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Summary. — Potentialities of exclusive electrodisintegration of few-body
nuclear systems as source of information on NN potential and on inter-
action effects like meson exchange currents (MEC) and isobar configura-
tions (IC) are discussed. Results obtained at the Saclay electron linear
accelerator on the (e, e'p) reaction on deuteron and 3He are reviewed.

PACS. 21.40. — Few-nucleon systems.
PACS. 25.30. — Lepton-induced reactions and scattering.
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(**) Presented by 8. FRULLANI.
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1. ~ Exclusive electrodisintegration.

The electrodisintegration of a nucleus studied by final-state measurement of
the diffused electron in coincidence with another particle emitted in the disin-
‘tegration process (fig. 1a)) may be shown to have a cross-section given by (-2)

do
(1) (Wa;, = ¢(Qo0foo T Ot foy T Qopfor COS x4 0, f, _ cOS 20},

where ¢ is a kinematical factor, 0., are kinematical functions depending upon
the electron vertex and describing the polarization density matrix of the virtual
photon, fﬁ are the nuclear-system response functions to the electromagnetic
probe and « is the angle between the plane defined by the incident and dif-
fused electrons and the plane containing the emitted particle. Subsecripts ¥y
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Fig. 1. — Different processes contributing in the (e, ¢’p) scattering ) on a nucleus’®
b) impulsive knock-out, ¢) exchange term, d) final-state interactions, e), f) examples
of meson exchange currents and isobar configuration contribution.

indieate the contribution of the longitudinal (00) and transverse (- ) polar-
ization terms and of the interference longitudinal-transverse and transverse-
transverse terms, respectively. As may be seen, when eq. (1) is integrated over
the emitted-particle momentum, so as to obtain the inclusive cross-section
corresponding to a measurement in which only the diffused eleetron is detected
in the final state, the dependence on interference terms vanishes. The cross-section
depends only on longitudinal and transverse structure functions. If we speeify

(1Y M. GourpiN: Nuove Cimento, 21, 1094 (1961).
(2) T.Dr Formst: Adnn. Phys. (N. X.), 45, 365 (1967).

19 - Il Nuovo Cimento A.
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the exclusive reaction to the case in which the emitted particle measured is a
proton and assume that the nuelear current is only the sum of the currents of
the constituent protons:

(2) Jh(r) = 2 Jurdo(r—r.y),

the Afe, e'p)B electrodisintegration process can be considered as the result of
the virtual photon interacting directly with the emitted proton (fig. 1b)). Aec-
cording to this assumption, it can be shown (3) that from the four structure
funetions, a common factor, deseribing the virtual decay of a nuecleus A in
a proton with momentum p and a residual nucleus B, can be factorized out:

do . P
(3) m, =0 |<¢B|“(p) lway 3 (000900 + 010011+ 004 Go. COS X0, ¢, €OS 2) .

This relation is usually rewritten as
(4) """" 5 - Osp<p? E) Oep

where S (p, K) is the proton-hole spectral function that is related to the joint
probability to find a proton with momentum p and removal energy E in the
target nueleus (*). o, is the cross-section of the electron scattering process
on a bound proton with initial momentum p. Thus eq. (4) describes a process
(fig. 1b)) in which the nuclear-structure information is entirely contained in
the spectral function and can be easily deduced from the measurement of
do/dk'dp’ if ¢, is assumed to be known from our knowledge of the electron-
proton interaction.

Under eq. (4) validity conditions, from the measurement of initial and
final electron momenta (k) and (k'), respectively, and of emitted proton mo-
mentum (p’), the energy-momentum conservation relation enables the deduc-
tion of the internal variables p and K. It is then possible, in theory, to ex-
plore the total spectral function variability by choosing convenient kinematical
configurations.

However, mechanisms other than the impulse approximation diagram of
fig. 10) contribute also to the scattering process. Diagrams already considered
in a conventional scattering theory are depicted in fig. 1¢) and d). The former
illustrates the emission of a proton following interaction of the probe with the
residual nueleus (exchange term), while the latter diagram takes into account
the distortion suffered by the emitted proton in the nuclear field of the residual
nucleus (final-state interaction).

(®) 8. FrurrLaxt and J. MoucGeY: Single particle properties of nuclei ihrough (¢, ¢'p)
reqctions, sect. 3, to be published in {dv. Nucl. Phys.
(*) D. H. E. Gross and R. LIPPERETIDE: Nucl. Phys. 4, 150, 449 (1970).
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The nucleus being a system in which the nucleons interact, eq. (2) is not
strietly valid. A gauge-invariant nuclear system built by a nucleon-nucleon
(VN°) potential generated by meson exchange necessitates also two-body cur-
rents (*). Moreover, the nucleonic current in nueclei is not restricted to being
that of a free nucleon and, indeed, virtual excitation and de-excitation of nucleon
resonances play a role in the nueclear force (°). Consequently electrodisintegra-
tion process computations must also consider meson exchange currents (MEC)
and isobar configurations (IC) in nuclei. Figures 1e)-f) are examples of diagrams
illustrating just such effects.

Mechanisms beyond impulse approximation destroy the simple factorized
structure of eq. (4). On the other hand, they open the way to investigating,
also with electrodisintegration, some much finer aspects of nueclear structure
and reaction mechanisms, involving nuecleonic and nonnucleonic degrees of
freedom. An extended study may disentangle the various contributions to
amplitude providing kinematical conditions are chosen such that the different
diagrams and interference terms have a selective weight.

2. — Few-body nuclear systems.

Two- and three-body nuclei are the best suited to be investigated for the
above-mentioned study. At present, it is possible to prediet nuelear-state
properties derived directly from realistic N°.¥ interactions for two- and three-
body systems only. Only for these nuclei do we have spectral functions for
which the suitability of various potentials ecan be tested. Moreover, other
mechanism diagrams that differ from the impulse approximation can be com-
puted in a reliable way (**) and MEC and IC econtributions deduced con-
sistently according to the realistic potential used.

a) Deuteron. The spectral function gives nucleon momentum density
distribution directly and is the square of the Fourier transform of deuteron
wave function:

. . v . R . N
(5) 82,2, 2) = o(p) = [ulr) jo(pr) v ar* + | [ty gatr) m-} ,
where » and w are the radial wave functions for S- and D-state, respectively.

Figure 2 shows the two wave functions in momentum space, for three realistic
potentials predicting different D-state percentages in the deuteron. It may he

(®) Bee, e.g., R. J. BLIN-STOYLE: in Mesons in Nuclei, edited by M. Rro and D. H.
WinkiNsown, Vol. 1 (Amsterdam, 1979).

(®) A. M. GREEN: Rep. Prog. Phys., 39, 1109 (1978).

(" W. Fasrax and H. ARENHOVEL: Nucl. Phis. .1, 258, 461 (1976).

(®) J. M. Lacer: Plys. Rep., 69, 1 (1981).
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Fig. 2. - Radial part of the deuteron wave function predicted by different NN poten-
tials (adapted from ref. (3), sect. 5): a) S-wave, b) D-wave, ——— RSC; ——— Paris;
— — — HM2. The three potentials have a D-state percentage of 6.47, 5.46 and 4.32,
respectively.

seen that the interval of values for p in which o(p) is most sensitive to the
potential chosen lies between 300 and 500 MeV/e. Figure 3 reports the result of
the Fabian and Arenhével analysis (?) of the transverse form factor in inclusive
electrodisintegration. Curves indicate isolevel lineg, in the momentum-transfer—
final-system relative energy plane, of the relative changes in the form factor
when MEC and IC are included in addition to the more conventional diagrams.
In the exclusive reaction, structure functions will be affected diversely by
MEC and IC contributions, but it is expected (°) that, for relatively high values
of B, the results shown in fig. 3 may be used as a useful guide to choose kine-
matical conditions in which their importance is selectively relevant. It may be
seen from fig. 3 that, in correspondence with the quasi-elastic peak maximum,
MEQC and IC are expected to be small. Therefore, this kinematical condition is
particularly suited, through the study of momentum density distribution, to
deduce the NN interaction which gives the best description of the data. Un-
fortunately, experimental limitations, conneected with the electron accelerators
currently available, prevent from taking measurements in the more favourable

(®) W. Fariany and H. ArEnHOVEL: Nucl. Phys. A, 314, 253 (1979).
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Fig. 3. — Contour plot of the changes (%) of the transverse form factor by interac-
tion effects (MEC and IC) (adapted from ref. (%)).

interval of p values (300 MeV/e << p < 500 MeV/c). Higher-energy, higher-
duty-eycle accelerators are needed to overcome this limitation.

The measurements (1) taken at Saclay were obtained under the two kine-
matical conditions indicated by S in fig. 3; one in and the other out of quasi-
elastic ridge kinematical conditions. The results are shown in fig. 4 and com-
pared with different theoretical predictions. The impulse approximation
analysis (19) is reported in fig. 4a). Points taken in the two different kinematic
conditions follow a single curve reasonably well. In the highest-momentum
part of the distribution, the considered NN interactions give a sizable dif-
ference in the prediction of the momentum density distribution. Data obtained
seem to agree better with a potential predicting a low D-state percentage.

Arenhovel’s (11) and Laget’s (12) respective analyses of the data, in terms
of cross-sections, are reported in fig. 4b) and ¢). Both analyses use RSC potential
and ineclude final-state interaction, as well as MEC and IC contributions.
The data are reasonably well reproduced, even if a systematic deviation of the
data from the curves is observed at the highest momenta, more so in the Laget
analysis. In order to size up the importance of MEC and IC econtributions
found in computations, we quote the results of Arenhovel (*1). In kinematics I
the cross-section is increased by at most 15 9%, while in kinematies II the ef-

(*y M, Bernueivm, A. Bussiire, J. Mouery, D. Rover, D. TarNOWSKI, S. TURCK-
Cureze, 8. FruzLani, G. P. Carirani, E. DE Sawcris and E. Jans: Nucl. Phys. 4,
365, 349 (1981).

(i) H. ARENHOVEL: Nucl. Phys. 4, 384, 287 (1982).

(**) J. M. Lacer: private communication. The results shown are preliminary.
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¢) complete analysis of ARENHOVEL (ref.(*)) and LaGrr (ref. (12)):

1) kinematics I:

E'= 395 MeV/c, ¢© = 450 MeV/c; 2) kinematics II: k = 353 MeV/e, ¢% = 350 MeV/e.
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feet increases from about 8% at the lowest momenturn to about 549 at the
highest one measured. The theoretical computation sensitivity to the choice
of the NN interaction has been studied by ARENHOVEL (*!) for RSC, Paris
and de TourreilSprung potentials. The difference in results, in the momentum
interval considered, has been found to be 109, at the most. Analysis with
the HM2 potential, which, according to fig. 2, wonld be expected to give a
greater difference, is lacking.

A third set of measurernents has recently been taken under kinematic condli-
tion defined by B, = 179 MeV, ¢ = 1.66 fm~*, thus beyond the region shown
in fig. 3. In this condition the effect of 1C is expected to be very important ().
In terms of the initial momentum, the explored region is just between 300 and
500 MeV/e and covers the interval in which, in terms of impulse approxima-
tions, an approximate factor of two (*?) is expected between RSC and HM2
results. The aim is, on the one hand, to test the size of the [C contribution and,
on the other hand, to check if, when all processes are considered in addition
to the impulse approximation, a sizable difference still remains between the
results expected using different JN°N° interactions. The respective data ana-
lysis is in progress.

b) sHe. Electrodisintegration studied by means of the (e, e'p) reaction
has two channels, corresponding to the case in which the residual system is
either a bound deuteron (2-body break-up) or an unbound neutron-proton
pair (3-body break-up). By definition (see eqgs. (3) and (4)) the spectral func-
tion is the square of the overlap integral, in momentum space, between the
target ground state and the residual nucleus.

At present, three computations of the spectral function based on realistic
NN interactions exist. Two of them, DIEPERINK et al. (*4) and MEIER e al. (1%),
use a *He wave function derived according to the Faddeev technique, while the
third one (Cr1OFI et al. (1)) is computed by using the variational method. Figure5
shows the spectral function as first quoted as an example., The strength of
the 2-body break-up is localized at E=35.5 MeV (corresponding in the figure to
B = — 2.2 MeV), while the 3-body break-up spreads over the region beyond
the threshold at 7.7 MeV (E'= 0). At the moment, contrary to the case for
the deuteron, no systemic analysis has been carried out to study the relative im-

() 8. FrorLant and J. MouGeY: Single particle properties of nuclel through (e, e'p)
reactions, sect. 8, to be published in Adv. Nuel. Phys.

(1) A.E.L.DieeperiNg, T. Dg FOREST, 1. 810K and R. A. BRANDEBURG: Phys. Lett. B,
63, 261 (1976).

(%) H. Mmmr-HaspUK, Cu. HAIDUXK, P. U. SavER and W. Tusis: Nucl. Phys., to be
published.

(1) C. Crori pEarr ATri: Proceedings of the Miniconference on the Study of Few-Body
Systems with Electromagnetic Probes, edited by C. Crori DEGLT A1Ti, E. PACE and G. SALME
(Amsterdam, 1981), to be published.
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Fig. 5. — *He spectral function (adapted from ref. (14)).

portance of the different diagrams contributing to the amplitude in the general
treatment of the reaction in different kinematical conditions.

Measurements (7) have been taken in two different kinematic configurations
corresponding, in terms of momentum transfer and centre-of-mass energy of
the final hadronic system, more or less to the conditions considered for the
deuteron. Figure 6 reports such data together with the relative impulse approx-
imation analysis. The momentura density distribution o(p) = S(p, 5, 5) corre-
sponding to the 2-body break-up is reported in a), whereas b) shows the momen-
tum density distribution for the 3-body break-up channel obtained by integrat-
ing the spectral function from threshold up to =20 MeV. The data are com-
pared with results from both Faddeev and variational computations that
use the RSC potential. The computation sensitivity to the choice of the NN
interaction has been studied (%) for RSC and Paris potentials and it was found
that the results, in the considered range of p and #, differ by less than 109,
The agreement shown in fig. 6 is satisfactory, even if in the case of 2-body
break-up a systematic deviation is observed at high momentum values.

(7). E. Jaxs, P. Barreav, M. Bernurmv, J. M. Fixy, J. MORGENSTERN, J. MOUGEY,
D. Tarvowskl, S. Turck-CHIEZE, S. FrRULLANI, F. GARIBALDI, G, P, CariTaNT, E, DB
Saxcris, M. K. Brusser and I. Sicx: Phys. Rev. Leit., 49, 974 (1982).
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Tig. 6. — Impulse approximation analysis of a) 2-body and b) 3-body (E <20 MeV)
break-up channels of the (e, e'p) reaction on $He. Full and dashed curves represent
computed results obtained with the spectral function of Dieperink et al. () and
Ciofi degli Atti et al. (*), respectively. Meier et al. (*) spectral function gives the
same results as that of ref. (14) (from ref. (11)). o kinematies I, x kinematies II.

However, the agreement becomes very poor for the 3-body break-up when
the data measured at F > 20 MeV are considered. The eomparison between
a preliminary reduection of experimental data and the spectral fanetion eomputed
by MEIER et al. (}*) shows a significant diserepancy, especially at low momentum
values (%),

Figure 7 reports Laget’s analysis (%) of data for E <20 MeV, with the ad-
ditional processes besides the impulse approximation diagram included. Agree-
ment seems better in 2-body rather than 3-body break-up, where a discrepancy
incompatible with the statistical accuracy of data is observed. In the case of a
9-body channel, the effect of the final-state interaction is to decrease the cross-
sections by a maximum of 10 % and 10 9, for kinematics ITand 11, respectively.
The interaction of the emitted proton with another nucleon of the residual system

(1%) B. Jaxs: Thesis, Amsterdam (1982).

() J. M. LARGET: Proceedings of the Workshop on the Use of Eleciron Rings for Nuclear
Physics Research in Intermediate Energy Region, Lund, October 5-7, 1982, and private
communication.
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pair provides a contrasting result in the case of 3-body break-up. The cross-section
inereases by 109, at the most for kinematics T and decreases by a maximum
of 409, for kinematics II. The effect of meson exchange currents is to increase
the cross-section by at most 5%, and 209, in the two kinematics, regpectively.

As afore said, data so far obtained call for this analysis to be extended to
F > 20 MeV.

3. — Conclusions.

At this stage of a complex experimental program that will still go on for
several years, centred on the study of few-body nuclear systems with execlusive
electrodisintegration, it is possible to delineate some reached points.

The agreement shown in fig. 4b), ¢), between the experimental data and
two different analyses that take into account all the contributions expected
to enter in the amplitude of the reaction, gives confidence on the realiability
and possibly on the unambiguity in treating nonconventional effects as MEC
and IC. This should be confirmed by other checks in different kinematical
conditions and clarifications must be found on the existing discrepancies be-
tween data and computed distribution in the *He case (fig. 7). If a consensus is
reached that these effects can be controlled with accuracy, tight limits may be
put on the best-suited NN potential, studying the reaction in convenient
kinematical regions.

Channels with the residual system in continuum must be particularly well
studied for the comprehension of reaction mechanisms and also to possibly
enlight the problem of deep hole states in heavier nuelei.

® RIASSUNTO

gi discutono le possibility che offre lo studio dell’elettrodisintegrazione di sistemi nu-
cleari a pochi corpi per fornire informazioni sul potenziale nucleone-nucleone ¢ sugli
effetti d’interazione quali le correnti di scambio (MEC) e le configurazioni isobariche
(IC). In tale contesto sono discussi i risultati ottenuti all’acceleratore lineare di elet-
groni di Saclay nello studio della reazione (e, e'p) su deuterio ed 3He.

DKCKIIO3MBHOE 3JISKTPOPacHIeIVIeHne AIePHBIX CHCTEM, COCTOAIIMX M3 HECKOJbKHX “acTHll.

Pestome (*). — OOCYKIAIOTCA BO3MOMKHOCTH DKCKITFO3UBHOIO 3NIEKTPOPACINCIVICHIA A1CD-
HBIX CHCTEM, COCTOSIIMX M3 HECKONBKMX YACTHL, KAK HCTOYHHK MHpopMauun o N-N°
moTenmuaie ¥ addexrax mzamMopmeidcrsus, momobueix MEC u IC. AHanu3upyorcs
PE3YIBTATHI, TOJIYICHHBIC HA 3JEKTPOHHOM IIMHCHHOM YyCKODHUTENe Caxne, mns (e, e'p)
peaxuuu Ha meiitepun u *He.

(*) Ilepesedeno peoaxyueil.
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