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E1 and F.2 strength in S and S observed in a-capture reactions
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Excitation functions and angular distributions of the reactions ' Si(a,yo) were used to study the
distribution of E2 strength in the energy regions 11—21 MeV of "'"Si, as well as to probe the importance of
isospin in the decay of the El giant resonance in these nuclei. It was found that the E2 strength in the

(y,ap) channel is widely distributed and accounts for about 12% of the energy weighted isoscalar sum rule in

each nucleus. Together with the E2 strength observed in lower resonances, about 45%%uo of the sum rule is
accounted for in "S and 34/o in S, where the measurements on the lower resonances are incomplete. The
spreading of the E2 strength can be attributed to the mixing of np-nh configurations into the basic 1p-1h
excitations of the E2 resonance, and the large E2 strength is attributed to the presence of a direct or
semidirect component in the (y,a()) process. A comparison of the E1 strengths in the (y,ap) channel of the
giant dipole resonances in ' '"S indicates that isospin conservation is important in these reactions. The relative
weakness of the E1 (y,a()) strength in ' S compared to the E2 strength is attributed to the relative purity of
the 1p-1h character of the E1 resonance as compared to that of the E2 resonance.

NUCLEAR REACTIONS 8Si(e, yo), E=5—16 MeV; Si(e, yo), E=4—15 MeV;
measured 0 (E,E~,e„). ' S deduced El, II 2 strengths. Enriched targets.

I. INTRODUCTION

In recent years the o-capture reaction
has proved to be an important way to measure
the distribution of isoscalar E2 strength in
light nuclei. This work has shown that,
for nuclei with mass A ~+40, the E2 strength
is distributed broadly up to and including
the region of the giant quadrupole resonance
(GQR) observed in the inelastic scattering
of electrons, protons, and other ions.
The (ct, pp) studies have s'bown that + decay
from the E2 resonances is favored over pro-
ton decay, the total E2 strength observed
in the o-capture reactions being typically
10% of the isoscalar E2 sum rule. Recently,
it has been demonstrated that the, E2 strength
seen in (&, pp) follows fairly well the struc-
ture of the strength observed in inelastic
excitation in the regions where they over-

1 p I'2

In this work, we haye extended our earlier
stud of the reactions ' Ne(n, y, ) "'. Mg
to ''Si(u, y, )' ''S. The intensity of
the El strength was found to be much stronger
in ''Si(n, pp)'"S than in the 'Si(&,yp)''S
reaction, while the E2 intensity was compar-
able in the two reactions. The difference
in the El strengths might be due to the iso-
spin selection rule in a self —conjugate nu-.
cleus like S, which forbids El decay be-
tween T = 0 states. Hence, the El radiation
can occur only through isospin mixing. On
the other hand, there is no such selection
rule for isoscalar E2 decay, so these reac-
tions should be ideal for the study of the
E2 strength associated with the ctp channel.

The Si(o, , y )' S reaction has also been

studied by Meyer-Schutzmeister et al. and by
Foote et al. Xn Ref. 1 only two angular
distributions were measured and no particu-
lar emphasis was placed on extraction of the
E2 strength. However, Ref. 3 dealt directly
with E2 radiation and an E2 strength of 17%
of the sum rule was reported to be associ-
ated with the np decay. However, the abso-
lute cross sections given in these two pa-
pers differ by as much as a factor of three
and the present work attempts to resolve
this discrepancy.

II. EXPERIMENTAL PROCEDURE AND ANALYSIS

A detailed description of the experiment
is given in our earlier work. An ()t-parti-
cle beam from the Stanford FN tandem Van de
Graaff accelerator passed through self sup-
porting SiO foils and was then stopped 7 m
fram the target in a shielded dump. For .the''Si(o, y) reaction the ''Si was enriched to
99.84%%up. The target thickness was measured
by comparing the yield o f clast ically scat-
tered n-particles at Ez = 5 MeV and 8 = 30
with the calculated Rutherford cross sec-
tion. A thickness of 450 + 30 ug/cm of
SiO was found. A comparison of the observed

Si(n, na) and ' 0(n, n ) yields gave a Si:0
ratio of 1.00 + 0.03 or the Sip target.
For the ''Si(c y) reaction the target was
340 & 40 ug/cm thick and the Sip was enrich-
ed in 'Si to 95.55%. Some of the angular
distributions were measured with a somewhat
thicker target deposited on a Au backing
0.2 mm thick.

The capture p-rays were detected with the
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Stanford 24 cm x 24 cm NaI spectrometer'
placed at a distance of 54 cm f rom the tar-
get. The lead collimator of the detector
subtended a solid angle of 0.06 sr. Only. the
ground state transitions were analyzed in
both reactions, since the y —rays populating
the first excited states at energies of 2. 13
and 2. 24 MeV could not always be resolved
from lower-energy backgrounds. Additionally,
for the 'Si(a, y, )' S reaction the energy
almost coincides with that for the ' 0(&x,y,) Ne
reaction.

The yields of the ground state transi-
tions were obtained by fitting the y-ray
peaks observed in the spectra with a least-
square line-shape fitting program. The ef-
.ficiency of the detector was determined by
recording counts accepted and rejected by
the annular anticoincidence requirement of
the detector in separate analyzers and was
found to be 70/0. Small changes in the effi-
ciency due to varying y-ray energy and vary-
ing deadtime in the detector system (amount-
ing to less than 5/0) were taken into account.

Excitation functions were measured at
I35. and angular distributions at 34,

67.5, 90, 112.5, and 135, the sequence being
measured at least twice. In those cases
where the target was on a thick Pu backing,
spectra vere taken at 57' instead of 67.5'
in order to reduce the absorption of the
y —rays in the backing of the target which
was mounted at an angle of 75' . I n these
runs the yields obtained at 45 and 57' were
corrected for the absorption which was cal-
culated to be the order of 5%. The isotropy

' E„(Mev)

l2 16 20

ll ill ll ill l l l

of. the target-detector system was measured
with a ThC" source placed at the center of
the target chamber and was found to be
bet ter than l~g~.

The ground state angular distributions
were fitted by the expression'

fo(E2)E 'dE = 0.25 Z'A '&R'&
x

= 0.22 Z'W '~'
) b(Mev {3)

with &R & = (3/5)r A ' and r = 1.2 fm.o 0

III. RESULTS

A. The reaction 28Si(n, yo) S

The reaction 'Si(n, y, ) ' S (Q = 6.95 M V)
was studied over the energy range En = 5-16
MeV. Vlhen adjusted for the half thickness
of the target {about 100 keV at En = 7.5
MeV) this corresponds to an excitation-
energy range from 11.2 to 20. 9 Me&. The

W( 6) = (47I ) 'I (0 +O ) — {O -0.70 )PEl E2 El E2

-l. 7lo P4 — 2.68/o 0. cos5(Pl-P3) ] .E2 4 El E2

The cross sections 0 @l and 0 E2 denote the
total eros -" sect ions for capture through 1
and 2+ resonances, respectively, and 0 is
the phase dif ference ($& — (I) d) of the res-
pective p and d waves. The Pk are Legendre
polynomials. In the analysis the ef feet of
the solid angle of the. detector and the cor-
rection for the Doppler shift of the radia-
tion were both taken into account.

In order to assess the extracted El and
isoscalar E2 strengths we employed the fol-
lowing sum rules

fa ( El ) dE= 60 NZA ' Mey mb,
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FIG. 1. Top: excitation function at
8 = 135' for the reaction Si{n, y ) S.
The arrows indicate energies at which
angular distributions were measured.
Middle: the extracted El and. E2 total
cross sections for the (n, y, ) reaction.
Bottom: the E2 phase 5 relative to the
E' phase.
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FIG. 2. Typical angular distribu-
tions for the reaction Si(n, y, ) ' S.
The solid lines are f its obtained with
Eq. (10) .
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TABLE I. Average values of the cross sections in 'Si(o, , y, ) ' S
and ' Si(o, , y )' S.

AE
X

(MeV)

Si(n, y )
azl
(vb)

~E2 D, E

(MeV)

Si(()t, yp )

&El

(Vb}

0'E2

ll. 6 — 14.0
14.0 — 20. 3
11.6 — 20. 3

0
4. 3
4.2

0.87
0.37
0.53

11.1 — 16.0
16.0 — 19.3
11.1 - 19.3

22
11
20

0.67
0.49
0.62

excitation function at 6& = 135 is shown
in the upper part of Pig. 1. The average
step size was 200 keV. Throughout the energy
region studied the differential cross sec-
tion fluctuates strongly about an average
value which decreases from approximately
0. 3 pb/sr at low energy to about 0.1 pb/»
at high energy.

Angular distributions were measured at
the energies indicated by arrows in Fig. 1.
A representative set is shown in Pig. 2.
The angular distributions were analyzed by
means of Eq. (1) and the extracted para-
meters aEj, gE2, and & are shown in the lower
part of Fig. 1. It can be seen that the ob-
served El cross section fluctuates about an
average value of approximately 4 pb {see
Table I). The E2 strength, however, separ-
ates into two regions. The first centers
around 13 MeV with an average value of about
0.9 pb, whereas the second stretches from
14 MeV to 20 MeV at about 0.4 pb. This is
the region where the isosealar GQR is expec-
ted to appear (63/A'i ' = 19.8 MeV). The
phase scatters around 0 = 90', as has already
been observed in other g,-capture studies.
This behavior is discussed below in Section
IV. C.

If the o,-capture results are converted
into (y, n ) cross sections by detailed bal-0ance, the yield curve can be compared with
other photonuclear reactions such as' 'S( y, p }' 'I', ' " ' ' as shown in Fig. 3. Here
the (y, go) yield is obtained by detailed

1 4balance from the data of Dearnaley et al.
The region from E = 14-21 MeV is considered
to encompass the giant dipole resonance
(GDR). The center and the top of Fig. 3
show the o(y, z ) yield curve and the E2
strength, respectively. The integrated E2
strength observed within the exeitation-
energy range 11.6 to 20. 3 MeV amounts to
about 11.6% of the E2 sum rule of Eq. (3),
(see Table II). In the, same energy region'
the El strength is only 0, 9% of the corres-
ponding sum rule. This result will be dis-
cussed in Section IV.

Figure 4 gives a comparison of our results
with those of Refs. 1 and 3. The 90 exci-
tation function for Si(+,po) S of Ref. 1
is shown in the lower part of Pig. 4 to-
gether with the 90 . yields obtained from the
135 yield curve and the angular distribu-
tions measured in the present experiment.
Generally the cross sections reported in
Ref. 1 are smaller by a factor of about two.

The upper part of Fig. 4 shows the total
El cross sections reported in Ref. 3, to-
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PIG. 3. Top: the total E2 cross
section converted by detailed balance
to that for 3 S( () Qp ) Si. Middle: the
total dif ferential cross section at
6 = 135 converted to ' S(y, n ) Si.
Bottom: the total ditferentiaII. cross
section at 6 = 90 for ' S(y, pp }' 'I'
obtained by detailed balance from

'P(p, y ) S (Ref. 14).

gether with the corresponding data of the
present experiment (Fig. 1) . The latter,
plotted as triangles, are connected by a
dashed line which roughly follows the mea-
sured excitation function. Reference 3 does
not give a detailed excitation function;
instead angular distributions were measured
between Ect = 6.0 and 11.5 MeV in steps of
0.5 MeV. Some of the El cross sections of
Ref. 3 agree very well with our data, others
however are much larger. The shapes of the
angular distributions measured in Ref. 1 (at
8.3 and 10.0 MeV) and in Ref. 3 {at 6.5 MeV}
do agree very well with our results (see
Fig. 2). The angular distribution measured
at 8.3 MeV in Ref. 1 was found to be almost
pure dipole in charac ter and a total El
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FIG. 4. Top: the El cross sections
derived from 'Si(n, Y, )' S in the pre-
sent work compared with those of Ref. 3.
The dashed line is included to guide the
eye and follows roughly the (n, YD}
citation curve. Bottom: the 90' yields
in Si(n, Y~)' S obtained by adjusting
the 135' measurements by the measured
angular distributions in the present
work compared with the 90'. .yield curve
of Ref. l.

cross section of 4 pb was extracted. This
is to be compared with our value of 8.7 pb
and the one reported in Ref. 3 of about
12

Ve were not able to resolve these strong
disagreements. However, the NaI spectro-
meter used in these studies has been in
operation for several years in the study of
capture reactions and has given cross sec-
tions in agreement with those obtained in
other laboratories including results from
( Y, p) studies using bremsstrahlung; the ef-
ficiency is therefore well established.
Since the cross sections fluctuate strongly
with energy, it is possible that small dif-
ferences in the beam energy ean account for
some of the discrepancies. Also, the mea-
surement of target thickness or the beam
current integration may be at fault. Since
the present results were normalized to Huth-

erford scattering, they will be used in the
discussion in Section IV.

8. The reaction Si(0., pp) S

The reaction Si(n YQ) S (q 7 92 MeV)
was studi. ed over the energy range En = 4-15
Me V, which corresponds to an exc itat i.on-
energy range from ll to 21 MeV. The excita-
tion function taken in about 150 keV steps
at 8 = 135 is shown in the upper part of

YFig. 5. The n-energy scale has been adjus-
ted to the energy loss i~ the target (about
100 kev for the half thickness at 7.5 MeV).
Around Ex = 12.5 and 15 MeV two concentra-
tions of strength are visible with peak
cross sections up to 2 )jb/sr. Above 16 MeV
the cross section slowly decreases from an
average of about 0.7 pb/sr at 16 MeV to
about O. l pb/sr at 21 MeV.

Angular distributions were taken at those
energies marked with arrows in Fig. 5 and
analyzed in .terms of Eq. (1). In general
all the measured angular distributions were
similar and displayed a dominant sin 8 de-
pendence which is expected for pure El tran-
sitions. The extracted parameters are shown
in the lower part of Fig. 5. In the region
of the main (n, YQ) yield up to E~ = 16 MeV
the average relative contribution of the E2
strength underlying the dominant El radia-
tion is only about 3% or 0.7 pb (Table I).
In the hi;gher energy region there are fewer
points which give an average of about 0.6 pb.
This is the region where the isoscalar GQR
is expected to appear (63/A = 19 MeV).
The phase & stays fairly close to 90 re-
flecting the almost constant shape of the
angular distributions. If the yields are
converted to (Y, nQ) cross sections by de-
tailed balance, integration of the observed
E2 strength over the energy region ll. l to
19.3 MeV gives a total of 12.6% of the E2
sum rule of Eq. (3), (see Table II). In the
same energy region the El strength ia 3.2%
of the corresponding sum rule of Eq. (2).

The conversion of the results in Fig. 5
to the inverse reaction '"S(Y,n ) 'Si by
detailed balance preserves the main features
of the data and introduces only a mild
energy trend into the cross sections. To a
very good approximation the results for the
inverse reaction ean be obtained from the
cross section scales given on the right of
the figure.

IV. DISCUSSION

The existence of an isosealar E2 reson-
ance was predicted on quite general grounds

f&r„ (E2)/E dE

(% sum rule)
fa(E1)dE

(% sum rule)

0.88
3.2

fcr ( )E/2F 21E

(% sum rule)
AE

(MeV)
X

(MeV)

0 — 20. 3
0 — 19.3

11.6
12.6

11.6 — 20. 3
11.1 — 19.3

= 150
= 370

S
'4S

TABLE II. Integrated El and E2 strengths in ' S(Y,no)' Si and
'"S(Y,n~)' Si and total integrated E2 strengths based on a Hauser-
Feshbaeh ealeulation.

Nucleus
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FIG. 6. The E2 strength in ' S and' "S integrated over 2 MeV int, erval s ( in
percentage of the isoscalar E2 sum rule)
in the bound states and low-lying reson-
ances (Ref. 21) up to E = 12 MeV and in
the a, -decay channel (this work) above
12 MeV. Th region from 8-10 MeV in '"S
is unstudied.

FIG. 5. Top: excitation function at
8 =135 for the reaction ' Si(n, y~ ) ' S.
The arrows indicate energies at which
angular distributions were measured.
Middle: the extracted El and E2 total
cross sections for the (n, y, ) reaction.
Bottom: the E2 phase 6 relative to the
El phase. The ordinate scale given on
the right refers to the inverse reaction
"S(~,n ) Osi.

by Bohz' and Mottelson at an exci;tation
energy of 63A ' ' MeV. Shell-model calcu-
lations''' ' based on lp-lh excitations,
carri'. ed out for spherical nuclei such as

0, "'Ca, Zr, and Pb, also show the
GQR at about the same place. Moreover it
was predicted that the major part of the
E2 strength should fall within a narrow
regi. on. In heavy nuclei these predictions
are supported by the distributions of E2
strength. observed in tbe various inelastic. -

scattering experiments.
However, in tbe light nuclei (A &~40) a

somewhat different picture emerges from the
observations made by capture reactions. ~

The observed isoscalar E2 strength in the
light nuclei is spread over a large excita-
tion energy region and only part of it ap-
pears to be concentrated in the GQR in a re-
gion somewhat below the expected location+
It is well known that tbe first excited 2
state (in heavy nuclei, as well) carries a
substantial amount of E2 strength (up to
20/p of the isoscalar E2 sum rule). In the
light nuclei additional E2 strength is found
in higher excited bound states, as well as
in the low-lying resonance levels. Thus, a
considerable portion of the E2 sum rule is
exhausted below the GQR.

This picture is exemplified by ' S and''S. Tbe data are summarized in Fig. 6,
where the total amount of known E2 strength
integrated over 2 MeV wide intervals is
plotted as a percent of the E2 sum rule for

the bound levels, ' tbe low-lying resonance
levels, ' and the (y, no) process. The ar-
rows mark the. predicted center of the GQR at
63A —'~' Me%. It can be seen that tbe ob-
served E2 strength in beth cases is spread
over the entire energy region and tends to
zero at the center of the expected GQR. The
observed strength is approximately 45% of
tbe sum rule in ' S and 34%%u~ in ' "S (in this
case there is an appreciable gap in the ob-
servations) . Concentrations of E2 strength
do emerge in these nuclei in a lower and
upper region, but it is clear that the pic-
ture must be essentially different from
that in the heavier nuclei, even when ac-
count is taken of the fact that in the upper
region only the strength in tbe no channel
i.s plotted. This spreading of the E2
strength is also observed in the inelastic.
scattering experiments which however empha-
size the high end of tbe spectrum (the GQR)
since they measure the total E2 strength.

A. The decay of the GQR

We now investigate this question of the
other open channels in the decay of the GQR.
If it is assumed that the n-capture reaction
excites only the compound nuclear (CN) part
of the GQR, which in turn decays into chan-
nels in a purely statistical way, then it is
possible to derive the total absorption
cross section for isoscalar E2 radiation

(E2) with the theory of Hauser and
Pesh ach:

ctot(E2) = (T /ZT. )-'g(y, n ),
0

where 0(y, n~) is the measured cross section
and T~ denotes the transmission coefficient
for decay into one of the various p, n or n
channels shown in Fig. 7 for S and ' S.

The transmission coefficients T~ were
calculated with the computer code ABACUS
and standard optical model parameters. The
ratio Tc jETi thus obtained is shown in
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FIG. 7. Energy level diagram for S
and '"S, showing that many more neutron
channels are open for decay to ''S than
to ''S.

I I I I I I I I I I10'-

Fig. 8 as a function of energy for both ' S
and ''S. Since the neutron channel for ' S
o ens at 11.6 MeV (compared to 15.2 MeV for

S) the ratio is smaller i' or ' "S throughout
the energy region investigated. This leads
to the interesting r'esults for fcoto&(E2)/E dE
shown in Table II. For ' S the assumption
that 0(y, o, ) is all compound gives an inte-
grated strength that i.s about 50% greater
than the E2 sum rule, which would suggest
the presence of a direct or semidirect yield
in the E2 component of a(y, go) in ' S. In
the case of '4S the assumption of a purely
compound pr'oeess leads to a total strength
well over three tines the sum rule, which
clearly indicates a dominant noncompound
component in o(y, no) in the E2 strength of
'4S.

B. Configurations of the GQR

It is clear that the distribution of iso-
scalar E2 strength in light nuclei is quite
different than that of the El strength in
the same mass region. In the latter case,
only very little El strength is observed be-
low an ene~-gy of approximately 15 MeV, the
major strength being found in the region of
the well known GDR. Thus, the theoretical
calculations based on lp-lh excitations of
the 1~M type (Fig. 9) are quite successful
in describing the dominant features of the
GDR. As mentioned above, one approach to
calculations of the GQR has been to simply
extend the method of the GDR and use lp-lh
excitations of the 2&v type (Fig. 9). It is
not surprising that the general result of
these calculations is similar to that for
the El distribution in placing the major
strength in a compact peak at a systematic
location in all nuclei. It is obvious that
the experimentally observed E2 strength in
light nuclei which spreads out -over an energy
region up to the expected location of the
GQR cannot be described by considering only
lp-lh exeitations.

%hat then is the cause of the spreading
and lowering of the E2 strength in the light
nuclei and also of the prominence of the u
decay~ It is clear that more complex exei-
tations such as 2p-2h (see Fig. 9), 4p-4h,
etc. should be included in the calculations.
Indeed, calculations of the E2 strength in

0 including 2p-2h excitations show a
very pronounced spreading downward of the
E2 strength. Such configurations would also
favor direct emission of complex particles
such as deuterons and alphas, as discussed
in Section IV. A above.

The importance of the n-decay channel has
also recently been shown in measurements
which detect the decay products of the GQR
in coincidence with the particles which
excite it inelastically.

C. The phase difference 6

As pointed out above, the phase di f ference
scatters about an average value of 90'.

This result probably can be attributed to '

the presence of unresolved fine structure
underlying the observed intermediate

I—'

C)
t5I—

I I I I I I I I I I

12 14 16 18 20

E„(vevj El
E2

FIG. 8. Percentage of decays in the
n channel for S and '"S as calculated
from Refs. 22 and 23.

FIG. 9. Schematic diagram of oscil-
lator levels showing possible El and E2
transitions in nuclei.
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structure. The resulting energy averaging
og Eq. (1} then leads to leos 6& =—0. . A
model of this fine-, structure averaging, ana-
lyzed with a computer, indicates that the
energy averaged values obtained for 0(El)
and 0(E2) are reliably given in the analy-
sj s'.

D. Isospin mixing in the GDR

In a sel f-conjugate nucleus like ' S the
GDR has J~ = 1 and T = 1, which allows de-
cay into the c channel only if it is mixed
i.nto states wi h J = 1 and T = 0. On the
other hand, there is no such restriction for
a non-self-conjugate nucleus like '"S.
Thus a comparison of the El radiations from
the two reactions ''Si(g, yo}''S and
''Si(z, y )'"S is a very useful way of study-
ing the amount of isospin mixing within the
GDR. The results obtained from the cross-
seetion measurements and the angular dis-
tributions can be summarized as follows.
The average differential cross section of
~881(c,y )3~S is about 0.25 ub/sr (Fig. 1.).
The shapes of the angular distributions are
mainly d ipole in character, but at some
energies there is a rather strong contribu-
tion from E2 radiation (Fig. 2) . The analy-
sis in terms of El.and E2 amplitudes gives
an average ratio of &y& /cr&2 =—8 (Table I)
which becomes 0.08 in )erms of the respec-
tive sum rules in the inverse reactions
(Table II). On the other hand, the reaction
''Si(g, y )'"S has a much larger average
cross section of about 1 pb/sr and all the
angular distributions display an almost pure
dipole character of the form W(e) ~ sin e.
The analysis gives an average ratio of
az&/o'z2 -=- 32 (Table I) which becomes 0.25
in terms of the sum rules (Table II). Since

the E2 strength is about the same in both
eases, the difference in the two reactions
is due to the larger El strength in "S
(3.2%} compared to 3 S (0.9%) as given in
Table II. This result can be attributed to
the isospin selection rule given above, and
would indicate that isospin is important in
these nuclei. . A similar result and conclu-
sion wa. s obtained for the " .

Mg nuclei.

E. Configurations of the GDR

The weakness of the El strength in' "S(y, oo) ' 'Si (3.2/0 of the. sum rule) eomp-
pared to the relative E2 strength (12.6~&o of
the sum rule) supports the discussion above
on the different character of the GDR and
GQR in these nuclei. .It was noted that the
GQR was spread out and had a relatively
large o, width which could be explained by
strong mixing of np-nh configura. tions into
the basic lp-lh excitations. The GDR, on
the other hand, is more compact and has a
much smaller n width which is consistent
with a purer lp-lh configuration. This pic-
ture is supported by the known evidence in
the light nuclei. The lp-lh description of
the GDR also extends to the heavy nuclei,
but as yet the evidence on the GQR is not
complete enough to establish its basic
character.
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