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Coupled channel analysis of proton scattering from Ar

FEBRUARY 1985

R. De Leo
Dipartimento di Fisica dell'Uni Uersita'di Bari, Bari, Italy

and Istituto Xazionale di Fisica Xucleare, Sezione di Bari, Italy

S. Micheletti and M. Pignanelli
Dipartimento di Fisica dell'Uni Uersita'di Milano, Milano, Italy

and Istituto Xazionale di Fisica Nucleare, Sezione di Milano, Italy

M. N. Harakeh
Kernfysisch Versneller Instituut, Groningen, The Netherlands

(Received 28 September 1984)

Angular distributions for the elastic and inelastic scattering of 29.6 and 35.1 MeV protons from
the 0~ (g.s.), 2& (1.461 MeV); 0+2 (2.121 MeV), 22 (2.524 MeV), 4I (2.893 MeV), 23 (3.208 MeV), 3~

(3.681 MeV), and 2q (3.919 MeV) states in Ar have been measured. Coupled channel calculations
for the 0~, 2&, and 4~ levels have been performed in the framework of the rigid-rotor and harmonic
vibrator models. Both analyses give satisfactory descriptions of the data with slight differences in

the values of the deformation parameters. Two different analyses have been performed for the 02

and 2&+ levels. In the first, they have been considered as belonging to the P band and analyzed using

the rotor-vibrator model. In the second, the coupling strengths between the various states have been

treated as free parameters not linked to rigid ratios from models. The intrinsic quadrupole moment
of the p band extracted from the two analyses is in agreement with that deduced from y-decay stud-

ies. The distorted wave Born approximation has been used for the analysis of the 3~ level. The 3&,

23, and 2& levels have also been analyzed with different coupled channel calculations in which their

coupling amplitudes to the ground state and 2& state have been adjusted as free parameters.

I. INTRODUCTION

The coexistence of spherical and deformed states in
magic and doubly magic nuclei is well known. Typical
examples in the calcium region are given by Ca (Refs. 1

and 2), Ca, and Ar (Refs. 3—5). Recently the
phenomenon has been evidenced also in Ar (Ref. 6). Its
low-lying level structure shows a strong analogy with that
of Ca and has therefore been considered as formed
from the weak coupling of the low-lying levels of the
latter with two d3/2 proton holes. These are coupled to
L =0 in the lowest excited levels. The 2+ (3.208 MeV)
level results from the coupling of the two proton holes in
the L =2 configuration with the Ca ground state, while
the coupling of the two proton holes in the L =2 configu-
ration with the first excited state of" Ca generates a pen-
tad of levels with 0(I (4, centered about 1.52 MeV (en-
ergy of the first 2+ state in Ca) above the 2+ (3.208
MeV) level. The coupling between the two proton holes
and Ca levels is weak so that it leaves the electromagnet-
ic (em) transition rates in the Ar daughter nucleus very
similar to those of the parent Ca. A more striking
phenomenon is that the ratios among the excitation ener-
gies of the first excited states in both nuclei are also simi-
lar, indicating that the coupling between the two proton
holes and the different excited levels of Ca occurs ap-
proximately with the same interaction energy.

In analogy with Ca, the low-lying levels of Ar can
be grouped into two bands: (i) the spherical ground state

(g.s.) band which results from the coupling of two f7/2
neutrons with the L =0 (md3/2) configuration, and (ii) a
deformed rotational band (P band) with the bandhead be-
ing the 02 state at 2.121 MeV. The deformed band has
been evidenced in Ar through the strong 42 (3.515
MeV) —+2& (2.524 MeV) and 62 (4.958 MeV) —+42+ (3.515
MeV) E2 transitions. From these transitions an intrinsic
quadrupole moment of Qp =1320 e mb has been estimat-
ed for the p band. Unfortunately, the 2+ (2.524
MeV)~0+ (2.121 MeV) y transition, the most important
for a complete characterization of the band, has not been
observed due to the small energy separation between the
two levels.

The aim of this work is to evaluate the intrinsic quad-
rupole moment Qp for the p band from a coupled channel
(CC) analysis of proton inelastic scattering to levels of the
g.s. and p bands, including the 0+ and 2+ levels of the p
band. The reliability of our results is dependent on how
far the P band could be described as an ideal rotational
band and is also linked to the extent to which we are able
to reproduce hadron scattering differential cross sections
of excited 0+ levels. The latter problem is notoriously
difficult because the form factors of A, =O transitions, the
assignment of the excited 0+ states to a band structure,
the reduced matrix elements (rme), and the relative
phases for all the multipolarities of the different transi-
tions are not yet well known.

Recently encouraging results ' in the reproduction of
the /3-band cross sections were obtained in the framework
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of the rotor-vibrator model, ' in which all of the preced-
ing quantities follow from the coupling of a vibration to a
static deformation. To reach our aim, proton scattering
from Ar has been measured at 29.6 and 35.1 MeV, ener-
gies sufficiently high to avoid compound nucleus contri-
butions to the data. Detailed information on the experi-
mental apparatus is given in Sec. II. The optical model
parameters for Ar have been deduced from the analysis
of the spherical levels 0+& (g.s.), 2+& (1.461 MeV), and 4~
(2.893 MeV). This is reported in Sec. III. Unfortunately,
the level scheme of Ar is such that the 4+ level at 3.515
MeV, third level of the P band, could not be resolved from
its neighbor at 3.511 MeV. Therefore our evaluation of
Qo for the P band is limited to only the 0+~2+ transi-
tion, just the one missed in y-decay experiments. This
evaluation is described in Sec. IV. The 3~ (3.681 MeV)
cross sections are analyzed in Sec. V, and the transitions
to the 2+ levels at 3.208 and 3.919 MeV are examined in
Sec. VI. The conclusions are summarized in Sec. VII.

II. EXPERIMENTAL PROCEDURE

The cross sections presented in this paper were taken at
incident proton energies of 29.6 and 35.1 MeV, using the
analyzed beam from the Milan AVF cyclotron. A gase-
ous Ar target at the pressure of 300 Torr was used; the
gas was contained in a cylindrical brass case with win-
dows covered with a 1 pm thick kapton foil. The thick-
ness of the target was estimated by its pressure. Scattered
protons were detected by three telescopes of 2000 and
5000 pm surface-barrier silicon detectors. The angular
distributions were taken in steps of 5 from 10' to 170 in
the laboratory system.

The overall energy resolution of the spectra, which in-
cludes incident beam energy spread, kinematic and target
thickness broadening, and electronics noise, varied from

Ar(p, p ) Ep-2$.8 MeY el 115'
lab

80 to 120 keV. A typical spectrum, taken at the incident
energy of 29.6 MeV and 8»b ——115', is shown in Fig. 1.
Levels for which cross sections have been determined are
the 0~ (g.s.), 2~ (1.461 MeV), 02 (2.121 MeV), 2+& (2.524
MeV), 4~ (2.893 MeV), 23 (3.208 MeV), 3& (3.681 MeV),
and 2+4 (3.919 MeV) levels. These are labeled with their
excitation energies in Fig. 1. The levels 6~, (1,2)+, and
42, closely spaced around 3.5 MeV excitation energy, were
not resolved.

Absolute cross sections were determined from target
thickness, collected charge, and solid angle measurements.
Considering all the uncertainties, including those due to
target thickness, collected charge, and solid angle, the sys-
tematic error in the cross section's absolute values (not
shown in the figures) is less than 10%. Only the statisti-
cal error, when larger than data point dimension, is shown
in the figures. Numerical values of measured cross sec-
tions are reported in Ref. 11.

III. SPHERICAL STATES ANALYSIS

Two analyses have been performed for the 0~ (g.s.), 2&

(1 461 MeV), and 4& (2.893 MeV) g.s. band states. From
the first analysis, performed in the framework of the har-
monic vibrational model, optical model potentials (OMP)
used in the subsequent analyses were obtained. Averaged
values of optical model parameters deduced from analyses
of elastic cross sections at different energies between 20
and 40 MeV already exist in the literature they are re-
ported for quick reference in Table I. We have retained
the same values for the geometrical parameters and read-
justed the well depths. The results obtained are listed in
the third and fourth columns of Table I for the two in-
cident energies, respectively. The obtained phonon ampli-
tudes are reported in Table II. A good reproduction of
the data has been obtained, as shown with full lines in
Figs. 2 and 3 for the two incident energies, respectively.
In this calculation the 4I state has been considered as
formed by the mixing of a hexadecapole phonon and a
two-quadrupole phonon component through the 2& state.
The value of the mixing angle, reported in Table II, indi-
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1.14
0.75

0.23E—4.0
10.0—0.156E

1.3
0.66
4.45
1.01
0.56
1.2

51.3
1.14
0.75
3.65
4.81
1.3
0.66
5.04
1.01
0.56
1.2

35.1

47.8
1.14
0.75
2.73
4.45
1.3
0.66
4.56
1.01
0.56
1.2

TABLE I. Optical model parameters for protons of energy E
scattered from Ar in the usual notation (depths in MeV and
lengths in fm). In the second column, values from Ref. 12 have
been reported.
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TABLE II. Ar deformation parameters as deduced from the analyses in the present paper.

P2
P4
0

I P P2 —
I

Vibrational model
analysis'

0.242+0.005
0.107+0.012

21'+19

Rotational model
analysis

0.220+0.004
0.078+0.007

Rotor-vibrator model
analysis'

0.220'
0.078'

0.211+0.042
0.032+0.008

Rotor-vibrator model
analysis

0.220'
0.078'

0.061+0.012
—0.029+0.008

0.332+0.030

DWBA
analysis'

0.260+0.030

'In Sec. III.
"In Sec. III.
'In Sec. IV.
In Sec. IV.

'In Sec. V.
Parameters

Levels coupled: 0] 2& Op .
Levels coupled: 0] 2& 02 22 .

kept fixed.

cates that the state is predominantly of one-phonon char-
acter.

From the second analysis, performed using the rota-
tional model, quadrupole and hexadecapole deformation
parameters to be used in the next sections have been de-
duced. The values obtained are reported in Table II. The

fits obtained are similar to those obtained using the har-
monic vibrational model and thus not reported in the fig-
ures. It should be stressed that the use of the rotational
model is in contrast with the hypothesis of sphericity for
the levels involved.

A special insight into the results of the models can be
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from Table I and deformations from Table II have been used.
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FIG. 3. Data and curves same as in Fig. 2 for protons of 35.1

MeV. The dashed curves have been obtained using the rme
values in the seventh row of Table IV.
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obtained by comparing the potential radial moments for
the different transitions. These have been evaluated for
the vibrational model with the formula:

Z J V„,„,r +dr
M(EA, )(p, p') = Xrme (e fm"),

4m V,~,r dr

and are related to the reduced transition probabilities by

B (EA,,Ji~J2)(p, p')

= ~M(EA, )(p, p')
~

/(2J~+1)(e fm ) . (2)

Note that the preceding definition of M(EX)(p,p') results
from the definition of the isoscalar mass multipole transi-
tion operator as:

(Z/A) g r Y
nucleons

This is defined in this manner to ensure that for isoscalar
collective excitations, where protons and neutrons contri-
bute to the isoscalar transition matrix element in the ratio
( Z/A), transition rates obtained from y decay and inelas-
tic hadron scattering are the same.

In the framework of the vibrational model, the rme
term in Eq. (1) is the product of the A,-pole deformation of
the nucleus and the matrix element (J,

~ ~ Q ~
[J2 ) evaluated

by the code ECIS in such a case well-fixed relations exist
between the rme values of different transitions. In the
case of the rotational or rotor-vibrator models where V,~,
and V„,„,are deformed, the multipole moments [Eq. (1)]
were calculated using the program BEL.'

The potential moments can be compared with the corre-
sponding quantities obtained from y-decay experiments.
The y-decay scheme of low-lying levels of Ar is reported
in Table III. It contains the information on branching ra-
tios, mixing ratios, and lifetimes from the systematics of
Endt and van der Leun, ' and from the work of Bit-
terwolf et al. Some mixing ratios have been taken from
Ref. 15. From the data in Table III we have evaluated the
reduced transition probabilities B(EA, )(e m) that we have
reported in the third and fourth columns of Tables IV, V,
and VII.

The B (EA, ) deduced from y decay are due only to pro-
ton matrix elements of the collective transition densities,
while those from a (p,p') experiment are due also to neu-

TABLE III. Gamma-ray branching ratio, mixing ratios (in parentheses), and lifetimes (~ ) for the levels of Ar studied in the
present paper.

Q+ 2+ Q+ 2+ 4+ (fs) Ref.

3.919
59+3
60+4

()0.3, &6)

21+2
18+2

12+1
9%2

8+1
13+2

(2 440+90
400+50

14
6

15

3J 3.681
&5 85+3

86+2
(0.07+0. 11)

&5 &6
4+5

15+3
10+1

140+80
190+40

14
6

15

4+ 3.515
60+2 31+2

(0.07~0. 1)
200+40

1+ 2+

6)

23

3.511

3.464

3.208

14+2

11+2
10+ 1

81+3

89+2
90+ 1

( —0.11+0.07)

&2

5+1

100
100

70%20

980000+30000
)4000

45+ 10
40%20

14
6

14
6

15

4+

2+

2.893

2.524
41+2
43+1

100
100

59+2
57+1

(0.33+0.09)

4300+ 1500
3200+800

300+40
390+60

14
6

14
6

14

Q+ 2.121
100
100

130000+400 00
)4000

14
6

2) 1.461
1600+60
2000%40

14
6
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TABLE IV. $(EA, ) values in e fm from y-decay experiments and from the (p,p') analyses described in Sec. III.

Ji —+Jf
0+ 2+

0+ 4+

2+ 4+

2+ 4+

B(EA, )(em)'

384+14

57+20

B (EA, )(em)

307+6

77+ 19

B(EA, )(p,p')'

458+80

11 3234+5860

236+41

29 411k 1330

B (EA, )(p,p')

430+ 10

77458 E 10850

40+1

B (EA, )(p,p')'

441 + 10

79 992+5470

54+22

63 040+ 372 60

B(E~)(p,p')'

447+10

79 992+5470

135+37

4697+9086

'Deduced from Ref. 14.
Deduced from Ref. 6.

'From the rotational analysis.
From the vibrational analysis.

'From a fit on the rme's. Reorientation terms fixed at values from analysis of the fifth column. First derivative (A, =2,4) form fac-
tors.
From a fit on the rme's. Reorientation terms fixed to zero. First derivative (A, =2,4) form factors.

trons. A ratio B(p,p')/ 8( em) greater (smaller) than one
means' that in the considered transition the neutron con-
tribution is larger (smaller) than that of the protons.
These comparisons are significant only if in the (p, p )

analysis all the relevant channels for the transition under
consideration have been taken into account. Such disper-
sive effects are, on the contrary, not important for elec-
tromagnetic probes.

The 8(p, p') deduced from the two previous analyses
are reported in the fifth (rotational model) and sixth (vi-
brational model) columns of Table IV. The quoted uncer-
tainties reflect the correlation errors due to the fact that
several parameters have been put in search, and the
averaging procedure used for the values obtained at the
two incident energies. The sign in front of each B(p,p )

is that of the corresponding multipole moments M(p, p')
[Eq. (I)] which determines the phase of each contribution
in the coupled channel analysis. In Table IV there is clear
evidence that, for the 0+~2+ transition, the 8 (E2) de-
duced from (p,p') analyses is larger than that from (em)
experiments. The fact that this transition seems to be
dominated by neutron contributions confirms the hy-

pothesis that the lowest excited states of Ar are due to
the recoupling of two neutrons in the f7/2 shell. No com-
parison between the B(E4) evaluated in (p,p') and (em)
analyses can be done for the lack of the latter data. The
8(EX)(p,p') obtained from the vibrational model for all
the transitions are smaller than those from the rotational
model. This reflects the absence in the former of the
reorientation terms and of an L =4 transition in the

. 2+~4+ channel.
Two further analyses have been performed for these

levels leaving the (A, =2, 0+~2+), (A, =4, 0+~4+),
(A.=2, 2+ —+4+), and (X=4, 2+~4+) rme values free to
vary from their model values. In the first analysis the
reorientation terms were included and fixed to values ob-
tained from the rotational model analysis; in the second
analysis these terms were excluded (as they should be for
spherical levels). In both analyses, however, first deriva-
tive form factors were used. The fits obtained in the two
analyses are similar, and thus only those from the first are
reported with dashed lines in Fig. 3. The 8( EA, )(p, p')
values obtained are reported in the seventh and eighth
columns of Table IV, respectively. Comparing the fits in

TABLE V. B(EA.) values (A, =2,4 in e fm, A, =O in e fm ) from y-decay experiments and from the (p,p') analyses described in
Sec. IV.

J;—+Jf
O+ 2+

B (EA, )(em)'

384+14

10+3.1

55+7.3

118+16

& 12790

B (EA, )(em)

30716

& 325
44.2+6.8

87+13

B(EA, )(p,p')'

458+80
0.16+1.1

46+ 17

B (EA, )(p,p')

458+80
—45+10
—7.8+1.4
—39+7.2
—2.9+0.6

11+2
—479+119

971+91

B (EA, )(p,p')'

459+19
—12.4+8.7
—1.4+0.4
—35+0.2

—23.5+2.7
—1.3+ 1 ~ 1

—7889+750
2277+364

B(EA, )(p,p')

448+20

24+2

0.6+1.4
—4697+4130

'Deduced from Ref. 14.
Deduced from Ref. 6.

'From the rotor-vibrator analysis coupling the 0+&, 2+&, and 0+2 levels.
From the rotor-vibrator analysis coupling the 0+&, 2+&, 02, and 2&+ levels.

'From a fit on the rme's. First derivative (A, =2,4) and Satchler (X=0) form factors. 0&, 2~, 0&, and 2+2 levels coupled.
From a fit on the rme's. First derivative (A, =2,4) form factors. 0+~, 2+~, and 2&+ levels coupled.
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Fig. 3 we note that the dashed lines, obtained with a
larger number of free parameters, reproduce the data only
slightly better; no relevant gain in this respect is obtained
relaxing the model constraints. As a conclusion of this
section we remark that the spherical levels data can be
equally well reproduced by the rotational and the vibra-
tional models; differences in the values of the deduced
multipole moments connecting to the g.s. have been found
to be small (see Table IV).

IV. SETA-BAND LEVEL ANALYSES

Levels in the P band have been analyzed in terms of the
rotor-vibrator model' which recently proved successful in
fitting the levels of the f3 bands in Mg and ' C (Refs. 8
and 9). In this model, ' the radius of the nucleus is ex-
pressed as the sum of a P vibration and of a static defor-
mation (Pz, f3&). All the g.s. band members (here only the
0+~ and 2+, have been considered) are coupled to the levels
of the P band, with the following form factors:

fzoz. (&)= ( —1) (IpOAO~IgO) gluI "(r)(v5
~ P—Pz

~

(l020~ iN) —g'(l000~ AO) ) .
V'4m. k

(3)

(See Refs. 8—10 for further details concerning these form
factors. )

All the multipolarities are weighted by
~ P—13z ~, that is

the quadrupole amplitude of the P vibration. The mul-
tipolarity A, =O form factor is similar in shape to that
given by the diffuseness monopole vibrator of Satchler'
with the node shifted to a slightly smaller radius; the A, =2
to a first derivative form factor with the maximum shift-
ed to a slightly larger radius. The couplings within a ro-
tational band are described by deformed form factors de-
rived from the optical potentials with respective deforma-
tions Pz and Pz for the g.s. and the P bands. The quadru-
pole deformation parameter P~z of the f3 band constitutes
the aim of this analysis.

The description of the excitation of the low-lying 0+
states is complicated' ' by the mixing of the giant mono-
pole resonance (GMR). For heavy nuclei where the GMR
is known, it is possible to calculate' the effective charge
for monopole transitions resulting from such a mixing,
whereas in light nuclei, where only a small percentage of
the EO monopole strength has been located, this is not
possible. However, the mixing of the GMR into the low-
lying 0+ states can be represented by an additional cou-
pling to the g.s. which is assumed to have the compres-
sional monopole form factor of Satchler. '

The rotor-vibrator model calculations have been per-
formed with a modified version' of the code CHUcK. '

In a preliminary analysis we assumed P~z ——0. A search on
the parameters Po and

~
P—Pz ~

resulted in the values in
Table II and the long-dashed line fit of Fig. 4. Even if the
calculated curve does not show the steep rise at small an-
gles, typical of a A. =O multipolarity, the fit is of good
quality for a Oz. But the obtained P-vibrational ampli-
tude

~ P—Pz ~

is not realistic since it is a large fraction of
the static quadrupole deformation. The B(EA, ) values de-
duced from this analysis are shown in the fifth column of
Table V. The B(EO,O+&~Oz+) (to our knowledge no ex-
perimental result from em studies exists for this quantity)
is obtained summing the two monopole potential mo-
ments and is too small compared to similar values in this
mass region. The B(E2,2~ —&Oz )(p,p') is in agreement
with the upper limit of Bitterwolf et al. (fourth column),
but is too high compared with the systematics of Endt
and van der Leun' (third column).

Subsequently, the 2~ level was also included in the CC

0.01

80 80
~4.m. (de g)

120 150 1SO

FIG. 4. Cross sections of the 0+2 and 2+2 levels of Ar at the
incident proton energy of 29.6 MeV. The curves are the results
of a rotor-vibrator model analysis, coupling the 0I, 2~, 0&, and
22 levels (full lines). The short-dashed lines have been obtained
omitting the 02 ~22 coupling; the long-dashed line is obtained
omitting the 22 level from the coupling scheme.

1

scheme, and a search on the parameters Po,
~
P—Pz ~, and

Pz was performed at both energies. The results are report-
ed in Table II, the fits in Figs. 4 and 6 with full lines, and
the B(EA, ) values in the sixth column of Table V. The
fits of the 2+z cross sections are good. The 0+z curves so
evaluated reproduce the peaked shape at 0', but the experi-
mental bump around 40 in the 29.6 MeV cross section is
underestimated. The resulting

~
13—13z

~

is now only 25%%uo

of the static quadrupole deformation and the Po and

~
f3—13z

~

values have opposite signs. Their interference
results in a B (EO, O+& ~Oz+) value of 45 e fm correspond-
ing to —l%%uo of the monopole energy weighted sum rule.
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The 8(E2) values for the (0~ ~2~@) and (2& ~Oq ) transi-
tions now have values very similar to those from (em) ex-
periments, while the 8(E2,2& ~2z ) is smaller. The 132~

obtained from this analysis corresponds to an intrinsic
quadrupole moment of Qo ——988+90 e mb in good agree-
ment with the values reported by Bitterwolf et al. from
the 6+~4+ and 4+~2+ cascades: 1320(+ 60, —120)
e mb.

To investigate the influence of the 0+z~22+ contribu-
tion, we have omitted this coupling in the 29.6 MeV cal-
culations. A strong effect on the 02 is evident as shown
by the short-dashed curves in Fig. 4. This indicates its
importance for reproduction of both the absolute value
and the shape of the 02 cross section. The same coupling
causes a minor effect on the 22+ cross section.

A further analysis of the 02+ and 22 levels has been per-
formed keeping the same coupling scheme but abandoning
the rotor-vibrator model. We assumed first derivative
form factors for the A. =2 and 4 multipolarities; for mono-
pole transitions both Satchler' form factors were con-
sidered, the compressional one acting only in the 0] ~Op
transition. It is interesting to note that both of Satchler's
A, =O form factors have their nodes approximately at the
same radial distance, thus their interference can hardly re-
sult in a monopole form factor with two nodes. A com-
bination of the P-vibrational form factor with the breath-
ing mode form factor can, on the other hand, produce
such a two-nodal monopole form factor. In this case, the

distance between these two nodes is dependent on the de-
formation of the nucleus. The multipole moment of each
multipolarity is considered as a free parameter and not
linked, as in the framework of the models, to those of oth-
er transitions. The results of this analysis are reported in
the seventh column of Table V and the fits in Figs. 5 (full
lines) and 6 (long-dashed lines) for the two incident ener-
gies, respectively. These fits are of the same quality as
those from the previous analysis but some of the 8(EA, )
values are now far from their corresponding (em) values,
in particular, the 8( E2,2&+~22+) value is now much
smaller than its corresponding em value. The increased
B(E2,02 ~22 ) value results in Qo ——1521+444 e mb for
the intrinsic quadrupole moment of the /3 band which,
notwithstanding its increase with respect to the value ob-
tained from the last analysis, is still in agreement, within
the uncertainties, with all the other values.

A last analysis similar to the previous one, but coupling
only the 0&, 2&, and 22 levels, was performed to check
the importance of the coupling between the 02 and the 22
in the determination of the 8(E2) value connecting the
22 level to the g.s. The 22 fits are displayed in Figs. 5
and 6 with short-dashed lines and the evaluated 8(EA, )
value in the eighth column of Table V. The fits for the
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FKx. 5. Cross sections of the 02 and 22+ levels of Ar at the
incident proton energy of 29.6 MeV. Full curves refer to a cou-
pled channel calculation with first derivative {A, =2,4) and
Satchler (A, =0} form factors, and B(Ek) values from the
seventh column of Table V; the 0~, 2~, 02, and 22 levels have
been coupled. The dashed line refers to a similar analysis with
the 02 level omitted from the coupling scheme and with B{EA,)
values from the eighth column of Table V.
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FIG. 6. Cross sections of the 02+ and 22+ levels of Ar at the
incident proton energy of 35.1 MeV. The full curves are the re-
sults of a rotor-vibrator model analysis, coupling the 0~, 2+~, 02+,
and 22 levels. The long-dashed curve refers to a coupled chan-
nel calculation with first derivative (A, =2,4) and Satchler
(A, =0) form factors, and B(EA, ) values from the seventh
column of Table V; the 0~, 2~, 0&, and 22 levels have been cou-
pled. The short-dashed line refers to a similar analysis with the
02 level omitted from the coupling scheme and with B(EX)
values from the eighth column of Table V.
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22+ cross sections are of the same quality as the previous
ones, a result that confirms the conclusions of the analysis
reported in Fig. 4 with short-dashed lines and indicates
that the absence of the coupling to the Oq+ level can be
easily compensated for with those from the other levels.
In fact, the sign of the multipole moment
M(E2, 0+~~2@+) so obtained is reversed with respect to
that from all previous analyses (see Table V). Therefore it
is obvious that for a correct evaluation of the multipole
moments from hadron scattering it is important to per-
form CC calculations with the appropriate coupling
scheme. Only then a good comparison with values from
em decay studies is possible.

V. THE 3i LEVEL

The experimental cross sections for the 3& level at
3.681 -MeV are displayed in Fig. 7. This level is nicely
reproduced by a simple distorted wave Born approxima-
tion (DWBA) requiring a deformation parameter
Pq ——0.26 (Table II). The curves are shown in Fig. 7.

In the following the influence of coupled channels on
this level will be considered. Looking at the y-decay
scheme in Table III one notes that this state decays
strongly to the 2~ level. The transition is, however,
predominantly electric dipole in- character. The -3& state
decays also to the 22 and 4~ states, presumably also with
electric dipole transitions. It is fed from an upper 4
state at 4.226 MeV (decay not shown in Table III). Un-
fortunately, there is no chance to resolve the 4 state in
the present experiment; but since it cannot be excited

TABLE VI. B(E~) values in e fm ~ from the (p,p') analyses
described in Sec. V.

J;—+Jf
0+

21 ~31
21 ~31

B (EZ)(p,p')'

—15030+460

B(E~)(p,p')

—16531+330
—3803+980

( —3.5+1.7)~ 10'

'From a DWBA analysis.
From a fit on the rme's. First derivative (A. =2,3,5) form fac-

tors. 0&, 2& and 3& levels coupled.

VI. OTHER 2+ STATES

The experimental cross sections for the excitation of
two 2+ states at 3.208 and 3.919 MeV are given in Figs. 8
and 9. The first level is of particular interest since it
should be produced by the coupling of the " Ca g.s. with

directly from the g.s. its omission from the coupled-
channels level scheme should not significantly influence
the evaluated 3~ cross section. Considering also that the
cross sections of the 22+ and 4~ levels are one order of
magnitude smaller than that of the 2&, it seems plausible
to couple only the 0~, 2~ states to the 3& level. Assuming
first derivative form factors and searching on all the mul-
tipole moments, we obtained fits very similar to the full
lines of Fig. 7 and therefore did not report them. The ob-
tained B(Ek) values are instead reported in the fourth
column of Table VI. The 8(E3,0+&~3& ) values deduced
from the DWBA and CC analyses are very similar.
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FIG. 7. Cross sections of the 3& level of Ar at the quoted
proton incident energies. The curves are the results of a DWBA
analysis.

FIG. 8. Cross sections of the 2q level of Ar at the quoted
proton incident energies. The curves are the results of a coupled
channel calculation obtained coupling the 0+I, 2+~, and 2+q levels
and using the B (EA. ) values in the fifth column of Table VII.



370 De LEO, MICHELETTI, PIGNANELLI, AND HARAKEH 31

TABLE VII. B(EA, ) values in e fm from y-decay experiments and from the (p,p') analyses
described in Sec. VI.

J;~Jf
0+ 2+

B (EA, )(em)' B(EA, )(em)

30+15
13+9

B(EA, )(p,p')'

10+3
14+5

39 735%34 330

0+, 2+ 6+1
)0.3, &3.3

7+1
&0.4, &4. 1

24+2
65+29

104950+ 16 700

'Deduced from Ref. 14.
Deduced from Ref. 6.

'From a fit on the rme's. First derivative (A, =2,4) form factors. 0~, 2~, and 2,+. levels coupled.
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FICx. 9. Data and curves same as in Fig. 8 but for the 24 lev-

two d3&2 proton holes coupled to L =2. In fact its exper-
imental cross sections resemble more those of the elastic
cross sections rather than those of a 2+ state such as those
of the 24+ state. Also the y decay of the 2+3 state is dif-
ferent from that of the 24 state (see Table III). The 2+3

state decays only to the 0~ and 2+~ g.s. band levels, while
the 24, is also linked to the 0+& and 2+2 states of the p band.

For the analysis of these two states we have assumed
the 0~, 2+~, and 2+; level coupling scheme and first deriva-
tive form factors. Here i refers to either the third or the
fourth 2+ levels. The simplification of the level scheme
for the 2q may result in a wrong determination of B(EA, )
values. The results of these analyses are shown in Figs. 8
and 9, and the B(EA, ) values are reported in Table VII.
Cfood agreement exists between the B(EA, ) values from
(p,p') and (em) experiments only for the 2+3 level. The
disagreement between the B(E2,2& ~24 ) values may re-
flect the aforementioned simplified level coupling scheme.

VII. CONCLUSIONS

The differential cross sections from many excited states
of Ar have been measured at the incident proton ener-
gies of 29.6 and 35.1 MeV. The cross sections of the 0&,
2+&, and 4& levels have been successfully reproduced using
both the vibrational and the rotational model. Only slight
differences in the values of the parameters of the two
models have been found. The vibrational model analysis
shows that the 4~ state results mostly from a one-step
hexadecapole one-phonon component rather than from a
two-step two quadrupole phonons component. In analo-
gy, in the rotational model, a strong hexadecapole defor-
mation is necessary to reproduce the cross section of the
level. The B(EA, )(p,p') values deduced for these levels are
more reliable than those for higher energy states since for
these levels the coupling scheme to be used in the coupled
channel calculations is more obvious. The comparison of
the deduced B(EA,) values with the corresponding ones
from y-decay studies indicates that the B(E2,0+&~2& )
value obtained from em measurements is smaller; thus the
neutron contribution seems greater than that of the pro-
tons for the excitation of this state. The result is more-
over in agreement with the hypothesis of similarity in the
level structure of the first excited states of Ca and Ar,
and thus with the hypothesis that also the first states of
the latter nucleus are due to the recoupling of two neu-
trons in the f7/2 shell.

The 02 and 22 levels have been analyzed in Sec. IV.
These levels have been considered as belonging to the p
band. If the 02 ~2& coup1ing is ignored, an anomalously
large quadrupole vibration amplitude (80% of the g.s.
quadrupole deformation parameter) is found, even larger
than that in ' C (57%, Ref. 9). Including this coupling a
value of 23% results, comparable with that of Mg (18%,
Ref. 8). In both cases a very weak mixing of the compres-
sional mode (giant monopole resonance) in the 02 state
was found necessary to reproduce the data. The strength
of the 02 —+2& coupling is linked to the intrinsic quadru-
pole moment of the p band. A value of Qo ——988+90
e mb has been extracted, in agreement with that found in
the literature (Ref. 6) and deduced from the 42 —+2& and
62 ~42 y-decay transitions. A higher value,
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Qo ——1521+444 e mb, but in relative agreement with the
others, has been evaluated from our data in an analysis
where all coupling amplitudes were considered as free pa-
rameters. The agreement among a11 the determined values
for Qo of the /3 band confirms the hypothesis of the pres-
ence of deformed states in Ar.

For the 3& level equivalent fits have been obtained from
a simple DWBA analysis and a more complex CC
analysis. The results suggest a vibrational character for

this band. The 2+3 and 24 cross sections have been repro-
duced with coupled channel calculations. The B(EA, )'s
deduced for the first of these levels are in agreement with
the electromagnetic ones. From the analysis of the latter
level, strong A, =2,4 two-step (through the 2& level) con-
tributions have been found. The deduced B(E2) values
are in disagreement with those from electromagnetic stud-
ies and suggest a more complex level coupling scheme for
this level.
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