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Angular distributions for the elastic and inelastic scattering of 0.8 GeV protons from

Mg and ' Mg are presented. Cross sections for protons exciting states of energy up to
about 10 MeV are measured using a high resolution spectrometer. Coupled channels ana-

lyses of scattering data to the 0+, 2+, 4+, and 6+ states in the ground state rotational
band, the 2+, 3+, 4+, and 6+ states in the y-vibrational band, the 0+, 2+, and 4+ states
in the P-vibrational band, and the 3 and 5 members of the E =0 and 3 vibrational

bands in Mg are presented. Also reported are coupled channels analyses of the experi-

mental angular distributions in ' Mg for the 0+, 2+, and 4+ states in the ground state
band, the possible 2+, 3+, and 4+, y-band members, and several 3 members of K =0
and 3 bands. The data for the 3 states in both Mg and Mg differ both in shape
and angular positions of the maxima and minima. Coupled channels analyses are able to
account for these differences in the 3 experimental cross sections by selecting E =0 or
3 . This is believed to be the first observation of "K dependence" for I =3 excitations in

inelastic scattering by s-d shell nuclei. Distorted wave Born approximation analyses of
the other states in Mg excited by I transfers from 2 to 4 are also described. Several new

assignments of J for excited states in Mg are proposed based upon the distinctive l
transfer dependence found in the positions of the first maximum and in the general

shapes of the angular distributions. Multipole moments extracted from the deformed op-
tical potentials are related to those of the matter distributions by Satchler's theorem.
These are compared to multipole moments obtained from analyses of hadronic scattering
data, as well as with the moments of the charge distributions determined by electromag-
netic measurements.

NUCLEAR REACTIONS "' Mg(p, p'), E =0.8 GeV, measured cr(0),
enriched targets; resolution )80 keV, 0, „„- =5.49 to 31.66', 60=0.1'.
Optical model potential, DWBA analysis, coupled channels analysis,
symmetric and asymmetric rotational model, coupling parameters, mul-

tipole moments, assigned J .

I. INTRODUCTION

Coupled channels analyses of —1 GeV proton
inelastic scattering from light, s-d shell nuclei and
heavy, rare earth nuclei have been shown to be
generally successful, provided deformation and
multistep processes are properly accounted for. '

In particular, two recent analyses ' of preliminary
800 MeV Mg(p, p') data demonstrated the appli-
cability of the collective, rotational model to the

(0.0 MeV, 0+), (1.37 MeV, 2+), and (4.12 MeV,
4+) states, and the importance of a direct hexade-
cupole vibrational coupling between the ground
and "gamma" bands.

In order to further the study of intermediate en-

ergy proton inelastic scattering from light, de-
formed nuclei, the preliminary data of Ref. 3 have
been completed here. The final data for Mg gen-
erally agree with the on-line data of Ref. 3, but
have improved statistics, cover a more complete
angular range, and include several new states. In
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addition, we report new angular distributions for

(p,p') from Mg. These new data include inelastic
transitions to states in ' Mg which have excita-
tion energies ranging up to about 10 MeV. The
experimental data consist of angular distributions
for the (ground state, 0+), (1.37 MeV, 2+), (4.12,
4+), (4.24, 2+), (5.24, 3+), (6.01, 4+), (6.43, 0+),
(7.35, 2+), (7.62, 3 ), (8.12, 6+), (8.36, 3 ), (8.44,
4+), (9.30), (9.53, 6+), (10.03, 5 ), (10.36), and
(10.58) states in Mg, and for the (ground state,
0+), (1.81, 2+), (2.94, 2+), (3.59, 0+), (3.94, 3+),
(4.3, 4++2+), (4.90, 4+), (5.29, 2+), (5.47, 4+),
(5.72, 4+), (6.88, 3 ), (7.34), (7.69, 3 ), (7.83, 3 ),
(8.02), (8.21), (8.50), (8.63, 4+), (8.89), (9.25, 4+),
and (10.34, 4+) states in Mg.

These new data are examined in order to deter-
mine the importance of direct hexadecupole vibra-
tional coupling between the ground and gamma
bands in Mg. Of particular interest is whether
this effect, which is extremely important in

Mg(p, p'), is also important in Mg(p, p').
The multipole moments of the deformed optical

potential have been extracted and related to those
of the matter density by Satchler's theorem. The
moments of the matter distributions in ' Mg are
compared to electromagnetic measurements of the
charge density multipole moments. ' Compar-

. isons of these quantities for Mg and Mg pro-
vide estimates of the change in the deformation of
the neutron distributions of these isotopes. The ex-
tracted multipole moments are also compared with
those obtained in other analyses of inelastic pro-
ton, " ' deuteron, ' He, ' ' and He' ' scatter-
ing as well as with various theoretical predic-
tions. ' ' '

The abundant angular distributions obtained
here are also exploited for their spectroscopic
value. Several new J assignments in Mg are
proposed as a result of comparisons of the position
of the first maximum and general shape of each
angular distribution with theory.

The data reported here can also be utilized in fu-
ture coupled-channels, microscopic analyses which
examine deformed neutron distributions. It is sig-
nificant to note that these are the first intermediate
energy proton-deformed nucleus scattering data
which are suitable for microscopic analyses aimed
at the extraction of deformed, isotopic neutron dis-
tribution differences.

Experimental details are discussed in Sec. II,
while the results for Mg and Mg are presented
in Secs. III and IV, respectively. A summary and
conclusions are finally given in Sec. V.

II. EXPERIMENTAL DETAILS
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FIG. 1. The HL ——29' spectrum for Mg(p, p') at 0.8
GeV.

The data were obtained using the high resolution
spectrometer (HRS) facility of the Los Alamos
Clinton P. Anderson Meson Physics Facility
(LAMPF). Details of the experimental system
have been reported elsewhere. ' ' The targets
consisted of a 19.6 mg/cm Mg foil, enriched to
99.94% and a 26.3 mg/cm Mg foil, enriched to
greater than 99%. The overall experimental ener-

gy resolution was typically 80—120 keV for full
HRS acceptance. A (p,p') spectrum at 29'~,b for

Mg is shown in Fig. 1 and a spectrum obtained
at 24.5»b for Mg is displayed in Fig. 2. These
are the largest angles at which the angular distri-
butions were measured. Data were also obtained
for p + ' C elastic scattering. The absolute normal-
ization was determined using the p+' C data of
Ref. 2.

Angular distributions for the excitation of states
in Mg are displayed in Figs. 3 —8, while angular
distributions for Mg are found in Figs. 9—14. A
complete tabulation of the numerical data is on

deposit in PAPS.
The excitation energies were calibrated based on

the energies of states below 6.88 MeV from Ref.
24. The energy resolution of about 100 keV al-
lowed the unfolding of the cross sections for the
(4.12, 4.24) MeV and (8.36, 8.44) MeV doublets in

Mg. The (7.55, 1 ), (7.75, 1+), and (7.81, 5+)
peaks in the spectra were masked by the large
(7.62, 3 ) peak at most angles. A 1 state in Mg
is also unresolved from the (8.44, 4+) state, but is
probably only weakly excited, as it does not appear
to wash out the fairly deep diffraction pattern that
is observed here. The peak in the Mg spectrum
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FIG. 2. The OL ——24.5 spectrum for Mg(p, p') at
0.8 GeV.

transitions are small compared to natural parity
isoscalar transitions.

The peak at 4.3 MeV in Mg includes contribu-
tions from the (4.32, 4+) and the (4.33, 2+) states
and to a much less extent the (4.35, 3+) state. The
(4.90, 4+) state appears to be resolved from the
(4.83, 2+) and (4.97, 0+) levels. The resolution and
identification of states in the region above about 7
MeV is less certain. The energies of many levels

have been reported, but few have been assigned
J . Most of the angular distributions extracted in
this region have maxima and slopes that are
characteristic of a particular / transfer and are thus
assumed to be dominated by a single state. Two
exceptions to this are the featureless angular distri-
butions extracted from peaks in Mg at 8.02 and
8.89 MeV. The lack of structure in these two
cross sections suggests that several states of dif-
ferent l transfer and comparable strength are
summed in these two peaks.
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FIG. 3. Shown as solid curves are CC predictions us-

ing the axially symmetric deformed collective rotational
model, and coupling the 0+, 2+, 4+, and 6+ states with

PzR = l.60, P4R = —0.08 and P6R =—0.03 fm (solid

lines), and P6R =+0.03 fm (dashed lines), where

In this section the results of a coupled-channels
(CC) analysis of most of the Mg(p, p') data are
given. As has been shown many times, a first or-
der optical potential, obtained by folding the free
nucleon-nucleon t matrix with the uncorrelated,
one-body nuclear density, is able to provide a good
description of —1 GeV proton scattering from
spherical nuclei. As before, the assumption is
made that the p+ deformed nucleus optical poten-
tial may be obtained, in principle, by folding a
spherically symmetric proton-nucleon effective in-
teraction t(!r! ) with the deformed nuclear ground
state density. Instead of obtaining this potential
from a microscopic calculation, a deformed optical
potential V(r) was determined by fitting the elastic
and inelastic scattering data for the ground state
rotational band using the CC formalism, in which
multistep processes are included. Then, from
Satchler's theorem, the multipole moments of the
rnatter density were obtained from those of the
optical potential. Satchler's theorem states that in
units for which f t d r = 1, the M(EA. ) multipole

moment of V(r ) obtained in the folding process is
equal to the same M(EA, ) of the matter density.
The multipole moments of the imaginary part of
the optical potential, V(r, 8') (axially symmetric in
the body fixed system, are defined as
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Ze Jr Yip(Q')Im[V(r, 8')]r dr dQ'
M(EA, , opt. pot. ) =

JIm[V(r, 8']r drdQ'

The charge of the target nucleus, Ze, is included to
allow direct comparison between the optical poten-
tial quantities and the charge distribution mo-
ments. Such a comparison was made for 0.8 GeV
p+' Sm and ' Yb, and the results agreed well

with those obtained from electron scattering,
Coulomb excitation, and theory.

The CC calculation from which the deformed
optical potential is obtained was performed using a
version of the program JUFITER, which was

modified to include relativistic kinematics, intrinsic

Ps deformation, coupling potentials with bl =2, 4,
6, and 8, and direct hl =4 coupling between the
ground and y-vibrational bands. ' The geometry
of the optical potential is the usual Fermi form,
where the radius parameter R (8') is

6

R (8 ) =Rp 1+ g Px Yxp(8 )
A, =2,even

(2)

where primes denote the body fixed coordinate sys-
tem. The deformed optical potential is treated
using the Legendre polynomial expansion method
discussed by Tamura.

At energies near 1 GeV the spin-orbit interaction
is fairly weak compared to the central term and is
not important in fitting angular distributions or in
extracting the underlying matter density multipole
moments. This is generally true for natural parity
collective states which are populated either by
direct or multistep processes as explicity shown in
a recent paper. Therefore, as in previous calcula-
tions, the spin-orbit potential is omitted here. '

Other rotational bands which are built on intrin-
sic vibrational states are calculated by including
the appropriate vibrational terms R (8'), which
couple the ground band to the "vibrational" bands.
The states in the y band were assumed to corre-
spond to so called y vibrations in which the nu-
cleus retains the same spheroidal equilibrium de-
formation, but in addition oscillates such that ellip-
soidal shapes are produced (K~=2+ band). States
in the P band correspond to "P vibrations, " in
which the nucleus oscillates about a given equili-
brium deformation, but always retains its axial
symmetry (IC =0+ band). The observed 3 and
5 states were assumed to belong to an octupole
vibrational band with E =3 (J~=3, 4, 5 ...)

or with E =0 (J =1,3, 5 ...).

A. Ground state rotational band (GSRB)

Calculations for the (0.0, 0+},(1.37, 2+), (4.12,
4+), and (8.12, 6+) states were made assuming
them to be members of the GSRB, where all possi-
ble couplings through hl =8 are allowed between
each of the four channels. The Woods-Saxon opti-
cal parameters and the ground state deformations

Pz, P4, and P6 were adjusted simultaneously to op-
timize the fits to all four angular distributions.
The P4 and P6 deformations are small and have lit-
tle effect on the 0+ and 2+ angular distributions.
The optimum CC fits are given by the solid lines
in Fig. 3. The potential parameters, given in the
low energy notation V, W, r, a, r~, a„, r„Pq, Pq,
and P6, are —4.0 and 93.0 Mev, 0.940, 0.530,
0.940, 0.530, and 1.05 fm, + 0.59 (prolate), —0.03,
and —0.01 (solid lines). The dashed lines result
from a similar calculation with P6——+ 0.01. As
seen in Table I, the deformation length PzR, where
R =r~A ', agrees well with those obtained from
analyses of low energy proton scattering. The sur-
face derivative imaginary potential used in earlier
analyses of ' C (Refs. 1,2) and Mg (Refs. 3,4) was
not found to be necessary here. The geometry of
the real optical potential has been set equal to that
of the imaginary part, due to the dominance of the
latter at 0.8 GeV.

The excellent fits to the 0+, 2+, and 4+ states,
as shown in Fig. 3, encourages the comparison of
the extracted multipole moments [M(E2) and
M(E4)] of the imaginary part of the optical poten-
tial with those of the charge densities and with the
results of other measurements and theoretical pre-
dictions. In Table II, the values of M(E2) deter-
mined here are seen to agree well with those of
charge densities and Hartree-Fock theory, though
the agreement is not as good as that for heavy de-
formed nuclei (1—2%). It is difficult to assess
the errors in these results. If the errors in the de-
formed optical potential parameters r~, a~, Pq, P4,
and P6 are assumed to be +0.01 fm, +0.01 fm,
+0.02, +0.01, and +0.02, respectively, an rms er-
ror of 4.5% in M(E2) and 17% in M(E4) results.
Since the absolute normalization error primarily
affects only the strength of the imaginary potential
W, this experimental uncertainty does not contri-
bute significantly to the error in M(EA, }. These
results suggest that analysis of 0.8 GeV p+ nu-

cleus inelastic scattering data is an accurate
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TABLE I. Deformation parameters used in CC calculations for (p,p') to GSRB and y
Mg.

Nucleus Ground band

PpR, P+
(fm)'

y band

y, giR, g2R
(fm)b

Energy Reference

Mg + 1.60,—0.081
+ 1.60,—0.081
+ 1.56,—0.19
+ 1.64—1.87,0
+ 1.72,0
+ 1.45,—0.08
+ 1.66,—0.06

15', 0.42,0.72
20',0.56,0
22,0.60,0'
23,0.64,0
23',0.69,0
21. d

21' d

800
800
20

23 —29
30

20.5
49.5

This work, 4
This work, 3

11
12
13
16
16

Mg + 1.31,—0.37
+ 1.31,—0.37
+ 1.31,—0.37
+ 1.29,—0.40
+ 1.31,—0.35

18',0.41,0.41'
21',0.48,0
19,0.43,0.21 ~

25',0.56,0"
29 d

800
800
800
24
24

This work
This work
This work

15
16

'R =rA ' ', where r is that of the real part of the optical potential for low energy results, and
r =r for 800 MeV (p,p').
"giR, g2R matrix elements are explained in text.
'Deformed spin orbit included.
Direct excitation of 4~+ is included in an ad hoc fashion. See text.

'y band taken to be 2+, 3+, 4+ =2.9, 3.9, 4.9 MeV.

y band taken to be 2+, 3+, 4+ =2.9, 3.9, 5.5 MeV.
~y band taken to be 2+, 3+, 4+ =2.9, 4.4 5.7 MeV.
"Spin orbit included. Poor fits to data result.

method for studying deformed matter distributions.
However, as in Ref. 3, the CC description of the
(8.12, 6+) angular distribution is very poor, even

when a P6 deformation is allowed.

B. y band

For these calculations the (4.24, 2+), (5.24, 3+),
(6.01, 4+), (7.8, 5+), and (9.5, 6+), denoted 2r+, 3r+,

etc., are considered to be members of the y-
vibrational band. The calculation is similar to that
reported in Ref. 4, except the 6z state is included
whereas the much weaker 5&+ state is omitted.
Previous CC analyses of inelastic scattering data
for these states in Mg completely failed to ac-
count for the shapes and magnitudes of the 3& and

4& angular distributions. The excellent results of
Ref. 4 are due to the inclusion of an additional nu-
clear vibrational multipole which permits a direct
transition from the ground state to the 4&+ member
of the y band. Equation (2) is generalized as fol-
lows:

(3)

The simplest coupling between the GSRB and the
E =2+, y band is through the a2z(Y2z+Y2 2)
term, which directly excites only the 2& member
of the y band. The additional a42( Y42+ Y4 q)
coupling permits direct transition from the ground
state to the 4& and can interfere with the +22 term.
The matrix elements of interest, qi and g2, are de-
fined in Ref. 4. Basically, giR is the matrix ele-
ment of the vibrational operator +22, which con-
nects intrinsic states of the ground band to the y
band, and is approximately equal to PqyR as in

previous analyses. ' The matrix element g2R is
similarly related to the a42 coupling. In fitting the
inelastic angular distributions, the matrix elements

g& and g2 are varied to produce the best overall
agreement in magnitude for the (4.24, 2+) and the
(6.01, 4+) states. There is no direct-step popula-
tion of the (9.53, 6+) state provided here, and since
spin-dependence is omitted, there is no direct spin-
transfer contribution to the 3& state. Since the +22
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TABLE II. Multipole moments (eb ).

Nucleus M(E2) M(E4) PpR
' h(2)" Reaction Reference

Mg 0.188
0.218+0.010
0.205+0.007
0.205+0.006

0.216
0.216

0.204 —0.276
0.245

0.242 —0.253
0.216—0.238

0.199
0.209
0.184
0.204
0.203
0.187

0.0073
0.0041+0.0013

0.038+0.0013
0.0073
0.0021

0.007—0.019
0.0152

0.010—.020
0.0083—0.0128

0.0104
0.0086
0.0059
0.0045
0.0116

1.60

1.56
1.56

1.45 —1.87
1.72
1.69

1.51 —1.66
1.34
1.37
1.31
1.31

16%
9%
9%%uo

15%
15%

9—47%
30%

29—35%%uo

15—27%%uo

6%
11%
2%%uo

9%
8%
0%

(p,p),800
(e,e')
Coulomb
Coulomb

(p,p),20
(p,p),20
(p,p),23 —29
(p,p),30
(p,p),40
(p,p),5o
(d, d),26
(a,a), 104
( He, He), 41
(a,a), 120
HF-theory
shell model

This work
7
9
10
11'
11'
12,16
13
14
10,16
17
20
19
19
21
96

Mg
0.142
0.178
0.181
0.172
0.167

0.172+0.008
0.139
0.200
0.211
0.143

0.109
0.177
0.175

—0.0030
—0.0095
—0.0073
+ 0.0050
+ 0.0032

+ 0.0051

1.31
1.29
1.31
1.17
1.09

0.95

25%
27%
21%
18%%uo

21+6%
2%%uo

41%
49%
&1%

23%
25%
23%

(p,p), 800

(p,p),24

(p,p),24
( He, He), 33
(a,a),104
Coulomb

(d, d),26
HF(5 shells)
Nilsson (7 shells)
triaxially deformed
rotor
HFB(3 shells)
rotational model
shell model

This work
15
16
18
20
9
17
8

8

8

8

9

'R =rA ', where r is that for the real part of the optical potential for low energy, and r =r for 800 MeV (p,p').
bh(2) = [ ~

M(E2) —M(E2 at 800 MeV)
~

/M(E2 at 800 MeV)] X 100%.
'P6 varied.
Theoretical calculation for B(E2), using effective charge of 0.35. (Ref. 9).

and a42 couplings can interfere, the relative sign
between g& and g2 is also determined by fitting the
data.

The analysis of the data with g&R =0.56 fm and

gq~
——0 was shown in Refs. 3 and 4 to be exceed-

ingly poor. The magnitude of the transition to the

2z state was correctly obtained since it was used to
fix g &R, but the predicted diffractive angular dis-
tribution was out-of-phase with the data by from
1 to 2'. Furthermore, the magnitudes of the 3&
and 4& predictions were too low by factors of
from 10 to 100; the predicted shapes were also
wrong. As in Ref. 4, the analysis with g&R =0.41

and g2R=0.70 fm, given by the solid lines in Fig.
4, reproduces the data very well.

Of course, the inclusion of the adjustable a4z
term would be expected to improve the fit to the
4&+ angular distribution. As an impressive by-
product, the predicted angular distribution for the
2~+ state is correctly shifted into phase with the
data, and the predictions of the angular distribu-
tions for the 3z and 6& states reproduce the mag-
nitude and overall slope of the experimental angu-
lar distributions, although having somewhat too
much structure. Direct spin-transfer contributions
and additional multistep contributions from other
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ground state. These authors report improved fits
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ence effects on the 2& angular distribution. The
coupled channels calculations reported here and in
Ref. 4, which include the +4' coupling, consistently
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a different Pp Ypp deformation within the y band
than is assumed in the ground band (about 20%%uo

larger). Such a departure from the strict deformed
vibrational model would mainly affect the strength
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to the fact that the overall magnitudes of these
states are well reproduced in our calculations, such
a change in not significant.
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bands and higher levels would be expected to be
out of phase with the two step mechanism, and
thus should tend to dampen the diffractive struc-
ture. A calculation in which the 0+, 2+, and 4+,
members of the GSRB and the 2~+, 3&+, and 4~+ y-
band members are all coupled demonstrates that
the inclusion of the 4+ GSRM state has no effect
on the predicted angular distributions (out to 30')
for states in the y band.

Calculations for low energy proton, ' He, and
He (Ref. 19) inelastic scattering data for the 2+,

3+, and 4+ states in the y band, have been present-

FIG. 4. The solid curves result from a CC calcula-
tion which couples the 0+ and 2+ states in the GSRB to
the 2+, 3+, 4+ and 6+, E =2+ band. Additional
parameters as explained in the test are q&R =0.41 fm
and pe =0.70 fm.

C. P band

The (6.43, 0+),' (7.35, 2+), and (8.44, 4+) states
(denoted 0~, 2~, 4~ ) are assumed to be members
of the P-vibrational band in Mg in the CC calcu-
lations shown in Fig. 5. The J of the 8.44 MeV
state is listed as either 3+ or 4+ in Ref. 24. As-
suming J (8.44) =4+ in the calculation yields the
good fit to the data displayed in Fig. 5. The 8.44
MeV data are similar in shape but about 10 times
stronger than the (5.24,3+) data of Fig. 4. The CC
calculation and the strength of the 8.44 MeV state
suggest that it'is a 4+ state. In the present calcu-
lation the 0+ and 2+ members of the GSRB and
the above members of the P band are coupled.
Since a P vibration corresponds to an axially sym-
metric oscillation, the appropriate vibrational
strength parameter is

I P—P&1. A value of

I P—Pz I

.R =0.41 frn (P~R =1.60 fm) was found
to reproduce roughly the magnitude of the angular
distribution for the Op state. The quality of the
fits shown in Fig. 5 is disappointing compared to
those given for the y-band states in Fig. 4. The
magnitudes and overall falloff of the predictions
for the states in the P band are fair, but the predic-
tions are grossly out of phase with the data. Im-
provement might result if one were to include a
direct step mechanism from the ground state to the
Op+ in the CC calculations. As discussed in Ref. 3,
DWBA analyses employing collective' and shell
model' wave functions also fail to. fit low energy
data for this 0&+ state.
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FIG. 5. The angular distributions for excitation of
the P band in Mg are compared to a CC prediction
which couples the 0+ and 2+ states in the GSRB and
the 0+, 2+, and 4+, K =0+ states. The P-vibrational
parameter is

I P—Pq I
R =0.41 fm.

FIG. 6. The results of CC calculations which couple
the 0+ and 2+ states in the GSRB to a K =0 band
(1,3, 5 ...), and to a K =3 band {3,4, 5 ...).
The (7.62, 3 ) state is considered to belong to a 3 band
(a33R =0.89 fm) and the {8.36, 3 ) state to a 0 band
(a3pR =0.60 fm). The curves for the (10.03, 5 ) state
result from consideration of the state as a member of
the 0 band (solid curve) and the 3 band (dashed
curve). There is no direct step provided to the 5 state
from the ground state in either calculation.

D. X =0, 3 bands

Data for the excitation of the (7.62, 3 ), (8.36,
3 ), and (10.02, 5 ) states in Mg are presented in

Fig. 6. Based upon the known energies and J
values of states in Mg, E -band assignments are
made in Ref. 24, which lists the (7.55, 1 ), (8.36,
3 ), (10.03, 5 ) and (12.42, 7 ) states as belonging
to a IC =0 band, while the (7.62, 3 ), (9.30, 4 ),
and (11.59, 5 ) states are listed as members of a
K~=3 band. The (7.55, 1 ) state is not resolved
in this experiment and the (12.42, 7 ) state, al-

though observed in the spectra, could not be ex-
tracted due to background uncertainties and prox-
imity to the edge of the focal plane.

The striking differences in the angular distribu-
tions of the two 3 states shown in Fig. 6 are
readily apparent. The minimum of the 8.36 MeV
data is located at a much smaller angle than that
for the 7.62 MeV state, and the first maximum for
the 7.62 MeV data is much broader than that for
the 8.36 MeV state. CC calculations in which the
0+ and 2+ states of the GSRB are coupled to an
octupole vibrational band with either X~=0 or
3 are shown in the figure. In each calculation

the (10.03, 5 ) state is also coupled, but with no
direct step from the ground state allowed. The
dashed curves in Fig. 6 for the (8.36, 3 ) and
(10.03, 5 ) state are the result of considering them
to be members of a E =0 octupole vibrational
band, while the solid curves for the (7.62, 3 ) and
the 5 state are the result of considering them to
be members of a K =3 band. Although the fits
are not perfect, they do account for the qualitative
differences in the 3 cross sections. Both calcula-
tions grossly underestimate the 5 cross section,
suggesting that a direct ground state to 5 cou-
pling might be needed to explain the data.

This is believed to the the first observation of K
dependence for I =3 excitations in inelastic scatter-
ing in s-d shell nuclei. A similar effect is also seen
in Mg and will be discussed in the next section.
The vibrational multipoles which excite these
bands are from Eq. (3), a3p Y3p for the I(. =0
band the a33( Y33+ Y3 3) for the 3 band. The
coupling matrix elements used in the CC calcula-
tions in Fig. 6 are (a3p) R =0.60 fm and
(a33)R =0.89 fm.

In octupole vibrational bands, two other possibil-
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ities of K exist, namely E =1 or 2 . The
differences in the J =3 angular distributions for
different E~ were explored in the CC calculations
represented by the labeled lines in Fig. 7. Coupling
the 0+ and 2+ GSRB states and a 3 state with
E =0, 1,2, and 3 with (a3z) 8 =0.47,
0.49, 0.57, and 0.80 fm, respectively (to give the
same cross section magnitude at 10' c.m. ), has been
assumed. As seen in the figure, the angular distri-
butions for J =3 and K =0 or 1 are very
similar, while the minima for the E =2 and 3
are shifted towards larger scattering angle.

E. Other states

Experimental angular distributions for excitation
of states at 9.30, 10.36, and 10.58 MeV are given
in Fig. 8. Reference 24 lists three states at approx-
imately 9.3 MeV excitation: (9.28, 2+), [9.30,
(3,4)], and [9.31, (3—5) ]. The observed angular
distribution is similar in shape and magnitude to
that of the (6.43, 0+) state in Fig. 5, and this is not
characteristic of the above angular -momenta. The
well defined minimum in the angular distribution
suggests that one transition predominates here. In-
elastic electron scattering, for q & 1.1 fm ' indicat-
ed either l =2 or 0 for this level and provided evi-

dence for four states at about 9.30 MeV.
Reference 24 lists a 4+ state at 10.33 MeV and a

2+ state at 10.35 MeV. DWBA calculations using
a spherically symmetric optical potential with
parameters V, 8' 8'D, r, a, r, a, r&, aa, and r~
equal to —5.3, 88.0, and 8.5 MeV and 0.928,
0.621, 0.928, 0.621, 0.42, 0.47, and 1.05 fm, respec-

tively, were made assuming J"=2+ and 4+. No
combination of the 2+ and 4+ DWBA calculations
is able to fit the data at 10.36 MeV excitation.
The angular distribution has a shallow overall
slope suggesting the possible importance of two-

step processes.
The angular distribution for the peak at 10.58

MeV is probably the [10.57, (2 —4)+] state of Ref.
24. The DWBA calculation in the figure which
explains the data is I =4, with

~
PQ ~

=0.22 fm.

lOI =

10O =
~4Mg(p, p j,Q.BGeV

Iy Mg

The excited state structure of Mg is quite dif-
ferent from that discussed above for Mg. For in-
stance, the clear band structure in Mg is not
readily apparent in Mg. Also, no excitations
with Jg 4 are observed. The collective E =2+,
J =4+ strength is apparently fractionated among
various 4+ levels.

The complicated level structure in Mg makes
unique assignment of the various excited levels to
particular rotational bands very difficult. Compar-
ing the ordering and spacing of the excitated states
of Mg with that in Mg one could assign the
(0.0, 0+), (1.81, 2+), and (4.3, 4+) states to the
GSRB and the (2.94, 2+), (3.94, 3+), and (4.9, 4+)
states to the y band. However, gamma-ray angular
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FIG. 7. The results of CC calculations coupling the
0+ and 2+ states in the GSRB and a 3 state assumed
to belong to a E =0, 1,2, 3 band. The coupling
parameters are fixed at 0.47, 0.49, 0.57, and 0.80 fm to
give the same cross section at 10' (5.0 mb/sr).
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FIG. 8. Angular distribution for excitation of states
at 9.30, 10.36, and 10.58 MeV in Mg.
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correlation measurements using the reactions Mg
(a,a'y) and Mg (p,p'y) yield different, conflict-
ing band assignments.

Durrell et al reported that the GSRB consists
of the (0.0, 0+), (1.81, 2+), and (4.32, 4+) states;
the K =2+ band is comprised of the (2.94, 2+),
(3.94, 3+), and (5.47, 4+) states and a K =3+
band that includes the (4.35, 3+) and (5.72, 4+)
states. Nagel et al. ' obtained the same GSRB, but
assigned the (2.94, 2+), (4.35, 3+},and (5.72, 4+)
states to the K =2+ band and the (3.94, 3+) and
(5.47, 4+} states to the E =3+ band. The compli-
cated excited state structure for Mg suggests that
the simple deformed-vibrational collective model
may be inappropriate. The possibility of E mixing
in these excited states is discussed by Nagel et al.
and by Craig.

Calculations are now presented in which each of
the above choices of band assignments is assumed.
The possibility of K mixing and other departures
from the strict deformed-vibrational collective
model is beyand the scope of the present study.

104
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D
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IQ I

100
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102=

A. Ground state rotational band IO' "=-

Calculations for elastic scattering and inelastic
transitions to the (0.0, 0+), (1.81, 2+), and (4.3, 4+)
states were carried out assuming them to be
members of the GSRB, with full coupling between
all three channels (0+, 2+, 4+) included. The
Woods-Saxon optical potential and the ground
state Pz and P4 deformations were adjusted to op-
timize simultaneously the fits to the 0+, 2+, and
4+ angular distributions. The resulting CC predic-
tions are given by the solid lines in Fig. 9. The po-
tential parameters V, 8', r, a, r, a, r„are —8.0
and 88.0 MeV and 0.950, 0.453, 0.962, 0.520, and
1.05 fm. The deformation parameters P2 and g4
are 0.46 and —0.13, while the deformation lengths

are PqR = 1.31 fm and P4R = —0.37 fm, respec-

tively. As seen in Table I, both deformation
lengths agree with that obtained in analyses of low

energy proton data. As seen in the figure, the fits
to the 0+ and 2+ states are good. The differences
between theory and experiment for the 4.3 MeV
state are due principally to the (4.3, 2+) mixture.
The 2+ angular distribution accounts for most of
the observed strength inside 10' and has a
minimum near the maximum in the 4+ cross sec-

tion.
The extracted multipole moments of the ima-

ginary part of the optical potential are given in

IOO =

IO'=—
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IO'=—

10 25 30205 IO 15
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FIG. 9. Experimental angular distributions and CC
predictions for protons exciting the ground state band
(0+, 2+, 4+) and E =2+, y band (2+, 3+, 4+) in which

all states are coupled. The coupling parameters are PzR,
Il4R, q&R, q2R = + 1.31, —0.37, 0.41, 0.41 fm (solid

curves), and =+1.31, —0.37, 0.48, 0.0 fm (dashed

curves). The curve for the 4.3 MeV transition accounts
for the 4+ state only.

Table II. The results are smaller than those of low

energy proton and alpha scattering, It is interest-
ing to compare the charge, matter, and neutron
density M(E2) moments in Mg and Mg. If it
is assumed that the optical potential can be ob-
tained by folding the proton-nucleon effective in-
teraction t~~ (j =target proton or neutron), with the
target nucleon density p~(r) (summed aver target
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M(EA, ,neutron)=
A +%5 M(Ek, opt. pot. )

Ze

protons and neutrons), then the multipole moment
of the deformed neutron distribution is given by

given by

5= —1= —1.I (tp„) op„

I (t~~)
(5)

M(EA, char, ge) (1+6)1 —1

e

where M(EA, , opt. pot. ) is given by Eq. (l), M(EA, ,
charge) is the multipole moment of the charge den-

sity, 3, X, and Z are the target nucleus mass, neu-

tron, and proton numbers, respectively, and 6 is

I~ (tz& ) denotes the volume of the imaginary

part of the proton-nucleon effective interaction
which in the impulse approximation is propor-
tional to the free proton-nucleon total cross sec-
tions 0.

&z. At 800 MeV, 6 is equal to —0.2.
The value of M(E2, charge) for Mg from Ref.

9 is 0.205+0.007 e b, while M(E2, charge) for
Mg is 0.172+0.008 e b according to the same

reference. Assuming these values and assigning a

TABLE III. Excited states of Mg.

Endt and Van der Leun (Ref. 24)
Z (Mev), J"

Present work (DWBA)

E', I transfer, PtR. (fm)

1.81,2+
2.94,2+
3.59,0+
3.94,3+
4.32,4+
4.33,2+
4.35,3+
4.83,2+
4904+
4.97,0+
5.29,2+
5.47,4+
5.72,4+
6.88,3
7.35,7.37
7.67,7.69,7.72
7.82,7.83,7.85
8.03,8.05
8 18 8 20 (2—6)N"

8.46,8.47,(2—6) "
8.50,8.53
8 70(2—4) "
8.86,8.90,8.93
9.24,9.26,9.28d

10.32, 10.33,10.34,"
10.35,10.37
10.64, 10.68, 10.69"
10.70,10.72

1.81,2+
2.95+0.01,2+
3.58+0.01,0+

4.34+0.03,2+

4.88+0.02,4+
4.98+0.02,0+

5 $9+022+
S.4S+0.0S,4+
5.72+0.02,4+
6.88+0.01,3
7.36+0.02,2+
7.69+0.02,3
7.83+0.02,3

8.19+0.02,3
8.53+0.02,2+

8.89+0.01,2+
9.29+0.02,2+

10.33+0.02,3

10.68+0.03,4+

2, 1.47
2,0.42
0,
Two step
4,0.45
2,0.23
Two step

4,0.61

2,0.2Sb

4,0.34
4,0.36
3,0.56
7.34+0.02,2,0.44
7.69+0.02,3,0.30
7.83+0.02,3,0.45
8.02+0.02'
8.21+0.03,0.53
8.50+0.03,2,0.19"

8.63+0.03,4,0.25
8.89+0.03,'
9.25+0.03,4,0.36
10.34+0.04,4,0.49

'0.0 to 6.88 MeV states from Endt and Van der Leun {Ref.24} have been used for calibra-
tion in the present work.
Poor fit, two step, and deformation seem to be important.

'More than one level seems to be excited.
From C. E. Moss, Nuc1. Phys. A269, 429 (1976).
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+5% uncertainty to the optical potential multipole
moments of Table II, due to optical model ambi-

guities, the values of M(E2, neutron) are
0.167+0.022 and 0.128+0.020 b in Mg and Mg,
resepctively. The ratios of the M(E2) moments
for Mg to those for Mg are 0.84+0.05 for the
protons and 0.77+0.16 for the neutrons. Thus, the
inferred quadrupole moments of the proton and
neutron densities are both reduced in Mg relative
to Mg. The neutron deformation appears to be
slightly less than that for the protons in Mg;
however, the uncertainties preclude a definitive
conclusion. The ratio of the neutron to proton
M(E2) for Mg is 0.74+0.12, in agreement with
that found from y decay rates in mirror nuclei.
We note, however, that this same ratio for the
X =Z nucleus Mg is 0.81+0.11.
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Initially, the (2.94, 2+), (3.94, 3+), and (4.9, 4+)
states, denoted as 2&, 3&, and 4&, are assumed to
be members of the y-band. The 0+, 2+, and 4+
members of the GSRB and the 2&+, 3&+, and 4&+

states are coupled using the same deformed optical
potential used for the preceding GSRB calculation,
but with giR =0.41 fm and g2R =0.41 fm. The
results are given by the solid lines in Fig. 9. The
dashed lines result from assuming rl&R =0.48 fm
and q2R =0. As was the case for Mg, including
the a42( Y42+ Y4 z) vibrational multipole provides
a good fit to the 4&+, shifts the predicted cross sec-
tion for the 2&+ into phase with the data, and quali-

tatively describes the 3z data. Additional spin-
transfer transitions to the 3& might improve the
theoretical description of these data.

The calculation was then repeated assuming the
K =2+ states to be the (2.94, 2+), (3.94, 3+), and

(5.47, 4+) as given by the y-ray results of Ref. 30.
The results of the calculation with g&R =0.43 fm
and g2R =0.21 fm are presented by the solid lines
in Fig. 10. These fits to the y-band data are clear-

ly inferior to those displayed in Fig. 9. The calcu-
lated angular distributions for the 2& and 4&+ are
out of phase with the data, being as much as 3' out
of phase for the (5.47, 4+) state.

A similar result is shown in Fig. 11, in which
the (2.94, 2+), (4.43, 3+), and (5.72, 4+) states are
corisidered to be E =2+ band members. The cou-

pling parameters are again g&R =0.43 fm and

g2R =0.21 fm. The fit to the data for the 2&+

state is unchanged from that in the preceding cal-
culation and the fit to the 4~ state is also inferior
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FIG. 11. Same as Fig. 9 except the (5.72, 4+) and
(4.43, 3+) states are assumed to belong to the y band
and g&R =0.43 fm and g2R =0.21 fm.

FIG. 10. Same as Fig. 9 except the (5.47, 4+) state is

assumed to belong to the y band and g~R =0.43 fm and

g2R =0.21 fm.
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The results of CC calculations in which the 0+
and 2+ states in the GSRB are coupled to a 3
state in either a E =0 or 3 band are shown as
solid lines in the figure. Assuming E =0, the
CC calculation is able to reproduce the angular
distribution data for the 6.88 MeV state while as-
suming K =3 yields good results for the 7.83
MeV state, and fair results for the 7.69 MeV state.
The coupling matrix elements for these cases are
0.43, 0.57, and 0.37 fm for the 6.88, 7.83, and 7.69
MeV states, respectively. As was the case for

Mg, the qualitative differences between the 6.88
and 7.83 MeV, l =3 excitations are explained by
the CC calculations assuming either an a3O cou-
pling term (K =0 ) or an a33 term (E =3 ).
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compared to that initially obtained for the (4.9, 4+)
state.

The importance of E-mixing in Mg remains to
be determined. It is perhaps possible that micro-
scopic calculations using shell model wave func-
tions can account for the variation in magnitude
and shape between these three 4+ states.

C. E =0, 3 bands

Angular distributions for the excitation of the
6.88, 7.69, and 7.83 MeV states are presented in
Fig. 12. All three states were determined to be
J =3 in (e,e') analyses, and the angular distri-
butions here are characteristic of l =3. The
dashed lines are the results of DWBA analyses
with the spherically symmetric potential whose
parameters V, 8', r, a, r, a, rc, are —7.6 and
66.7 MeV, and 1.028, 0.569, 0.989, 0.569, and 1.05
fm, respectively. The deformation lengths 1p3R

1

are 0.56, 0.45, and 0.30 fm for the 6.88, 7.83, and
7.69 MeV states, respectively. Except for the
overall normalization, the DWBA calculations for
each of the 3 states are, of course identical, and
do not explain either of these three sets of data.

FIG. 12. Experimental angular distributions, CC, and
DWBA predictions for l =3 excitations in Mg. The
CC calculations couple the 0+ and 2+ states in the
GSRB and the 3 state where E =0, 3, and 3, and
the coupling parameters are 0.43, 0.57, and 0.37 fm for
the 6.88, 7.83, and 7.69 MeV states, respectively.

DWBA calculations using the spherically sym-
metric optical potential listed in the preceding
paragraph are shown for various angular distribu-
tions in Figs. 13 and 14. The results are summa-
rized in Table III. Measured angular distributions
and computed I =4 transitions are shown in Fig.
13, for the 4.3, 4.9, 5.47, 5.72, 8.63, and 10.34
MeV states. A similar l =4 calculation is given

by the dot-dashed curve for the 9.25 MeV state in
Fig. 14. An 1 =2 transition with 1P2R

1

=0.23 fm
is added incoherently to the 1=4 DWBA transi-
tion and compared to the summed 2+ and 4+
states at 4.3 MeV. The DWBA calculations are
able to reproduce the data in the region of the first
maximum for all seven states. The remaining
differences at larger angles can probably be attri-
buted to deformation and multistep effects, as well
as to deviations from the collective model. The de-
formation lengths 1P4R

1

are 0.45, 0.61, 0.34, 0.36,
0.25, 0.36, and 0.49 fm for the 4.3, 4.9, 5.47, 5.72,
8.63, 9.25, and 10.34 MeV states, respectively.
Based upon these results the 8.63, 9.25, and 10.34
MeV states are assigned J =4+.

In addition to the 9.25 MeV state, angular distri-
butions for the (3.59, 0+), (5.29, 2+), (7.34), (8.02),
(8.21), (8.50), and (8.99) states are given in Fig. 14.
DWBA calculations are given by the dashed lines
in the figure. The (3.59, 0+) state is presumably
the bandhead of a P vibrational band. The earlier
CC results for the p-band in Mg discouraged
similar CC calculations for this band jn Mg.
The calculations for the 5.29, 7.34, and 8.50 MeV
states assume 1 =2 with 1PzR

1

=0.25, 0.44, and
0.19 fm. The fit to the data for the 7.34 MeV
state is good, while that for the other two states is
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FIG. 13. Experimental angular distributions and
DWBA predictions for I =4 excitations in Mg. The
deformation parameters for the spherical optical poten-
tial are

I
/34R I

= 0.45, 0.61, 0.34, 0.36, 0.25, and 0.49
fm for the 4.3, 4.9, 5.47, 5.72, 8.63, and 10.34 MeV
states, respectively. There is an additional l =2, transi-
tion with

I
PqR =0.23 fm added to the 4.3 MeV I =4

DWBA angular distribution.

poor. The difference in phase and overall slope for
the 5.29 and 8.50 MeV data suggests the impor-
tance of multistep contributions to these angular
distributions. The DWBA calculations for the
transitions to the 8.21 and 9.25 MeV states (dashed
lines) assume I =3. The I =4 transition (dot-dashed
curve) for the 9.25 MeV state is clearly preferred
over that for I =3. The description of the 8.21
MeV state is fair with

I P3R I
=0.53 fm. The lack

of structure seen in the angular distribution data
for the 8.02 and 8.89 MeV peaks may indicate that

FIG. 14. Experimental angular distributions and
DWBA predictions for various peaks in the Mg (p,p')
spectra. The deformation parameters and assumed l

values are given in the text. An l =4 DWBA prediction
(dot-dashed curve) is compared to the 9.25 MeV data
where IP4R I

=0.36 fm.

several states of different J and comparable
strength are experimentally summed together.

V. SUMMARY AND CONCLUSIONS

Measurements of the angular distributions for
0.8 GeV proton elastic and inelastic scattering to
many excited states in Mg and Mg have been
presented. Coupled-channels calculations assuming
the collective rotational model provide excellent
descriptions of the data for the lowest 0+, 2+, and
4+ states, demonstrating the applicability of this
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model to Mg and Mg. The importance of
aqua( Y42+ 1'4 2) vibrational coupling between the
ground state and the 4&+ state which was found to
be crucially important in Mg (p,p') is also seen to
be significant for Mg (p,p'). Good fits to the
(2.94, 2+), (3.94, 3+), and (4.9, 4+) states in Mg
are obtained when this extra coupling is included.
Several 3 states are observed in both nuclei, the
angular distributions of which demonstrate a strik-
ing E dependence which is well described by the
coupled-channels calculations assuming the collec-
tive deformed-vibrational model with E equal to
either 0 or 3 . Difficulties were encountered in
fitting the (8.12, 6+) state and the Op+, 2p+, and 4~+

states in Mg.
The calculated inelastic transition to the 4&+ state

in the E =2+, y band describes the 4.9 MeV data
in Mg quite well, but gives an inferior reproduc-
tion of the data for the (5.47, 4+) and (5.72, 4+)
states. The importance of E mixing in the compli-
cated excited state spectrum of Mg has been in-

vestigated in Ref. 33 but was not considered in the
calculations presented here.

Multipole moments of the empirical, deformed
optical potentials are related to those of the de-
formed matter densities by Satchler's theorem and
are compared to results obtained with other ha-
dronic probes and to the multipole moments of the

charge densities obtained via electromagnetic mea-
surements. In general, the deduced M(E2, matter)
moments are 10—20% smaller than those of the
charge densities. The results for Mg and Mg
indicate that the deformations of the proton and
neutron densities in Mg are both reduced com-
pared to Mg.

Several new assignments of J for excited states
in Mg are made, based upon the distinctive I
transfer dependence found in the position of the
first maximum in the angular distributions. A to-
tal of seven 4+ states in Mg are believed to have
been observed.

It is hoped that these data will be used in future
microscopic analyses that include deformed ground
state densities. Measurements of m.+ and ~
scattering from these isotopes at resonance energies
are underway.
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