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Distorted-wave Born-approximation and coupled channel analyses of differential cross sections and
analyzing powers have been performed for inelastic polarized proton-scattering data measured at an incident
proton energy of 20.3 MeV. Collective and microscopic models have been used to describe the low-lying
states of "Mg. The results obtained for the cross sections and analyzing powers with the rotational model
description are in reasonably good agreement with the data. The distorted-wave Born-approximation analysis
using shell-model wave functions gives satisfactory fits to the shape of the cross sections for some levels but
very serious disagreements for the analyzing powers of almost all states, suggesting the need to include
higher-order effects.

NUCLEAR REACTIONS ~ Mg(p, p' j, E =20.g MeV; calculated 0(8) and analyz-
ing power for 10 levels; macroscopic and microscopic DWBA calculations.

I. INTRODUCTION

"Mg has been extensively studied both theoreti-
cally and experimentally. Its spectrum shows a
rotational band structure characteristic of a de-
formed nucleus. Two rotational bands should be
distinguished: . the ground state K=0 band and the
excited K=2 band starting with the 2; state at 4.24
MeV. We denote with a lower index 1 the levels of
the K=0 band (0;, 2» 4;, . . . ) and with a lower in-
dex 2 the levels of the K=2 band (2;, 3;, 4;, . . . ).
These rotational levels have been described by
collective and microscopic models. In this second
approach, recent extensive shell-model calcula-
tions"' succeeded in reproducing the collective
nature of the rotational states insofar as they give
large B(E2) values (in agreement with the experi-
mental data if one uses an effective charge of 0.5e)
for transitions within both the ground-state band
and the excited band. One should note, however,
that the cross band E2 transitions are usually
overestimated by those calculations.

This paper deals with the analysis of 20.3 MeV
pola, rized proton-scattering data on '4Mg measured
at tQe Saclay AVF cyclotron. ' The data consist of
absolute cross sections and analyzing powers. The
final states excited in this. experiment are the
2; (1.37 MeV), 4; (4.12 MeV), and 6; (8.12 MeV)
states of the ground-state rotational band, the
2; (4.24 MeV), 3; (5.23 MeV), and 4; (6.01 MeV)
states of the excited band, the 0' state at 6.44
MeV, and the two 2' states a,t 7.35 and 8.65 MeV.
The differential cross sections and analyzing pow-

ers were measured from 20' to 160'. The experi-
ment with a polarized beam gave only relative
cross sections; the absolute values have been de-
termined by an unpolarized beam measurement.

The analysis of those inelastic-sca. ttering data
do not give direct access to the detailed structure
of the nuclear states as the reaction mechanism is
not precisely known. Consequently, the aim of this
paper will be twofold. For the collective model,
effective deformation parameters will be deduced
by distorted-wave Born approximation (DWBA)
and coupled channel analyses (CC) and compared to
values obtained in preceding experiments and

- with other probes. For the microscopic model,
the DWBA ana, lyses of the cross sections and
analyzing powers will reflect the properties and
uncertainties of the shell-model wave functions
and of the distorted-wave Born approximation.
In an at;tempt to disentangle both effects, the
QP') data will be analyzed with two sets of shell-
model wave functions calculated in the same va-
lence space and differing only in the choice of the
effective interaction. It will be seen that even
though this restricted difference in the shell-
model wave functions may induce important dif-
ferences in the cross sections and analyzing pow-
ers, the shortcomings of the DWBA approach are
strongly suggested by the analyses of some of the
data. This is in agreement with a recent paper'
showing the importance of two-step processes in-
cluding the multipole giant resonance effects in
the cross section analysis for the 3; at similar
energies. In Sec. II, we describe the input of the
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DWBA calculations, the nuclear wave functions
used in the microscopic mode'. analysis, and the
coupled channel calculations. The numerical re-
sults for the cross sections and analyzing powers
are shown and discussed in Sec. III and some
general remarks on these results are given in
Sec. IV.

II. DWBA AND COUPLED CHANNEL ANALYSES

The differential cross sections and analyzing
powers were calculated in the distorted-wave
Born approximation using macroscopic and micro-
scopic models for all the levels mentioned in the
Introduction.

Coupled channel calculations were performed for
the 0; (g.s.), 2; (1.37 MeV), 4; (4.12 MeV), and

6; (8.12 MeV) states of the K = 0 band (including the
8", state) within the symmetric rotational model
and for the 0; (g.s.), 2; (1.37 MeV), 4; (4.12 MeV),
6; (8.12 MeV), 2; (4.24 MeV), 3; (6.23 MeV), and

4; (6.01 MeV) states of the K = 0 and K = 2 bands
using the asymmetric rotational model.

A. DWBA analyses

Collective model: This analysis was carried out
with the code written by Sherif. It includes the full
Thomas term for the spin-orbit potential. The
form factor is taken to be the deformation parame-
ter P times the radial derivative of the optical po-
tential. The entire optical potential is deformed
in all calculations. The code allows us to use a
spin-orbit term with a deformation different from
that of the central and imaginary potentials; taking
P„=1.6Pz generally inproves the predictions for
the analyzing powers. The values of the parame-
ters P~ entering the DWBA calculations are given
in the first column of Table 1(a).

Microscopic mode/: The calculations were per-
formed in the antisymmetrized microscopic dis-
torted-wave Born approximation using the code
DRBA 74 written by Schaeffer and Haynal.

In this approximation the transition amplitude
between the ground state and the final level is

m(nu ) i
~y~=

(2 )3 &&sec'y Vsp~Xa. c'~ &

TABLE I. Deformation parameters PL obtained in the DWBA analysis (a) and coupled channel (CC) analyses (b) compared to
values extracted from other experiments. T.refers to triaxial rotor model and S to symmetric rotor model.

Energy J
(MeV)

(a)

pg (DWBA)

(p,p')
(Ref. 5) (Ref. 6)

20.3 MeV 17 MeV 30 MeV
this work

(p,p')
(Refs. 7 and 8}

40 MeV

(p,p')
(Ref. 9)

49.5 MeV
S T

(n, n')

(Ref. 10)
14 MeV

( He, He')

(Ref. 11)
29 MeV

(a, e'}
(Ref. 12)
43 MeV

1.37
4.12

4.24

,6.01
7.35
8.65

2+
4+
2+
4+
2+
2+

0.52

0.12

0.16

0.27

0.14
0.10

0.52

0.15

0.58 0.475 0.49 0.37

y =32
0,62 0.40

0.10
0.2

0.55—0.66

Experiment
(b)

Coupled states

17.5 MeV (p,p'} (Ref, 24)

20.3 MeV (p,p')

This work

22.5—28.5 MeV (p,p') (Ref. 4)
30.5 MeV (p,p'). (Ref. 6)

40 Mev (p,p') (Refs. 7 and 8)
49.5 MeV (p,p') (Ref. 9)
14 MeV (n, n') (Ref. 10)
26 MeV (d, d') (Ref. 25)
17 MeV (e, e') (Ref. 26)

28.5 MeV (e, e') (Ref. 27)
104 MeV (a, a') (Ref. 28)

s(p, , p4)

s(p, , p4, p,)
~(P2. P4 P6 'Y)

T(P2, y)
T(p, , y)
s(p, )
s(p2)
s(p2}
s(p, )

S(P2, P4)

T(P2, y)
s(p, , p4)

0)+, 2)+, 4)+

oi' 2i' 4i' 6i' 8i'
0)+, 2)+, 4]+, 6)+, 22+ 3+ 4+

0), 2)+ 4+, 22+, 32+, 42+.

0+ 2+ 4+ 6+ 2+ 3+
0)+, 2,+

0,+, 2)+, 4)+

0)+, 2,+

0+, 2)+

Oi+, 2+ 4+
O+ 2+ 4+ 6+ 2+ 3+

0+ 2+ 4+

0.47

0.47

0.47

0.50—0.56

0.50

0.47

0,49
0.53

0.42

0.40

0.34
0.39

—0.05
—0.056 +0.054
—0.060 +0.054

0.05

—0.015

21'5
20 -22

23'

35'

187 MeV (e,e') (Ref. 29)
183—250 MeV (e,e') (Ref. 30)

s(p, )
s(p, , p4)

0)+, 2)+

0+ 2+ 4+
0.51

0.45 —0.06



R. M. LOMBARD, J. L. ESCUDIK, AND M. SOYEUR 18

TABLE II. Optical-model parameters at 20.3 MeV proton energy.

V(MeV) r (fm) a (fm) 8'; (MeV) r; (fm) a; (fm) V, (MeV) r, (fm) a, (fm) r, (fm)

Elastic

scattering

microscopic DWBA
Inelastic

scattering (cc)
rotational S

Asym. rotational T

43.52

48.62

48.62

1.25

1.15

1.15

0.59

0.67

0.67

6.34

7.69
7.76

1.37
1.37

0.2&

0.28

1.26 ' 0.517 4,77

4.6
4,56

1.03

0.94
0.94

0.35

0.40
0.40

1 ~ 20

1.20

1.20

where X' and y- are the ingoing and outgoing dis-
torted-wave functions determined by an optical-
model calculation, V» is an effective "bound-
free" nucleon-nucleon interact:ion and C,. and C»
are the wave functions describing the initial and
final states.

The antisymmetrization between incoming and
bound particles is fully taken into account. The
calculation is direct in the sense that no multistep
process involving intermediate states is included.

The optical-model parameters have been de-
termined with the code MAGALI written by Baynal;
the parameters used in our calculations are given
in the first rom of Table II.

The outgoing channel has been computed taking
into account the energy dependence of the optical
potential well. A search consistent with the Julich4
analysis taking the same geometrical parameters
and spin-orbit potential gives well depths
smoothly related to the Julich parameters. More-
over, using the (PP) dataat17. 5MeV from Crawley
and Garvey' and the systematics of Colombo et al."
between 20 and 40 MeV, no evidence fora resonant
or anomalous effect was found around 20 MeV.

The "bound-free" nucleon-nucleon interaction
contains central, spin-orbit, and tensor terms
with spin and isospin dependence. We have con-
sidered tmo nucleon-nucleon interactions, a force
derived from the Hamada-Johnston potential'~ on
the one hand and the MSU force of Borysowicz et
al."on the other hand. The latter is an effective
interaction obtained by fitting with a sum of
Yukawa forces the matrix elements of a G matrix
computed from the Reid potential in an harmonic-
oscillator basis. The strengths and ranges of the
various terms obtained from a three-Yukawa fit
to the original force (up to momenta of 2 fm ') are
listed in Table III.

From the comparison of numerical results for
cross sections obtained with both forces it turns
out that for a given transition they differ essen-
tially by a. normalization fa,ctor. The cross sec-
tions given by the MSU force are usually 1.5 times
larger than the Hamada-Johnston predictions for
both direct and exchange terms. This effect was

TABLE IG. Parameters of the three Yukawa potentials
used to des cribe the "bound-free" nucleon-. nucleon interac-
tion.

Range

(fm)
Depths
(MeV)

Triplet Singlet LS
even even even

LS Tensor Tensor
odd even odd

0.3 8491 5774 -1650
0.5 -2656 -1785.6 -0.20
086 0 0 0

—5938 & 0 0
166.5 -476.4 151.38

0 —4.01 0.332

already observed and discussed in the analysis of
"N(pp') data between 20 and 30 MeV. " Therefore,
and a.s no marked change in the analyzing powers
is induced by the difference in the spin-orbit inter-
action of the two forces, the results obtained with
the MSU force only will be presented in this paper.

To describe the low-lying states of ' Mg, we take
the shell-model wave functions of Soyeur' and
Wildenthal' obtained by diagonalizing an effective
Hamiltonian in the full (2s-1d) shell space for eight
valence nucleons. Theybothuse the single-pa, rticle
energies given by the 0 spectrum. The calcula-
tions differ by the choice of the effective interac-
tion.

Soyeur takes the effective nucleon-nucleon inter-

actionn

derived from a separable potential by Kahana
et al. ,

"while Wildenthal uses the fitted interaction
of Chung a,nd Wildenthal. "

The energy spectra and electromagnetic E 2 tran-
sition rates ca,lculated with those wave functions
are given in Fig. 1 and Table IV, respectively.
The general features of the calculations are that
the energy spectrum is roughly reproduced for the
first excited states and that the cross band E2
transitions a,re generally too large while the B(E )2
values within the K= 0 and K =2 bands are in ex-
cellent agreement with the experimental data (one
uses an effective charge of 0.5e). For the spectrum
calculated with the Kahana et al. effective inter-
action, it seems, however, that the first levels of
the K=2 band come systematically too low in en-
ergy.
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9.28
9.00
8.65
8.44
8.12
7. 81
7.75
7.35

9.00
8.73
871

7.01

2+O
2+O
2+O
4+0
6+0
5+p 7.94
1+0
2+0

9.26
2+0
1+0 8.79
2+0 8 47

5+p 7.9Q
7.77
7.53
7.42

0+0

2+O

4+0
6+0

5+o
1+0
2+O
0+0

Initial
state

Final
state

Experiment Soyeur Wildenthal
(Ref. 19) (Ref. 1) (Ref. 2)
(e fm ) (e fm ) (e fm )

TABLE IV. Experimental and theoretical BN2) val-
ues for the low-lying states of 24Mg. The calculated
shell-model values are obtained using an effective charge
of 0.5e for protons and neutrons.

6.4&

6.01

5.23

4.24
4.12

0+0

4+0

3.+0

2+0
4+o

5.75

4,87
4.74

3.4 2

4 o 5'9

5.1 7
4+0
3+0

4.42
4.12

2+0

4+ Q

3+0

4+0
2+0

B(E2) values within the ground state band

2+ 1.37 MeV 0+ 0.00 MeV &4.3 + 2.5 83.2
4+ 412 MeV 2+ 1.37 MeV 95 +2~ 988
6+ 812 MeV 4+ 412 MeV 140 +148 923

B(E2) values within the excited E =2 band

103
130
121

1.3 7

0.00

Experiment

2+0
1.80

o+o o.oo

Soyeur

2+0
1.56

0+0 0.00

Wildenthol

2+0

o+o

3+ 5.23 MeV 2+ 4.24 MeV

4+ 6.01 MeV 2+ 4.24 MeV
5+ 7.81 MeV 3+ 5,23 MeV
5+ 7.81 MeV 4+ 6.01 MeV

127 + 21

(Ref. 20)
+16

148 +25

62 +21

35.9
56.6

.71.5

54.6
75

85.4

143.9 178

FEG. 1. Energy spectrum of 24Mg (T = 0, positive par-
ity states). From left to right, experimental spectrum

.and theoretical spectra corresponding to Soyeur's and
Wildenthal's wave functions.

B(E2) values for cross band transitions

2+ 4.24 MeV 0+ 0.00 MeV 5.7 ~+'8 5.2
2+ 4.24 MeV 2+ 1.37 MeV 8.6 + 38.8
3+ 5.23 MeV 2+ 1.37 MeV 8.6+1.2 8.7
4+ 6.01 MeV 2+ 1.37 MeV 4.1+1.2 13.0
4+ 6.01 MeV 4+ 4.12 MeV (4 (Ref. 20) 16.7

11,2
20.2
17.8
12.4
13.3

The wave functions enter the calculations through
the matrix elements ZJ,. of the particle-hole exci-
tation operators. Harmonic oscillator and various
Woods-Saxon wave functions were used to describe
the single-particle states. The results presented
in this paper are obtained with a Woods-Saxon
potential corresponding to the following binding
energies: for the protons v, &, =12.89 MeV, v, ~,
=11.44 MeV, and v3g2=7 57 MeV, for the neutrons
v, (,=16.54 MeV, v, (, ——15.09 MeV, a.nd v, g

=11.22
MeV-.

The spectroscopic amplitudes Z&,~&, were norma, l- '

ized by a, factor A to give the correct absolute
values for the cross sections. This factor A is
related to the isoscalar polarization charge e,
[which gives an effective charge of (1+e,) for
the proton and eo for the neutron] by A =1+2eo.
As we consider T =0 transitions, the isoscalar
polarization charge only will contribute. The val-
ues of A used for each transition are given in
Table V. The cross sections shown in the figures
will be normalized by those factors and conse-
quently only the shape of the cross sections re-
flects the agreement or disagreement between
theory and experiment.

Finally, for the states for which the real form
factor is collective, we have added a complex form
factor. W'hile the real part results form a micro-
scopic calculation, the imaginary part is macro-

B(E2) values involving the 0+ state at 6.44 MeV

0+ 6.44 MeV 2+ 1.37 MeV 1.9+0.3
0+ 6.44 MeV 2+ 4.24 MeV 22+7

2.2
7.3

0.10
21.3

TABLE V. Normalizing factors A used in the microscopic
DWBA analysis with Soyeur's and Wildenthal's shell-model
wave functions.

Level Spin A = (cr,„p/cr, h)

1.37
4.12

4.24

5.23
6.01
6.44
7.35
8.65

2+
4+
2+
3+
4+
0+
2+
2+

Soyeur

1.62
4.65
1.73

10
2

1.79
1.96

Wildenthal

2

2.74
1.73
8.12
4.46
1.82

1.48
4.47

scopic. Following Terrien et al. ,"Satchler, "and
various other authors, it is taken to be the deriva-
tive of the imaginary part of the optical potential
times the collective deformation parameter P. As
the real form factors were normalized to the ab-
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solute values of the cross sections, the addition
of an imaginary form factor will contribute very
little to the total cross sections.

B. Coupled channel analyses

The coupled channel calculations were performed
with the code ECIS writtenby Baynal. As suggested
by various preceding calculations, "the spin-orbit
deformation was increased by a factor of 1.9 in
order to improve the. fits to the analyzing powers.
Both symmetric and asymmetric rotational models
were used to analyze the data. The optical-potential
parameters are given in the second row of Table II
for the symmetric rotational model and in the third
row of Table II for the asymmetric rotational mod-
el.

III. NUMERICAL RESULTS

A. Ground-state rotational band levels

Macroscopic analyses: The DWBA and coupled
channel analyses using the macroscopic model are
shown for the cross sections and analyzing powers of
the levels of theK=Obg. nd on Figs. 2-5. The DWBA
calculations give good fits to the data for the
ground state and for the 2; state with a deforma-
tion parameter P =0.52. For the 4; state, except
at forward angles, the fit to the cross section
(P =0.12) is extremely bad in the D~BA analysis;

0.5

10

10 -0.5

10 0.5—

10

05- 41

/
10 "8

10
0,5-

10 I I

50 100

ec.m. ~«Q ~

150
Ii IL

II

ll

FIG. 2. Experimental and theoretical differential
cross sections for the ground-state rotational band lev-
els, i.e., the ground state (0~), 2~ state (1.37 MeV), 4~
state (4.12 MeV), and 6& state (8.12 MeV) using the sym-
metric rotational model. The dashed lines refer to
DWBA analyses with P= 0.52 -(2&) and P= 0.12 (4&) and
the solid and dot-dashed lines to coupled channel calcu-
lations using P2= 0.47, P4= -0.056, and P6= + 0.054
(solid line) or Pe= —0.046 (dot-dashed line).

-0.5-

50 100 150

ec.m (deg)

FIG. 3. Same as Fig. 2 for analyzing powers.
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the calculated analyzing power has essentially
nothing to do with the experimental points. This
problem is cured by the coupled channel treatment
using the symmetric rotational model. The O;, 2;,
and 4y cross sections and analyzing powers are
very well reproduced for the values P~ = 0.4V and P»

0.056. For the 6; state a positive P, deforma-
tion parameter of O.054 is needed to fit the cross
section. The search was also made for negative
deformation and gave p, = -0.046. The positive
deformation is slightly favored by X' criterion.
We have checked that the coupling of the 8; state
does not modify the determination of P,.

The value p =0.52 obtained by the DWBA analysis
for the 2; state is in agreement with the values
listed in Table l(a) extracted from various

proton-, neutron-, and e-scattering data analyzed
in the distorted-wave Born approximation. A .

similar conclusion can. be drawn from Table l(b)
for the coupled channel treatment giving P, =0.47
and P, =-0.056 in the rotational symmetric (S)
model. The value obtained for p, using o.-scatter-
ing data-is, however, a little bit smaller. The
deformations P, and P4 deduced in this work are in
agreement with a previous analysis of inelastic
electron scattering data. "

Coupled channel calculations with a triaxially
deformed potential (T) were also performed

E

0.5-

.10

10
-0.5

10

Xl
E
Cl

e 10

0.5-
g+ ~(i

0

10-) /
6+

M ~ Melggg '~e~
10 2

50 100

ec (deg)
FIG. 4. Experimental and theoretical differential

cross sections for the ground-state rotational band lev-
els using the asymmetric rotational model in a coupled
channel analysis involving the 0~, 2~, 4~, 6~, 2'2, 32, and
42 states. The values of the parameters are y 21 5,
P2= 0.47, P4= —0.060, and Pe= 0.054 (solid line); we
show for comparison the curves obtained for the 4~ and
6& states with a P2 deformation only, i.e., P4~ Pe= 0 (dot-
dashed line).

-0.5-

0.5-
.r'

.]
0~ ~s ll r' ll/

1

SO 100

ec.m. (de&)
150

FIG. 5. Same as Fig. 4 for analyzing power.
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10

0.5—

10

E

10

-0.5

I

50
I

100

ec.m. («g}

I

150
50 100 150

FIG. 6. Optical-model analysis of the elastic differen-
tial cross section.

ec.m. (deg )

FIG. 7. Same as Fig. 6 for the analyzing power.

coupling the O;, 2;, 4;, 6;, 2;, 3;, and 4; states.
The fit obtained for the K=0 band levels is
reasonably good for values of P, =0.47, P, =-0.060,
p, =0.054, and y =21'5. For the 4; and 6; states,
we have quoted on Figs. 4 an/ 5 the cross sections
and analyzing powers obtained with a P, defor ma'
tion only. It can be seen from the figures that for
the 6; state, nonzero P, and P, substantially im-
prove the fit to the cross section.

Mi cvoscoPic analysis: The microscopic D%BA
analyses of the cross sections and analyzing pow-
ers using the shell-model wave functions of Soyeur
(S) and Vfildenthal, (W} are given for the 2; and 4;
states in Figs. 8-11. Figures 6 and V show the fit
to the elastic data obtained with the code MAGALI .

For the 2+, state, the differential cross section is
quite well reproduced by both shell-model wave
functions except for the plateau at forward angles.
The normalization factor A of the order of 2 is in
agreement with the corresponding effective charge
in electromagnetic transition rates.

It is also clear from Fig. 8(b) that adding an
imaginary form factor slightly improves the fit to
the experimental cross section. Very similar re-
sults are obtained with the two wave functions.

The 4; cross section analyzed with shell-model
wave functions shows the same behavior as the
DNA macroscopic model an@lysis. The calculat-
ed cross section is too low beyond 9O' and a larger
factor is needed to normalize the absolute cross
section: A =4.65 for the Soyeur wave functions,
A = 2.V4 for the Vfildenthal wave functions. This and

102

1.37 HeV

10

l
Ul

E
Qa

10

I

50 100

ec.m. («g}

I

150

FIG. 8. Experimental and theoretical differential
cross sections for the 2~ state (1.37 MeV) obtained by a
DWBA analysis using shell-model wave functions. Fig-
ure 8(a) shows a comparison of the Soyeur (solid line)
and Wildenthal (dashed line) wave functions with A= 1.62
and A= 2, respectively. Figure 8(b) shows the effect of
adding an imaginary form factor (dot-dashed line) with
P= 0.52 to the previous calculation (solid line) using
Wildenthal's wave function.
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4.12 MeV
4+

1

I
Ill

1

C

0a

----W
-0.5—

0.5

Qa
10

-1

S----W:-—s (p)

50 150

FIG. 10. Experimental and theoretical differential
cross sections for the 4~ state (4.12 MeV) obtained by a
DWBA analysis using Soyeur's (solid line) and Wilden-
thal's (dashed line) shell-model wave functions with
A= 4.65 and A= 2.74, respectively. The dot-dashed line
shows the effect of adding an imaginary form factor
{P=0.12) with Soyeur's wave function.

50 100

~c.m. t«e I

150

FIG. 9. Same as F'ig. 8 for analyzing powers.

the complete lack of structure in the calculated cross
sections suggest the importance of intermediate
state contributions.

The analyzing powers for the 2; and 4; states are
not at all reproduced by the microscopic DWBA
calculations. For the 4; state, however, the dis-
crepancy is reduced by the introduction of an
imaginary form factor.

An interesting effect is observed for the 2;
analyzing powers; there is a marked difference
between. the curves calculated with both wave
functions. This suggests 'that analyzing powers
are very sensitive observables and could test the
detailed structure of the nuclear states if the re-
action mechanism was fully understood.

8. Excited E = 2 rotational band levels

Macroscopic analyses: The DWBA and coupled
channel analyses using the macroscopic model are
shown for the cross sections and analyzing powers
of the levels of the %=2 band in Figs. 12 and 13,
respectively.

The DWBA calculations reproduce the cross sec-
tions for the 2', and 4; states at small angles with

P =0.16 and P =0.27. For the 2;, the calculation
fails to give the correct behavior of the cross
section for angles larger than 90'. The general

412 He V

4
+

Il
/

/
/

Q) I
0 t'ai

il

S
-05- ——-- W

s (s)

50
1

100
Ilc.m. (Iteg}

I

150

FIG. 11. Same as Fig. 10 for the analyzing powers.

I

shape of the analyzing powers for the 2; and 4;
states are essentially given by th'e DWBA analysis
but no detailed agreement is achieved.

The coupled channel approach has been used to
analyze the 2;, 3;, and 4;cross sectionsandanalyz-
ing powers using the asymmetric rotational model
and including the Oi 2i i and 6i states in the
calculatioris.

Results very similar to those of the DVjg3A anal-
ysis were obtained for the 2; state using p, =0.4V,

P, = -0.060, P, =+ 0.054, and y = 21'5. This value
of y is in agreement with the value determined, in
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FIG. 12. Experimental and theoretical differential
cross sections for the K= 2 rotational band levels, i.e.,
the 22 state (4.24 MeV), the 32 state (5.23 MeV), and the
42 state (6.01 MeV). The dashed lines refer to DWBA
analyses with P= 0.16 (22) and P= 0.27 (42) and the solid
and dot-dashed lines to coupled channel calculations
using y= 21.5, P2= 0.47, P4= —0.060, Pe= 0.054 (SOlid
line), and P4= Pe= 0 (dot-dashed line).

FIG. 13. Same as Fig. 12 for analyzing powers.

the most important coupling lacking in our calcula-
tion.

The situation for the 4; level is, however, different.
Although the cross section is underestimated by an
order of magnitude and is not reproduced by the
triaxial model, the transition here is a natural

10—

424 Me V

22'

Ref. 4 for similar proton energies.
The cross section for the 3; state is not given at

all by this calculation: The absolute value is 30
times too small and the shape is not reproduced.
The disagreement is less importa, nt for the anal-
yzing power even though its detailed structure is
clearly not obtained in this analysis. As can be
seen from Figs. 12 and 13, nonzero values for P,
and p, have essentially no effect on the cross sec-
tion and analyzing power.

The strong underestimation of the 3; cross sec-
tion within this model suggests that an important
coupling is missing. Lovas et aE.4 were able to
improve this cross section by including the dipole
and quadrupole giant resonances as doorway states
through an exchange process. This is likely to be
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FIG. 14. Experimental and theoretical differential
cross sections for the 22 state (4.24 MeV) obtained by a
DWBA analysis using Soyeur's (solid line) and Wilden-
thal's (dashed line) shell-model wave functions with
A= 1.73 for both cases.
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FIG. 15. Same as Fig. 14 for analyzing powers. FIG. 17. Same as Fig. 16 for analyzing powers.

parity one, minimizing the relative importance of
such doorway states. The ability of either macro-
scopic or microscopic DWBA calculations to fill
the level in accordance with the experiment hints
that the direct transition matrix element is under-
estimated by the asymmetric-rotor-. model calcula-
tion.

Mi cxoscopi c analyses: The microscopic D%BA
analyses of the cross sections andanalyzingpowers
using the shell-model wave functions of Soyeur and
'gtildenthal are given for the 2;, 3;, and 4; states
of the K=2 band in Figs. 14-19.

The shape of the cross section for the 2; state
at 4.24 MeV is not very well given by this analysis,
while the overall normalization factor A =1.73 for
both wave functions is in agreement with what is
needed for electromagnetic properties.

5.23 HeV
3+

10

6.01 Me V

4+
2

It is interesting to note that the shape of the pre-
dicted cross sections for the 2; state is in fact very
similar to the shape of the 2; cross section while
the experimental data are quite different at large
angles. This may be understood if one looks at
the B(E2) values given in Table IV. In particular,
the E2 cross band transition from the 2; to the. '

2; is too large, indicating that those two states are
in some sense too much alike. Therefore, the
similarity of the (PP') cross sections for the 2;
and 2', states may simply reflect the shortcomings
of the shell-model wave functions.

The shape of the 3; cross section is roughly
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FIG, 16. Experimental and theoretical differential
cross sections for the 32 state (5.23 MeV) obtained by a
DWBA analysis using Soyeur's (solid line) and Wilden-
thal's (dashed line) shell-model wave functions with
A= 10 and A= 8.12, respectively.

10-1 I
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150

FIG. 18. Experimental and theoretical differential
cross sections for the 42 state (6.01 MeV) obtained by a
DWBA analysis using Soyeur's (solid line) and Wilden-
thal's (dashed line) shell-model wave functions with
A= 2 arid A= 4.46. The dot-dashed curve shows the ef-
fect of adding an imaginary form factor ( P = 0.27) with
Wildenthal's wave function.
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C. Other Levels: O+ (6.44 MeV), 23 (7.35 MeV), 24 (8.65 MeV).

MacroscoPic Model: The DWBA analysis of the
cross sections and analyzing powers for the 2; and

24 states calculated with the macroscopic model
are shown in Figs. 20 and 21.

With P =0.14 for the 2; state and P =0.10 for the

2~ state, the agreement between the calculated and
measured cross sections and analyzing powers is
very poor. This is not too surprising since the
collective character of those two 2' states is not

—0.5——-—S (0)
W

50
I

100 e cry

ec.m. (~eg )
150

all established. Very little improvement is
a,chieved by increasing the spin-orbit deformation.
(p„=1.6p).

Microscopic Model: The microscopic DWBA
analyses of the cross sections and analyzing pow-
ers using Soyeur's and Wildenthal's shell-model
wave functions are given for the 0' state at 6.44

FIG. 19. Same as Fig. 18 for the analyzing powers.
A dot-dashed curve indicates the direct term only cal-
culated with Soyeur's wave function.

given by the DWBA analysis with shell-model wave
functions even though there seems to be much
more structure in the experimental points than
ip the calculated cross sections. The normal-
ization, however, is not given at all by the calcula, —

tion, as is to be expected from the macroscopic
analysis. The values of A are 10 a,nd 8.12 for
Soyeur's and Wildenthal's wave functions, re-
spectively, indicating that very important contri-
butions to the cross section are missing in the
analysis. The 4; cross section is not well given
by the microscopic DWBA calculations. The
shapes obtained with both wave functions are much
too flat. This can be improved by adding an imag-
inary form factor but the behavior of the cross
section at backward angles is still not reproduced.
One should also remark that the normalization
factors A are quite different for the two wave
functions: A=2 for Soyeur's and A =4.46 for
Wildenthal's wave functions.

The analyzing powers for the 2;, 3;, and 4; states
are not even qualitatively reproduced by the micro-
scopic DWBA analysis. The only interesting infor-
mation that can be extracted from Figs. 15, 17,
and 19, besides the fact that our analysis is clear-
ly not correct for those states, is that the two
wave functions lead to very different curves, re-
inforcing our previous remark about the sensi-
tivity of the analyzing powers to the details of the
nuclear wave functions. It is also interesting to
remark that the direct term only gives quite a
good fit to the analyzing power of the 4; state
(Fig. 19).

MeV and for the 2' states at 7-.35 and 8.65 MeV in
Figs. 22-27. The Wildenthal wave functions only
a,re used to analyze this last level.

For none of these three levels are the cross
sections or analyzing powers reasonably well re-
produced by the microscopic DWBA trea, tment.
The structure of the cross sections is not given at
all and the analyzing powers predicted by the
analysis have almost nothing to do with the experi-
mental curves. For the 0' and the 2; sta, tes, the
normaliza, tion factors are quite reasonable: A
=1.79 and A =1.96 for the Soyeur wave functions,
A =1.82 and A =1.48 for the Wildenthal wave func-
tions. For the 2~ state, the normalization factor
is larger, A=4.47.

Again we would like to point out that important
differences in the analyzing powers are obtained
with the two sets of wave functions. This is also
true to a lesser extent for the cross section of the
2; state.

IV. CONCLUSION

Detailed and constructive conclusions are very
hard to draw from the results discussed in this
paper. A few general remarks do nevertheless
emerge from the calculations which can be sum-
ma, rized as follows.

The macroscopic model analyses give reasonable
fits to the data in most cases for values of the de-
formation parameters in agreement with preceding
determinations. Evidence for intermediate coupling
is obtained for the 4y state of the K=0 band and for
the 3; and 4; states of the K=2 band.

It, is worthwhile to stress that the rather good
agreement between the da.ta and the asymmetric-
rotor calculation does not mean that the "Mg is
a rigid rotor. Recent Hartree- Fock calculations
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FIG. 20. Experimental and theoretical cross sections
for the 23 state (7.35 MeV) and 24 state (8.65 MeV) ob-
tained by a DWBA analysis using the rotational model
(P= 0.14 for the 23 and P= 0.10 for the 24).
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FIG. 22. Experimental and theoretical cross sections
for the first excited 0 state (6.44 MeV) obtained by a
DWBA analysis using Soyeur's (solid line) and Wilden-
thal's (dashed line) shell-model wave functions with
A= 1.79 and A= 1.82, respectively.

P = 0.14,

P„=1.6 P

7.35 MeV

23

for example by Grammaticos" show that
the nucleus is soft in the y direction. The energy
versus y curve for a constrained Hartree-Fock
calculation gives a marked triaxially deformed
shape for the K=2 band, while the curve is very
flat for the K=0 band; the slightly favored y
is zero or nonzero depending on the force used
(especially the spin-orbit force). The transition
matrix element is mainly diagonal in y, and it is
clear that, taking into account the zero-point vi-
bration, the result appears similar to that obtained

0.5-
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I
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I}c.m. «eg}
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FIG. 21. Same as Fig. 20 for the analyzing powers
(dashed line). The solid line shows the effect of an in-
creased spin-orbit deformation P~= 1.6P.
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FIG. 23. Same as Fig. 22 for the analyzing powers.
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FIG. 24. Experimental and theoretical cross sections
for the 23 state (7.35 MeV) obtained by a DWBA analysis
using Soyeur's (solid line) and Wildenthal's (dashed line)
shell-model wave functions with A= 1.96 and A= 1.48,
respectively.

for a rigid triaxia, lly nucleus with an effective y,
intermediate between the. weak minimum energy
y of the K=0 band and the strong minimum energy
of the K=2 band. Thus this effective y must be
considered as a freezing approximation of the y
vibration, as Yamazaki" also stated.

The microscopic DWBA analysis using shell-
model wave functions looks quite disappointing and
strongly suggests that important contributions are
missing in the calculations. It should be mentioned,
however, that due to the use of an effective charge,
spin-flip contributions are overestimated com-
pared to the non-spin-flip contributions in the
microscopic analysis. It is clear indeed that the
use of an effective charge enhances the spin-flip
and the non-spin-flip by the same factor, while
the enlargement of the configuration space should

10
50

ec.m. (deg)

100 150

give a much more constructive interference for
the non-spin-flip amplitudes than for the spin-
flip ones. The collectivity of the model is in fact
the constructive interference of the mean con-
tributions added coherently for the non-spin-flip
amplitudes. This would explain at the same time
the relative success of the macroscopic model and
a part of the failure of the microscopic one.

Besides the improvement of the wave functions
we can hope to develop the microscopic calcula-
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4

FIG. 26. Experimental and theoretical cross sections .

for the 24 state (8.65 MeV) obtained by a DWBA analysis
using Wildenthal's shell-model wave function with
A= 4.47.
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FIG. 25. Same as Fig. 24 for the analyzing powers. FIG. 27. Same as Fig. 26 for analyzing powers.
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tions in two ways:
(a) An effective interaction realistically derived
from the N-N potential, which would include den-
sity dependence, energy dependence, and an
imaginary part";
(b) the use of a microscopic coupled channel code
taking into account the main coupling, in particular
the giant resonances.

It is interesting, however, to see how sensitive
the analyzing powers and in some cases the cross
sections are to very fine details of the nuclear
wave functions. This is very clearly demonstrated
by our systematic analysis of the data with two

sets of shell-model wave functions calculated in the
same valence space and differing only by the ef-
fective interaction.
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