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Z. M. Szalata, * K. Itoh, ~ G. A. Peterson, and J. Flanz
Deparment of Physics and Astronomy, University of Massachusetts, Amherst, Massachusetts 01003,

S. P. Fivozinsky, F. J. Kline, J. W. Lightbody, Jr., X. K. Maruyama, and S. Penner
Center for Radiation Research, Nationa1 Bureau of Standards, Washington, D.C. 20234

(Received 29 August 1977)

Electrons at five energies between 60 and 120 MeV were used to study the giant electric-dipole and

-quadrupole resonances in Ne. Prominent electric-dipole peaks were found at 17.7, 19.1, 20.2, and 23
MeV in, good agreement with photoreaction results. In addition our analysis reveals weaker fragmented
electric-dipole strength in the region between 12.5 and 15 MeV. Prominent electric-quadrupole peaks were

found at 13.0, 13.7, and 16.2 MeV, and a broad peak was found from 14.2 to 15.9 MeV. Two different

analyses reveal a broad quadrupole excitation between 16 and 25 MeV. The dipole and quadrupole
resonances deplete about 65% and 100% of the energy-weighted sum rule, respectively.

NUCLEAR REACTIONS Ne(e, e'), E= 59.5, 84.7, ' 89.8, 109.6 ~ 119.7 MeV, @=0.85 I

-0.9 fm" ~, enriched gas target, measured 0 (E'8) up to 25 Me7 in excitation en-
ergy; deduced dipole and quadrupole strengths in giant resonance region.

I. INTRODUCTION .

In medium to heavy nuclei recent studies show

that isoscalar giant electric-quadrupole reson-
ances (GQR's) are located in a rather narrow ex-
citation energy region at about F, = 63/A'~ MeV
just below the well-known giant electric-dipole
resonance and that they exhaust from 50 to 100 /p

of the quadrupole energy-weighted sum rule
(EWSR)." In nuclei l.ighter than 'OCa consider-
ably broader isoscalar GQR's have been found"
which seem to have two major, components, one
near 63/A'~' MeV, and one at a lower energy.
Each component exhausts a considerable fraction
of the EWSR. For example, in the case of "O,
radiative proton capture4 and electron scattering
experiments' show a diffuse GQR near 63/A' ',
whereas the radiative capture of ~ particles ex-
cites the lower energy component. " On the
other hand, both components have been observed
by means of inelastic z-particle scattering. '7

This broadening of the isoscalar GQR in light
nuclei has drawn theoretical attention, and at-
tempts at explanation have been made in terms of
two-particle, two-hole admixtures to the conven-
tional one-particle, one-hole configurations. "

The GQR of the relatively light s-d shell nucle-
us ' Ne has also been a subject of inelastic o.-
particle scattering experiments. When 96.6 and
115'Me V a particle s were used, ' the isoscalar
GQR could not be seen because it was too broad
and diffuse, but when 150 MeV o. particles were
used, Knapfle et al.' were able to observe a dis-
tinct GQR with a concentration of strength be-

tween 18,1 and 28.2 MeV which exhausted about
35% of the EWSR.

The giant electric-dipole resonance (GDR) of
"Ne has also been studied by several methods.
Several relatively well-resolved transitions be-
tween 18 and 23 MeV have been found by (e, P), '0

(p, y),"and (y, n) '" studies. The gross struc-
ture of the GDR in ' Ne as observed in the (p, y)
experiment" is reasonably explained by a recent
microscopic study using projected one-particl. e,
one-hole configurations in a deformed Hartree-
Fock basis. ' The ' Ne GDR cross section inte-
grated up to 28 MeV has been reported to exhaust
onl.y half of the dipole E~R. 2'~

In this paper experimental results are presented
on the inelastic scattering of 60 to 120 MeV elec-
trons from "Ne in which well-resolved transitions
of both electric-dipole and -quadrupole character
were observed in the excitation energy region
from 11 to 25 MeV. Both the GQR and the GDR
have strength throughout the entire energy region.
Mul. tipolarities were established and transition
strengths were obtained without making assump-
tions about an arbitrary quasielastic continuum
underlying the resonances.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the 140 MeV
electron linear accelerator facility of the National,
Bureau of Standards. Five incident energies and
three scattering angles were used: 59.5 MeV (75'),
84.7 MeV (127.5'), 89.8 MeV (75'), 109.6 MeV
(110'), and 119.7 MeV (75'). The two measure-
ments at 84.7 and 119.7 MeV were at essentially



Z. M. S ZA I, ATA et

an't.

III. ANALYSIS

The raw data were corrected for counting
losses, spectrometer dispersion, backscattering
in the detector hodoscope, detector efficiencies,
and current integrator drifts. Elastic scattering
cross sections were normalized to resu1. ts of
phase shift calculations" using a two-parameter
Fermi model charge distribution" with g =2.81 fm
and t =2.51 fm. A typical bin-sorted spectrum is
shown in Fig. 1, where the elastic radiation tail
is also indicated. The spectra contain both longi-
tudinal and transverse excitations, although the
latter are small at forward scattering angles.
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the same momentum transfer and were used to
separate the form factor into longitudinal and
transverse components.

The target was 99.9% isotopically pure "Ne gas
contained in a 350 cm' sealed-off rectangular
target cell" pressurized to about 10 atmospheres.
The entrance, exit, and side windows were made
of stainless steel of thickness 12, 26, and 120
mg/cm', respectively. The empty cell background
was found to be less than 1/& of the foreground
cross section in the giant resonance region.

Scattered electrons were detected by a threefold
coincidence hodoscope pl. aced in the focal plane of
a double-focusing magnetic spectrometer. The
first part of the hodoscope consists of 48 lithium-
drifted solid-state detectors, which can be moved
along the focal plane thus averaging out differences
in detector efficiencies. Behind these detectors
are a scintiHation counter and a Ce'renkov counter.
The relative detector efficiences for the 48 solid-
state detectors were determined by normalizing
the elastic peak areas observed in each detector
to their mean vat. ue. Details of the detector sys-
tem can be found elsewhere. ""

After the elastic radiation tail" was subtracted,
a bin-by-bin unfolding procedure was carried out
to remove radiative effects from the inelastic
spectrum. "~' Contributions to the tail from the
thick-target radiative processes and electron-
electron scattering were also included.

In the first Born approximation, the differential
form factor ~W (q, &u)~' for the excitation energy u
can be written"'"

d
iW(q, &u)i = Z'cr

= 4 IWi(q, ~)l'

2
+ ", +tan' — W'~ q, w ',

2q

where W~(q, u) and Wr(q, m) are the longitudinal
and transverse differential form factors, respec-
tively, q& the four-momentum transfer, q the
three-momentum transfer, 0 the scattering angle,
and o „is the e1.ectron-nucleus scattering cross
section for a point nucleus with unit charge. The
usual form factor F(q) is related to the differential
form factor W(q, &u) by

l~(o)I'=J l~(», )I'&~

The spectra of the two data sets 119.7 MeV (75.4')
and 84.7 MeV (127.5'), which have equal momentum
transfer at the excitation energy w =17 MeV, were
separated bin by bin into longitudinal and trans-
verse components by using Eq. (1).

Figure 2 shows the longitudinal and transverse
spectra for 119.7 MeV (75.4'). The transverse
component is small. as expected, i.e., of the order
of 10% of the longitudinal component at this for-
ward angle. As can be seen from Fig. 2, there
are no prominent transverse resonances except
the magnetic dipole excitation at 11.2 MeV. 23
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FIG. l. Spectrum obtained by scattering 89.8 Me7
electrons through 75.3 from Ne. Dashed curve shows
the elastic scattering radiation tail.

I'lG. 2. The radiatively unfolded longitudinal (solid
points) and transverse (open circle) differential form
factors in the giant resonance region of Ne obtained
by scattering 119.7 MeV electrons through 75.4'. The
transverse form factor p~(6)W'q (q, cu) was obtained
by a matching-q experiment.
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In order to remove the transverse contributions
from our other spectra we must make an assump-
tion about the q dependence of the transverse form
factors. %e have used the transverse part of the
Fermi gas model. ' This choice is based on the
observation that a number of different possible
models predict from factors with quite similar
q dependences over the q range of our data. For
example, had we used the generalized Goldhaber-
Teller model including the spin-isospin mode in-
stead of the Fermi gas model to subtract these
transverse contributions, none of our longitudinal
form factors would have changed more than f/~

from the values presented here.
The spectra were decomposed into Coulomb

dipole and quadrupole resonances by two indepen-

dent methods: (A) the method of subtraction of the
photoreaction dipole cross sections from the

(e, e') spectra, and (8) the method of multipole
expansion. ""

A. Subtraction of photoreaction cross sections

The GDR of "Ne has been studied by means of
(e, P), '0 (p, y), '~ and (y, n)" ~~ reactions by several
investigators. Recently %oodworth et a/. have
measured photoneutron cross sections for ' Ne,
and have estimated the total photoabsorption cross
sections by adding their (y, n) cross sections to
the (e, p) cross sections obtained by Dodge and
.Barber, "

The total. photoabsorption cross section o(&u)
ean be related to the form factor by using the
relation"

I
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FIQ. 3. The longitudinal differential form factor of
20Ne obtained by scattering 119.7 Me& electrons through
an angle of 75.4 is shown by the points with error bars.
The dipole contribution obtained as described in Sec.
IDA is shown by the solid curve, and the residual con-
tribution ls shown by the dashed curve.
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tion to an electron scattering cross section, using
Eq. (4). One such spectrum of the photoabsorp-
tion spectrum is shown by the solid line in Fig. 3.
As expected, the extrapol. ated photoabsorption
cross section alone does not account for the whole
experimental spectrum. The residual cross sec-
tion obtained by subtracting the photoabsorption
contribution is shown in Fig. 3 by the dashed line.
The q dependence of this residual form factor
spectrum summed from 16 to 26 MeV exhibits a
quadrupole character, as shown in Fig. 4. A use-
ful measure of the results of these decompositions
into multipolarities is the energy-weighted sum

r
I +1

o((o)d(o = (2v)'n Q )(2 l), , pI =-1

xsam'~ 'B(CL, (u),

where the longitudinal reduced matrix element
B(CL, &u) is related to the form factor by (0-5—

Combining Eqs. (2) and (3), a. direct relation be-
tween the photoabsorption cross section and the
form factor at the photon point (q= &a) is obtained
for I.=l:

o((u)d&u=4v'Z'o.
I F,(q=~)I',(ke)2

(d
(4)

where E(q =~) represents the converted photoab-
sorption GDR data.

The Goldhaber- Teller model"" was used to
extrapolate the q dependence of the cross sections
for each energy bin above 16 MeV, after con-
verting the available photoabsorption cross sec-

a I s I I I 4 l a I s

0.2 GA 0.6 0.8 I.G

FIQ. 4. The longitudinal form factor integrated from
1'6 to 26 MeV is shown by the open circles and the resi-
dual form factor obtained by the subtraction of the dipole
form factor is shown by the black circles. The resi-
dual form factors can be explained by quadrupole ex-
citations. The curve labeled QT (SJ) is the dipole form
factor calculated using the Qoldhaber- Teller (Stein-
wedel- Jensen) model.
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rule (EWSR). The isoscalar EWSR expression'"
for multipolarity Lfor I. =- 1 is

SL = Z(d8(CI. , e)

1.(21.+1)' O' Z' .,( 2L 2)
47 2sg A

where

(,2L -2) r ' 2I&(r)re .

The dipole isovector EWSR is given by"
9 8 NZ

47 2jij A

and the monopole EWSR is given by
"

2A'
Ze (2 ).

&r

A ground state two-parameter Fermi charge dis-
tribution'" was used in calculating SL, and the
values obtained ar e 74.3 t." fm' M eV, 3.80 x 10' e' fm'
MeV, and 5.3x 10' g'fm' VeVforthe dipole, quad-
rupole, and the monopole excitations, respec-
tivel. y.

If one assumes that the residual spectrum from
16 to 25 MeV of Fig. 3 arises from quadrupole
contributions, the reduced transition probability
B(C2) is 101 «' fm', and 57% of the isoscalar C2
EWSR is exhausted. There may be other niulti-
polarities present, and therefore the value of
II(C2) obtained should be considered to be an

upper limit.
There are several assumptions and ambiguities

contained in the above analysis. Firstly, the
photoabsorption data obtained from Fig. 8 of Ref.
12 were assumed to be dipole only. Secondly, the
Ref. 12 data are not consistent with another (y, n)

expe rim ent, "which show s highe r c ross sections
around 25 MeV, and which would tend to decrease
our quadrupole estimates at high excitation en-
ergies. Thirdly, the photoabsorption data are
of different resolution than the present experi-
ment. Finally, we have used the Gol.dhaber-Teller
model to obtain the qdependence of the dipole
excitation. If we had chosen to use the Steinwedel-
Jensen model, "our quadrupole form factors
would decrease by as n&uch as 10/o.
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and quad rupol e exc betatron s,
2

Ill'(q„~;)I'=Q

eel�

&~(&. ~ )I' (8)
X=1

where the n), are fitting parameters determined
by the method of least squares, ~.e.,

,gl

l1(q„(u, ) —
l W(q„(u, ) l' l'

(9)2 7
f) Ply a,~k=1

where 6' is the number of data points, y(q~, &,.) are
the experimental form factors, and g,.„are the
errors of the form factors at excitation energy
I~. and momentum transfer q„. We assumed thatt

multipole excitations of order higher than quad-
rupole are small, and hence were neglected for
the relatively low momentum transfers of this
experiment. Different size data bin widths gave
similar results when the spectra were expanded
into multipoles.

This method of multipole expansion requires an

B. iVultipolc expansion

In order to avoid the above assumptions and
an&bigmities, the continuum spectra were decom-
posed for each energy bin by a recently developed
multipole expansion method. '"' " It was assumed
that the form factors in each bin coulc1be expressed
as the linear combinations of longitudinal dipole

FIG. 5. The longitudinal differential form factor of
2 Ne at various momentum transfers. The points with
error bars show the experimental results. The thin
cuxme shows the dipole form factor and the thick curve
shows the quadrupole form factor obtained by the mul-
tipole expansion method. The occasional error bars on
the Cl and C2 curves indicate statistical errors only.
Ill addition there are model dependent and unexplored
cyst( matte errors
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( )
r. -i pod (r)

tr dy (10)

where po(r) is the ground state charge density.
In calculating the q dependence for each multi-

pole, distorted-wave Born approximation (DWBA)
calculations were performed using the ground
state parameters" c„=2.81 fm and t&, = 2.51 fm
for the dipole transitions. For the quadrupole
transitions we used c„=2.81 fm and t„=2.44 fm
which were reported to give the best fit for the
first 2' (1.625 MeV) state. " Figure 5 shows the
result of the multipole expansion. As can be seen,
quadrupole strength is revealed throughout the
spectrum, in rough agreement with the results of
Sec. III A. In addition, the multipole expansion
analysis indicates a more highly structured spec-
trum below 18 MeV which is of quadrupole charac-
ter. The broad peaksat 17.7, 1S.1, 20.2, and 23
MeV are due to dipole resonances, in good agree-
ment with photoreaction results. Other electric
dipole peaks were indicated between 12.8 and 15.3
MeV by the multipole expansion method.

Figure 6 shows the longitudinal form factor
squared integrated from 10 to 25 MeV. The
B(CL) values and the percentage of the EWSR for
the corresponding resonances are given in Tables

~ I ' I
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a I I I I a

0.4 6.6 0.8 1.0
q(fm ')

1.2

FIG. 6. The results of the multipole expansion method,
showing the longitudinal form factor squared integrated
from 10 to 25 MeV. The dashed, dash-dotted, and
solid lines are dipole and quadrupole components, and
their sum, respectively.

assumed q dependence for each Coulomb multipole.
We used the Goldhaber- Teller model for the dipole
resonance and the Tassie model for the quadru-
pole excitations. Both models have the same func-
tional form for the radial transition charge den-
sity:

I, II, and III. As indicated in Tables II and III,
the GQR exhausts the isoscalar quadrupole EWSR
if the low-lying states are included. The GDR
exhau sts tw o- thi rds of the EWSR, in agr cement
with photoreaction results. "

We have also investigated the C1 model depen-
dence of the multipole expansion by using the
Steinwedel-Jensen (SJ) model" "in place of the
Goldhaber-Teller (GT) model. "" In the SJ
model p, =rpo(r). The effect of using the SJ
model is to increase the dipole resonance part of
our spectra and to decrease the quadrupole part
with respect to the GT results. As indicated in
Table I, the quadrupole cross section from 18 to
25 MeV is reduced by 20%.

The results of both the multipole expansion and
the photoreaction subtraction methods depend upon
the subtraction of radiation tails, which are large
at low q, e.g. , see Fig. 1. Because the dipole
form factors are also large at low q, as can be
seen in Fig. 6, they are especially sensitive to
the error in the subtraction of the radiation tails.
However, experience in other experiments" with
the apparatus of this experiment, "'"as well as
the agreement found with the photoreaction re-
sults, " lends confidence to the methods used in
subtr ac ting the radiation tail. ""

IV. DISCUSSION AND CONCLUSIONS

Our multipole expansion results indicate that
41/~ of the isoscalar quadrupole EWSR is ex-
hausted by the strength in the region between 10
and 18 MeV (largely due to the prominent peaks
at 13.0, 13.7, 14.5, 15.0, and 15.4 MeV) and 50%
in the region between 18 and 25 MeV. Thus the
isoscalar EWSR is almost exhausted. In Table
III, we show that our results indicate more quad-
rupole strength than was found in the 150 MeV
cy-particle scattering experiment.

Since our estimated EWSR quadrupole strength
between 12 and 16 MeV is larger than other (e, e')
results on neighboring nuclei, ' and the CO and C2
form factors are similar at low q, we have es-
timated how much the monopole EWSR is depleted
if we assume that all of the quadrupole cross sec-
tion is actually monopole. The monopole values
are also given in Table III. It is noted that a 0'
state in "Ne at 16.72 MeV was found in
"F(I/, y)"Ne, "0('He, n)"Ne, and "Ne(p, t)ooNe

reactions. "" However, we could not distinguish
a monopole excitation from a quadrupole excita-
tion.

In conclusion, the present analysis shows quad-
rupole strength throughout the spectrum. Between
18 and 25 MeV about 50% of the isoscalar EWSR
is depleted. In addition, the GQR shows consider-
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TABLE I. Reduced transition probabilities B(CZ,)t obtained by (A) photoreaction subtraction
and (B) multipole expansion using the Goldhaber- Teller model and the Steinwedel-Jensen
model (square brackets) for the B(C1)t and the Tassie model for the B(C2) t. Model errors
are not included.

(MeV)

Dipole reduced transition probabilities
A. Photoreaction subtraction (Ref. & 2) B. Multipole expansion

a(C1)& a(C1)&
(e' fm') (e fm)

10-16

16-25

16—17.2
17.7
19.1
20.2

20.9—25.0

1.65 + 0.13

0.16
0.29
0.34
0.33
0.53

0.33 +0.02
[0.35 ~ 0.02]
2.1 + 0.1

[2.2 ~0.1]
0.17 k 0.02
0.20 + 0.02
0.33 +0.03
0.43 + 0.04
0.99 +0.10

Quadrupole reduced transition probabilities
A. Photoreaction -subtraction B. Multipole expansion

a(C2) t a(C2) t

(M~V) (e' fm') (MeV) (e' fm4)

1.63
7.80
10-16

16—25

188 k9 ~

18.1+0.9
128 +19

119 +18

10—18

10.4-11.2
11.9
13.0
13.7
14.5, 15.0, 15.4

16.2
18—25

110+5
[105~5]

10 +1
11+1
19+2
17 +2

30+3
24+2
88 +5

[72+5]

Obtained by using Helm model (Ref. 24) in a comparison to the elastic scattering.

Dipole
Present results

S~ (Isovector)
(Vo)

&x
(MeV)

Photoreaction
S& (Isovector

(%)

.10—15.6
11.2
12.8
13.4
14.1
14.7
15.3
15.6-25.0
15.6-17.2
17 ~ 7
19.1
20.2
20.9—25.0

6.0 +4
0.39
1.0
F 1
1.2
1.4
0.91

59 +3
3.6
4.8
8.3

11.7
30.6

3.5
6.9
8.6
8.8

16.1

TABLE II. The percentages of the electric-dipole
isovector energy-weighted sum rule S~ (Isovector) as ob-
tained by the multipole expansion method, in comparison
with the results of photoreactions. Model errors are not
included.

able fragmentation between 11 and 17 MeV, al-
though the presence of some monopole strength in
this region cannot be excluded. Thus the quadru-
pole. strength in "Ne spreads over a wide energy
region and is not concentrated in a mell-defined
GQR as in medium and heavy nuclei. This seems
to be a feature of other light nuclei.

Ari excited core model calculation for "Ne,
wherein the low-lying excited states of the valence
nucleons are coupled to the giant multipole re-
sonance of the "0 core, was performed by

Knupfer et al." We have compared the results of
this calculation with our experimental results in
Table III. One of the characteristic results of
this calculation is the sphtting of Co and C2
strength into a higher and a lower energy cornpo-
nent (14 and 21 MeV), which is in qualitative
agreement with the present experimental results
as well as the results of (n, n') experiments. The
splitting of the GQR in deformed nuclei such as' Ne has also been examined by the coupling of
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TABI K III. The percentages of the electric-quadrupole isoscalar energy-weighted sum
rule 82 (Isoscalar) as obtained by the multipole expansion method, in comparison with (e, 0.')
results (Ref. 7), and calculations using an excited core model (Ref. 35). Results are also
given assuming the excitations were of monopole rather than of quadrupole character. Model
errors are not included in the present results.

Present resultsg„S~(Isoscalar)
(MeV) (%)

Quadrupole
(0. , e')

8& (Isoscalar)
v) (%)

Theory
g„S& (Isoscalar)

(Me V) (%)

1.63
7.80 .

10 18
10.4-11.2

13.7

14.2-15.9
15.9-18.0
18-25

8.2 +0.5
3.7+0.3

41 +2
2.8

1.63

12.9-16.4

15.2
16.4
18.1-28.2

6

35+8.7
~5

15-29
15.8
21..1
23.5
25.5
26.1
27.2
28.1
28.9

29.8
7.9
8.9
1.1
4.0
4.1
0.19
2.9
0.66

Monopole (isoscalar and isovector)
&x

(MeV)

10-18
18-25

15-30
15.0
25.2
26.6
29.9

40
6.5
3.3

277
2.4

monopole and quadrupole excitations. "
Recellt 1 RIldolll pllRse RpproxllllRtl011 (RPA} cRl.—

culations' with strong two-particle two-hole cor-
relations indicate a large spreading of the'GQR
of "0 in agreement with experiment. The
spreading of the upper part of the GQR in ' Ne

might also be explained by these mechanisms,
Rltllollgll fill'illel' theopetlcal studies fol' Ne Rre
needed.

The giant dipole resonance shows peaks at 17.7,
19.1, 20.2, and 23 MeV, in good agreement with
photoreactions. A comparison of our results with
the Hartl ee-Pock calculations of Bassiehls and
Scheek" shows no particular correlations between
energies but agreement with their calculated
strengths. In addition, there is fragmentation be-
tween 12 and 15 MeV as indicated by the multipole
expansion method. These dipole resonances lie
between the proton and neutron threshold energies
at 12.8 and 16.9 MeV, respectively, The GDR
cross section integrated from 11 to 25 MeV con-
tained about two-thirds of the dipole K%SR, again.
consistent with currently available photoreaction
data.

Both analyses presented in this paper are, of

course, model dependent, %e have shown that
using the SJ model instead of the GT model for
the dipole resonance in analysis A changes the
calculated quadrupole strengths by up to 20%.
Similar changes occur in our method B analysis.
%e have not systematically investigated the effects
of other changes in models or of changing param-
eter (0 and i) values within a given model, but

we believe that the: total model dependencies of
our deduced resonance strerigths range from about

30%%u&& for the strongest peaks to above 50%%u& for the
weaker peaks.

p70te added in proof. Abgrall et aL38 have re-
cently used the generator-coordinate method to
study the coupling of monopole and P and y quad-

rupole T =0 vibrations in sd-shell nuclei. I'or
' Ne they find a splitting due to nuclear deforma-
tion of the F2 strength into a lower and a higher
energy component which exhaust about 26 j& and

47/& of the K%SR, respectively, quantitatively
similar to the results of the present experiments.
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