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Isotopic dependence of the giant quadrupole resonance in the stable even-mass molybdenum
nuclei
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Inelastic scattering of 110 MeV 'He particles is used to probe the quadrupole strength in the even Mo
isotopes. The peak position of the giant quadrupole resonance is found to decrease more rapidly than
predicted by the A '" law, a behavior very similar to that exhibited by the photonuclear giant dipole
resonance. The width and strength of the giant quadrupole resonance are practically constant in "Mo
through ' Mo.

NUCLEAR REACTIONS '9 ' '~ '~ Mo( He, He'), E=110 MeV: Measured
o.(E, 8). Position, width, and strength of the giant quadrupole resonance de-

duced.

An essential feature of multipole giant reson-
ance in nuclei is the smooth dependence of their
excitation energy and strength on the mass num-
ber A. . Various collective models' predict an ex-
citation energy E„-80x A ' ' MeV for the isovector
electric dipole resonance (GDR) and E„-60 x A '~'

MeV for the isoscalar giant quadrupole resonance
(GQR). The strength of these two modes of exci-
tation are usually assessed via the following ener-
gy weighted sum rules'.

NZ
$ =" ='(El)= o(E)dE= 6x (Me—V-fm'),

~I

S'="='(E2)- P (E E )P'

—= 525 x (MeV- fm'), (2)
1

Ar
where N and Z are the neutron and atomic num-
bers, (E„-Eo) and P„are the excitation energy and
deformation parameter of the nth 2' state, and
(r') is the mean square radius of the ground state
mass distribution.

Data accumulated in recent years indicate" that
these laws can reproduce the gross behavior of
E„and S~i for A) 40 nuclei where one expects the
hydrodynamical model to be valid. Deviations
from these simple laws for the GDR are rather
dramatic in Mo and are probably the largest mea-
sured so far (see for example Ref. 5). Our inter-
est in the present work is to investigate the evo-
lution of the form, position, and strength of the
GQR in the Mo isotopes. Previous (n, n') work'
was limited to three isotopes only and hence the

trends as regards energy and strength were not
fully illuminated. The peak broadening of the
GQR in the transition from spherical to deformed
nuclei near the isotone number N = 88 was a subject
for several measurements. ' However, in con-
trast to pronounced broadening observed in the
GDR case, the available experimental data indi-
cate small effects for the GQR. Simple models
predict that the peak broadening of the GQR is in-
deed a factor of -2 smaller than that observed for
the GDR,"i.e. , of the order of 1 MeV.

A beam of 110 MeV 'He particles from the
Grenoble variable-energy cyclotron was used
to bombard self-supporting foils of ~'Mo (4.0 mg/
cm'), "Mo (0.80 mg/cm'), "Mo (4.4 mg/cm'),
"Mo (0.48 mg/cm'), and '"Mo (4.0 mg/cm'). All
targets were enriched to -98% in the appropriate
isotope and their thicknesses were carefully de-
termined using an n source. Energy spectra of
the scattered 'He particles were detected at for-
ward angles (5'-40' in lab system). The spectra
shown in Fig. 1 were taken with a delay-line
multiwire proportional counter" mounted in the
focal plane of a. QSD spectrometer. Two plastic
scintillators mounted behind the wire counter gave
time of flight information. This setup gave clean
spectra. The energy resolution was typically less
than 100 keV.

The spectra of Fig. 1 show the familiar peak of
the GQR superimposed on top of a background
whose shape is not known. In order to extract the
resonance position, width, and cross section we
subtract a linear background as indicated in Fig. 1.
The lower-energy edge of the background is taken
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FIG. 3. Angular distributions for the ' Mo( He, .~He')

Mo-'leading to the first quadrupole state and the GQR.
The solid curves are the predictions of DWBA for L =2
transfers. Background angular distribution is shown on
bottom.

nance in the lead region at E„-80 x A ' MeV.
We see no evidence for such a state in our data.
Also our DWBA prediction for a breathing mode
L = 0 state" is out of phase, and shows a deep
.minimum at 5'which does not exist in the data. In

any case, the calculated cross section of a breath-
ing mode state can explain, at most, sofne 40% of
the observed strength.

The resonance region was also analyzed in ener-
gy bins. .1 MeV wide. The angular distributions of
such energy bins, across the resonance' region,
all exhibit the shape shown in Figs. 2 and' 3. This
fact and the observation that the widths obtained in
the present work remain constant in the range 4'-
40' and are almost the same as those obtained
from at scattering indicate, as has been suggested
previously, )s that the X= 1, El (or possibly the
T = 0, EO) resonance at E„-80x A If' MeV does not
.contribute significantly to the extracted cross sec-
t;ions. e have verified also that the angular dis-
tribution, of the assumed background has no oscil-
lating structure.

We note here three aspects of the data given in
Table I: (i) The resonance width (HlVHM) is the
same within the experimental error for all of the
1go isotopes. (ii) The resonance position (the en-
ergy ceritroid of the resonance peak) drops far
more rapidly than is predicted by the simple A ' '
law. (iii) The energy weighted quadrupole strength
exhausted by the GQR is practically constant. This
.fact remains valid even if one includes the strength
of the fi:rst 2' level which as usual is a substantial

,fraction of all of the quadrupole strength localized
in the low-lying energy region. It is worth mentioning
that a similar dependence has been observed for
the position of the GDR, ' but the photoneutron
cross section shows a sudden increase as 4 in-
creases. from 92 to 94 and 96. Unlike the quadru-
pole sum, the dipole sum [Eq. (1)]does not depend

TABLE I. Properties of the GQR and first excited 2' state.

E R

(MeV)
FWHM 5

(Mev)
(da /cQ)

(mb/sr) 6
Pnucl

C d
&em

SRF'

92

'94

96

98

100

1.51
15.1 +0.4 (15.1)
0.87

14.8 +0;4 (15.0)
0.78

14.7 +0.2 (14.9)
0.79

14.2 +0.4 (14.7)
0.54

13.7 + 0.2 (14.6)

5.0 + 0.4

5.0 + 0.4

5.0 +0.3

4.7 + 0.4

5.2 +0.3

21.5 ~4.5
~ ~ ~

18.0 ~4.5

17.0+4.3

22.0 +5.5
~ ~ ~

24.5 +6.0

0.07
0.13

0.12
0.13
0.12

0.13
0.16
0.13

0.111

0.161

0.166

0.-160
0.240

2.5'

83.8

74.7
4.9

71.7

86.9
4.8

88.3

Correspond to energy centroid of the resonance peak, which should be preferred to the
position of a Gaussian which fits the resonance. Values in parentheses are the predictions
from A law.

b Full width at half maximum (FWHM) of the resonance. The errors reflect the average
deviation from the average value calculated at different angles.

From our DWBA analysis: .p„„,~ = f(da/de) exp/(40'/dQ) DWl
From electromagnetic transition rates of Ref. 17 viith the values of (I ) taken from Ref.

18.
'Sum rule fraction (SHF) exhausted; from our P,„,& and Eq. (2).
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on the size of the nucleus. Indeed, by taking into
account the photoproton yield (which is significant for
"Mo and ~No only), the authors of Ref. 5 could re-
produce the same dipole sum rule fraction (SRF) for
all the Mo isotopes. Dreher" has indicated that the
charge distribution rms radius increases signifi-
cantly more when adding two neutrons to the
closed shell nuclei of "Mo and '"Mo rather than to
'4Mo or "Mo. It appears that an increase of 16%
in the value of A(x') between "Mo and '"Mo is just
counterbalanced by a similar decrease in E„of the
GQR so that the quadrupole SRF is also equal for
all of the Mo nuclei.

There are two main sources which contribute to
the uncertainties in the P and SRF values of Table
I. First, as indicated above, the subtraction of
the underlying background can produce an error of

,,„about 25% in the resonance cross section. Second,
there is the dependence of the calculated cross
section on the optical potentials for thy incoming
and outgoing particles and form factor. Particu-
larly the application of the usual deformed optical

potential form factors for (a, o"), (p,p'), and
(3He, sHe') may yield p,„,~ values which differ by
as much as 40% from p, . One hopes to account
for these deficiencies by renormalizing simultan-
eously all transition strengths. In fact, a normal-
ization constant of -1.7 would bring our values of
P „for the first quadrupole states very close to
the corresponding p, values. We then emphasize
that the deformation parameters and strengths in
Table I are reliable when considered as relative
values and as such they do reflect a clear evolution
in the strength of the GQR.

In summary, a comparative analysis of our data
reveals that the GQR position drops far more than
predicted by the & ' ' law, but no dramatic shell
effect occurs as far as resonance width and
strength are concerned.

One of us (A.M. ) wish to thank the staff of the
ISN for the hospitality extended to him during his
stay in Grenoble.
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