted momentum distributions. However, the probability to find a

deuteron cluster in the target nucleus 12C seems to be low again.

In this reaction it is also shown that an electron-induced deuteron knockout is possible if a

p-n pair inside the target nucleus has other quantum numbers than the deuteron itself, since the

lowest lying T=l state in I0B was found to be strongly excited. This strong transition can be

explained by assuming that the electron scatters from an (S=O,T=1) p-n pair inside the nucleus,

thereby performing a spin and isospin flip of this p-n pair, such that an (S=1,T=O) deuteron is

knocked out of the nucleus. This mechanism, the deuteron integration process, is consistent

with the observed purely transverse character of the transition, reminiscent of a spin-flip

process. The dependence of the momentum transfer q in this reaction could also be described by

the expected dependence for this deuteron integration process. In a semi-microscopic description

one is in this way also able to investigate correlated p-n pairs that are not in a deuteron quantum

state, and thus to obtain complementary information about correlations in nuclei.

Although the (e.e'X) reaction is in principle a valuable tool to investigate correlations in

nuclei, as seen from the present 6Li(e,e'X) results, more knowledge on the mechanism of the

(e,e'X) reaction has to be gained before these correlations can be fruitfully investigated in all

target nuclei. The description of the dependence on the momentum transfer of the (e,e'X) data
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seems to be an especially interesting challenge, since we have shown that this dependence may

be very sensitive to high-momentum components, and therefore to short-range correlations in

the nucleus. Also the influence of two-body contributions and sequential processes like

(e,e'p)(p,d) must, however, be carefully examined.
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Samenvatting

Het doel van de kernfysica is het beschrijven van de atoomkern, een systeem bestaande uit

dicht opeengepakte, snel bewegende protonen en neutronen (nucleonen) dat in stand gehouden

wordt door de sterke krachten die deze nucleonen op elkaar uitoefenen. In eerste instantie kan

men deze onderlinge sterke krachten slechts als bindmiddel zien. fn dit beeld bewegen de

nucleonen zich dan verder vrij rond in bepaalde banen in de atoomkern. In de praktijk blijkt

echter dat deze beschrijving te simpel is en ondervinden de nucleonen in hun banen in de kern

nog wel degelijk effect van de onderlinge krachten.

Door de specifieke vorm van de sterke kracht blijkt enerzijds de kans om twee nucleonen

heel dicht bij elkaar aan te treffen verlaagd te zijn (de nucleonen stoten elkaar af op heel korte

afstand), anderzijds blijkt de kans om bepaalde groepjes van twee of meer nucleonen tezamen

(clusters) in de atoomkern aan te treffen verhoogd te zijn (de nucleonen trekken elkaar aan op

iets grotere afstand). Informatie over deze correlaties is belangrijk om bijvoorbeeld het proces

van a-verval te begrijpen, waarbij een cluster bestaande uit twee protonen en twee nucleonen uit

de kern wordt verwijderd.

Om de beweging van een enkel nucléon in de atoomkern te onderzoeken, kan men gebruik

maken van een reactie waarbij zo'n nucléon door een projectiel uit de kem wordt gestoten. Door

nu de beweging van het verstrooide projectiel en het uitgestoten nucléon te meten en deze te

combineren met de beweging van het inkomende projectiel kan de beweging van het nucléon in

de atoomkern bepaald worden. Door steeds de kans te meten om een bepaalde beweging van een

nucléon in een specifieke baan in de atoomkern aan te treffen (een snelheidsverdeling) kan men

dan de totale kans vinden om een nucléon in die baan aan te treffen.

Op dezelfde manier kan men proberen de kans te bepalen om een cluster in een bepaalde

baan in de kern aan te treffen, door met behulp van een projectiel een cluster uit de kern te

stoten. Combinatie van deze kans met de kans om een individueel nucléon in zo'n baan aan te

treffen kan dan leiden tot nauwkeurige informatie over het effect van bovengenoemde

correlaties.

Bovengenoemde simpele aanpak van een onderzoek naar correlaties wordt echter

bemoeilijkt door verschillende factoren: (i) de uitgestoten cluster en de restkem, maar ook het

projectiel en de atoomkern oefenen onderling krachten op elkaar uit, (ii) de cluster kan ook in

meerdere stappen uit de atoomkern gestoten worden, bijvoorbeeld het projectiel verstrooit aan

een enkel nucléon, dat op zijn weg uit de atoomkern later pas de rest van het uitgestoten cluster

met zich meeneemt, (iii) ook als het projectiel direct aan het cluster verstrooit, kan de vorm van

het cluster veranderen op zijn weg uit de atoomkern.
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Alvorens definitieve conclusies omtrent correlaties uit cluster uitstootreacties gehaald

unnen worden, moeten deze drie effecten goed onderzocht zijn. In het geval van de eerste

omplicatie kan men een deel van het probleem omzeilen door electronen als projectiel te

;ebruiken, omdat deze van de atoomkern slechts de onderling zwakkere electromagnetische

cmcht ondervindt. De kracht die het uitgestoten cluster en de restkern op elkaar uitoefenen moet

iaarentegen nog wel in rekening gebracht worden, wat in de praktijk vrij goed gedaan blijkt te

kunnen worden.

De twee andere complicaties scheppen meer problemen, temeer omdat beide experimenteel

ook niet van elkaar te onderscheiden zijn. Enige informatie kan verkregen wotden door de kans

een zelfde beweging van de cluster in een baan in de atoomkern aan te treffen op verschillende

manieren te meten, bijvoorbeeld door zowel de beweging van het inkomende electron als het

uitgestoten cluster te veranderen, of door de beweging van het inkomende en het verstrooide

electron te wijzigen. In het eerste geval kan men dan bekijken of de metingen afwijken van wat

men verwacht op grond van een electron-cluster verstrooüngs mechanisme, in het tweede geval

of de verhouding van ladingsverstrooiing en magnetische verstrooiing afwijkt van de

verwachting.

Het effect dat het veranderen van vorm van het cluster op zijn weg uit de atoomkern heeft op

het verstrooüngs mechanisme is nader bestudeerd. Dat zo'n geval zich voor kan doen blijkt

bijvoorbeeld als men de kans om een deuteron cluster in de atoomkern 4He aan te treffen wil

bepalen. Het vrije deuteron is namelijk groter dan de 4He kern, wat betekent dat een deuteron

cluster op zijn weg naar buiten wel van vorm moet veranderen. Er is een beschrijvingswijze

opgesteld die dit effect in rekening brengt door een gemodificeerd electron-cluster verstrooüngs

mechanisme te hanteren. Het effect van het in rekening brengen van twee-staps processen is hier

echter nog niet nader onderzocht.

In dit proefschrift worden verder experimenten beschreven waarbij door middel van snel

bewegende electronen een deuteron-cluster uit de atoomkernen 4He, 6Li en 12C gestoten wordt,

en een alfa-cluster uit de atoomkern 6Li. Deze experimenten zijn uitgevoerd bij het NIKHEF-K

in Amsterdam, waar electronen tot bijna de lichtsnelheid versneld kunnen worden, en waar ook

goede informatie kan worden verkregen over de toestand waarin de restkern achterblijft. Dit

laatste is van belang om te weten uit welke baan een cluster vandaan is gekomen.

De atoomkern 6Li kan vrij goed beschreven worden als bestaande uit een alfa en een

deuteron cluster. Uit de metingen volgt dat zowel het uitstoten van een deuteron-cluster als het

uitstoten van een alfa-cluster goed beschreven kan worden met een (niet gemodificeerd)

electron-cluster verstrooüngs mechanisme. Hieruit kan de conclusie getrokken worden dat

zowel het deuteron-cluster als het alfa-cluster in ^ i sterk gelijken op respectievelijk een vrij
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deuteron en een vrij alfa. De snelheidsverdeling van deuteronen ten opzichte van alfa's in de

atoomkern 6Li kon uit deze metingen met voldoende nauwkeurigheid gehaald worden om voor

de eerste maal een minimum in deze verdeling aan te tonen. Dit minimum wordt veroorzaakt

door het feit dat de nucleonen in het deuteron-cluster niet dezelfde plaats in kunnen nemen als de

nuclconen in het alfa-cluster. De gemeten snelheidsverdeling wordt goed beschreven door

berekeningen, waarbij correlaties in rekening zijn genomen. De gevonden kans om de

atoomkern 6Li aan te treffen in een vorm bestaande uit een deuteron-cluster en een alfa-cluster

bedraagt 73+14%.

In andere atoomkernen dan 6Li zal het gebonden deuteron-cluster flink kunnen verschillen

van een vrij deuteron. In die gevallen zullen de metingen niet beschreven kunnen worden met

een electron-deuteron verstrooiings mechanisme. Dit lijkt met name van belang in de atoomkern
4He, omdat dat een erg dicht opeengepakt en goed bij elkaar gehouden systeem van nucleonen

is, terwijl het deuteron ijl en los gebonden is. Inderdaad kunnen de metingen aan een reactie

waarbij een deuteron uit4He gestoten wordt niet beschreven worden dooreen electron-deuteron

verstrooiings mechanisme. Echter, de metingen kunnen ook niet beschreven worden door een

microscopische berekening, waarin zowel de specifieke structuur van 4He als van het deuteron

theoretisch beschreven zijn. De oorzaak kan liggen in een niet goede beschrijving van de interne

structuur van een deuteron-cluster in 4He of in een mogelijke bijdrage van twee-staps processen.

De vorm van de snelheidsverdeling zoals die uit de metingen is gehaald dooreen gemodificeerd

electron-deuteron verstrooiings mechanisme aan te nemen is in redelijke overeenstemming met

de theoretische verwachting. Omdat het mechanisme van deze reactie echter niet begrepen is, is

het nog niet mogelijk om de kans te bepalen om een deuteron-cluster in 4He aan te treffen.

In de reactie waarbij een deuteron uit de atoomkern I2C gestoten wordt is het mogelijk te

kijken naar verschillende eindtoestanden van de restkern 10B. Voor de grondtoestand en de

eerste aangeslagen toestand van 10B kunnen de metingen ook niet beschreven worden door een

(niet gemodificeerd) electron-deuteron verstrooiings mechanisme. De verschillen tussen de

metingen en deze beschrijving zijn soortgelijk aan die gevonden voor de atoomkern 4He. De

vorm van de snelheidsverdelingen bepaald met een gemodificeerd verstrooiings mechanisme zijn

wederom in redelijke overeenstemming met de theoretische verwachtingen. In deze reactie is het

ook aangetoond dat een deuteron uit de atoomkern gestoten kan worden door het electron te

verstrooien aan een proton-neutron paar dat niet dezelfde eigenschappen heeft als een

deuteron-cluster (gekarakteriseerd door andere quantumgetallen). De tweede aangeslagen

toestand van IOB kan namelijk niet aangeslagen worden door een mechanisme waarbij het

electron verstrooit aan een deuteron-cluster in de atoomkern 12C, maar wel door eer

mechanisme waarbij het electron verstrooit aan een proton-neutron paar dat door deze
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verstrooiing omgezet wordt in een deuteron. De metingen zijn in overeenstemming met een

dergelijk mechanisme. Ook het gevonden karakter van de overgang, dat alleen magnetische

verstrooiing lijkt te impliceren, wijst op zo'n mechanisme. Op deze manier kan men ook

correlaties tussen protonen en neutronen in een atoomkern onderzoeken, waarbij het proton en

neutron niet in dezelfde toestand zitten als een deuteron.

Hoewel de reactie waarbij een cluster uit de atoomkem gestoten wordt door verstrooiing van

electronen in principe een middel is om correlaties in atoomkemen te onderzoeken, zoals

bijvoorbeeld gezien kan worden aan de resultaten bepaald voor 6Li, is vooralsnog meer kennis

omtrent het mechanisme van zulke readies vereist. Met name de beschrijving van de gevonden

verschillen tussen de metingen en de electron-deuteron verstrooiing enerzijds en meer

microscopische berekeningen anderszijds is interessant, daar men hier gevoelig lijkt te zijn voor

de interne structuur van de cluster, die expliciet weer te maken heeft met correlaties. Ook de

invloed van twee-staps processen moet echter nader onderzocht worden voor men definitieve

conclusies kan trekken.
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1. De noodzaak de resultaten van wetenschappelijk onderzoek middels een persconferentie

wereldkundig te maken kan als indicatie gezien worden dat er iets schort aan de gebruikelijke

kanalen voor publicatie.

2. In het moderne voetbal is een strafschop doeltreffender dan een rode kaart.

3. In hun tabel met de experimentele waarden van de impulsverdeling van protonen ten opzichte

van de grondtoestand van de kern ] 1 B, zoals bepaald met de ^CCe.e'p)11!) reactie,

vermelden Bemheim et al. ten onrechte niet dat de bijdrages van de overgangen naar de 1/2"

en 3/2' aangeslagen toestanden in n B zijn inbegrepen.

M. Bemheim et al.. Nucl. Phys. 4375.3gi (1982)

4. Bij de bepaling van informatie over kernstructuur met behulp van nucléon (cluster)

uitstootreacties wordt onvoldoende aandacht geschonken aan de invloed van de modificatie

van eigenschappen van nucleonen (clusters) in de atoomkern op het reactiemechanisme.

5. Binnen het samenwerkingsverband van sociale diensten en arbeidsbureaus, aangegaan om

langdurig werklozen mogelijkheden te bieden om hun geschiktheid voor deelname aan het

arbeidsproces te vergroten en hun arbeidsinschakeling daadwerkelijk te bevorderen, dient de

sociale dienst een individueel beleid te voeren primair gericht op arbeidsmarktbemiddeling.

6. De door Raha et al. voorgestelde aanwijzing voor de vorming van een quark-gluon plasma in

relativistische zware ionenreacties is in tegenspraak met de meetgegevens waarop zij hun

voorstel baseren.

S. Raha et al., Phys. Rev. Lett. 52,138 (1984)

K.B. Bhalla et al., Nucl. Phys. A367.446 (1981)

H.G. Baumganft et al., J. Phys. GZ, L175 (1981)



7. Het verbieden van conventionele biedsystemen bij nationale en internationale bridge

toernooien doet afbreuk aan de veelzijdigheid van het spel en het improvisatievermogen van

de spelers.

8. Voor een consistente beschrijving van (e.e'p) data en (Y,p) data is de stootbenadering niet

voldoende.

9. De beoordeling of de verdediging van de aan het proefschrift toegevoegde stellingen

mogelijk is dient bij de promovendus te liggen.


