ISTITUTO NAZIONALE DI FISICA NUCLEARE

Sezione di Torino

INFN/BE-"76/2

13 Aprile 1976

W, M, Alberico, S, Costa and A, Molinari: AN OUTLQOOK OF
NUCLEAR STRUCTURE STUDIES WITH ELECTROMAGNETIC

INTERACTION, -

ce

co

Servizio Documentazione
dei Laboratorl Nazioneli di Frascali



Istituto Nazionale di Fisica Nucleare
Sezione di Torino

INFN/BE-76/2
13 Aprile 1976

W, M, Alberico, S, Costa and A, Molinari: AN OUTLOOK OF NUCLEAR STRUCTURE
STUDIES WITH ELECTROMAGNETIC INTERACTION,

1, - INTRODUCTION, -

In this paper we review what we have learned on nuclei with two probes available to explore
nuclear structure with electromm gnetic interaction: real photons and electrons, We will focus our
attention essentially on some of the most recent results and we will have no pretense of being com
plete,

The electromagnetic interaction is of course well understood and does not perturb too much
the system under investigation (the electromagnetic coupling constant being ez/hc = 1/13%),

The first experiments in this field go back to the beginning of the fifties and were performed
with the bremsstrahlung from electiron ace elerators(1); betatrons with energies in the range 20-70
MeV and synchrotrons in the range up to 350 MeV, The main drawback was the very tiny intensity
of the electron current (a fraction of pA) together with the unfavourable feature of the bremsstrah-
lung energy spectrum, i, e. to be continuous,

Nevertheless outstanding results were obtained : fundamental among them the discovery of
the giant dipole resonance, whose energy was determined to be Eqpp ¢ 70-80A"1/3 MeV.

Next the linear accelerators of electrons (notably the ones of Stanford and Saclay) came into
playtz). These machines, in spite of the modest intensity (10"'7 = 1678 amp) and the poor energy re-
solution (Ap/p > 1072), made it possible a first determination of the nuclear charge distribution,

The best fit to the experimental data was obtained with the following expression for the char
ge density :

pO 1 I‘2 1
p(r) = el GBI # 1 ( 'i'w-}_‘{z—) : (1)

Even if none of the parameters entering into (1) is amenable to a direct theoretical evaluation, defi-
nite evidence for a finite surface thickness (a) and, less so, for a central depression (@) was provi-
ded,

In spite of these remarkable achievements it is to be noticed that some of the results of the
photonuclear reactions, e, g, those of the (y,p) reaction, can be obtained with high precision in the
inverse process (p,y) which is of course not plagued by the continuous bremsstrahlung spectrum,
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Furthermore the advantage of the electromagnetic interaction, namely of not disturbing
too much the system, has its counterpart in the smallness of the electromagnetic cross sections
of significance to nuclear structure, In fact they are in general 10723 10-4 times smaller than the
strong interaction cross sections,

In our survey we will follow the customary classification (see Fig. 1) of electron scatler
ing experiments :

a) elastic scattering;

b) inelastic scattering from collective levels (including rotational levels in deformed nuclei);
c) "quasi-elastic" peak;

d) coincidence experiments of the (e, e'p) type (exclusive reactions),
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I'IG, 1 - A schematic double differential cross section for electron scattering at fixed
momentum transfer, One can see the elastic peak (a), the excitation of collective levels
(h), the quasi-elastic peak (c), and the beginning of the pion production (d),

Concerning the photons a possible classification on the energy scale is (Fig, 2):

a) up to the giant resonances ;
b) up to the mesonic threshold;
c) above the mesonic threshold,
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FIG, 2 - Schematic illustration of the y-photoabsorption cross section, Also shown the
hypothetical specific contribution of the varisus multipoles (taken from ref, (10), p. 280).



2. - ELECTRON SCATTERING. -

The four-momentum q* = (4, @ /c) of the virtual photons carrying the electromagnetic in-
teraction is space-like; therefore the electron scattering experiments are confined in the region
q= m/c in the (®, q) plane. In other words any momentum greater than @ /c can be transferred
for a given @, On the other hand the photodisintegration experiments lie on the straight line w =
= cq (c speed of light),

It is of importance to realize that the nuclear system responds to a fixed transfer of ener-
gy over a large interval of momenta because of its finite size, However also an infinite system
can give an inelastic single particle response over an interval of momenta (providing the Fermi
momentum kp has a finite value), These points will be further illustrated in the following,

As a final point let us recall the well-known Lorentz condition :

=
qpﬁ” =gA ~4-4 =0 (2)

(AM being the electromagnetic four-potential), which assures the gauge invariance of the theory, In
the Coulomb gauge (A, = 0) the transversality of the field of real photons follows immediately, Not
50 in the case of the field created by electrons where such a gauge is incompatible with the field
equation D By = wiwls (jo is the time component of the electron four-current density). Therefore
the field of virtual photons will contain also a longitudinal component, which is the only one effecti
ve in the elastic scattering off spin zero nuclei (monepole interaction),

2,1, - Elastic scattering,

A great deal of experimental work has been done recently in the field of elastic scattering
of electrons, Perhaps the most exciting result is that the experiments at very large momentum
transfer!3 (g 22,5 fm=1) seem to require an oscillating component in the nuclear charge distribu
tion,

F'rom the theoretical vi ewpoint the shell model predicts indeed the existence of quantum
oscillations in the charge density with wavelength(4) .

yiay L. o« 2oBlfm, (3)
We recall that in the frame of the shell model the charge density is given by:

s o) i @)

p(r) = lim E}m— ﬁ G(;,?';E)dE =
) ' i
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where the one-body Green's function is:
-
= ALY
Glr,r%E) = § —]m————
i=1

: , (5)
E-&;

in terms of the single particle energies &; and wave functions fpi(?) . The integration in (4) is per
formed along a path I' in the complex energy plane which encloses the single particle proton eigen
values (Fig, 3) up to the Fermi surface,

For systems large enough, it can be show:n utilizing (4) and (5) that:

a) only the single particle states of the last shell contribute to the oscillations in the density ;
b) the oscillations are damped, as one proceeds in the internal region, by an inverse power law,
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TIG, 4 - Negele's theoretical curve for the
scattering of 500 MeV electrons by 20812‘1:)(5).
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I"IG, 3 - Path of integration, in the
complex energy plane, of equation (4),
The crosses on the real axis are the
single particle proton eigenvalues,

In the specific case of Pb208 the
D.D,IL I, (Density Dependent Hariree
T'ock) theory of Negele 9) iz successiul in
reproducing the experimentzl & < of elee
{ron scattering (see I'ig.4) as well as those
of w-mesic atoms, The corresponding
charge density is characlerized by a cen
tral maximum due to the 3sy /o proton
single particle state in the last shell of
Pb208 (Pig, 5),

Another picture of the density oscil
lations in fini?e systems is the one due lo
Broglia et al,*”/, They view the surface of
Ph208 55 a source of density waves propa
gating inside the system since the loss of
translational invariance associated with
the surface implies a perturbation of the
density (at least in the neighborheod of the
impurity),

The occurence of such static waves
in finite nuclei may he thought of in conneg¢
tion with the existence, in the spectrum of
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infinite nuclear matter, of excitations with vanishing energy,

In normal (as opposite to superfluid) infinite nuclear matter one may recognize the existen
ce of two types of such excitations :

a) single particle-hole states with zero energy, and momentum between 0 and 2k (corresponding
b) collective states (zero sound) with complex momentum in analogy to the "roton" excitations in

liquid 4He.
A detailed analysis carried out in Pb-0°, 4 ___ 207, 47 50° 60 5t
considering only excitations of second type, do (E.) ™"
permits a good account of the elastic electron  d@ \sr Pb

scattering data put for the largest momentum 500MoV

transfers (Fig. 6). The corresponding charge
density is displayed in Fig, 7 where it is seen
that the static waves associated with the collec
tive excitations are characterized by large wa-
velength (~ 6,5 fm) and exponential damping, 10F

10

Inclusion of single particle-hole exci-
tations of type (a) is likely to bring agreement
between theory and experiment,

To conclude this section we consider
the elastic scattering of electrons off an infi-
nite system, 10°

In the crude Born approximation the
elastic scattering amplitude is given by:

= ia. ? g =
Fel je p(r)dr

; (6)
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FIG, 6 - Theoretical curve by Broglia et al,
for the(- 13cattering of 500 MeV electrons by
208pp(6),
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for a finite system of spin zero, constant charge density po and radius R (jl(qR) is the spherical
Bessel function of order 1), Letting R —» co (and thus Po® 3Z/4mR" = 0) but at the same time
q-> 0 in such a way that qR—> 0, one gets:

lim Fgy(q) = 3rZ lim -{:J%I;-z‘)- . (7)
qR->0 qR >0 q

Therefore for an infinitely dilute, uniform system of Z charges the pattern of the elastic form fac
tor as a function of q will simply be an extremely narrow peak in the origin,

In other words, in order to explore a very large system, an electron should emit a virtual
photon with infinite wavelength, i,e, with q = 0,

2, 2, -~ Inelastic scattering from discrete levels,

One of the exciting recent findings has been the determination of quadrupole giant resonances
in the isoscalar as well as in the isovector channel*’’,

The experimental results for some nuclei are reported in Table I, Also quoied are the esti-
mates of Bohr and Mottelson(g):

1/3

Egzﬂ ~ 60A"Y? Mev , Egﬂ & 135 A7 7 MeV . (8)
TABLE I
Giant Quadrupole Resonances
a) Isoscalar (7 = 0)
Nucleus Energy (MeV) T, (MeV) Bohr-Mottelson estimate
zr %0 14.0 4.8+0.6 13.39
cel?? 12,0 + 0.1 2.8+0.3 11.84
Aut?? 11,2 + 0.1 3.3+0.5 10. 31
pb208 10,5 + 0.2 ~3 10.13
b) Isovector (7 = 1)
Nucleus Energy (MeV) Pt (MeV) Bohr-Mottelson estimate:
ngo 27 ? 30,12
szns 22 ? 22,19

The values (8) follow from the condition of self-consistency between the oscillations in the
average potential felt by a nucleon in the nucleus and the oscillations induced in the nucleonic den
sity by the external electromagnetic field,

From a microscopic viewpoint these collective b 2+ %=1 and 7= 0 states are built out
of particle-hole elementary excitations between orbits that are two major shells a part (AN = 2):
the coherent collective states being generated by the residual interaction between the nucleons,

Alternatively the particle-hole interaction (repulsive in the isovector and attractive in the
isoscalar channel) can be viewed as a deformation of the static average single particle potential,
The collective excitations (in particular the quadrupole ones) correspond then to the normal mo-
des determined by the condition of self-consistency previously mentioned,



Other types of quadrupole collective states in nuclei are those associated with particle-hole
excitations within a major shell (AN = 0) i, e, between the orhits in the unfilled shells, In defor-
med nuclei these excitations provide the basis for the microscopic description of the nuclear ro-
tational degree of freedom,

Bertozzi et al,(g) at MIT have measured the inclastic form factors from the I = 0+, 2+, 4+
rotational levels of Srnlsz, Sml® i Erlss, Yb176. These experiments are on the forefront of
nuclear physics being on the limit of the energy resolution of the electron beams, However no
other tool can provide a better control of the nuclear collective model which writes the wavefunc_

tions of the nuclear rotational states as follows:

2BL#1 4

1 o I I+K I ]
P L @) \/ g 2R @ 2 @B (@) (%)

where, as it is well known, the D1 K(Q); the Wigner functions, describe the "collective" mo-
tion, while % (q) describes the "inMinsic“ one,

Since X({g) "should" be the same for all the levels of a rotational band, it is reasonnable to
expect well defined relationship hetween the inelastic form fartors for the excitations of the diffe-
rent members of the band and the elastic form factor, Departures from these rules would provide
most interesting microscopic informations on the breakdown of the adiabatic hypothesis, Of cour
se this is expected to occur for spin values higher than the ones investigated till now and this ap-
pears very challenging from the experimental point of view,

As a further point we like to mention that the very low excitation energy of the rotational sta
tes makes them the best candidates for an investiga
tion of the so called "dispersive corrections" to the
nuclear elastic electron scattering, These long in-
quired corrections are shown diagrammatically in
Fig. 8,

K

In conclusion we wish to explore the inelastic
scattering of electrons off collective nuclear levels
in the limit of infinite size as we did for the elastic
electron scattering, This is most easily done in the

frame of the nuclear hydrodynamical model which
views the so called giant resonances as the normal
modes of vibrations in a vessel of two interpenetrat
ing fluids (the protons and the neutrons),

These collective mod?s are ci'?a)ted and anni-
hilated by the operators q, " and g,/ interms of
which the "collective variables" of tl]irg giant reso-

nance states (with frequencies wln are so defined :
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FIG., 8 - Non-static second order contri
bution to the elastic electron-nucleus
scattering,
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(p.(F,t) and N (¥,t) being the proton and the neutron time - dependent densities) associated with
the nuclear v1brat1ons are then expanded in multipoles as follows :

o +1
m (n) (n)

7(F,t) = 2 - 2 (-1 524 (117)
n=1 120 m=-1 “1-m 1m
Bach multipole component obeys the e(p.h&l.tiorl(10 ):
2, (n)
Bptyy . DmE0 (12
h-n atz %
whose solution is:
1ok
n
Wy = AV ey were (13)
(n) : ik
The K, are fixed by the boundary condition :
Kin) r)
=0, (13")
hE r=R
R being the radius of the system,
The normalization condition gives :
A . : (137)

(n)R) 113 1(1+1)
[ ol

Since equation (12) does not contain any mechanism for dispersion the energies of the vibra
tional modes are linear in the momentum ("phonons"):

(“) § u’ﬁI{l , (14)

The speed of sound u characterizes the velocity of spreading of a density fluctuation in the
nucleus and is presently not known, As an orientation one can take :

4h ZN
symm
2 2 3
mc A

(14')

being the coefficient of the symmetry energy in the semlemplrlc mass formula of Bethe-
v&? Tzscker (~50 MeV), With N=Z=A/2 one gets u = (b ymm/mcz) 20,23 c, Observe that
the estimate (14') for u is close to the value of the Fermi velocity Vp —'ﬁkF/m =0,29¢c,

In Born approximation the inelastic form factor for the excitation of a vibration with quan-
tum numbers 1 and m is:
R

i {)
3 1 1 (21+1) 1/ 9. . (n)
F.(q) =\/ TA —3 [ x"dxj(gx)j(K
1 4 bsymn ”K(n)) [/1’ 1&;212 R 4 4 10
R
il

x) (15)
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For a very large system all the multipolarities will lie on a continuous line(x) in the energy vs,

momentum plane (if we neglect the degrees of freedom associated with spin and isospin): there-
fore in (14) and (15) the index "1" will be redundant and "n" will become a continuous one, name
ly k itself,

In this case the inelastic form factor becomes

uhK(n)
3A 1 (21+1) 1 [ (n)]
F.(q) = 0| R(q - '
1(‘1) 5 bsymm i (K(n)R) V 151.,.12) (qR)z (q Kl A P (15')
(K R)

which shows again that an infinitely large system responds collectively to an external electro-
magnetic probe with only one q for a given o,

Note also that even if a finite system responds to an energytransfer w with any q w/ec,
in the (w, 9) plane the collective response is maximum onthe straight line o = uq (see eq, (15)),

2,3, - Quasi-elastic scattering,

Let us now deal with the so called quasi-elastic peak, the common interpretation of which
is based on a direct interaction of the incident electron with a single nucleon bound in the nuclear
structure,

This view is supported by the comparison between the mean interparticle distance in real
nuclei (about 1,7 -1, 8 fm) and the wavelength of a virtual photon emitted by a 500 MeV electron
scattered at 8 % 60° (typical experime ntal condition), Ignoring surface effects, the situation is
typical of infinite nuclear matter,

In Born approximation the corresponding graph is the one illustrated in Fig, 9,

From the conservation laws of momentum and ener

- - gy s
‘hK] fle = = -
" Kl = Kf +q
P p, +hg
cK, = ch +hw
2 p2
1 0 ST -~ . g
B, - ho o - Bl = g - Bley
P

with obvious meaning of the symbols, it follows immedia-

FIG, 9 - Typical graph of the qua
si-elastic process (m Born appro
ximation) : p1 and pf are the initial
and final proton momenta, 1‘1K and
“hKf those of the electron and ‘hq
the transfer momentum,

tely:
it 2 ,ha.
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he = +
2m

= =
Neglecting the average potential energy E‘(;) felt by
a particle inside and outside the nuclear structure one gets
the well known bounds on the excitation energy for a Fermi
gas ;

(x) -~ The distinction among the multipolarities of the various vibrations in finite nuclei is intima
tely connected with the shell structure which of course is washed out in the limit of infinite
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= 1=

2 *hqk
w = g i, 1 (18)
2m m

From (18) it is seen that the energy width of the quasi-elastic peak is a direct measure of the
Fermi momentum kF.

As previously mentioned,the system responds to a fixed energy transfer @ over a con
stant (= ZkF) interval of momenta :

9 2mw 2 2ma
-k + + wigs k¥ i Bt
kp Ty Kt 4 95 Ep l/kF. 1 (19)

The region in the (@, q) plane allowed for the electron scattering off a gas of protons is the das
hed one in Fig, 10,

- This holds as long as we can neglect EE)
and the correlations among the protons, but those
imposed by the Pauli principle,

In Born approximation the double differen
tial cross section (with respect to the final energy
of the electron, I, and to the scattering angle)

*‘37:@ oL(11, S
&? 1 d%s v >
" : (3 e e W 4 IindHY @) (20)
@ Mott %
/ “"%

@” It is expresFe)d in terms of the polarization func-
tion II(d, @ )"/ and the usual definition of the Mott
cross section holds, namely:

| 2
// : - Ze )2 0052{9/2) (21)
2
g Ke 2K q Mt . 4K, sin” (8/2)
- fKeq _ha?
m 2 (V is the volume enclosing the system),

FIG, 10 - The response region in the (, q)

plane of a free Fermi gas,

(%) - An equivalent, more familiar, expression for the inelastic double differential cross section is:

i dzc 2
/ dfi o) — — = | (g (217)
over Mott dQdE
resonance
where
- -
aoldl® B t-d)i= ) B (wnl@(x) ¥ 2 dx (21m)

is the inelastic form factor and the charge operator is so defined:
A A
glx)=_3 e!)(x—x) (21m)

11
ut'_l.



(1'%?)he polarization function IT°(q, @) for a perfect Fermi gas (graphically illustrated in Fig,
11) 18 :

2
mk 2
1 m W _ 4 2
ImI°(E, o) = - 1 o= (—-- 29
°(d, o) e e ﬁzkth m’]’ (22a)
F
2 fak 2  -hk_g
fig ) Hq™ T
3 q>2kF and e + = ’"m’Zm — s
2
mk 2
F o1 m o hq.2
: e i s I Z 29h
Iml°@ o) = - — 4“q|: 2.7 ' Zm)], (22D)
F
2 hk
fq” | TRl e 4P
i q
< - + = = - ==
9 sz sl 2m m m 2m
and
2
@G ) = - r;‘ 20, —
h dng
kg 2
R i |
if q<_21,;F and 0<w= =5y Ty

Cp—
IT(g,0)
FIG, 11 - The zeroth-order polarization function,

In Fig, 12 some of the cross sections are plotted as a function of ® at fixed q,

1 ImIT'Go) UimiTgo)

q»2k.
FIG, 12 - Double differential sk
cross section, in Born appro-
ximation (up to a factor), of
electrons out of a free Fermi
gas ; two typical situations are
illustrated, corresponding to
small and large momentum
transfers, aT

(0]

To go beyond the free Fermi gas the correlations among nucleons should be taken into ac
count, This is difficult to achieve in general and the best one can do is to use perturbation theory
in order to calculate [, @ ).

For short range correlations induced by an hard-core potential of radius a (# 0,4 fm) an
attempt has been made by Czyz and Gottfried{13), The contributions to the polarization function
taken into account by these authors are those illustrated in Fig, 13, Note that the dashed lines
stand for the G-matrix, which is the solution of the Bethe-Goldstone equation 4 :
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G = v+v—0G.
e

FIG, 13 - Higher order graphs in

the perturbation expansion of the
polarization function taken into ac
count in ref, (13).

(23)

Q is the Pauli operator and e is the energy denominator, Diagrammatically :

j— <)

G = (231}

where dotted lines stand for v, the infinite hard-core potential of radius a,

The diagram (a) is the contribution to H(E, ) arising from the insertion of self-energy part,
(b) represents the interaction between the particle and the hole of the elementary excitation, while
(c) is the Born approximation to the collision integral in a quantum mechanical Boltzmann equation,
According to the Czyz and Gottfried calculation, the contribution of this diagram is most important,

It is found that for a given q the short range correlations induced by the hard-core push the
cross section to higher energies (see I'ig, 14), The experimental results seem indeed to indicate a

FIG, 14 - Double differential cross
section, in Born approximation (up
to a factor), of electrons out of a
hard-sphere Fermi gas (kpa = 0,27),
The dashed lines correspond to the
free Fermi gas y
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- 19 -

shift in the maximum of the quasi-elastic peak cross section toward higher energies (see Fig, 15),

Note however that the predictions of the Fermi
gas model concerning the sgmmetry of the qua
si-elastic peak around 42 q“/2m, when gq> ZkF,
seem to be fulfilled (for large ¢ the mesonic

degrees of freedom, of course, come into playf )

An explanation of the larger energies at
the maximum of the cross section for the qua-
si-elastic peak can also be offered in terms of
a velocity-dependent average field felt by the
particle,

The theory of nuclear matter gives a re
liable estimate of E(q), namely, in the frame-
work of the reference spectrum method(15)

12+ - Pb(e.e)
i d’s E;SOOE‘. oV

[ dode o 80060
8r f. u'

) ]

o .I '!qu’ii i
4 3
2t/ !

0 80 120 180 240

@i‘_ﬁ FIG, 15 - Inelastic electron scattering on

= i qgs 2k17‘ 208Ph ; the solid curve is the quasi elastic

2m scattering out a free Fermi gas with kg, =
= 1,34 fm™*, The experimental points agree
E(q) 5 ag +b for ZkFS q=3fm-! (24) with such a theory but for a shift in the ma-

3 ximum of about 40 MeV (taken from ref, (48)),
2
‘%;‘in— if q=3fm"} (m*® = 0,6 m; A =100 MeV),

The response of the system in the (w, q) plane when an average field is present has bheen
recently Investigated by two of us 6)_ It is found that the velocity dependent field shifts the cross
sections toward higher energies, reduces them, but leaves unchanged the sum rule defined below,

Whether short range correlations brought about by a hard-core will still be necessary in
order to bring agreement with experiment remains a question to be explored.

We wish now to discuss the so called sum-rule i,e, the integral of the cross section over
the excitation energy up to the mesonic threshold,

If the elastic contribution is excluded and the independence on the excitation energy of the
OMott is taken into account, one gets:

(e3] 5 fos)
1 d”e 1 12 2 - |2
S(q) = - j'fzdm S E{IF (q)| -2 |F (q)! If (25)
Z T Mott dQdE Z - no 00 .
s |
that is, using closure:
' 2
1 1 d®g
VRN OV . TN
Z o, UMott dQdE

(x) - In the Fermi gas model the maximum of the cross section for fixed q and variable @ occurs
actually for @ = ‘ﬁq /2m if q= kF, but the symmetry of the cross section around @ =%hq /Zm
is preserved only if q= 21‘1" When g< kF the locus of the maxima of the cross section is

Figk 2
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R (%)
1 - . - - >
E/dxdyelq b= <w0173+(y)3(x)] 1p0> - ZIFOO(E;)I g (28)

i

1+(Z-1)/d§d§eig'(;:§)P &3 - z|r (’)l2 (27)
. pp - 003 !

where use has been made of the definition of the charge operator B(';) (formula (21™)) and

A
> - e
iEj eiejd(x"xi) t)(y-xj)

v, - (28)

- i
PPPG’y) = Z(Z-1) <'w0

is the spatial proton-proton correlation function, normalized to unity; @y is the energy of the
first excited state,

The (27) is the famous ¢-fixed sum rule for Coulomb interaction, For ¢ =0 S(q) vanishes
and for large q it becomes equal to 1, i, e, the value corresponding to the incoherent scattering
of the electron from the Z point protons of the target,

Remember that the elastic cross section, ize. the coherent scattering of the electron from
the Z protons of the target, is proportional to Z°,

Care should be taken in using closure: in fact since @ < cq for small momentum transfer
a large fraction of the nuclear spectrum is excluded, so the completness relation

Bacs e

cannot be used,

On the other hand iw cannot exceed m_c 2, even if formally the integration is performed up
to infinity, otherwise the mesonic degrees of freedom come into play and they are not present in
the wavefunctions (29),

In spite of these restrictions Mac Voy and Van IIove(”) in a remarkable paper, whose
main results are reported in Fig, 16, made a careful investigation on the role of the short range
correlations in the q-fixed sum rule, The conclusion is that the correlations imposed by the Pau
li principle are by far the most important reducing the cross section by about 30%,

FIG, 16 - Calculation of the constant-q sum
rule S(q) in 160, Only Coulomb interaction
is taken into account, Ce corresponds to the
classical perfect Fermi gas (no antisymme-
trization) ; Cqpy is the same but with the Pau
li principle ; Cygg includes the correlations
induced by a hard-core of radius 0, 4 fm,
(Taken from ref, (17)).

(%) - Note that here the elastic form factor is normalized to unity (FOO(O) = 1),
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The dynamical ones, beside of being model dependent, have little effect, If they are brought
about by an infinite hard-core of radius ~ 0,4 fm they reduce S(q) of no more than 5%,

A significant theoretical challenge is to understand if the Mac Voy and Van Hove resulis are
compatible with the ones of Czyz and Gottfried, The quoted calculation of Alberico et a1,(16) sup-
ports, in RPA i, e, with the following polarization function:

and a soft core repulsive potential, the Mac Voy and Van Hove resulis in infinite nuclear matter,

This outcome of course is unfortunate since what we aim at in nuclear physics are "corre-
lations", From this view point perhaps real photons are better suited as we shall see in the follow
ing,

It may be worthwhile finally to recall the sum rule for a free Fermi gas:

3 _q i g 2]
= 1~ ( ) for q <2k
2 &y B F
S(q) = (30)
1 for q> Zkp,

We wish now to shortly consider the "reaction productis" of the quasi-elastic peak: so we
shall deal with "exclusive" reactions of the type (e, e'p), a nearly unique tool for establishing the

shell structure of nuclei,

The usual theoretical analysis of these processes is made in the plane wave impulse ap-
proximation (PWIA) which factorizes the cross section as follows(18) .

6
d o - - —_
= 1

g being a. kinematical coefficient, o p(ﬁe,?)é,ﬁf) the free Electron—proton differential cross sec
tion (p_andP' are the initial and final electron momenta, py is the final proton mome ntum) and
S(Ei, Q) the "spectral function® representing the probability of finding a proton bound in the nucleus

with a separation (or removal) energy @ and a momentum Bi'

In the frame of the "impulse approximation" there is an interesting relation between the
spectral function S(P., Q) and the total binding energy E 7 of the protons in the target (the so cal-
led "Koltun sum rule}'(lg)) :

+ oo 9
| e -
-

which holds irrespective of the structure of the nuclear wavefunction, if only two-body forces are
effective, A relation analogous to (32) can be derived for neutrons,
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For pure shell model

SE@) = | v @] M@-€ SN

where ¥ ) is the Fourier transform of a single particle wave function with eigenvalue 6n1:|
Therefore %he angular distribution of the protons outgoing from a definite missing enerpgy peak
permits in prmc'lple to distinguish between single p'lI‘th].P states with angular momentum 1= 0
(since I%OJ(O)I £0) and 140 (bmngiwnh(O)'

Clearly corrections are necessary to the simple picture of a particle knocked out of a po-
tential in which it is bound in a well defined single particle state, Apart from the multiple scatte
ring of the incoming and outgoing particles which is a large correction to the concept of quasi-
-free scattering and significantly reduces the cross sections, the extreme single particle model
of the nucleus is inadequate for a proper description of the highly excited "hole states" in which
the residual mreleus is eventually left and to account for the higher momentum componerts in the
nuclear wavefunction,

TFurthermore, while to identify the missing energy E,, with the proton separation energy
Q seems quite justified, the identification of the removal energy @ %) with the single particle
energies énlj requires much care{zo).

This equiralence is assured by Koopman's theorem which holds under the condition that the
orbitals of the single particles do not change during the time of removal,

Such is the situation in a pure Hartree-Fock theory, which gives for the binding energy per
particle :

A
Iz T A 1 ; | Lo Yosi s ; .
il B A T+iuli> -4 {5 Bz El<1|T|1>} . (34)

U being the self-consistent one-body potential and T the kinetic energy,

Incidentally for an harmonic oscillator potential it i‘ollows(z” from (24):
E e = & a -
—_ = — ¥.C. 4 — a is a constant 35
A~ 2a fiG Zr2> : ) -
2

where the link among binding energy, single particle energles and size of the system is well ex-
hibited(©),
In Table II are reported the results for “70 and 40cq of 2 plain Hartree-IPock calculation

based on the non-local, separable, soft-core Tabakin potential, Also reported are the second or-
der perturbative corrections, The two well known shortcomings of the Hartree-Fock theory are

16

(%) - We indicate with @ the separation energy of a nucleon, i.e. the energy required to extract the
nucleon from the nucleus, leaving it outside the wel] w1th zero kinetic energy.

Thinking to the reaction B(a, ab) C where particle "a' knocks out a nucleon ''b" from the nucleus
B leaving the nucleus C, in general, in an excited state, a peak in the spectrum of the number of

the (a + b) coincidences as a function of the missing energy
B..=2H -E-
M : (o] e
indicates the existence of a bound state of the nucleon B with separation energy: @ = Ey
E, is the initial energy of the projectile a, while E and T are the final energies of a and b.
The excitation energy of the final nucleus C (hole-state) is B = os Q,

Q, being the separation energy when the nucleus C is left in the ground state.

(o) - Formula (35) is commonly referred to as the Weisskopf rule,

oo
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apparent namely :

a) too little hinding energy per nucleon ;
b) too #mall radius of the system,

TABLE II
Nucleus 160 40c,
First-order energy -2.41 3.4
Second-order
potential energy -4.3 -7.2

Total B.E. /A -6.71 -10. 94

Exper. B.E. /A -7.98 -8.55

rms radius (th.) 2.38 2.96

rms radius (ex.) 2.61 3.40

Removal enerpgies th. exp. th. exp.
Os 43 40 + 8 66 50 + 11
Ops/2 23.1 21.8 - -:_—
OpI/2 11.6 15.7 28 34 + 6
Od5/2 - - 23 22.8
Od3/2 - - Tt 15,8

Caption: pure Hartree - Fock calculations with the Tabakin potential (performed by Kerman
et al, (22)),
Nucleons orbitals (single particle energies) are calculated in first order perturbation theory while the
rms radii contain also the second order corrections. Radii are in fm, energies in MeV.

On the contrary the Hartree-Fock eigenvalues Gnlj appear to be in reasonable agreement
with the experimental removal energies, The second order contribution improves the binding
energy per particle, but has little effect on the size of the system: more seriously it destroys
the fair agreement of the & p)j with the experiment, From here the need to go beyond Hartree-
~-Fock,

As it is well known, the next step after Hartree-Fock is the so called Brueckner-Hartree-
Fock theory(23 » where one attempis to take into account the short range correlations brought
about by the infinite hard-core repulsive potential replacing v with the G-matrix, solution of the
Bethe-Goldstone equation (23),

In Brueckner-Hartree-Fock theory the analogous of (34) for the binding energy per particle
is:
.l z<i]Tli>+ i 3¢ G{C—.+C—)|ij> (36)
A " Rq 2 Tt -

¢ ]

Without entering into the elaborate mathematical and computational details of this theory, we sim
ply note that a satisfactory situation is not yet reached, at least for the binding energies, which
are still too small, This is apparent from Table III,

It is impor‘éa.nt to realize that in the B. H, F', theory Koopman's theorem is no longer valid
since the orbits of the other particles rearrange themselves when a proton is knocked out of the
nucleus,

(P
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TABLE III
Results of B.H.F. theory for 160 and 40ca.
Nucleus Potential B.HE./A rms + Removal Energies
used radius Os 0]33/2 ()p”.:’1
]GO [-].1(24) 2.8 3.06 28.5 18.6 13.:6
24
lGD HH("“ 3.4 2.9 32.1 15.5 1555
Wy pr(24) 2.5 3. 87 e i oy
s pu(24) 3.4 3.68 B s
18 o 11.1(25) 2.37 3.08 35 25.6 24,2
16 ¢y p7(26) 3.8 .48 44 20.3 15.9
Exp(for 160) 7.98 2.65 43+5 21.8 15,7
Exp(for 10Ca) 8.55 3.45 Ly e e
HJI = Hamada-Johnston; R = Reid hard core. Energies are in MeV, radii in fm.

A real Steee_ forward in understanding removal energies in finite nuclei is represented by
Negele's theory "), Using Reid soft-core potential as a starting point for calculating the G-ma-
trix in the local density approximation (LDA), Negele comes up with a local, density-dependent,
effective interaction with three addilional parameters adjusted to fit the following properties of
nuclear matter and finite nuclei:

a) volume energy ;
b) symmetry energy;
c) the experimental radius of ‘mCa.

This effective interaction is then used for a standard Hartree-Fock calculation (D, D, H, I*, ),
In such a theory the relationship between the binding energy and the single particle energy is gi-
ven bhy:

E 1 Iy e s <ilTls i ine: - op i o T LT |
B 7 { 5 “i( : \1' ‘1>) 73 . p(r])kF(l1)p(12)v01(r12)d rld r, i‘, (37)
where vp; is the long-range ordinary force, which is always positive in order to get saturation,
Consequently the last term of (37) is negative so'that the nucleus is more strongly bound than the
single particle energies indicate, The experimental single particle energies, the hinding energy
and the size of the system are well accounted for by Negele's theory: this is illustrated in Table IV,

We emphasize that the most critical element in order o get such good results appears to be
the density dependence of the interaction,

Note also that formally Koopman's theorem still holds in Negele's theory; in fact the inter-
action between the remaining nucleons is changed indeed by the removal of a proton because the
density is reduced, but this change is already included in Negele's Gi.

In conclusion we hope to have given a feeling of the amount of new ideas and theoretical in-
vestigations prompted by the (e, e'p) experiments : the counterpart in nuclear physics of the Franck
and Hertz measurements in atomic physics,

»f"‘-\r‘\
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TABLE IV
Results of Negele's D.D.H.F. theory.
Nucleus 160 40Ca
Theor. binding energy 7:58 7.99
Exper. binding energy 7.98 8.55
Proton rms radius (theoretical) 2.1 3.41
Proton rms radius (experimental) 2.64 3.43
0s Op 0d 1s
Proton removal energies . e
(experimental) ................. 53+11 37+6 16,2 15, %
- & Negele's elgenvalue .......:v.s 47 30 15-.2 11,8

FEnergies are in MeV, radii in fm.

3. - PHOTONUCLEAR REACTIONS, -

Real photons are, in principle, a very powerful tool to study nuclear structure, Unfortuna-
tely, it is difficult to obtain good quality photon beams, and this fact has in the past strongly bias
sed the experimental work, preventing the full exploitation of this probe,

Therefore, in spite of some thousands papers published in the field(z'?), a lot of work re-
mains to be done on photonuclear reactions, Recent technical improvements have set the instru-
mental possibilities on a satisfactory, if not ¥t ideal, level: we therefore look forward io a new
generation of exciting photonuclear experiments, whose vanguard came recently to light x).

We believe that in the future great effort will be paid to a more systematic study of the de-
cay products of the giant dipole states, For example the degree of polarization of the photoparti-
cles which brings informations on the strength of the spin-orbit coupling inside nuclear structure
is worth of analysis,

Also the energy distributions of the photoparticles will be explored more carefully since
they are a sensitive test of the nuclear level density #n(E)., To understand the departures of 7(E)
from the one ohtained with purely statistical methods means to have a deeper insight of the corre
lations among nucleons in the nuclear structure,

But in particular we think to the angu
lar distribution of the photonucleons, It has
been pointed out in the literature'®%) the im
portance, for this kind of reaction, of the il
semidirect process, namely the one going
through a "doorway" state (see Fig. 17b)
with respect to the direct one, illustrated
in Fig, 17a, in determining both the abso-
lute magnitude of the photonuclear cross @) h)
section and the shape of the angular distri
bution, Since the semidirect process is ty
pically charge-independent, it tends to ma
ke similar the angular distribution of pro-
tons and neutrons,

X o i

FIG, 17 - A nucleon is emitted by a nucleus by a
a direct photoabsorption (a) and by the decay of a
collective state (b),

(x) - We are thinking particularly at the Saclay(zg), Livermore(zg), Glasgow(?’m, M.I, T, (31),

and Mainz 32 impressive results,
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Moreover since the collective states of the nuclear system are associated with quadrupole
as well as dipole degrees of freedom, the angular distribution of the photoparticles will be asym
metric around 90°,

A recent calculation(?4) has shown indeed that the differential cross section for the process
(v, p) and (y,n) peaks forward, at least in some energy range. This question, in our opinion, de-
serves a more systematic and careful investigation expecially on the experimental side, also be-
cause it will shed light on the role of multipoles higher than the dipole in the photoprocesses,

To extract the angular distribution coefficients and to perform the quantitative analysis of
interferring multipoles, a higher sensitivity can be achieved by using a polarized photon beam:
a facility which gives almost completely polarized and quasi-monochromatic photons is under con
struction at the IPrascati Ln.boJ.‘atOI'y(35)_ With such a beam, it will be possible to assign unam-
bigously the multipolarity (EI or T2) to the coherent scattering and, in E1 approximation, nuclear
coherent and incoherent scattering will be easily separated,

By the inverse photonuclear reactions, and with polarized protons, amplitudes and relative
phases of the reaction matrix clements can be measured'36), improving the understanding of the
configurations in a Giant Dipole Resonance (G,D, R. ).

As a last example of future work in the low energy region (20 -30 MeV) we mention the iso-
spin splitting of the G,D, R, Bxpecially in light nuclei, this is an almost open field of research,
interesting per se spectroscopically and also for other reasons: according to Leonardi 37), {for
instance, a measurement of the neutron radius can be achieved through the isospin sum rules,

Above the G,D,R,, the incoherent Compton scattering by bound protons becomes significant
as the wavelength of the incident photon approaches the internucleonic distance, In the impulse ap
proximation, the scattering amplitude is directly related to the momentum distribution of the nu-
cleonsg ingide the nucleus, and therefore by this method that very important quantity can be mea-
sured (as in {e, e'p) experiments, but without worrying about radiative corrections and tails),

Another way to investigate the momentum distribution goes through the (y, N) experiments,
Nuclear photoionization looks in fact particularly suitable to probe high momenium components
in the nuclear wavefunction, At intermediate energy (around say 100 MeV) a (v, p) reaction, for
instance, involves initial proton momenta of 1,5-2,5 fm“l. In the last years a number of expe-
riments have been carried out on (v, N) processes at intermediate energy, The error bars are
now in some cases sufficiently short to probe, at least in first approximation, the theory,

A pure shell model description has proved definitely incapable of explaining the experimen
tal cross sections : the theoretical predictions are at least a factor of ten too small and, in addi-
tion, the observed forward asymmetry of the (v, n) angular distribution cannot be reproduced,
This shortcoming is most casily understood, as it has been pointed out in the literature a number
o_f_‘g_im_f.‘_sis , considering that the momentum of a nucleon emitted in a photoprocess is about
\'2 me 3‘1’1@/(‘., i.e, much greater than the momentum e /c the photon brings in, and the conven-
tional shell model cannot provide single particle wavefunctions with large momentum,

The "ad hoc" introduction (for instance with the Jastrow's method) of short range nucleon-
-nucleon correlations to repair the deficiency of high momentum components in the pure shell mo
del wavefunction, has been successful to fit the experiments in the lower energy range(sg), but
Jastrow correlations with reasonable short range behaviour seem to be inadequate at energies as
high as 100 MeV ‘40,

In a more recent model calculation some photonuclear processes have been analyzed taking
into account shell model transitions, nucleon-nucleon correlations in the initial and final states
and contributions arising from the direct coupling of the electromagnetic field to the mesons ex-
changedbetween a n-p pair 41 . A diagrammatical description of the exchange contribution is given

in Fig, 18,
The agreement obtained with existing experiments on 4He, 12C and 160 nuclei is satisfac

torily good and shows the importance of the exchange contributions (i, e, of the absorption of the
photon by a correlated n-p pair) at photon energies above 80 MeV,

.4
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FIG. 18 - A correlated p-n pair
absorbs a photon through the ex-
| A change current carried by a w~
n p meson,

This brings us back to the assumptions of the old quasi-deuteron model hy Levinger(42), and
clarifies with the microscopic description of the physical process what was a phenomenological ap
proach to the photoeffect at intermediate energy,

As a final point of this survey we like to touch upon two topics which are still very much
open, namely:

a) how much of multipoles higher than the dipole the nuclear system can absorhb ;
b) what happens to the photoeffect above the mesonic threshold,

Of valuable guidance in this kind of problems are the photoabsorption sum rules, the oldest
and more celebrated among them being the Levinger and Bethe(43) electric dipole one :

o war [o. L]

_ 2n%atic)® Nz
1T1(‘.3 A

21:2(;‘1'10 <wo

(38)

(1+%&) = 60 ———(1+€,)mhx MeV ,

e being the electromagnetic coupling constant and D the dipole operator (the other symbols are
obvious), In the integral the upper limit is not specified, but logically should be set by the meson
mass m_ (™~ 140 MeV),

It may be worthwhile to recall that the derivation of (38) requires:

a) kR <<1;
b) the Siegert theorem to hold,

The 4 term, which physically represents the contribution of the meson exchange currents (or ma
thematically the contribution of the nuclear forces non double-commuting with the dipole operator)
was generally estimated to be 0, 4(44 . Furthermore it was commonly accepted that the nuclear
dipole absorption was concentrated below, say, 30 MeV,

The recent total photoabsorption measurements on nuclei up to 40Ca, of the Mainz group(sz),
for energies up to the mesonic threshold yielded for % values between 0,4 and 1,1, depending on
the nucleus, In the frame of the Bethe Levinger sum rule attempts have been made in order to ex-
plain such a large value of 1.

It turns out that tensor correlations are of paramount impol'tance(45 ), while short range cor
relations as those induced by the hard-core are not, This calculations are difficult to perform and
are necessarily affected by large uncertainties, Therefore we thi 1t more useful to investigate
before hand if the experimental data are to be compared at all wit /‘electrlc dipole sum rule,

To this purpose the celebrated Gell-Manr, Goldberger and Thirring dispersion sum rule(46)
T 21r20: |
/ o (E)E = the ) nz / 2(EME , (39)
. TA me?
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which is derived under the only hypothesis of causality, includes all multipoles, does not require
kR <21 and also avoid the use of Siegert's theorem, is of great value, Note that in (39 the upper
limit of integration is explicitly indicated, and

(E), (40)

XZ(E) = Zan(E) + NoTn(F) 1L

where Typ and 0,, are the photoabsorption cross sections on a proton and a neutron, respectively,

Unfortunately, to hold good relation {39 requires:

lim LFTA(E)—AFYN(E)] = 0, ()
It —=m

where FTA(E) and T N(E) are the forward scattering amplitudes of a photon out of the nucleus
and of the nucleon respectively.

Some time ago this was thought to be true and the integral in the r h,s, of (39) was estima
ted, on the basis of the existing high energy data, to be a correction of about 40%, Such a result,
by comparison with the Bethe Levinger sum rule, was interpreted as a strong indication that the
nucleus, like the atom, essentially absorbielectric dipole radiation only,

However the "vector meson dominance" i,e. the appearance of the hadronic components of
the photon at energies larger than about 5 GeV has demonstrated that assumption (41) is wrong,
The photonucleus scattering hetween 5 and 20 GeV can essentially be viewed as a vector meson
(in particular rho meson) scattering following a photon-vector meson transition,

Weisel47) argues then that since the basic feature of the hadron nucleus scattering at high
energies is a "shadowing effect" (the hadron heing essentially scattered by the surface) one can
conjecture

0, A(E) = A g(E)o_(E) . (42)

YA

Existing data suggest:

A B = a0 (43)

in the range 5 GeV < B < 20 GeV, which clearly shows why (41) does not hold,

Without trying to describe the several methods currently attempted to reme dy the deficien
cies of the Gell-Mann, Goldberger and Thirring sum rule (we refer to the nice paper of Weise(‘l’n
for this purpose), we like to stress how this theme of research emphasizes the intimate connec-
tion between low-energy and high-energy phenomena, The integral relation-ship (39) between the
se two domains still keeps surprises in the development of both nuclear and particle physics,
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