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of the 21

¿ and 31
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Angular distributions of inelastic-scattering cross sections were measured for deuterons of 13.2 and 16.0
MeV, exciting the 21

1 and 31
2 states of94Mo and 98Mo. The analysis of the Coulomb-nuclear interference

patterns displayed by these angular distributions was favored by the quality of the data obtained with the S.
Paulo Pelletron-Enge-Spectrograph facility. The distorted-wave Born approximation–deformed-optical-model
analysis with global parameters yielded values for the ratioCL5dL

C/dL
N and for dL

N ~wheredL
C and dL

N are,
respectively, the charge and isoscalar deformation lengths!, which inform the reader about the isospin character
of the excitations. A reduced isoscalar transition probability,B(ISL), was defined, in analogy toB(EL), the
ratio B(EL)/B(ISL) being proportional to the square ofCL . The latter quantity is, however, experimentally
better determined. The results obtained forC2 , C3 , d2

N , andd3
N at the two incident energies, 13.2 and 16.0

MeV, are consistent for each94Mo and 98Mo. The values ofCL reveal a slight predominance of the protons in
the quadrupolar transitions, in both94Mo and 98Mo. The 21

1 and the 31
2 states are more collective in98Mo than

in 94Mo, both with respect to the protons~charge! and with respect to protons and neutrons~mass!.

DOI: 10.1103/PhysRevC.64.014316 PACS number~s!: 21.10.Re, 25.45.De, 27.60.1j
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I. INTRODUCTION

The Mo isotopes are of special interest for a compara
study of the collective properties of low-lying excitations,
they are neighbors, just one proton pair above the challe
ing 40Zr chain, where extremely rapid modifications occur
neutrons are added to the semimagic90Zr nucleus or, with
still more dramatic consequences, to96Zr @1,2#. Indeed, if
characterized, as usual, by the excitation energyEexc and by
the reduced electric transition probabilityB(E2) to the first
quadrupolar excitation,90Zr behaves almost like a doubl
magic nucleus. The neighbors92,94Zr present intermediate
values for these structure characteristics, but in96Zr, both
Z540 andN556, seem well-closed subshells. This patte
is suddenly disrupted and100Zr presents several features of
well-deformed shape, such as a very lowEexc(21

1) and a
high B(E2). Each isotopic chain in this region, up to46Pd,
shows some kind of transition aroundN556 being washed
out asZ is increased. The addition of neutrons, above t
critical value, seemingly polarizes the proton distributio
enhancing the collectivity, which is taken as prolate d
formed for the heavier Zr nuclei@2,3#, g soft, or even triaxial
for Ru or Pd@3–5#.

The characteristics of the first excited 21 states have, for
a long time, been extensively used as nuclear structure i
cators in comparison between experiment and model ex
tations, but they are usually inferred throughB(E2) values,
which, in principle, are related only to the charge contrib
tions to the excitation. Since it is clear that neutrons play
this part of the nuclear chart, a primordial role in defining t
collective behavior, it is important to assess also the redu
isoscalar transition probabilityB(IS2). This is conveniently
done through the study of inelastic scattering of isoscala
interacting projectiles with incident energies such as to
hance Coulomb-nuclear interference@6#, which allows for
0556-2813/2001/64~1!/014316~10!/$20.00 64 0143
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the simultaneous extraction ofB(ISL) andB(EL) values for
those excitations for which a predominant multipolarityL
can be defined.

This paper presents a study of Coulomb-nuclear inter
ence~CNI! in the inelastic scattering of deuterons on94Mo,
an isotone of92Zr, and also on98Mo, which is an isotone of
both 96Zr and 100Ru, for which quite different isospin char
acteristics of the low-lying quadrupolar excitations ha
been previously verified@7,8#. Coulomb-nuclear interferenc
results have, to our knowledge, not been formerly repor
for deuterons, due to experimental difficulties associa
with the beam, in spite of this projectile being, in principle,
convenient choice for these studies. In fact, the huge amo
of experimental information collected for deuteron reactio
contributes to the pinning down of the parameters neede
phenomenologically describe the interaction of this projec
with the nuclei of interest. Therefore, the use of deutero
helps to keep the free parameters in the analysis under
trol, which is especially important if comparative concl
sions, in the study of several isotopic chains, are to be dra

In the present work, besides analyzing the transitions
the 21

1 states in94,98Mo, B(IS3) andB(E3) values for the
first octupolar excitations could also be extracted, since th
angular distributions showed enough of the interference
tern to discriminate a value for their ratio, although wi
much lower precision.

II. EXPERIMENTAL PROCEDURE

For deuterons of some 10 to 20 MeV on medium ma
nuclei, the interference minimum between the Coulomb a
nuclear excitations appears at relatively forward angles.
tection techniques employing nuclear emulsions at the fo
surface of the Enge spectrograph, in association with
excellent beam profile and energy characteristics provided
the São Paulo Pelletron facility, are, therefore, importa
©2001 The American Physical Society16-1
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means for obtaining the necessary quality of the data
these CNI studies. Additional care must be applied to
focusing conditions. Current intensity ratios of 1:30 a
1:100, in comparison between slits and beam, were achie
in the present experiment, respectively, on the defining s
before the target (1.032.0 mm2) and on a circular slit of
f;6 mm ~situated approximately half a meter upstream!.
The deuteron beams of 13.2 MeV, or alternatively 16
MeV, impinged on uniform and thin (;30 mg/cm2) en-
riched targets of94Mo or 98Mo. Targets were made by
well-controlled electron bombardment evaporation techni
@9# of metallic Mo (94Mo targets! and MoO3 (98Mo targets!,
both in powder form, onto thin carbon backing
(;10 mg/cm2). Table I presents the isotopic composition
the material employed in the fabrication of the targets. T
scattered deuterons were momentum analyzed by th
Paulo Enge split-pole spectrograph and detected in nuc
emulsion~in the present study, Ilford G5 or equivalent, 5
mm thick!. Aluminum foils, thick enough to absorb heavi
reaction products, covered the emulsion. The use of nuc
emulsion enormously reduces the background associ
with deuteron beams, since these detectors do not respo
the abundant neutron,g, and x ray radiations that are pro
duced, in particular, in the presence of the iron core of
spectrograph. In fact, the background observed in the spe
is mostly due to the tail of the elastic peak and is theref
extremely dependent on beam focusing.

In the present work, inelastic-scattering spectra were m

TABLE I. Isotopic composition of the molibdenum targets~Oak
Ridge Separated Isotopes Division!.

Abundance~%!

Target 92Mo 94Mo 95Mo 96Mo 97Mo 98Mo 100Mo

94Mo 0.87 93.90 2.85 1.04 0.40 0.75 0.22
98Mo 0.32 0.22 0.45 0.59 0.69 97.18 0.55
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sured, for both isotopes, at 18 scattering angles fromu lab

512.5° to 80° for the incident energy of 13.2 MeV and
eight angles betweenu lab514° and 76° for 16.0 MeV. The
solid angle of admittance to the spectrograph was mainta
fixed, corresponding toDu lab561.9°. The emulsion plates
were scanned, after processing, in strips of 200mm across
the plates and energy resolutions of;8 and;12 keV, full
width at half maximum~FWHM!, were achieved, respec
tively, in the spectra corresponding to 13.2 and 16.0 M
incident energies.

Typical examples of the complete spectra of inelastic d
teron scattering obtained with the emulsion technique,
94Mo at u lab558° and on98Mo at u lab560°, both for the
incident energy of 13.2 MeV, are presented in Fig. 1.
illustrate the quality of the data, Fig. 2 shows part of fo
further spectra, displaying the peak associated with the
quadrupolar excitation in98Mo at 13.2 and 16.0 MeV inci-
dent energies. Figure 3, in a similar way, shows example
the relevant part of the spectra for the octupolar excitati
observed for the same isotope at 16.0 MeV. As put i
evidence by the spectra at forward angles, the good en
resolution of;8 keV is essential to enhance the peak w
respect to the background. This background, mainly ass
ated with the elastic tail, drops with increasing scatter
angle, as can be seen in the spectra atu lab516° andu lab
526° @Figs. 2~a! and 2~b!#. Figure 2~d! also illustrates the
judicious choice of the scattering angles, made to avoid
the peak of interest be hidden by the broad peaks assoc
with the presence of known contaminants in the tar
~which are, in general, not focused!.

For the relative normalization of the spectra, the to
number of incident deuterons was determined by a cur
integrator, which measured the charge collected in a Fara
cup ~with electron suppression!, while the direction of the
beam was continuously monitored. Absolute normalizat
of the cross sections was referred to optical-model pre
tions for elastic-scattering of deuterons on the same tar
-

FIG. 1. Examples of spectra of94Mo(d,d8)

and 98Mo(d,d8) at 13.2 MeV, taken, respec
tively, at u lab558° andu lab560°.
6-2
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COULOMB-NUCLEAR INTERFERENCE WITH . . . PHYSICAL REVIEW C64 014316
measured under similar conditions. Figure 4 displays
elastic-scattering angular distributions for94,98Mo, measured
at 13.2 and 16.0 MeV, in comparison with the optical-mod
predictions. The parameters of the systematics of Perey
Perey for deuterons@10# are employed in the normalizatio
~see Table II!. A maximum scale change of;3% would be
produced if the global optical-model predictions of Daehn
et al. @11#, were taken. Due, furthermore, to target nonu
formity, plate scanning, and statistics in the elastic data
maximum uncertainty of;65%, for 13.2 MeV incident
energy measurements, and;67%, for 16.0 MeV, is esti-
mated in the absolute cross section scale, for both isoto

III. ANALYSIS

Due to the relatively high excitation energies of the 21
1

states~871 keV for 94Mo and 787 keV for98Mo) and not so
high values of the deformation lengths, no appreciable c
pling between ground and excited states has to be taken
acount in the reaction analysis. Thus, the well-establis
distorted-wave Born approximation~DWBA! could be em-
ployed. Incomplete information on the relevant aspects of
nuclear structure, beside the well-known difficulty to d

FIG. 2. Portions of the spectra of98Mo(d,d8) for the 21
1 state,

taken at 13.2 MeV, for~a! u lab516° and~b! u lab526°, and at 16.0
MeV, for ~c! u lab524° and~d! u lab546°. Observe the very com
pressed log scale for they coordinate.
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scribe microscopically the imaginary part of the potent
@12#, point to the use of a macroscopic description of t
excitation, in terms of what is usually called a deform
optical-model potential~DOMP!, since the priority is on a
comparative analysis throughout the region.

In the DWBA-DOMP approach, the same phenomen
logical optical model describes both, the distorted waves
incident and exit channels and the transition potential to
collective state. The intensity of the excitation characteriz
by the deformation length extracted@12#.

The DWBA-DOMP angular distributions were calculate
by means of the codeDWUCK4 @13#, considering the influ-
ence of Coulomb excitation up to distances of 80 fm fro
the nuclear center. The macroscopic collective form fact
@12#, responsible, respectively, for the nuclearFL

N(r ), and
CoulombFL

C(r ) excitation processes, were taken as

FL
N~r !52dR,L

N ~U !
dV~r !

dr
2 id I ,L

N ~U !
dWD~r !

dr
, ~1!

whereV andWD are the real and surface imaginary depths
the optical potentialU, with the standard Woods-Saxon an
derivative Woods-Saxon dependencies, with given geome
cal parameters (r R , aR and r I , aI), and

FL
C~r !5H 4pZae

2L11
@B~EL!#1/2

1

r L11
, for r>Rc

0, for r ,Rc ,

where Rc5r cA
1/3 is the characteristic radius of the charg

distribution. To take the Coulomb form factor as zero insi
the charge distribution does not affect the results, since
the deuteron energies considered in this work, the reac
proceeds peripherically.

A charge deformation lengthdL
C5bL

CRc , wherebL
C is the

known deformation parameter@1#, may be defined

FIG. 3. Portions of the spectra of98Mo(d,d8) for the 31
2 state,

taken at 16.0 MeV, for~a! u lab524° and~b! u lab546°. Observe
the very compressed log scale for they coordinate.
6-3
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FIG. 4. Angular distributions for the elasti
scattering of deuterons, in comparison wi
optical-model predictions@10#: ~a! 94Mo(d,d) at
13.2 MeV, ~b! 94Mo(d,d) at 16.0 MeV, ~c!
98Mo(d,d) at 13.2 MeV, and~d! 98Mo(d,d) at
16.0 MeV.
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dL
C5S 4p

3ZRc
L21D @B~EL!#1/2

e
. ~2!

The isoscalar deformation lengthdR,L
N (U)5d I ,L

N (U)5dL
N

may similarly be related toB(ISL), through the following
expression:

B~ ISL!5~dL
N!2F3ZRm

L21

4p G2

, ~3!

where Rm5r mA1/3 is the characteristic radius of the ma
distribution. Normalization toZ is preferred to the normal
ization toA employed by some authors@14#.

For convenience of analysis, the parametersdL
N and CL

5dL
C/dL

N were chosen to describe the collective excitatio
Thus,

B~EL!

B~ ISL!
5e2S dL

C

dL
ND 2FRc

L21

Rm
L21G 2

5e2CL
2S r c

r m
D 2L22

. ~4!

TABLE II. Global optical-model parameters for elastic deuter
scattering prescribed by Perey and Perey@10#. A Coulomb reduced
radius ofr c51.22 fm was utilized.

A Ed V rR aR WD r I aI

~MeV! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm!

94 13.2 96.6 1.15 0.81 17.6 1.34 0.6
98 13.2 96.3 1.15 0.81 17.6 1.34 0.6
94 16.0 96.0 1.15 0.81 18.3 1.34 0.6
98 16.0 95.7 1.15 0.81 18.3 1.34 0.6
01431
.

It is, therefore, seen that the parameterCL contains the rel-
evant information about the ratio of the charge~protons! with
respect to the mass~protons1 neutrons! contributions to the
excitation of the particular state under observation. Gros
speaking, a value ofCL51.0 characterizes an excitation fo
which B(EL)/e2 is, within the definition adopted, numer
cally equal toB(ISL), implying that protons and neutron
contribute to it in the ratio ofZ/N, that is an excitation usu
ally referred to as being of homogeneous collective natu

In the analysis, the distorted waves play an important r
in defining the structures of the angular distributions.
make significant comparisons of CNI results, it is, therefo
convenient to maintain the optical-model parameters withi
globally established systematics, as far as allowed by
data. The Perey and Perey@10# parameters~see Table II!
have the best experimental basis in this deuteron energy
gion and have been adopted.

Inspection of Fig. 5, where DWBA-DOMP prediction
are displayed for three values of incident deuteron energ
demonstrates the discriminative power of the CNI method
the mass region of interest. The predicted angular distri
tions were calculated with global optical parameters tak
from the systematics of Perey and Perey@10#, for typical
values ofC2 andd2

N , taking the94Mo(01
1→21

1) excitation
as an example. It may be seen that an interference minim
develops for all incident energies: atuc.m.;30° for Ed
510.0 MeV anduc.m.;15° for Ed 516.0 MeV. On the
other hand, the typical ‘‘diffractive’’ oscillations, due to th
nuclear excitation, practically determine the shape of the
gular distribution for the more backward angles. Therefo
good data around the interference minimum are essentia
the extraction ofC2, while the larger angle data mostly giv
the global normalization constant (d2

N)2. At Ed

510.0 MeV, discrimination ofC2 in the interval 0.8<C2
<1.2 depends on the possibility of taking data with ve
small statistical errors in the angular region 25°<uc.m.
<35°. It is clear that the incident energy region of about
6-4
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MeV presents the best discrimination for the parameters
interest. In fact, it is for this incident energy region that t
value ofC2, besides the minimum, also substantially affe
the ratio of the heights of the two subsequent maxima of
angular distribution. The nonlinearity of the predictions

FIG. 5. DWBA-DOMP predictions for the quadrupolar excit
tion of 94Mo(d,d8), for three incident deuteron energies and seve
values ofC5C25d2

C/d2
N . A typical value ofd2

N50.8 fm was em-
ployed.
01431
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function ofC2 is also evident atEd 516.0 MeV, with atten-
tion being called especially to the shape of the curves for
outmost values ofC250.5 andC251.5, the former ones
crossing those forC250.8–1.2 near the interference min
mum, rendering discrimination ofC2 much more difficult
than at 13 MeV. To examine the consistency of the valu
extracted for the parameters of interest, it was decided
take detailed data at 13.2 MeV and complementary one
16.0 MeV.

If the relations

B~ ISL!5U Z

A
~Mn1Mp!U2

~5!

and

B~EL!5e2uMpu2, ~6!

consistent with the here adopted definition ofB(ISL), are
employed, the assumption of proportionality of neutron a
proton transition densities leads to the following equation
the multipolar moments of the neutron and proton distrib
tions:

Mn

M p
5U Mn

Mp
U5 A

Z U B~ ISL!

B~EL!/e2U1/2

215
A

Z S r m

r c
D L21

CL
2121.

~7!

The experimentally well-determined parameterCL in-
forms, thus, about the isospin character of the excitation w
multipolarity L.

A. Quadrupolar excitations

As previously discussed, the characterization of the C
for the quadrupolar excitations is favored at the lower ene
of 13.2 MeV, while the data at 16.0 MeV are mostly em
ployed to check the consistency of thedN results. The
DWBA-DOMP predictions, with global optical potential pa
rameters, were fitted to the data@6# through the Gauss
Marquardt procedure, searching simultaneously on the
ues of three parameters,C2 , d2

N ~13.2 MeV!, andd2
N ~16.0

MeV!, which result in a minimum forx2. Thus, data at both
energies were considered in the fit, constraining for the sa
value of C2. The resulting fits to the angular distribution
associated with the first 21 excitation in 94,98Mo, at 13.2 and
16.0 MeV incident deuteron energies, are shown in Fig
Solid lines refer to the results obtained ifr R and r I are in-
creased by 2% above the values of Table II. Also shown
dashed lines, are the fits corresponding to the unmodi
global parameters. The reduction of about a factor of 2 in
minimum x2 values of the simultaneous fit of the angul
distributions, at the two incident energies for both isotop
points possibly to a physical significance of the increas
radii. In the inelastic scattering of deuterons, those nu
seem, thus, to be represented by a somewhat larger o
than in elastic scattering. The rather good stability of t
resulting values~with and without the modification of the
radii! for d2

N and C2, for both isotopes, as may be apprec

l

6-5
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FIG. 6. Experimental angular distributions for the quadrupolar excitations in94Mo and 98Mo, at two incident deuteron energies,
comparison with DWBA-DOMP best fits, for which the same value ofC2 was imposed. Solid lines correspond to the predictions
increased radii~12%!, while broken lines correspond to the predictions with the original Perey-Perey parameters. Thex2 values characterize
the quality of the constrained simultaneous fit to both angular distributions, for each isotope.
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ated by comparing the values in the captions of Fig. 6, s
ports the confidence in the method of analysis emplo
here.

It is seen that for94Mo, the fit of the DWBA-DOMP
predictions to the data reproduces the experimental sh
01431
-
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very well, if the 2% increase of the real and imaginary ra
is applied to the global optical parameters. On the ot
hand, the angular distributions for98Mo are, at both energies
somewhat more structured at the first maximum displa
than is predicted by the interpretation at hand. No poss
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FIG. 7. Comparison of the contour lines fo
constantx2 ~solid lines! with the ellipses, which
result from the Gauss-Marquardt method~broken
lines! for intervals corresponding to, respectivel
68.3% (Dx252.3) and 99.7% (Dx2511.8), of
statistical confidence, in the representation of
dividual fits to the 98Mo(21

1) data at ~a! 13.2
MeV and ~b! 16.0 MeV.
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variation of the parametersC2 andd2
N contemplates this dis

crepancy, which probably contains physical information o
side the proposed reaction model. This fact is illustra
through Fig. 7, which presents the constantx2 contour lines
@6# corresponding to alternative individual~unconstrained!
best fits to each, the angular distribution at 13.2 MeV a
that at 16.0 MeV, for98Mo, where bothC2 and d2

N were
allowed to vary, at each energy. The contour lines are
proximately elliptical and, at 13.2 MeV, centered at abo
the same values ofC2 andd2

N , as formerly obtained in the
constrained analysis. On the other hand, the results o
unconstrained analysis at 16.0 MeV show, as could be
pected,C2 to be rather poorly defined at this energy. Fu
thermore, since the value ofC2 affects d2

N in a covariant
manner, this last value also wanders outside the regions
fined by the better data at 13.2 MeV. It is, however, to
remembered that when comparison between the value
d2

N , extracted at both incident energies, is to be done,
scale uncertainties in the cross sections have to be inclu
The sum of the minimumx2 values obtained in the indi
vidual fits performed at the two energies, which equ
124.0, is only somewhat lower than that resulting from
constrained analysis and, even with the opportunity of va
ing the parameters freely, no fit to the discrepancy at the
maximum of either of the angular distributions was achiev

B. Octupolar excitations

Due to their much reduced Coulomb excitation probab
ity, the transition to the 31

2 states is strongly dominated b
the nuclear interaction. Nevertheless, as Fig. 8 reveals
13.2 MeV enough structure change remains at the forw
angles of the predicted angular distribution to obtain so
information onC3. In Fig. 8 the separate contributions of th
Coulomb and nuclear interactions to the excitation of
octupolar states are represented, respectively, as dotted
dashed lines, at both deuteron energies. For compari
similar information is also presented for the quadrupolar
citations. In all instances, the most prominent change res
ing from the inclusion of the Coulomb excitation is the d
velopment of an interference minimum at forward angles

Constrained~sameC3) analyses of the first octupolar ex
citations in 94,98Mo at 13.2 and 16.0 MeV incident deutero
energy were performed employing the same statistical an
sis as for the quadrupolar ones. The results are shown in
01431
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9, again for increased radii~solid lines! and for the original
global parameters~dashed lines!. Data for the 31

2 excitations
are affected, for a considerable range of detection ang
u lab>60°, by the unavoidable presence of contaminant e
tic peaks associated with carbon and oxygen~see Fig. 1!.

The contour lines for constantx2, associated with the al
ternative unconstrained best fits at 13.2 MeV and at 1
MeV, are presented in Fig. 10, for the octupolar excitation
94Mo. It is clear that the data at 16.0 MeV are almost usel
to defineC3. Since the contour lines are not ellipses, bein
in fact, rather asymmetric with respect toxmin

2 , it is possible

FIG. 8. The influence of Coulomb excitation on DWBA-DOM
predictions for the angular distributions in the excitation of, resp
tively, the 31

2 state@~a! and ~b!# and the 21
1 state@~c! and ~d!#, for

both deuteron energies employed. The values for94Mo are taken as
an example, but no essential difference is verified for98Mo.
6-7
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FIG. 9. Experimental angular distributions fo
the octupolar excitations in94Mo and 98Mo, at
two incident deuteron energies, in comparis
with DWBA-DOMP best fits, for which the same
value ofC3 was imposed. Solid lines correspon
to the predictions for increased radii~12%!,
while broken lines correspond to the predictio
with the original Perey-Perey parameters. Thex2

values characterize the quality of the constrain
simultaneous fit to both angular distributions, fo
each isotope.
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that C3 is affected @6# by somewhat greater uncertaintie
than stated. Even so, as indicated in Fig. 9, the values
tained in the constrained analysis for the parametersd3

N and
C3, with and without the 2% increase in the radii, are alm
compatible within the attributed uncertainties.

IV. DISCUSSION AND CONCLUSIONS

The results of the present experiment for the quadrup
and octupolar excitations in94,98Mo, obtained within the
adopted analysis~DWBA-DOMP with global optical param-
eters! are compiled in Table III. The values presented fordL

N

are, for both isotopes, a weighted mean of the two inform
tions, at 13.2 and 16.0 MeV, including the scale uncertai
01431
b-

t

ar

-
y

in the cross sections of, respectively,65% and67%. The
ratiosB(EL)/B(ISL) are also presented in Table III. Value
of r C51.22 fm andr m51.16 fm were employed for the
reduced radii of the equivalent sharp cutoff uniform char
and, respectively, mass distributions@6#. An uncertainty of
65% was associated withr m in the ratiosB(EL)/B(ISL).
The values extracted forMn /M p , in comparison with the
values ofN/Z, expected for a homogeneous collective ex
tation of the mass distributions, are also shown. It is, ho
ever, to be stressed, that the ratiosMn /M p are affected, not
only by rather important propagated experimental uncerta
ties @verify expression~7!#, but also by uncertainties due t
the underlying theoretical hypotheses, which are difficult
specify, but should preserve at least one significant figur
r

y,

in-
FIG. 10. Comparison of the contour lines fo
constantx2 ~solid lines! with the ellipses that re-
sult from the Gauss-Marquardt method~broken
lines! for intervals corresponding to, respectivel
68.3% (Dx252.3) and 99.7% (Dx2511.8) of
statistical confidence, in the representation of
dividual fits to the 94Mo(31

2) data at ~a! 13.2
MeV and ~b! 16.0 MeV.
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TABLE III. ParametersCL and dL
N extracted in the present paper. Also indicated are the values o

ratiosB(EL)/B(ISL), Mn /M p , andN/Z.

A State CL dL
N ~fm! bL

N a B(EL)/B(ISL) (e2) Mn /M p N/Z

94 21
1 1.123~20! 0.792~17! 0.152~3! 1.39~15! 0.89 1.24

98 21
1 1.148~24! 0.883~19! 0.167~4! 1.46~16! 0.93 1.33

94 31
2 1.14 ~7! 0.785~17! 0.150~3! 1.6 ~4! 0.8 1.24

98 31
2 0.98 ~8! 1.011~22! 0.191~4! 1.2 ~3! 1.2 1.33

a
bN5dN/1.15A1/3.
ho
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-
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in-
led.
f

i-
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L L
The uncertainties extracted through the statistical met
of analysis employed@6#, reflect~through a factor of about 4!
the lower sensitivity of the data to the ratioC3, in compari-
son with what is verified forC2, while the deformation
length d3

N is approximately as well determined asd2
N . The

deformation parametersbL
N calculated from the experimenta

mean values ofdL
N , agree withbL values formerly obtained

in proton inelastic scattering@15,16# and in the 21.5 MeV
deuteron inelastic experiment@17#, both of which are influ-
enced predominantly by the nuclear excitation. Incidenta
the experimental angular distributions of these older stud
also indicate that a small increase in the radii of the opt
potentials could provide a better fit to the inelastic result

The values ofC2.1.0 and C3>1.0, extracted in the
present CNI studies for94Mo and 98Mo, indicate that the
protons contribute more than the neutrons to both the 21

1 and
the 31

2 excitations. The valuesMn /M p;0.9 obtained for the
quadrupolar excitations in94Mo and 98Mo, being smaller
than theN/Z51.2–1.3 expected from the homogeneous c
lective model, are another way to characterize the role pla
by the protons relative to the neutrons in these excitation

The valuesC251.123(20) andC251.148(24) are abou
the same for94Mo and 98Mo and, as a consequence, so a
also the ratiosB(E2)/B(IS2). In a previous CNI study of
inelastic scattering of alpha particles on100,102,104Ru @8#, val-
ues ofC2 increasing from 1.04 to 1.22, had been found
that isotopic chain, demonstrating, also for Ru, a slight p
dominance of the protons. On the contrary, neutrons con
ute more than protons to the first quadrupolar excitation
the isotones92Zr and 96Zr. Values ofMn /M p close to 2, for
92Zr @7,18,19#, and to 4, for 96Zr @7,19#, were reported in
inelastic-scattering studies with alpha particles and6Li.

The evolution of theB(ISL) andB(EL) values between
94Mo and 98Mo, considering also theB(EL) values adopted
in the literature@1,20#, may be examined through the ratio
given in Table IV. These show the 21

1 excitation to be some
what more collective in98Mo than in 94Mo, for both mass
01431
d

,
s
l

l-
d

.

r
-

b-
in

and charge contributions. The parallel evolution of t
B(ISL) and theB(EL) from 94Mo to 98Mo ~compare values
in columns 2 and 3 of Table IV, and note their compatibilit!
for the first collective 21 states, shows again that the isosp
characteristics of these excitations do not change drastic
in contrast to what happens in the Zr isotopes. The ag
ment of the relative values of theB(E2) with those resulting
from the adopted ones@1# is good, although the absolut
values determined in the present paper are higher, for b
94,98Mo. It is to be noted that forB(E2) the adopted values
@1# are heavily based on the results of one laboratory; f
thermore, for 94Mo, there are several experimental resul
spread over a considerable range. The octupolar excitatio
also more collective in98Mo than in 94Mo, the agreement
with publishedB(E3) values occuring within 2 standard de
viations.

Summarizing, inelastic scattering of deuterons is p
sented as a convenient means of conveying information
the isospin character of collective excitations of low mul
polarity, especially of the important 21

1 state, in the mass
region of A;100. For this purpose, the parameterC2

5d2
C/d2

N is defined~where thed2
C,N are the quadrupolar de

formation lengths corresponding, respectively, to the cha
and the mass excitations!, as a measure of the relative co
tribution of protons~charge! and of protons plus neutron
~mass!. The value ofC251.0 corresponds to the expectatio
of a homogeneous collective model. It is felt@6# that, when
considering CNI results with a macroscopic description,C2

is a better representation for any predominance of proton
neutrons in a particular 21

1 excitation than, for instance
Mn /M p or eitherB(E2) or B(IS2) separately, since in the
extraction of theCL parameter, several systematic uncerta
ties of experimental and/or theoretical nature are cancel
The values ofC2 may be directly translated into ratios o
B(E2)/B(IS2) and/orMn /M p , but the first ones are, add
tionally, affected by choices of reduced charge and m
TABLE IV. Evolution of B(ISL) andB(EL) values between94Mo and 98Mo.

Present work Literature
State B(ISL)(98) /B(ISL)(94) B(EL)(98) /B(EL)(94) B(EL)(98) /B(EL)(94)

21
1 1.28 ~8! 1.34 ~8! 1.32~4!a

31
2 1.75~11! 1.29~26! 2.2 ~5!b

aReference@1#.
bReference@20#.
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radii, while in the extraction of the latter, further theoretic
hypotheses are made.

The values ofC2 obtained in the present work reveal th
21

1 excitations in 94Mo and 98Mo to be not homogeneous
but with only a slight predominance of the protons. This is
marked contrast with what was observed for the isoto
92,96Zr where neutrons strongly dominate the transitio
@7,18,19#. For the other isotone of98Mo, 100Ru, the first
quadrupolar excitation had been previously characterize
almost homogeneous@8#. The quadrupolar excitation in
98Mo is somewhat more collective than the correspond
one in 94Mo, so no depression of collectivity due to aN
P

z

cl

,

h

o-

.
nd

01431
l

s
s

as

g

556 subshell closure is apparent for98Mo. In fact, the exci-
tation energies of the 21

1 states in the sequence94298Mo are,
accordingly, decreasing.
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