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Angular distributions for the elastic and inelastic scattering of 800 MeV protons from Mg are presented.
Results of distorted-wave Born-approximation (DWBA) and coupled-channels (CC) analyses of the data for
the Of, 2{, 4{, and 6] members of the ground state rotational band, the 25, 3}, 45, and 5; members of the
v band and the 0t member of the 8 band are discussed, and the effects of ground state deformation and
multistep contributions are assessed. The DWBA calculations for the 4; and 6; angular distributions fail to
even qualitatively reproduce the data, while a CC calculation, using a symmetric rotator model with
quadrupole and hexadecapole ground state deformations, provides good fits for the 0f, 2}, and 4; angular
distributions. A CC calculation in which the ground band is coupled to the y band, with an assumed
asymmetric vibrational amplitude, ‘gives a fair fit to the data for the 23 state, but fails to fit the 35, 4}, and
57 data. This failure in the calculation may be due to the lack of a direct step to the 45 state, as well as
neglect of the spin-flip process. The result of coupling the ground bind with the 6.43 MeV 0f state indicates
that this axially symmetric deformed vibrational model may be essentially correct, but also seems to indicate
that a direct 0f-Of step needs to be considered, based on the behavior of the forward angle 0f data.
Additional coupling of a 2} state does not dramatically improve the fit to the 04 data. The results obtained
here from analyses of the 800 MeV data are compared with those obtained through analyses of lower energy
data.

NUCLEAR REACTIONS Mg(p,p’) E=0.8 GeV, measured o(6); enriched target;

resolution > 80 keV, fcm=8° to 32°, A§=0.1°, Optical model potential, DWBA

analysis, coupled-channels analysis, symmetric and asymmetric rotator model,
coupling parameters.
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I. INTRODUCTION

Inelastic scattering experiments, using beams
of protons, neutrons, deuterons, a’s, electrons,
and pions, have provided considerable information
concerning the excited state structure of ¢Mg.!™¢
In general, coupled-channels (CC) analyses which
were made for some of the low energy data, and
which used the symmetric rotator or the deformed-
vibrator model, were able to reproduce the mag-
nitudes of the various 4.12 MeV 4* angular distri-
butions, but failed to even qualitatively fit the
shapes. On the other hand, a CC analysis of re-
cent 800 MeV p +'2C inelastic data has shown'®
that at medium energies the angular distributions
for the 2* and 4* members of the ground state ro-
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tational band are very sensitive to the ground state
quadrupole and hexadecapole deformations; in
addition, excellent fits to both the shapes and mag-
nitudes were obtained. One would like to know if
this success is singular, or if it is a general fea-
ture of the CC description of medium energy in-
elastic proton scattering from deformed nuclei.
Reported here are new data for 800 MeV p +#*Mg
elastic and inelastic scattering and the results of
theoretical analyses aimed at answering the ques-
tion posed in the above paragraph. The experi-
mental data consist of angular distributions for
the (1.37, 2;), 4.12, 4;), (8.11, 6;) members of
the ground band, the (4.24, 23), (5.24, 33), (6.01,
43), (7.81, 57) members of the y band, and the
(6.43, 0;) member of the 8 band. As shown below,

1490 © 1979 The American Physical Society



20 PROTON SCATTERING FROM 24Mg AT 0.8 GeV 1491

the CC analysis of the data provides further evi-
dence of the great sensitivity of the medium ener-
gy inelastic data to the ground state deformation
of the target nucleus. As for the case of 800 MeV
proton scattering from '2C, an excellent descrip-
tion of the angular distribution for the first 4*
state in Mg is obtained.

II. EXPERIMENTAL METHOD

The data were obtained using the high resolution
spectrometer (HRS) facility of the Los Alamos
Clinton P. Anderson Meson Physics Facility
(LAMPF). The HRS has been described else-
where.'® The target consisted of a 19.58 mg/cm?
24Mg foil, enriched to 99.94%. The overall experi-
mental energy resolution was typically 80-110
keV for full HRS acceptance. The spectrum ob-
tained at 6,,,=29° is shown in Fig. 1, and the
states of interest in this paper are indicated. Al-
though at this angle excitation of the 4.24, 2* state
is seen to be weak compared to the 4.12, 4* state,
at more forward angles where the strengths of
these two states are comparable, the ~100 keV
resolution allowed extraction of both angular dis-
tributions.

Data were also obtained for p +!2C elastic and
inelastic scattering, and the ?*Mg angular distri-
butions were normalized relative to the '?C re-
sults which in turn were normalized to the *2C
data reported in Refs. 15 and 16. The absolute
normalization of the Mg data is accurate to £15%.
The angle calibration was determined to +0.1° by
comparing the new '2C data with that reported in
Refs. 15-16. The 800 MeV p+2*Mg experimental
angular distributions, along with theoretical curves
to be discussed below, are presented in Figs. 2-6.

III. DWBA ANALYSIS

The elastic angular distribution was fit using the
optical model with a spherical Woods-Saxon poten-
tial given in the low-energy notation!” V, W, W,,
¥, @, ¥y, Gy, p, Gp, and v¢ by -7.0, 84.7, and
32.3 MeV and 0.968, 0.539, 0.915, 0.677, 0.441,
0.478, and 1.05 fm, respectively. The fit is shown
as the solid curve in Fig. 2. The spin-orbit poten-
tial was neglected since in DWBA analyses of 800
MeV proton inelastic angular distributions for low-
lying natural parity states, it is known that equiva-
lent predictions of inelastic angular distributions
result when spin-orbit terms are omitted or fully
included (both in the diagonal and nondiagonal parts
of the optical potential, i.e., a deformed spin-orbit
potential is included), provided that equivalent fits
to the elastic angular distributions are obtained.'®
Since the CC code used for the present calculations
(JUPITER!®) does not include provisions for spin-
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" FIG. 3. Shown as solid curves are CC predictions us-

"ing the deformed symmetric rotator collective model,
and coupling the 0}, 2, 4], and 6] states, with g,R
=+1.61 fm andB,R =-0.05 fm. The long-dash curve for
the 4" state results when B,R=-0.15 fm, while the short-
dash curve for the 4* state is the result when the coupling
to the 2* state is omitted.

orbit deformation, and since one of the purposes
of the present study is to compare DWBA and CC
predictions, the spin-orbit potential was therefore
omitted from the DWBA analysis. Thus for the 3,
and 5, angular distributions (unnatural parity
states) no direct spin-flip mechanism is allowed in
the calculations discussed here. Such a refinement
in the analysis will be deferred to a later time.
DWBA calculations were done using a version of
the program VENUS, 22 modified to include rela-
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FIG. 4. The results for coupling the 0f, 2}, and 4}
states, with 3R =-1.61 fm and R =—0.05 fm.

tivistic kinematics,? and the optical potential ob-
tained from the analysis of the elastic data. The
results for the (1.37, 2}), (4.12, 4;), and (8.11, 6;)
angular distributions are. shown in Fig. 2. A good
fit to the 2} data is obtained with |B,R |=2.29 fm,
where the length R is given by 7,A*3, However,
poor fits are obtained for the 4; and 6] data. The
failure of the DWBA calculation to reproduce the
shape of the 4, angular distribution is similar to
the result obtained for the 4" state in *2C.'° Since
the angular distribution for the 4; transition in
24Mg is qualitatively similar to that for the 4"
transition in *C, multistep and deformation ef-
fects, found to be important for }2C, are also ex-
pected to be important for *Mg. This expectation
led to the CC calculations discussed below.
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FIG. 5. ‘The solid curves result from a CC calculation
which couples the 07, 21,23 35, 45, and 5} states and uses
an asymmetry parameter of y¥=20°, "The dashed curves
for the 23 and 47 states are the results of DWBA calcu-
lations with R =0.54 fm and g,R =0.96 fm.

IV. COUPLED-CHANNELS RESULTS

The calculations reported in this section were
done using a corrected version of the program
JUPITER,'® modified to include relativistic kine-
maties. As in Ref. 15, the deformation of the po-
tential shape was treated using the Legendre-poly-
nomial-expansion procedure described by
Tamura.’® The-axially symmetric collective rota-
tional model with quadrupole and hexadecapole de-
formations was used to describe the ground state
band. The ¥ band and B band states were assumed
to correspond to ¥ vibrations in which the nucleus
retains the'same equilibrium, spheroidal deforma-
tion, but in addition oscillates such that ellipsoidal
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FIG. 6. The angular distribution for excitation of the

. (6.4 0p) state is compared to a CC prediction which cou-

ples the 0j, 2], and 0; states. The coupling parameter
for the g band is 18—, I XR=0.4 fm,

shapes are produced®?? (K =2 band) and B vibra-
tions in which the nucleus oscillates about a given -
equilibrium deformation, always retaining its axial
symmetry (K =0 band).

A. Ground-state rotational band

The 0%, 2%, 4°, and 6" states were treated as
members of the ground state, K =0 rotational band,
and coupling between all four channels (except for

~direct 0*-6" coupling, due to code limitations) was

assumed. The optical potential and the ground
state quadrupole and hexadecapole deformations
were adjusted to optimize simultaneously the fits
to the 0%, 2%, and 4" angular distributions. Al-
though an angular distribution for the 6 transition
was predicted, the 6* data were not considered in
the optimization procedure since no direct 0*-6*
transition could be considered. The best fit is

.given by the solid curves in Fig. 3. The potential

parameters, in the same notation as before, are
-5.3, 100.0, 16.0 MeV, 0.929, 0.453, 0.929,

© 0.545, 0.446, 0.397, and 1.05 fm, while the defor-

mation lengths are B,R=+1.61 fm (prolate) and

BR=-0.05 fm. These deformation lengths com-

pare favorably with results of CC analyses of **Mg
inelastic data obtained using various probes at
lower energies, as seen in Table I. Deformation
lengths, B;R, rather than deformation parameters,
B;, are compared in Table I since several pre-
vious analyses!®"1%1® of inelastic proton scattering
data obtained at E,~1 GeV have demonstrated that
the deformation length is more compatible with low

. energy results than the deformation parameter.

Note also that the deformation length of the pre-
dominant part of the complex optical potential is

- tabulated in Table I, although in general a weighted
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TABLE I. Deformation parameters used in coupled channels analyses with the symmetric
rotator model, and with the asymmetric rotator model in which the ground band is coupled to

the vy band.

BsR BiR B¢R By Reaction reference

(fm) (fm) (fm) (deg) (rad) (MeV)
1.68 e,e’ 187 13
1.65 -0.22 e,e’ 183-250 - 13
1.35 d,d 26 8
1.73 0.21 a0’ 29 9
1.26 0.13 o, 42 10
1.36 -0.05 a0’ 104 11
1.56 -0.19 +0.18 0.18 p.p 20 6
1.74%0.10 211 0.19+0.02 p.p 23-29 4
1.65 -0.18+0.29 .0 25 2
1.72 0.20 p.p’ 30 3
1.68 -0.11 p,p' 40 5
1.58 (DWBA) 0.21 p.p 50 1
1.61 -0.05 0.21 /) ,p' 800 this work

average of the real and imaginary components of
the transition potential should be given. Such a
refinement would be insignificant for the optical
potentials employed in the analyses referred to in
Table I. ’

At 800 MeV, the fit to the elastic data is pri-
marily influenced by the imaginary volume poten-
tial although the “surface” derivative imaginary
potential was found to be necessary in both the CC
and DWBA calculations to help fill in the second
minimum near 18°. The fits shown in Fig. 3, to
the 2" and 4" angular distributions are good, while
the fit to the 6* data is poor, suggesting the possi-
ble importance of the direct 0*-6" transition. The
coupling of the 6 state in this calculation only in-
fluences the calculated :ang'ular distribution of the
4" state past about 25°.

The sensitivity of the calculation to both the signs

and magnitudes of the deformation parameters is
striking. For example, repeating the above calcu-
lation with B,R=-0.15 fm leads to the predicted 4"
angular distribution given by the long-dash curve
in Fig. 3, while the predicted 0" and 2" angular
distributions remain essentially unchanged. The
sensitivity of the CC prediction to the sign of the
quadrupole deformation is demonstrated in Fig. 4
where the results of a calculation with B,R = -~1.61
fm (oblate deformation) are indicated by the solid
curves (here, W=90 MeV to restore the fit to the
elastic data). Notice in Fig. 4 that the predicted
cross sections for the 2* and 4* states miss the
data even at the first minima and become increas-
ingly out of phase with increasing angle. Thus, the
choice of a prolate deformed shape for 2*Mg is re-
quired by the present analysis.

In order to study the importance of multistep ex-

citation of the 4" state, the CC calculation was re-
peated using the deformation lengths corresponding
to the solid curve in Fig. 3, but omitting the cou-
pling of the ground and 4* channels to the 2 chan-
nel. The 4" channel is thus reached from the en-
trance channel directly via the 8,Y, term in the
coupling potential and “indirectly” via the (8,Y,)?
term that appears in the Legendre polynomial ex-
pansion of the deformed potential.’®* The omission
of the 2" channel requires a 7eduction in W of about
10% in order to recover the fit to the elastic cross
section. The result of this calculation for the 4*
angular distribution is given by the short-dash
curve in Fig. 3. By comparing the DWBA predic-
tion in Fig. 2 and the solid and short-dash curves
in Fig. 3 for the 4* angular distributions, it is
seen that while deformation alone is sufficient to
produce maxima and minima structure which is
qualitatively similar to the data, coupling to the
2* channel is required in order to produce the
correct magnitudes and angular positions of the
maxima and minima observed experimentally.
Future modifications to JUPITER are planned
which will allow a 0*-6" coupling term as well as
nonzero B, and B; deformations. This may im-
prove the agreement of the calculation with the
data for the 6" state and could slightly alter the
choice of the best value of 8, from that found here.

B. yband

For these calculations the (4.24, 2;), 5.24, 3,),
(6.01, 4;), and (7.81, 5,) states were considered
as members of the ¥ band. Previous CC calcula-
tions have included the 2* and 3*states,®°-!° or the
2*, 3%, and 4" states,”® but not the 5* state. In a



recent tabulation, Endt and Van der Leun® assign
J*=3%47,5" to the 7.81 MeV state, and for the
calculation reported here, J*=5" was assumed.

The calculation is similar to one reported by
Tamura® for a inelastic scattering, with the addi-
tion here of the 8, deformation of the ground state
potential, and the coupling of the 4; and 5, states
to the 05, 2;, 2;, and 3; coupling scheme. A cal-
culation coupling the 0y, 2;, 4;, 2;, 3;, and 4;
states demonstrated that the inclusion of the 4;
state had no effect on the predicted angular distri-
butions (out to 30°) for states in the ¥ band. The
parameters for the calculation were those corre-
sponding to the solid curves in Fig. 3, while the
product 8,¥=0.21 (¥=20°) was chosen to reproduce
the magnitude of the first maximum of the (4.24,
2;) cross section. The calculate angular distribu-
tions for the 0; and 2, states are unchanged from
the solid curves of Fig. 3, while those for the
states in the ¥ band are given by the solid curves
in Fig. 5. As seen in Table I, the value of 8,7
agrees well with that used in previous calculations.
Hartree-Fock calculations predict that ¥=18° for
24Mg_24

The fit to the 2; angular distribution is only fair;
the calculation misses the position of the first
minimum by about a degree and is generally slight-
ly out of phase with the data. A DWBA calculation
using |B,R |=0.54 fm produced the dashed curve
shown in Fig. 5, and is seen to be in better agree-
ment with the data. This value compares favor-
ably with values obtained through previous DWBA
analyses (0.53-0.59 fm).>"%12

The CC predictions for the 3;, 4,, and 5, angular
distributions in general do not reproduce the mag-
nitudes or shapes of the data. The 3; prediction is
a factor of 5 lower than the data at forward angles,
while that for the 4; is a factor of 50 too low. Since
the 3, and 5, states are only excited by two-step
processes in the present calculation, the coupling
to the 4; is very-important. If the 4, forward angle
cross section could be increased, the cross sec-
tions for the 3; and 5, states would also increase.
Thus, a direct step from the ground state to the
4, state may be required to fit the data. (At pres-
ent, JUPITER has no provisions for this step.)
Also, calculations which include a direct 0°-3*, 5
coupling via a spin-flip (S=1) process should be
included before drawing final conclusions regard-
ing the success or failure of the deformed-vibra-
tional model in describing these data.

Concerning the direct 0*-4; transition, Rush and
Ganguly' showed that a DWBA calculation with 8,R
=0,68+0.10 fm and By=0.21 gave a reasonable fit
to 50 MeV (p,p’) data. The result of a DWBA cal-
culation for the 800 MeV data is indicated by the
short-dash curve in Fig. 5. This calculation re-
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produces the data at forward angles, but becomes
out of phase by about 20° where the magnitude of
the CC calculation begins to be comparable to the
data. The value of |B,R|=0.96 fm used in this
DWBA calculation compares favorably with the
values (0.90,0.91 £fm)>'® used to fit low energy pro-
ton scattering data, but disagrees with the values
of 0.58-0.69 fm!? found from fitting @ scattering
data. This disagreement with the a scattering re-
sult for the 4, state is interesting considering the
agreement for the 2; state and is perhaps an indi-

_ cation of a difference in the reaction mechanism.

The differences between the CC results and the
experimental data of factors of 5 for the 3; and of
50 for the 4, state are contrasted with factors of
30 (40) for the 3; and 10 (20) for the 4; for the low
energy proton results given in Ref. 6 (4). The cal-
culations are similar except Ref. 4 includes a non-
zero spin-orbit term, and Ref. 6 includes a non-
zero spin-orbit term with a deformation different
from that of the central and imaginary potentials.
When the calculation in Ref. 6 is repeated with the
spin-orbit term set to zero, the predicted 3 cross
section is reduced by about ‘a factor of 2 while the
other cross sections are essentially unchanged.
Such a large difference in results from similar
calculations, performed at low and intermediate
energies, perhaps indicates a difference in the
reaction mechanism, or in the importance of spin-
flip processes for 20-30 MeV protons and 800
MeV protons in the inelastic excitation of these
non-natural parity states.

C. g band

The possibility of describing the 0* state at 6.4
MeV as the head of a B-vibrational band in 2*Mg
was investigated in a calculation coupling the
ground band 0], 2; states to the 0, state. Since a
B vibration corresponds to an oscillation of the
axially symmetric ground state deformation, the
appropriate parameter is [8-8,|.22 A value of
[B-8,|R=0.40 fm (B,R=1.6 fm) was found to repro-
duce the magnitude of the first maximum in the
angular distribution for the (6.43, 0*) state. The
calculated angular distributions for the 0; and 2;
states are unchanged from Fig. 3, while that for
the 6.43 MeV state is shown in Fig, 6. The overall
agreement with the data is fair. Additional cou-
pling to the 2; state of the ¥ band in the above cal-
culation had no effect on the predicted cross sec-
tions. As was the case for the calculations for the
Y band, the theoretical predictions are in best
agreement with the data beyond about 20°, after
missing the position of the first minimum. The
lack of agreement at forward angles may be due
to the lack of a direct step 0; = 0j in the calcula-
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tion or may result from the omission of hlgher ex-
cited states in the gband.

In order to investigate the possible effect on the
05" ‘angular distribution of coupling to other mem-
bers in the Bband, a CC calculation was made
which included coupling to the 2; state at 7.4 MeV
(no data are presently available for this state).
The resulting 0* angular distribution differs slight-
ly from that shown in Fig. 6. The first minimum
is shifted in by 1°, the second by 0.5°, and the
third by 0.4°. The value of the cross sections at
the first three maxima change by -18%, 0%, and
+23%, while the depths of the minima remain
essentially unchanged. Both calculations fail to
reproduce the second maximum and the shallow
second minimum in the data.

DWBA calculations for 40 MeV proton inelastic
excitation of this state, which employ a “vibrating-
diffuseness” macroscopic form factor, a “breath-
ing- mode” form factor, and a microscopic form
factor all fail to reproduce the general diffraction
pattern or slope of the data.’ DWBA calculations
made in an attempt to fit 20 MeV proton inelastic
data, using Soyeur’s and Wildenthal’s shell- model
wave functions, also fail.> A DWBA calculation
for 42 MeV a scattering'? with 8,R=0.42 fm rough-
ly reproduces the data except for the prediction
of deep minima. Rush and Ganguly® were able to
achieve some success with the second derivative
of the optical potential as a form factor and with a
vibrational formalism that considered the 0* level
to be a member of a two-phonon triplet. A micro-
scopic calculation, for the excitation of this state
by 23.5 MeV &’s, was able to fit the data by em-
pirically adjusting the 1p,,, hole and 1d,,, particle
components in the wave functions.?®

V. CONCLUSIONS

New data for 800 MeV proton inelastic excitation
of the ground state, the ¥, and the 8 bands in **Mg
have been compared with DWBA and CC predic-
tions. DWBA fits to the angular distributions for
the 4; and 6; members of the ground band fail to
reproduce the data. A coupled channels calculation

using an axially symmetric collective rotational
model with quadrupole and hexadecapole'ground
state deformation provides good fits to the cross
sections for the 0f, 2/, and 4; states. A complete
examination of the data for the 6, state in which
direct 0*-6" coupling and a B, deformation in the
ground state are included, will be the subject of
future study.

A CC calculation for inelastic scattering to
states in the ¥ band, in which the 0], 27, 27, 3;,
4;, and 5 states are coupled assuming an asym-
metric v1bratxona1 amplitude 8,7, gave a fair rep-
resentation of the 2, data, but failed for the 3,
4;, and 5, angular distributions. This failure can
perhaps be remedied by the inclusion of a direct
step to the 4, through an additional 0*-4* coupling
term and by the inclusion of spin-flip processes.
The fact that the DWBA calculations for the 2,
and 4; states fit the data much better than does
the CC calculation suggests that such a direct step
is needed. Blair has pointed out that a large direct
step to the 4, is expected on the basis of the over-
lap of Nilsson wave functions,? 28

The result for the angular distribution of the 0*
member of the 8 band, obtained by coupling the
0;, 2;, and (6.43, 0) states, indicates that the
axially symmetric deformed vibrator model may
be essentially correct, but also seems to indicate
that a direct 0;-0, step should be considered. The
coupling of the 24 state was considered but an im-
proved fit to the 6.43, 0* data was not obtained.

Finally, the excellent fits obtained to the data
for the 2] and 4; states for '*C*® and 2*Mg with 800
MeV protons seem to indicate that similar data
and analyses of other p- and s-d shell deformed
nuclei will provide a more accurate description
of the intrinsic ground state deformation of these
nuclei.

A complete tabulation of the numerical data is
on deposit in PAPS.?"
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