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ELECTRODISINTEGRATION_EXPERIMENTS AND VIRTUAL PHOTON THEORY

E. Wolynec

Instituto de Fisica, UnlverSLdade de Sao Paulo, Sao Paulo, Bra211'
Introduction

In inelastic electron seattering-experiments nuclear excitations
are studied by measuring the spectra of scattered electrons at some -
angle to the incident electron beam. This type of experiment inte~!
gratés over all the final states of the nucleus; no information:is
obtained concerning the charged particles, neutrons or gamma rays
emitted in the déexcitation of the nucleus. - The complementary:
experiment, electrodisintegration, is to study ‘these deexcitation
products. This experiment integrates over all the'final'states of
the electron. ' o ' '

Disintegration of nuclei by neutron emission has been extensively °
studied with quasi monochromatic gamma rays. However,'thevlow.inten—f

sity of anihilation beams requires the use of thick targets, pre-.
ventlng the study of nuclear deexcitation by emission of charged |
partlcles. The study of these deexc1tation modes has been, S0 far,'
limited to electrodlslntegratlon or to bremsstrahlung 1nduced dis-
1ntegrat10n In both cases the measurements 1ntegrate over a wide
range of (v1rtual or real) photon energles Electrodlslntegratlon
has been extensively used for this purpose. About 120 papers are '"TF
available in the literature. Most of these measurements, which have
been pioneered by the work of Barber and Vanhuyse /1/, refer to the
(e,p) channel, but there are also several measurements of (e,a) , -
(e,d), (e,t), (e,n), (e,f) and more recently pion_electroproduction.

In an electrodisintegration experiment the cross section, © (EO),

for the emission of some particle x, is measured as a,functioneé§
the . incident electron energy, EO.,;and then the enerqgy dependence of
the cross section is interpreted in terms of an appropriate photo-
nuclear cross section. This technlque has the advantage that it enhances
quadrupole absorption by nuclei. Whlle plane wave real photons have:-
all multipoles in equal amounts, the virtual photons generated_by the
inelastically scattered electrons have an E2.comenent bigger than
El. By combining measurements of electro and photodisintegration it is

possible to study the decay modes of El and EZ nuclear excitations.

Theory

A popular way of looking at electroexcitation is to consider the
field produced at the nuclear site by the passing electron and

analyse this into radiation multipoles, so that the effect on the



nucleus may be compared with that produced by electromagnetic.
radiation. Tn classical theory this is the well known method of f
WeizsHcker and Williams /2,3/ , while in quantum theory thié is | g
usually called the virtual photoh method. | | ' ﬁ
It may be helpful to review the approximations which are inherent
in the virtual photon method. Of the radiation which originates .
from the electron, bremsstrahlung is that which escapes and can be
detected at-a distant point, for example by exciting a nuclear
transition, and virtual radiation is that which is absorbed. by the .
same nucleus from which:the electron is:scattering. .Virtual radiation,.
in contrast to real radiation, is not-a plane'wave. Or, to put it
in terms of the multipole decomposition, the spectrum-does not.con-.
tain the different multipoleﬁcomponents~in equal amounts, whereas .. -
the plane wave does. Labelling the multipoles by A {which is E. and :
M for electric or magnetic) and denoting by L the angular momentum,
we may decompose the photoabsorption cross: section in the form: ::
0, (E) -y Aoy B T R 9 ¢

Y L
Under suitable condltlons, whlch w1ll be examlned 1n detall later,

it is possible to reproduce the electroex01tat10n cross sectlon, _ @
O (E ) , by calculating exactly as for bremsstrahlung photoexctlatlon,

(E ), but subst:tutlng a v1rtual photon spectrum for the actual ' .

“br
photon spectrum:
: E_-m :
N dE
0g (E.) _.[ Yo Y (E) N (E JE, Z) T (2)
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In the above equatlons G QE) is the photoexc1tat10n cross section as"
a function of photon energy In‘eq. (2, N (E ,E,2%) 1is the virtual-
phetoh inteneity spectrum produced.by/electrons of total energy-EO*,-
inelastically scattered by a target nucleus of atomic number Z and -

ih'eq (3), N(E_ E'Z'): is the real photon intensity spectrum produced

by electrons of total energy E r traver51ng'a radiator of atomic
number Z } Slnce the spectrum is 1ndependent of AL for“real photons,
eq. (3) reduces to: ' o B R
Oy (EJ) = N J Gy(E) K(E_,E,Z) (4)
o
where we have used ‘
N(EO,E,Zr)_= Nr K(EO'E’Zr) . _ | _ (51

In eq.(5) Nr ig the number of nuclei/cm2 in the radiator and

K(EO,E,Zr) is the bremsstrahlung cross section.



Calculations of the virtual photon spectra in the plane wave Born
_approximation, assuming a point nucleug, were .developed by Wick /4/,
:Thie et al. /5/ and Dalitz and'Yenhie /6/. Even though the plane
wave approximation can  only be used for very. light nueclei, it will -
be used here to obtain the virtual photon spectra in order to dlSCUSS
the approximations underlylng the virtual- photon hypothe51s

In plane wave Born approximation /7-12/ the cross section for the
scatterlng of an electron of 1n1t1al energy: E and final energyd_Ef

into a solid angle dfi is:

2 2L
@ PRy {Lil B(CL,q) Va(0) + . -
L p, L L{(2n+1) '] : R P (5)
+[B(EL q) + B( ML,q] Y (e)}
where the B's are the reduced transition probabllltles and the o
dimensionless angular factors are: =
2 2 2 2 2
2p +2pf + 4m“ - B - g S
Vc(e) = pOpf .3 ' _ (7)
q | e ,
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qflg® = BT
and |
E = E - Ef S {9) . |
> > -
TgiEp 0 pf (10}

In the'aboﬁe'equatione:.‘E is the’eXcitation energy;"po'and Pe are -
the momenta associated with the energies Eé-and'Ef ‘and g is the:
momentum transfer. " The summation in eqg. (6) extends from L=0 for the"
Coulomb multipoles (CL), and from L=1 for the transverse components.

The electron scattering cross section is dominated by small angle,
low-q, transverse photén-like excitations owing to the (qz - E?)
factor in the denomlnator of: Vo {0). This low-q domlnance is not
observed in electron scattering exﬁerlments which are usually performed.
at larger angles, where Coulomb .and transverse terms are comparable.-
Slnce the electrodlslntegratlon experlments 1ntegrate over all g' s,
the cross section is dominated by the very forward angles associated
w1th low-q , g -~ E B ” .
' The virtual photon spectrum /8, 10/, essentlal to the 1nterpre-:
tation of the electrodisintegration experiments, is obtained by
comparlng the electron scattering cross section of eq. (6) with the
corresponding photonuclear cross section integrated over the level
width:

AL

LanTt o odot AL L N
dﬂh = E fdg_ ZJOY (E)JdE e  : Col (11)



Since,

3 (1)L

L[(20+1) 1 1] 2
and from eq. (6), the transverse components are:

IdiL (E) dE = 8m s0LE a2

EL 2 2L | . . - _ .
a0y, T S7Z 2 22 E(Er AT Vo (®) o I
yi pOE . R L RTINS
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In the limit as q+E B(AL,q) -+ B(AL E) so that the B s 1n the above
expressions cancel. _ _ '

In the long wave length approx1matlon, kR<<1 ;'it*ean'be shown
/8,12/ that: ' ' '

B(CL,q) ————— BI(EL,q) ' (16)

kR<<1
So the Coulomb part of the electron scatterlng cross section can. also

be related to the photonuclear cross section:
an-- - e’ qu L_ B(CL,g) v (g) (17$
dﬂL 21T2 Pg E2L-2 L+l B(EL,E) ' - :
and in the limit g»E and kR<<l the B's in the "above expression also
cancel. After cancellation.of the B's in eq.(14), (15) and (17) ,
the virtual photon spectra /S 6//13,14/ are. obtalned lntegratlng ofer
all angles of the scettered;electron,_.The resulting virtual phqtgpu_

spectra in the point nucleus.and plane wave Born approximation,:ﬁor.

electric multipoles up to L=3 are:

. 2 2 2 2 | _ »
El o E +Ef EE +];>opf (EO+Ef) -p0+pf Pf | S
Np = 2 fn = m(E —E) B 5 Enp . | (18}
P o] " 2p Yo  Ff o} o
FO. ... _AO : e
Ny = - |y An o T o ()
_ Zp : , pO' pf po : o . i i
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2 2 2 - _
NE2 = & Es + Bg n BoBg ¥ PoPg - I (20)
T P 2 L e m(E- - E) - .
P o £
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L 3 (E - E )2 _ A o o L i
o £ : o SR
2 2 2 2 2
E3 _ o E_ + Ep — 4m EE; + PPy ~ M pg Ef + Eg + EFe = 3m° |
NS =2 2 In 2 +2 = - ~(22)
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EOEf(3EO 2E Ep + 3Ep) + w(SE_ =~ 6E E. + SEf) ~ 8m 23)
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The subscripts T and L refer to the components perpendicular and
parallel to the direction of momentum transfer g, and

NEL NEL L NgL | : ) o - (24):

The plane wave virtual photon spectra prov1de a useful guide, but':”
experlmental results /13- 17/ showed that it could only be used for '
very llght nuclei. Onley and his collaborators /18 19/ have calcu—'h
lated the v1rtual photon spectra in the distorted wave Born approx1-'?{
matlon, DWBA that 1s, taklng into account the dlstortlon of the '
1ncom1ng and outg01ng electrons in the Coulomh field of a p01nt
nucleus. As 1n ‘the simple Born approx1matlon expre551ons for the -
virtual photon dlstrlbutlons, the assumption of a point nucleus is p,~
a necessary step in order to make the nuclear matrix elements whlch p'.
govern photo and electroexcitation identical. _

:The effect of taking into account Coulomb distortion_is illustrated
in Fig i, whlch compares El and E2 virtual photon spectra calculatedl
in plane wave (PW) and dlstorted wave approx1matlon (DWBA), produced
by 10 MeV electrons scattered by a Uranlum nucleus /20/. The E2 p
v1rtual photon spectrum, already enhanced with respect to the El in ._
the plane wave solutlon 1s further enhanced when distortion is taken“"
into account. Flg 2 shows DWBA El virtual photon spectra for 27.5
MeV electrons and positrons scattered by targets of various atomic
numbers. To obtain the spectra for positrons it is merely necessary
to reverse the sign of the interaction and hence it is equivalent to
making Z negative. The distortion effects, which increase with 2,
are much larger for electrons than for positrons.- Because p051trons.:i
are repelled by the nucleus whereas electrons are attracted the '
amplitude of a pOSLtron wave functlon is generally smaller in the _
neighborhood of the nucleus than that of an electron of comparable
energy. - The DWBA calculation for Z = ll reproduces the plane wave
result.

In obtaining the virtual photon spectra it was necesSary to take
the . limit g+E in order to cancel the nuclear matrix €lements ocur-
ring. in N?L and NML. Because the main contribution to the integrals
over the electron scattering angles comes from rather small angles,
this approximation can be valid for the majority of the transitions,.
even though the primary electron energy is high. However, in order
to make B(CL,q) - B(EL,E) we had to take a more restrictive limit:

EL .
kR<<L." SlnCe this was a necessary step in order to obtain N it



is reasonable to expect that the point nucleus approximation will
fail when NEL becomes dominant. Fig. 3 shows the ratio of the number
of 16.6 MeV longitudinal to transverse virtual photons in the PWBA

El and E2 spectra as a function of electron energy. The longitudinal
parts never make an ilmportant contribution to the El1 virtual photon
spectra, but the longitudiﬁal components of the E2 become as large

as the transverse for electrons of energy near 50 MeV. Corrections
to the virtual photon spectra due to the finite size of the nucleus
have been considered by Barber /13/, Barber and Wledllng /14/ and
Isabelle and Bishop /21/ If the long wave lenght llmlt 1s not

AL

satisfied, then the values of N will depend upon the Physlcal .u;

AL

details of the nucleus and so N will become model dependent ThlS.

of course reduces the attractlveness of using the virtual photon
concept for data analy51s, but if a simple model could be used to _
take account of flnlte nuclear size, then the concept could be ex-.
tended to higher electron energies. Correctlons based on a simple
model have been proposed by Dodge and his collaborators /22, 23/ and
by Shotter /24/. o - |

The correction suggested by Dodge et al is based on the fact that'
the transition probabilities, B{AL, q) ’ ocurrlng in the electron |
scatterlng cross section vary w1th q as the squares of the spherlcal

Bessel functlons, jL(qR),_as far as g is not close to a dlffractlon

minimum. It consists in multlplylng N}L(E ,E,2) by a quantlty _
T ‘ ., _ i L
P (gr) = (E)L '?L'(qR). T P (25)
a3, (ER) S e o e

with R = (3/5)1/2 R, = 0.93 al/3

pating in the interaction are estlmated u51ng the plane wave v1rtual '

photon spectra:

cqr? - <q?> e (B EL(L+2)/(L+1) ] Ny

= - | (26

In order to obtain'<q2> from eq. (26) one has to assume that the B's -

L+l)

in eq. (14), (15) and (17) cancel, which means one has to assume

gR<<l. Consequently this correction is only valid for small q.
Shotter /24/ has suggested a correction based on the' ‘generalized

Helm model /25,26/ also using the plane wave approximation. The

results of this correction are illustrated in Figs. 4 and 5. 1In

these figures the number of 10 MeV longitudinal (curves L) and trans-

verse {curves T), El and E2 virtual photons are shown as a Ffunction:

of electron energy for various A. The values for A=l correspond to a -

point nucleus. The correction suggested is to multiply N (E 'E,2)
by: '

F. The average values of g part1c1—”



L . ' EL : :
(EO,E,A) =N {EO,E,A)/N (EO,E) (27!

where NEL(EO,E) is the plane wave spectrum for a point nucleus. The

isochromates shown in Figs. 4 and 5, that is N%L(E 10 A) .and
L(EO,IO,A), were obtained substituting:in eq. (14), (15) and (17)
oL L+l . ‘ ' - :
peng (@ @ os)
B(EL,E) i J;, (ER) ST
and -
B(CL,q) _ | g% Jn ¢ - : S
B(EL,E) E Iy, {ER) B e et
1/3 p

and using R = 1. 2 A .

Both correctlon factors FAL glven by expres51ons (25) and (27).m
vield the same result as far as <g> in eq. (26) is small. o

It is not surprizing that both corrections yield about the ‘same
answer because in both cases the ratlo of the tran51tlon probablll—"”°
tles ocurrlng in electro and photoex01tat10n is represented in the 7
same way. The main difference between them is that in eq (25) an
average value of <g> is used and in (27) the correctlon is applied
to %%Iand it 1s integrated over all p0551ble values of q In pmuxnple
the correctlon suggested by Shotter should be valld for a broader
range”of g . Fig. o shows FAL obtalned from eq. (2 ) and (27) for;‘
10 Mev El and E2 virtual photons as a functlon of the electron '

energyf for A=240 and A=50.

Exper1mental tests of the virtual photon method

There hasg been several /13~17/ /27-29/ experimental tests of. the,_
El virtual photon spectra. The predictions of the DWBA calculations
have been verified /20/30/31/ in experiments in which the ratio of N
cross sections produced by electrons and positrons and the ratio. of
cross sections produced by electrons ahd bremsstrahlung photons were
obtained. It has also been shown /32/ that the cross section for the_

reaction 2380( ,n )237Uv_ bears the proper relatlonshlp_to the

238 Uy, n)237U ' cross section. As examples of the agreements betweenp
experimental data and the DWBA calculationiof El,virtﬁal_pmmxx1spectrad .
we show Figs. 7 to 9. o . h _;
Fig. 7 shows the ratio of cross sectlons produced by 27.5 MeV ;'T
electrons and positrons, o /0 , as a function of the target atomic
number 2 . Fig. 8 shows the same ratio for the fission crom;sectuxa‘
in 232Th as a function of electron and positron 1nc1dent enean/S&/'
The solid curve in each figure 1is the result of the DWBA calculation.

Apart from the fact that positrons are repelled by the nucleus whereas



electrons are attracted, in all other respects the eletromagnetic
interactions of positrons and electrons are identical. Hence the
difference in electron and positron crosg sections has little to do
with nuclear thsics and is a consequence solely of electrodynamics. -
The agreement between the experimental data and the DWBA calculation
is a test of the accuracy of the distorted wave_caiculation and also
of the approximations underlying the wvirtual photon hypothesis. .

Fig. 9 shows the ratio of measured to calculated Ua n(EO) in U
¥

as a function of electron incident energy Eof O n(Eo) was calculated

using in eq.(2) the DWBA El virtual photon'spectrum_and tne -qy'n
cross section measured by Veyssidre et al. /34/ and by Dickey and
Axel /35/. The agreement between the measured cross section, Oe n '
and the calculated value,_qgfn , shown in Fig. 9 lacks only a 4% nor;.
mallzatlon of the Cross sectlon magnitudes which is well w1th1n the_
errors of the Ge n. and Syon | absolute measurements. From thlSE_
result we can conclude that the v1rtual photon calculation in the
point nucleus approxrmatlon is good for El excitations in uranium up
to electron energies of at least 25 MeV and even higher energles_for
lighter nuclei. o | L - "_

All the above experlmental tests used the excitatlon of the El .
Glant Resonance, S0 they were 1ntegrated over a broad range of photonf
energies. The maximum energy used was " 40 MeV so these tests were d
insensitive to nuclear size effects. If we apply the size effect _
corrections discussed in the previous section to the calculated curved
of Fig. 7, it would lower the curve by 2% for Z=90. ”

In order to test the El virtual photon calculation 1n more detail
as well as size effects, Dodge, Wolynec and Hayward are measurlng the

90Zr as a function

electroexcitation of the 16.3 MeV analogue state in
of electron incident energy. o

The 16.3 MeV state in 9er is a well known El state which decays
emitting'protons:to the ground state /36/37/ and to the 1.51 MeV
excited state of 89Y /38/. Fig. 10 snows the differential cross sec—"
tion, dzo/deT', for the'eleotroproduotion of protons from 9OZr at”
0o by incident electrons of 60 MeV versus the proton kinetic energy T .
Peak A is the decay of the 16.3 MeV state to the’ ground state of 89Y?
In Flg 11 the 90° differential cross ‘section, d a/aqQdT } is shown
for 19. 4 MeV electrons, and for proton kinetic energies around the
analogue state. The curve through the’points shows the fit of a
Gaussian plus a quadratlc function for the continuum, used to obtain
the cross section %ﬁ for the analogue state. '

The radiation w1dth T is related to the 1ntegrated photo absorp—3

tion cross section




21, + 1

level ©

width _ _ _ _ _ _
where IO and IK are thé'spinsfof;ihitial'apd final states.
‘Since the virtual photon theory relates photo and electroexcita-
tion_thf¢ﬁghg - _ e : OGNt

_J-o dE . = T . : _ S . (31)
level N (EofE'Z)/E ' - v : :
mddth

then,

(2I_+1)o_(E)
r = .2 ] AE (o) e e o (32)
(mX). (21K+1)N (EO,E,Z)/E e TR

The radiation width can be obtained{frbmﬁfhe“measured'values of _
ce’p(Eo) ,:using eq.(32). If the shapes of the virtual photon: spectra
are correct, the values of the radiation width obtained will be
independent of Eo. FPigs. 12-a) and b) show the values obtained for
I'“"as 'a function of 'EO ‘derived using the DWBA El1 virtual photon
spectra without and with size effect correction,respectively.

Since there are no size effects for real photons, a radiator was
interposed in the beam ahead of the target, in order to measure’ the -
excitation of the 16.3 MeV state by bremsstrahlung photons for-elec-.
tron energies in the range 50-106 MeV. The value of T derived from
these measurements is T=57.3 £ 0.8 eV which is in good agreement
with the value of 54 * 13 eV from the proton capture work of = = .
Hasinoff et al. /36/. The dashed lines in Fig. 12 a) and b) show the
average value of T derived from our bremsstrahlung data.- The values
of T derived from the electroexcitation measurements: are in good : -
agreement with the value obtained from the bremsstrahlung data if the
size effect correction is applied to the virtual photon calculation.
Here, both Shotter's and Dodge's correction: give nearly the same -
results. The results shown in Fig. M2 b) where obtained using
Shotter's correction (eq.(27)), which gives T ='56.7%0.9 eV, while
Dodge's correction gives T = 56.2 + 0.9 eV.

These preliminary results show that the virtual photon calculation
of the El spectrum is in good agreement with experimeﬁt within a few.:
percent. The size effect corrections discussed in the previous section
are of the right magnitude. The experiment should be pushed to higher

energies where the size effect correction becomes more important.

Electrodisintegration euxperiments

It is not our purpoée to review here all the electroproduction

work available in the literatufe} but to give an overall idea of the



type of work that has been carried out. We will concentrate in the

more recent experiments in which measurements of electrodisintegration

are used to study the decay modes of the Giant E2 Resonance. : |
The first electrodisintegration_experiment was performed by Collins "o

/39/40/ obserVihg.neutrons emitted from 9Be, This experiment has

been extendéd bf Barber /13/. The same author and his collaborators

subsequently studied the angular distributions of protons éjected'by

electrons of energy up to ~ 40 MeV from Nb, In, Ta and Au /1/

12C /41/, lzc 160 19 27

' . ¥, Ne and Al /42/, covering the Giant Reso-
nance region of these nuclei. The ejection of protons, deuterons,
tritons, 3He and 4He by electrons of energy up to 90 MeV was studiéd"
by Hutcheon /43/. Proton spectra and angular‘distfibutions from 12C'
using 200 MeV electrons were measured by Vysotskaya /44/'and protons
12C-and..l3

were observed by Wong /45/.

from the decay of C- Giant Resonance using 46 MeV electrons:

The proton yields from-electron. bombardment.of 2O7Pb, ?Q?Bi;-l39La,
141Pr and 14SSm-.-have.been used by..Shoda /46/47/ to determine. the _
radiative widths: of isobaric analog states in these nuclei. The same.
author and his collaborators have measured high resolution proton -
energy spectra and- studied in detaii'their excitation functions for
several medium weight and heavy nuclei, 1in an extensive study of
isobaric analog resonances and of the isospin splitting of the Giant
El Resonance. _ : o

'~ In most of the papers on electroproduction'the measured electro-::
disintegration cross. section was assumed .to be a pure.El process.
The electrodisintegration: cross section was then unfolded with the ..
El plane wave spectrum in- eq.(2) in order to obtain the correspond-
ing photodisintegration cross section, which is used to interpret the
physics involved in the process under study. - It is evident from
Figs. 1 and 2 that for héavy nuclei the use of the plane wave El
spectrum will lead to a wrong magnitgﬁe and shape of the photo cross.
section.

The worst source of uncertainty .in the photodisintegration cross .
gsection derived from electrodisintegration measurements is. not the
use of the plane wave calculations, but the assumption; of a pure El
process, which was used in most of the published work found in litera-
ture. To.illustrate this point, Fig. 13 shows the El and E2 virtual,
photon spectra for 25 MeV electrons scattered from a Uranium nucleus.
The E2 spectrum is about one order of magnitude bigger than the EIl..
for virtual photon energies in the region of the isoscalar E2 reso- |
nance. Even though the isoscalar E2 integrated strength is only a
few percent of the El integrated strength, the large enhancement of
the E2 component by electrons in heavy nuclei make them contribute



with about the same intensity.

We will discuss an example of how the pure El assumption could_j
lead to the wrong interpretation of the physical phenomena under .
gstudy. The data selected.was chosen due ‘to the high resolution. and
fine energy steps of the measurements. Many similar examples can be
found in reviewing the available electroproduction data.

Suzuki- and Shoda /48/ 'obtéined the photoproton cross . section,

181

,  for Ta by unfolding their measured (e,p) cross section with

o
tgépplane.wave El wvirtual photon spectrum. Fig. 14 shows their pro- -
ton ‘energy spectra at:90¢ and several electron incident energies. In:.
Fig. 15 the resulting yield curve:is shown versus the electron inci~-
dent energy EO.' The interesting feature is that above 20 MeV a new: .
proton group appears in the energy spectra producing a second peak:at
Ep = 12 MeV. A break:-is observed in the proton yield around 20 MeV.
The unfolding of this yield results in a resonance peaking at. 2]l MeV,
shown 'in Fig. 16, which presents the photoproton:cross-section, O%FP,
versus the photon energy: E. :This resonance*Was-interpreted.as the T:
upper component of the: El  Giant Resonance.: However  the: angular
distribution of  the protons, studied in the early work of Barber and:
Vanhuyse /1/ do not support a pure El assumption. Fig. 17 shows the
angular distribution of'protons having energies in the region of the:
second maximum.  The angular distribution is strongly forward peaked,.
suggesting - an interference of two multipoles of opposite parity,
probably E1-E2. Furthefﬁore the resonance found at 21 MeV is in. the:
region where the Isovector E2 Resonance is expected to be in -lSlTaMH
It is conceivable that the structure at 21 MeV, instead of being the
T upper component of the El resonance, could be the decay of the iso-
vector E2 by proton emission. The ambiguity between both interpreta-
tions, pure El versus E1+E2 can be resolved by measurlng the bremss-
trahlung yield as well as the electrodlslntegratlon, as in the ex-
- periments described in- the next section. ' ‘ '
A
Study of E2 components using electroexcitation.

' As discussed earlier the virtual photon concept can be used as far
as qR<<l 1is satisfied. For bombarding energies such that the theory
can be used in the analysis of data the electrodisintegration is in~.
sensitive to monopole excitations. High momentum transfer is required
to excite monopole states and since electrodisintegration experiments
integrate over all scattering angles they are dominated by low d.

‘Hayward /23/ has discussed the excitation of monopole and also E3
in electrodisintegration experiments and showed that the excitation

of both modes for electron energies up to 50 MeV can be neglected.



Fig.'ls shows the distorted wavée El1, E2 and E3 virtual photon spectra

generated by 50 MeV electrons scattered from a Ni mucleus. The E3 spectrum is ﬁ
even more enhanced than the E2 relatively to the E1 . However the integrated :

strength of an E3 sum is about 0.1% of that of an’'El sum and the enhance- o
ment of the E3 spectrum is not enough to make experiments in the energy |
region considered here sensitive to E3 excitations.

Fig. 19 illustrates the enhancement of E2 components in electro-
excitation.’ The curves shown are functions that fit measured
angular ‘distributions of fission fragments produced by 6 MeV o E
electrons /49/50/, curve (e,f), and by bremsstrahlung of end.point-
energy 6 MeV /51/, curve (y,f). The functions fitted in both cases
are: f(8) = a + b sinze + c sin2=28”.w The E2 strength derived from .
both experiments is the same, but while the (v,f) is dominated by the
Bl excitation, the (e,f) is clearly dominated: by E2. S

There are some very interesting experiments that illustrate’ the
exploitation of the virtual photon technique in the study of fission.

For example, using electrons in the energy range 20-120 MeV, ‘Shotter:
et al. /52/ have shown that the--238 :
steeply to be an electric dipole phenomenon only. - They showed that

Uf{e,f) cross section rises too- . .

there must be an important E2 absorption resulting in fission, but. -
from their experiment it was not possible to tell whether it was lo-.
cated: at the:energy of isoscalar or isovector resonance. _
In a series of detailed experiments Arruda Neto and his collabo=- -

rators /49/50/53-57/ studied the electrofission of 220U, 20U and 2%%u. wWe will
descfibe in some detail the analysis of 238U(e,f) data to illustrate
how the E2 component in‘the photonuclear cross section can-be cbtained.

- Assuming that the: only important multipoles in the electrofission:
cross section are El and E2, the photofission cross section is:

GY,f(E) - U'Y,f + Oy,f_“ L L L S : - (33)
Then the measured electrofissLon.cross_section,,oe f(EO), can be related
to the measured photofission ¢ross segtion, oY f(E)' , by:

!

G.e_'f(EO) J [q'er_ N (EO'E'Z) + Oy'f(E) N_ (Eo'E'Z):| Nl ._(34)
O

Since OY f(E) has been measured with quasi monochromatic y-rays
/34/35/, expression (34) with the use of (33) can be rewritten as:

E_-m -
Gerf(EO) - J‘ OYff(E) NEl(EO'E'Z) dE—E +
Lo |
R f 0_052 ® (w2 zi _ NEl(E_.E aE |
v, £ [ ortr? o 'Z)] E (35)
A | »

The first integral in the above expression can be calculated using



the experimental values of o
/34/35/36/. One can obtain

Y f(E) available in -the literature'

. Eo—m aE
S : 5 .
From (35) and (36)
Eo—m :
(B )= Lo B2 - nBl dE o
Y(EO) = J Y £ [ﬁ (EO:E;Z) N (EO,E,Z)] i _ (37)
o}
and ;Oizf(E) .can be obtalned by unfolding the quantity Y(E ). ..'To

obtain Y(E ) from expression (37), in this particular case, twq_

er(E) and Oe,f(Eo) , which

were measured at different laboratories and may differ in absolute - -

experimental cross sections were used, o

value. To take this into account a few points of the photofission. .
cross section produced by-bremsstrahlung~photons,.Gbr.f , . Were
: !

measured. Comparing the measured Oy, g With the calculated values:
, _ :

: ' _ dE - S : :
- y E.7) = (38)
obr’f(EO) N, J oY'f(E) R(E /E, ) 5 | _ _ b _
2 o _
.~ the difference in absolute values can be assessed. In the 238U ex-

periment, the ratio between measured to calculated o, f(EO) ‘was
r

1.04

Fig. 20 shows the measured (e, f) cross section for 2380 as a

function of electron energy. The full curve is the calculated Og g
: r
cross section for a pure El process. The difference between the ex-

perimental points and the calculated curve gives Y (E ) shown in

Fig. 21. The E2 component of the . photofission crOSE’Zection,.cg?f(E),
was obtained unfolding uYe’f(EO)~uand.is shown in Fig. 22.-

Table 1 summarizeés the results obtained in Sao Paulo for the 3
uranium targets. = The decay of the E2 isoscalar resonance by fission'
has also been studied in (a,a',f) 001nC1dence experlments /58,59/ and’
in a (6Li;6Li',f) experiment /60/. Their results are summarized On"‘

Tablé 2. In Table 1 the photofission crbss section, oy’f , derlved
from the electrofission experiment, was converted into strength
function in order to allow comparison with the hadron scatterlng
result In both tables the values of the f1551on probablllty, T /F '

were evaluated at the peak energy and in Table 2 the peak energy was

deduced from the 31ngles spectra



Table 1
E2 component in the fission channel derived from (e,f) experiments

Strength Function ' Ff
Nucleus _ Penfigﬁge T Ref.
Peak Energy|  FWHM EWSR (%)
(MeV) (MeV)
234y, | 8.2 % 0.4} 4.8¢1.0 87 + 14 | 70 & 15 55
236y 8.9 + 0.4 | 4.7 + 1.0 72 £ 10 | 60 £ 10 54
238y | 8.3+0.4 |50%1.0 | 55=:10 | 40+ 10 | 53
Table 2
E2 component in the fission channel derived from the hadron scat-:
238 :

tering coincidence experlments for"

: Strength Function Percentage - EE‘ . )
- of T - Ref.

Nucleus Peak Energy FWHM

EWSR (%)

(MeV) {(MeV)
fo,0',f) 1l 4 £ 0.5 - <10 58
{a,0',£) - 10.6 2.2 + 0. 50 + 15 25 + 10 59
(%11,%0i, 0 n10.5 A7 - 520 60

The discrepancy between the various hadron scattering results can
be understood by the difficulty of the experiment,-a major source of’
uncertainty arising: from Ehe-subtraction of: the substantial nuclear
backgrounds. . This is illustrated in Fig. 23 where. the coincidence .
spectra from the work of Bertrand. et 21, /59/ is shown: In Fig. 23
the top part shows the_inelastic.alpha spectra from the ' reaction
238U(a,a',f) for the indicated angles. Contaminants are shown cross.
hatched. At 11.5 degrees, the deduced shape of the giant resonance
peak and'the_underlying continuum are shown as solid curves. In the_
middle part of Fig. 23 the spectra of alpha particles measured in
c01nc1dence with flSSlon fragments is shown. In the ll 5 degrees
5pectrum an enhancement indicated by the smooth curve is attrlbuted }
to fission decay of the K=0 component of the GQR In the bottom  '
part of Fig. 23 the fission probability for the (a,a',f) reaction is
shown. B is the fiésion threshold; S, is the neutron sepafation

£
energy for 238U; nf and 2nf indicate the energies for the onset of




second and third chance. fission. Even though the result obtained by
Bertrand et al. exhausts the Same amount of E2 strength as the S3o
Paulo result, there is a serious disagréement between the hadron
induced fission experiments and the.electrofission results:the strength
function obtained from hadron inducéd experiments is zero bellow 8 MeV
and peaks at.a higher energy.

In order to understand the different results obtained in the various
experiments- for the fission decay of the isoscalar E2 resonance, the.
(e,e',f) cross section 1is being studied at Stanford /61/. Figs. 24.
and 25 show their coincidence spectra for electrons of 80.1 and 117.7
MeV, scattered at 40 degrees as ‘a function of the exc1tat10n enerqgy,
E , of the nucleus. The f1551on fragments are integrated over all
angles. The solid curve is the El contribution which is calculated
using the known photofission cross section, Oer(E)" The celculated
El is an upper limit, which will yield a lower limit for the E2
compconent. The E2 strength function obtained from these preliminary
results is shown in Fig. 26. The solid curve, with its uncertainty
lndlcated by the dashed curves, is the strength functlon derived from
the Sao Paulo experlment There is good agreement betweaaboﬂlremﬂts,
w1th a dlfference in magnitude that could be caused by discrepancy 1n
the’ absolute values. The agreement between the S3o Paulo electro-
fission result and the Stanford (e,e',f) can be viewed as the first
available experimental - test of the E2 virtual photon spectrum.

In cases where the photonuclear cross section has not been measured
the E1 and E2 components can be obtained comblnlng measurements of
electrodisintegration with photodisintegration induced by bremsstrah-
lung photons. Exploiting this idea we have stugied /227 the El and:
E2 component in {e,a) and (e,p) reactionsg for several medium weight
nuclei. .

‘In these experiments we measured the spectra of protons and a par-
ticles at several angles, produced by electrons in the range 16-100
MeV. Figs. 27 and 28 show proton and alpha.particle spectra at 90°
from §4Zn bombarded by 30 MeVv electrons.. These spectra were then
1ntegrated over out901ng partlcle energy and angle to obtaln thetxbss
sectlons e, X(E ).

In this type of experlment,addltlonal very useful 1nformat10n can
be obtalned if a radiator is interposed in the eleétron beam ahead of
the target so that the outgoing particles are now geénerated by elec-
trodisintegration plus the bremsstrahlung from the radiator. The
advantage of this method is that it allows us to change the relative
contribution of the various multipoles participating in the reaction.

For electrons of energy higher than 35 MeV a second experiment was

performed. A radiator, 217 mg/cm2 -of Ta, was interposed in the beam




7.6 cm ahead of the target but out of view of the spectrometer.

Fig. 29 and 30 show the measured (e,u) and (e,p) cross sections as
a function of total incident electron energy E (open circles). The
full circles represent the yield, Ye,x (E ) obtalned when a 0. 2I7g/an
Ta radiator was placed in the electron beam ahead of the target.

The relationship between our measured electrodisintegration cross
section and the corresponding photodisintegration cross section is
given by eq.{2). The corresponding expression for. the yield with the

radiator is: :
E -m

o (o) _- . oy .
B = 0 (BB 4N, J Tl @ REmE, 2 & - (39)

o
where AEO is the energy an electron loses in traversing half. the

radiator thickhess and for X we have used the Davies- Bethe—Maxrmon
/62/ bremsstrahlung cross sectlon ' B :

The cross sectlons, O, x(E )} and the yields of phot¢ plus elec~’

troedisintegration, Y e (E ) have been simultaneously fitted usrng El
X .

and E2 v1rtua1 photon spectra. Because in our experiment we do not

have enough p01nts at small energy intervals, instead of unfoldlng

the cross sections as in the S3o Paulo experiment, we represent ciL"
I
by histograms. The resulting histrograms for 051x and. Uizx are
! I

shown in Figs. 29 and 30 (right hand scale).. The smooth curves through
the data points result from cembining-the-histograms, representing

the El and E2 (y,x) .cross sections in.eq.(2) and. (39) with the
El and E2 virtual photon spectra.

It ig impossible to fit the electrodisintegration cross section

Oe, X(E ) and the yield Y (E } with pure El multipolarity.: How=-

ever it is always p0531ble to f1t the electrodisintegration only with
pure El. To illustrate' the importance of measuring the photodisin-

tegration yield for at least a few p?ints, in Fig. 31 we show the
result of fitting only the electrodiSintegratiOh'end'assuming pure
El. The curve above the full c1rcles is the predlcted Ye a(E ). It
is clear from Fig. 31 that the pure El assumptlon is excluded.

In fitting the data it became apparent that a size ‘effect correctujl
was necessary above <~ 50 MeV , because it was impossible to fit the
data below and above 50 MeV in a consistent way. We have used the
size effect correction given by Eq. (25).

The E1 and E2 strength found in the (y,p) and (y,a) channels for

each nuclei studied is summarized in Table 3.



Table 3

Percentage of El and E2 sums in the o and proton channel. El sum:

60 NZ/A MeV.mb. E2 sum: 0.22 ZZA"1/3 ub/Mev.
Nucleus . .. . | .Decay Channel ) El S E2. . .
56 | qu. 6 1 . L
Fe Y,p 82 * 19 37 t 15
5'9'C Y, a + 1 + 1
© Y,p 67 + 12 28 *+ 11
| Y, 0 18 + 4 | 25 £ 3
64, _
an Y.p | 154 £ 30 | 77 % 21
- Y,a 4.8 + 0.5 15 3
>8yi
T Y.p | 126 % 12
S Y,p o 53 & 6
62, Y,o 2.4+ 0.3 6+ 2
Y, 28 ¢ '

For the Ni isotopes our data went up to EO=50-Mev"and'ﬂnfthe'other
targets up to 100 MeV. As a consequence we were unable to extract -
the E2 strength for the‘proton'channél*in the Ni isotopes. Because -
the El strength is much bigger than ‘the E2 in the proton channel, it
is necessary to go to higher' incidept energies in order to have ‘enough
‘enhancement of the E2 excitation relatively to the E1 . The E2
strength found in all cases is concentrated in the region 14-20 MeV,
go it is in the region of the isoscalar E2. If we add to the (y,p)
and (v,a) channels the neutron channel, we find that ‘the photo cross.
sections integrated ut to 30 MeV exhaust ~ 1.2 El suns and nearly -
two El sums when integrated up to 100 MeV. This can be compared with
the results of Ahrens et al. /63/ for light eleéménts and by Leprétre
et al. /64/ for Pb , both obtain nearly two dipole sums. R

'In_table 4 the decay branchs of the isoscalar E2 resonance cbtained
from bur experiments are compared with decay branches obtained in

(o,0'",x) coincidence experiments /65-67/ and also with the predictions




of a Hauser-Feshbach calculation /65 67/.

Table 4

Decay branches for 64Zn, 58Ni and 62Ni

Nucleus Channel e, x (e,x) | Calculation Ref .
| 20 + 25 £3 | 26 67

®4yn p 38 % 77 & 21 46 67
n 59 & 27 | 28 67

58 . o 12 15 £ 3 6 66
p 59 - 61 66

o <30 65

p 65 + 20 65

62Ni o <15 6 + 2 4 65
20 = 10 - 2 65

For heavy nuclei which have fission barriers higher than the energy:
‘0f the isoscalar E2 resonance the only possible decay channel for this
resonance is the neutron channel, .since the Coulomb barrier will
prevent charged particle decéYs. In such nuclei, measurements of
the (e,n).cross section could yield useful information about the E2
isoscalar resonance. . It would also be interesting to look for the
isovector E2 resonance in the 2n or 3n decay channel.

l97Au 1s belng measured in Sao Paulo

The (e, n) cross sectlon for
and the prellmlnary results are shown in Flg. 32. The cross section
represented by the open circles was obtained by counting directly the
neutrons /68/ and that represented by the full circles was.measured; 
by radiocactivity /69/. The points on the curve labelled (e+y) . were
obtained interposing a 0.717 g/cm2 Cu radiator: in the beam, ahead of
the target. The curve labelled  El results from integrating the
{v,n) cross section measured at Saclay /70/ with the: El spectrum and
the curve {e+y) .is .the corresponding yield of photo plus electrodis-
integration. Our photodisintegration data shows good agreement with
the calculated values, but the measured electrodisintegration is
bigger than what expected for pure El, indicating the existence of
other . multipole components. Assuming the other multipole component
to. be. E2' and representing the El and E2 components by histograms, the
results of the fit are shown in Fig. 33.. The smooth curves through
the data.points result from combining the histograms, representing
the E1 and E2' {y,n) cross sections in eq.(2) and (39) wiﬁh the_El_apﬁ
E2 virtual photon spectra. The integrated (y,n) cross seétnx1obt¢hgﬁ
from the fit shown in Fig. 33 is 2184 * 195 MeV.mb. This value is



in good agreement with measurements of (y,n) cross section. The
integrated (y,n) cross section is 2190 MeV.mb for the Livermore
data /71/ and 2588 MeV.mb for the Saclay data /70/. However, the
E2 strenght derlved from our experlment is 210 * 35 percent of the
B2 sum. L o _ L _

The measurement of the (e,n) cross section by counting directly
the neutrons was performed two years ago. Because we needed about
two E2 sums to explain our results we repeated the measurement of
the (e,n) cross section, using. residual activity. ‘The results of
both'meaSureméhts"are in good agreement as shown in Fig.- 32. Since
both experiments are independent we believe the’ large amount- of E2
found is not caused by an 1nstrumental error. ' ' '
13754 has been studled in an (e,e') experiment by Pithan et-al. /72/
They found an E2 resonance at 10.8 MeV excitation energy’ exhaustlng '
77 percent of the E2 sum. However, more strength is observed below’
10 MeV. A resonance at the excitation ehergy of 9.2 MeV was idehti?i
fied as EO, but it could be alsoc E2, since the experiment does not
discriminate between EO0 and E2. In the (e,n) experiment we cannot -
excite E0 because of the low bombarding energies used. B

The conclusion that can be derived at this point from the (e,n)
experiment is that there is either about two E2 sums in the abﬂmgtlon
CYoss, section or there is another multipole besides E2 and El.: The "
other multlpole that could easily be excited at these bombarding:
energies is Ml. It would be interesting to study 197 Au  in a-more
detailed (e,e') experiment and or using other probes and, whenever-:

possible, in a (e,e',n) coincidence experiment.

Conclusions

The v1rtual photon method offers an opportunlty to explore nwﬂear
ex01tatlons w1thout the drawbacks of other approaches, like the ra-';
diative tails of 1nelast1c electron«scatterlng or the backgrounds -
encountered in hadron scattering experiments. ,

We. need more experlmental results to test the reglons of Valldlty
of the_theory for E1 and E2 multipoles and to test the srze effects '

correction. . _ _ -
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Captions

El and E2 virtual photon spectra for 10 MeV electrons
scattered from a uranium nucleus, calculated 1n dlstorted N

wave and in plane wave (PW) Born approximatlon

The DWBA virtual photon spectra for 27 MeV. electrons and

positrons scattered by targets of various Z .

The ratio of the number of 16.6 MeV longitudinal to transverse -

photons in DWBA El and EZ spectra as a function of E,

Isochromates for an El transition of energy 10 MeV. The

full curves refer to values of NEL for a point nucleus
while the broken curves refer to values“of NEl for nuclei
with mass number A=10 to 240. Transverse and lcngitudinal

components are labelled by T. .and L .-

Isochromates for an E2 transition of energy 10 MeV. The

full curves refer to values of NE2

for a point: nucleus -
while the broken curves.refer to values of A=10 to 240.
Transverse and longitudinal components are labelled by T

and L .

El and E2 size effect correction for an excitation energy of

10 MeV versus the electron incident energy.

The ratio of cross sections produced by 27.5 MeV-electrons -

" and positrons as a function-of - Z .

The ratlo of cross sections produced by electrons and

positrons for the fission channel in 232Th as a function

" of electron and positron: incident energy.

The ratio of measured to predicted cross section-for the . . .

neutron channel in 238U

Proton spectrum at 90° for 9_OZr and_incident electrons

of 60 MeV. t-

Proton spectrum in the region of the 16.3 MeV analogue state
90

in

Radiation width T versus the electron incident energy.

a) without size effect correction; b) with size effect
correction. The dashed lines sth_the_value_of-_f ‘obtained

from photoexcitation.
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24

El and E2 virtual photon spectra for 25 MeV electrons

scattered from a uranium nucleus.

Proton spectra for 'lSlTa ~at Varioué electron incident

energies Ee

:EleetrodiSintegration cross section for protons emitted at

90 degrees'frem” lnga' as a function of électron indicent
energy.__EO
Photodisintegration cross section for 181, versus the

photon energy E , derived assuming_pure'El_excitation.

Angular dlstrlbutlon of protons from lalTa' hav1ng energles

“in the reglon of the second peak

El , E2 and E3 virtual photon spectra generated when a 50

MeV electron scatters from a Ni nucleus.

Functions that fit measured angular distributions of fission
fragments, produced by 6 MeV electrons (e,f) and by
bremsstrahlung of end point energy 6 MeV (y,f).

Electrofigsion cross section for 238U , versus the electron

‘- incident energy. The curve shows the predicted cross section

for a pure El process.

The difference between the measured electrofission cross =
section and the predicted values for pure El. The curve
results from foldlng back the E2 cross sectlon derlved from

these data p01nts.

E2

UY £ obtainedxfrom the electrofission measurements.
r
‘Top: inelastic alpha spectfa from the reaction 23%ﬂd,uhf)-

for the indicated angles. Contaminants are shown cross
hatched. At 11. 5° , the deduced shape of the giant reso-

nance peak and the underlying continuum are shown.

[

Middle: spectra of alpha particles measured in coincidence
with fission fragments. 1In the 11.5° spectrum an enhancement
indicated by the smooth curve is attributed  to fission decay

of the K=0 component of the Giant Quadrupole Resonance.
Bottom: fission probability. |

238U(e,e‘,f) coincidence spectrum for 80.1 MeV electrons

scattered at 40 degrees.
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28

29

30

31

32

33

238U(e,e',f) coincidence spectrum for 117.7 MeV electrons

scattered at 40 degrees.

The E2 component in the fission channel derived from the

(e,f) and (e,e',f) experiments.

The alpha ?article spectrum at 90° when 30 MeV electrons

are incidente on 64Zn

The proton spectrum at 90° when 30 Mev electrons are incident . .

on 64Zn .

The measured Oy a(Eo) for 64Zn as a function of electron
r

incident energy EO {open circles). The full circles
represent the yield, Ye,a(Eo) obtained when a 0.217 g/cm?
tantalum foil was placed in the electron beam ahead of the
target. The smooth curves are the best fits to the data
and were obtained by combining the histograms representing

“the El and E2 (y,ua) cross sections (right hand scale) in

eq. (2) and (39) with the El and E2 DWBA virtual photon N

spectra.

The measured O p(EO) for 64Zn . See caption of Fig. 29.
I

The result of fitting the electrodisintegration cross section -
of Fig. 29 with El only. The predicted yield for electro
plus photodisintegration is much higher than the measured

values (full circles).

The (e,n) cross section for 197Au. The smooth curves are

the predicted electrodisintegration for pure El and the

predicted yield of electro plus photodisintegration.

The El and E2 (y,n) cross sections (right hand scale) which

. 197 A
fit the Au (e,n) and  (e+y,n) data.
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