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A model-independent multipole analysis of "Si(e,e'p) and zsSi(e, e'n) coincidence data, taken at
three momentum transfers 0.39 & q & 0.68 fm ', yields both E1 and F2-EO form factors and the
respective multipole strength distributions in the giant-resonance region of "Si (E„=14-22 MeV).
While the deduced F1 strength agrees well with previous results, the total extracted E2-EO
strength is about twice the value found with isoscalar projectiles indicating the presence of large iso-
vector F2-EO contributions in the region of the isoscalar E2-FO giant resonances.

PACS numbers: 24.30.Cz, 23.20.Js, 25.30.Dh, 27.30.+t

In the nuclear continuum region, the well-

established' inherent power of the (e,e') reaction to
map out the Fourier transforms of the transition
charge and current densities is in practice seriously im-

paired by the presence of the large radiative-tail back-

ground, which often even surmounts the inelastic ex-
citation, while its precise determination represents a
challenging problem by itself. 3 Fortunately, however,
the largest part of the radiative tail is due to elastic
scattering, and so it will be removed —as the tails of all

other bound states —by the detection in coincidence of
the inelastically scattered electron and the nuclear de-
cay product c. Such experiments have only recently
become feasible by the advent of cw electron accelera-
tors. The present work takes full advantage of the
background-free preparation of the nuclear response in

(e,e'c) coincidence scattering and develops a novel
and, in principle, model-independent multipole
analysis of the 4vr-integrated (e,e'c) spectra applicable
to all measured decay channels, i.e., in particular those
where the analysis of angular correlation functions is

becoming ambiguous as a result of either complex spin
couplings or unresolved final states. We have chosen
as target nucleus Si because its giant-resonance (GR)
region has been studied in detail with various probes.
Comparison with the results of photonuclear4 6 studies
allows scrutinization of our results obtained for the gi-
ant dipole resonance (GDR), while the comparison
with the results of the isospin-selective (a, a') ' and
(a, a'c)" reactions sheds new light on the isospin
structure of giant quadrupole (GQR) and monopole
(GMR) resonance excitations.

The 183.5-MeV cw electron beam of the Mainz mi-
crotron'2 MAMI A at —15-iu, A current was used to
bombard a natural Si target (92% Si) of 2.89 mg/cm
thickness. Scattered electrons were measured at 25',

30'„and 45' by the Mainz 180' magnetic spectrome-
ter'3; the corresponding momentum transfers of
q =0.39„0.47, and 0.68 fm ' cover the maximum of
the El and the increasing slope of the EO-E2 form
factors. Secondary charged-particle decay products
c =p, a were detected in coincidence by eight b, E-E
surface-barrier detector telescopes (70 p, m, 700 p, m,—20 msr) providing a unique particle identification
for energies E, ) 2.5 MeV. The telescopes were
mounted in a plane rotated by @,=45' around the q
axis from the ( e, e') scattering plane. The measured
angular correlation functions (ACF's) cover the com-
plete angular range —10' ~ 8, ~ 215' relative to the q
axis in steps of —10'. Since (e,e') scattering at for-
ward angles suppresses transverse excitations, the
ACF's exhibit to good approximation axial symmetry
about the q axis. t4 For each decay channel c, integra-
tion of the measured inplane ACF thus leads to the
4m-integrated (e,e'c) coincidence cross section
representing the longitudinal nuclear response func-
tion in channel c unaffected by any elastic radiative-tail
background.

Figure 1 shows a singles Si(e, e') spectrum (top)
taken at 30' with a resolution of =120 keV. The
range of excitation energies E„denoted also —cu—ex-
tends from the charged-particle threshold at —10
MeV up to the region of the GDR and GQR,
16 & ro & 22 MeV. At this momentum transfer El
and E2-EO GR's are expected to exhibit similar cross
sections. The lower part of Fig. 1 shows the 4m-

integrated (e,e'c) coincidence cross section in the to-
tal charged c =p, a channel. The coincidence require-
ment has effectively removed the huge elastic radia-
tive tail, so that the transition from isolated resonances
to the GR region with its characteristic fine structure
becomes clearly visible. Subtracting the 4n -integrated
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FIG. 2. The deduced E1 and E2 Eo form-factors (circles)
compared with El and E2 D'NBA predictions (curves); the
F. 1 transition density is taken from both the Goldhaber-
Teller (GT) and Steinwedei-Jensen (SJ) models with

c = 1.1 cp, and the F2 transition density from the Tassie
model ~ith c = 0.9cp.

F1G. 1. Upper part: singles (e, e') spectrum at 8 = 30' in

the GR region of "Si and its deduced radiative tail (see
text). Lower part: 4m-integrated Si(e,e'c) coincidence
cross section in all c = p, o. decay channels and its decompo-
sition into the F. l and E2-EO components. "Rest" denotes
the difference spectrum between measured (e,e'c) yield and
the sum of'dedUced E1 and E2-Eo cross sections.

tipole components:

+ aE2 Ep(~ ) IFE2.F-p(qk) I'.

(e,e'p) and (e,e'~) coincidence cross sections from
the singles spectrum yields the difference spectrum
(curve below the singles spectrum) which represents
up to the neutron threshold at 17.2 MeV the elastic ra-

diative tail; the less rapid falloff above 17.2 MeV indi-

cates the undetected contribution from the neutron
channel. The fluctuations of this curve from a smooth
flow amount for 13.5 & cu & 17.2 MeV to less than 5%
of the (e„e'c) yield, verifying experimentally the as-
sumed axial asymmetry of the ACF's about the q axis
within the theoretical estimate. (For o& & 13.5 MeV,
part of the emitted n particles is stopped in the target
causing the peak structures at co —13.5 MeV. )

Our present approach'5 to a multipole decomposi-
tion of the measured nuclear response functions is ex-
clusively based on measured quantities, i.e., the 4~-
integrated (e,e'c) coincidence cross sections,
o.(q„, co, ), discussed above. For each decay channel c,
the experimental input consists of 750 data points
I F(qk, cuj) I

oz,„~,(q cukj) ja «Me mrasdueat three
momentum transfers qk (k = 1-3) in the range
12~ cu~22 MeV in 250 energy bins ru, (j=1—250)
of 40-keV width. According to the traditional
multipole-expansion method, '6 the measured form
factors IF(qk, cu, ) I are expressed as the linear com-
bination of the different contributing longitudinal mul-

This Ansatz assumes (i) that only EO, El, and E2 ex-
citations contribute and (ii) that E2 and EO form fac-
tors are identical. Traditionally, '5 the multipole coeffi-
cients ae„(cu&) are determined in each energy bin cu,

by a least-squares fit assuming a q dependence for the
form factors IFe&(qk) I2 as given by a nuclear-model
calculation. In order to avoid the well-known' prob-
lem of the large model dependence of, in particular,
the El form factor, a third assumption is introduced„
namely (iii) that between cu = 12 and 22 MeV states of
identical multipolarity exhibit identical form factors.
Assumption (iii) leads so from I =250 independent
systems of three linear equations for each energy bin
cu, to a single system of 3I =750 nonlinear equations
with 2I + 4 = 504 unknown quantities ae~ (cu, ),
aez ep(cu& ) (J' = 1—250), and I Fet (qk ) I, IFez ep(qk ) I

( k = 2, 3), which is overdetermined for I & 4 and
sol~ed by a least-squares fit procedure [IFE~(q~) I' can
be normalized to I]. Any failure of assumptions
(i)-(iii) in any energy bin cu, will be revealed with ex-
treme sensitivity by a corresponding failure of the fit
to reproduce the measured data points of the respec-
tive energy bin coj.

The deduced integral El and E2 EO form factor-s

are shown in Fig. 2. Within the error bars they agree
with the respective El and E2 predictions of the
Goldhaber-Teller" (GT) and Tassie'9 models in the
distorted-wave Born approximation (DWBA) after ad-
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justment20 of the half-density radius c. The El fit
yielded c = I.lco, a model-dependent value leading in
the Steinwedei-Jensen ' model to a significantly worse
description of the data (dashed line in Fig. 2). The E2
calculation required a value of c=0.9co indicating
similar transition radii of GQR and low-lying collective
2+ states. With use of the GT prediction for the ex-
trapolation to the photon point, the El strength is
found to exhaust (41 + 3)% of the energy-weighted
sum rule (EWSR) in the range 14 & ru & 22 MeV.
This value is compatible with the results from pho-
tonuclear studies4 ~ where the difference o(y, abs)
—a (y, n) amounts to 43% —8% = 35% of the EWSR.

The indicated two lower curves in Fig. I show the
respective El and E2-EO components of the total
(e,e'c) yields as determined in the fit procedure. The
"rest" spectrum at the bottom represents the differ-
ence between the measured cross section and the sum
of the extracted El and E2-EO contributions; the cor-
responding error bands obtained at 9,.= 25' and 45'
are similar in size. These error bands —being small—exhibit in general for a given energy bin no correlat-
ed deviations at the three different momentum
transfers. This establishes the validity of our assump-
tion (iii) that the El and E2-EO form factors are
largely independent of excitation energy. If E2 and
EO strengths are uncorrelated, the agreement between
data and fit also implies that the E2 and EO form fac-
tors agree within the errors shown in Fig. 2.

The present multipole decomposition method is cor-
roborated by comparison of the present El strength
distributions with the respective results from a
28Si(y, c) photodisintegration study with tagged pho-
tons. The (y, c) data were converted to a (e,e'c)
cross section by use of an identical normalization for
all decay channels c the absolute El strengths of both
studies are found to agree within the 20'/0 error of the
(y, c) study. Figure 3 reveals nice agreement between
the (e,e'c) results and the (y, c) data, which is re-
markable in view of the strongly structured c = po and
p! 2 strength distributions. Fair agreement is still ob-
served for the much lower amount of El strength in
the no channel, even if several fine-structure peaks are
at variance.

In the range 14 & co & 22 MeV the total extracted
E2 EO strength exha-usts (35.5+2)% of the electro
magnetic E2 EWSR, or (71 +4)'/0 of the isoscalar E2
EWSR which is about twice the value of (34 + 6)'/0 de-
duced from n scattering. ' The E2 EO strength in-
the exclusive isocalar (e,e'n) channel shows a distinct
resonant behavior (Fig. 3) in qualitative agreement
with the isoscalar GMR and GQR structures observed
in (u, n') ' and {a,a'Q. )" studies also exhibiting a
distinct falloff at E„—21 MeV. Considering the possi-
ble effects of even weak isospin mixing, '2 we find the
absolute strengths extracted from the {e,e'n) and
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FIG. 3. The deduced El and E2-FO strength distribu-
tions in indicated decay channels c. Dots represent for com-
parison the regularized E 1 strengths deduced from a
'SSi(y, c) study {Ref.6) with tagged photons.

(n, a' n) studies also at little variance (Table I). In
striking contrast to this and different from the
(u, a'p) results, the E2 EO strength in -the isoscalar as
well as isovector (e,e'p) channel (Fig. 3) keeps rather a
flat and high level, tending even to increase beyond
E„=21MeV. Moreover, the E2-EO strengths in the p
channels show in the electron-induced reaction nearly
3 times the value gained from the (0., 0. 'p) study
(Table I). The excess of E2 EO strength is th-us clearly
localized in the p channels [I ~jl —2.5 and 1 in
(e,e'c) vs (a, a'c)]. I ~/I being —1 for both GMR
and GQR, 23 we find convincing evidence for the pres-
ence of large isovector E2 EO components in th-e re-
gion of the isoscalar GQR and GMR. A similar con-
clusion was recently suggested from an analysis24 of
7r j7r+ scattering on Sn.

The presence of considerable isovector E2 EO-
strength at much lower excitation energy than expect-
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TABLE I, Comparison of the E2-EO strengths S2 in vari-
ous decay channels c as deduced from the present (e,e'c)
study and a previous (a, u'c) experiment (Ref. 11) in the
giant resonance region of 28Si. Quoted values of S2 are
given in fractions of the isoscalar E2 energy-weighted sum
rule.

0!p

Ai

Al

pp

p&, 2

A11 p
Total
I ~/I'

52(e, e'c )
(o/o )

3.0 +0,2
14.3+0.7

20+1
1.5 +0.8

13.4 + 0.7
51+3
71+4

2.6

S~(a, a'c)
('/o)

3.5+0.9
8.9 + 1.9
16+3

7.0 + 1.6
6.4 + 1.5
18+3
34+6

1.1

0.9
1.6
1,3
2.2
2. 1

2.8
2. 1

2.3

T. W. Donnelly and J. D. Walecka, Annu. Rev. Sci. 25, 9
(1975).

ed ( —40 MeV) implies a widely spread E2-EO
strength distribution and helps to constrain microscop-
ic theories of the decay widths of GR's. Our results
are consistent with the previous failure of numerous
single-arm scattering studies to identify compact iso-
vector E2 strength as discussed, e.g. , by Erell et a/. ,

25

and demonstrate the power of the present approach to
unravel even very broad multipole excitations in the
continuum.
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