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Angular distributions for the elastic and inelastic scattering of 0.8 GeV protons from Ne and
"Ne are presented. Cross sections for protons exciting states up to about 14 MeV were measured
using a high resolution spectrometer. Coupled-channels analyses of scattering cross sections for the
0+, 2+, 4+, and 6+ states in the ground-state rotational band, possible 2, 3, and 5 members of
a K =2 octupole band, and possible 1, 3, and 5 members of a K"=0 octupole band in Ne
were performed. Also reported are coupled-channels analyses of the experimental angular distribu-
tions in Ne for the 0+, 2+, and 4+ states in the ground-state band, the K"=2+ y-vibrational band
members, and the 2 and 3 members of a K =2 octupole band. Deformation parameters for
states not in the ground-state rotational bands are obtained from a distorted-wave Born approxima-
tion analysis of these data. Multipole moments inferred from the deformed optical potentials are
compared with moments obtained with electromagnetic measurements, low-energy proton, deute-
ron, 'He, and He scattering, and shell-model calculations.

I. INTRODUCTION

In several recent publications, ' coupled-channels
(CC) analyses of —1-GeV proton inelastic scattering
from s-d shell nuclei and heavy rare-earth nuclei have
been generally informative. These rotational-model cal-
culations provide an excellent description of the data for
the lowest 0+, 2+, and 4+ states in ' Mg and Ne. '

The large hexadecapole deformation of Ne was also
confirmed. The data for the states in the y-vibrational
bands and in the negative-parity vibrational bands of

Mg are also explained. To improve the knowledge of
deformations in s-d shell nuclei and further study
intermediate-energy proton inelastic scattering from
light, deformed nuclei, new data for ' Ne(p, p') at 0.8
GeV were acquired and are presented here. The data in-
clude angular distributions for excitation of the 0+
ground state and the (1.63,2+), (4.25,4+), (4.97,2 ),
(5.62,3 ), (5.78, 1 ), (7.17,3 ), (8.45,5 ), and
(8.7,6++ 1 ) states in Ne and the ground state,
(1.27,2+), (3.36,4+), (4.46,2+), (5.15,2 ), (5.91,3 ), and
(6.34,4+) states in Ne.

II. EXPERIMENTAL PROCEDURE

The data were obtained using the high resolution spec-
trometer (HRS) of the Los Alamos Clinton P. Anderson
Meson Physics Facility (LAMPF). The experimental de-
tails, including the design of the gas target, are the same
as in Ref. 7. The gases were isotopically enriched to
99.95% for zoNe and 99% for Ne.

Data were acquired for Ne, Ne, and ' N using a gas

target of identical geometry and were compared to the
data of Ref. 7. The energy resolution (b,E —140 keV) al-
lowed the extraction of many peak areas from the spec-
tra. Three spectra for Ne(p, p'), each covering an angu-
lar range of 1.5', are shown in Fig. 1. The resulting angu-
lar distributions are presented in Figs. 2 —7. A complete
tabulation of the numerical data is on deposit in PAPS.

III. Ne

In this section the results of analyzing most of the
Ne(p, ttt') data are presented. As in previous studies in

this series, ' a deformed optical potential V(r) was deter-
mined by fitting the scattering data for the ground-state
rotational band using the CC formalism, in which mul-
tistep processes are included. Then, the multipole mo-
ments of the matter density were obtained from those of
the optical potential. The moments obtained from the
optical potential have been found to agree 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. This version has been modified to in-
clude relativistic kinematics, intrinsic P6 deformation,
coupling potentials with 51=2, 4, 6, and 8, and direct
El=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', (b') is
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FIG. 1. Three spectra, each covering an angular range of
1.5', for ' Ne(p, p') at 0.8 GeV and 8~» ——12', 15', and 18'.

FIG. 2. Angular distributions of Ne(p, p') at 0.8 GeV, for
the 0+, 2+, 4+, and unresolved doublet (1,6+) states are
shown. The curves result from CC calculations discussed in the
text. The solid lines result from p6= + 0.03, the dashed lines
from P6=0, and the dotted lines from P6= —0.03.

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

Other rotational bands which are built on intrinsic vi-
brational states are calculated by including the appropri-
ate vibrational terms in R(8', !))'), so as to couple the
ground-state band to the "vibrational" bands. The states
in the y band (of Ne) were assumed. to correspond to
so-called y vibrations, in which the nucleus retains the
same spheroidal equilibrium deformation, but in addition
oscillates such that ellipsoidal shapes are produced (the
K =2+ band). The observed odd-parity states were
assumed to belong to an octupole vibrational band
with K =0 (J =1,3,5 . . . ) or with K"=2
(J =2,3,4,5 . . . ).

A. Ground-state rotational band (GSRB)

Calculations were performed for the (ground state, 0+),
(1.63,2+), (4.25,4+), and (8.7,6+) states, with couplings
and deformation up to p6. The results reported earlier
are presented as the solid line in Fig. 2. The small spin-
orbit potential utilized in Ref. 7 has been omitted here.
The geometry of the small real central term has been
fixed to that of the dominant imaginary term. The
Woods-Saxon potential parameters (V, W, r, a, and r, )

are ( —5.0 and 48.0 MeV and 1.06, 0.46, and 1.05 fm),
while the deformation parameters (p2, p4, and p6) are
[+0.46, + 0.27, and + 0.03 (solid line)]. The dashed
(dotted) line for the 6+ state utilizes p6 ——0.0 ( —0.03). As
mentioned in Ref. 7, the 6+ state is unresolved from a

nearby 1 state and thus it is difficult to make a quantita-
tive evaluation of the p6 deformation. Varying p6 be-
tween +0.03 has no observable effect on the predictions
for the 0+, 2+, and 4+ angular distributions. We consid-
er a value of p6= + 0.03 as a reasonable upper limit. The
observed cross-section data for the 0+, 2+ and 4+ states
are reproduced quite well by the CC calculation, while
DWBA calculations were found to give significantly
poorer results. Both the large cross section for the 4+
state and the position of the first minimum in the angular
distribution for the 2+ state are evidence of a large hexa-
decapole deformation for the Ne ground state.

B. K =2 octupole band

A CC calculation in which the 0+, 2+, and 4+ states of
th~ GSRB were coupled to an octupole vibrational band
with K =2 is shown in Fig. 3 along with the measured
angular distributions for excitation of the (4.97 MeV, 2 ),
(5.62,3 ), and (8.45,5 ) states. The (7.00,4 ) state was
not observed. The only term in the CC calculations pro-
viding the coupling between the K =0+ and K =2
bands has the structure [a3z( Y32+ Y3 2)]. Thus in these
calculations the 2 state is excited only by transitions
which involve at least two steps, and not from the ground
state directly. The 5 state can be excited by terms in
the multipole expansion of the deformation such as
Y3& Yz. A calculation using a32R=1.35 fm gives the
correct slope and roughly the correct magnitude for all
three states, but predicts sharper diffraction patterns than
are measured.
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motion in the transition potential for the 1 state. It
may also indicate that an extra direct step from the
ground state, which has not been included here, may be
necessary. The use of an isoscalar dipole form factor has
been discussed by Put and Harakeh. " The fit to the 5
state is slightly worse than was obtained with the calcula-
tion above, in which it was assumed to belong to the
E =2 band. Since both calculations predict cross sec-
tions roughly equal in magnitude to the data but fail to
reproduce the actual angular distribution, the true nature
of the 5 state is not revealed in these analyses.
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IV. '2Ne

The spins of the states of Ne presented here were
known from other works, but the unique assignment of
the levels to particular rotational bands had not been
made previously. Presented here and shown in Figs. 5—7
are calculations for the GSRB, and for two possible side
bands: aE =2+ and K =2

FIG. 3. Angular distributions and CC calculations for a
K"=2 in Ne.

C. K =0 octupole band

The results of a CC calculation in which the first three
states of the GSRB are coupled to a band with K =0
are shown in Fig. 4, along with measurements for the
(5 78, 1 ), (7.17 3 ), and (8 45 5 ) states. Here
a3+=0.60 fm. A DWBA calculation for the 3 state
(not shown) is inferior to the CC result, predicting the
first minimum 2' farther out in angle (18') than the CC re-
sult. The disagreement between the CC result and the
data for the 1 state may possibly be due to the improper
treatment in the program JUFITER of the center of mass

A. GSRB

The results of CC calculations are compared with the
experimental results for the (ground state, 0+) (1.27,2+),
and (3.36,4+) states in Fig. 5. The known (6.31,6+) state
is masked by the (6.34,4+) state. The Woods-Saxon po-
tential parameters (V, W, r, a, r„P2, and P4) are ( —12
and +46.2 MeV, 1.053, 0.46, and 1.05 frn, +0.47 and
0.10). P6 has been taken to be 0.0+0.05, which is a larger
range than observed for other 6+ states in this mass re-
gion. This range in P6 has no effect on the 0+ and 2+ cal-
culated angular distributions and, as seen in Fig. 5, the
variations in the 4+ calculations are small.
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FIG. 4. The same as Fig. 3 for a K =0 octupole band.

FIG. 5. Angular distributions of Ne(p, p') for the 0+, 2+,
and 4+ states are shown. The curves result from CC calcula-
tions as discussed in the text.
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B. K =2+ bands

The possible E =2+, y-vibrational band considered
here includes the (4.46,2+), (5.6,3+) (not observed), and
(6.34,4+) states; the results are presented in Fig. 6.
Shell-model calculations predict that the (5.52,4+) and
the (6.34,4+) states have approximately equal neutron
matrix elements with the ground state, while the proton
matrix element for the (5.52,4+) state is 30% smaller
than that for the (6.34,4+) state. Thus the B(E4) for the
(6.34,4+) state is predicted to be twice that for the
(5.52,4+) state. ' The (5.52,4+) decays primarily by an
Ml transition to the (3.36,4+) state. Calculations for the
(5.52,4+) are not considered here, but data for its excita-
tion are included in Ref. 9.

In previous analyses of K =2+ bands in ' Mg, satis-
factory CC calculations required both an a2z ( Yzz

+ Yz z) term, which directly excites the 2+ member of
the y band, and an a42 (Y42+ Y4 2) coupling which per-
mits a strong direct transition from the ground state to
the 4+ state of the y band. ' The direct excitation
which results from Y20&( Y22 terms in the multipole ex-
pansion of the deformation has been found to be more
than an order of magnitude too small. The matrix ele-
ments utilized, g& and g2, are defined in Ref. 4. Basically,

g,R is the matrix element of the vibrational operator a22,
which connects intrinsic states of the ground band to that
of the y band, and is approximately equal to PzyR. The
matrix element g2R is similarly related to the a42 cou-
pling. In fitting the inelastic angular distributions, the
matrix elements g, and F12 were varied (including the rela-
tive sign) to produce the best overall agreement in magni-
tude for the 2+ and 4+ states.

The CC calculations for the possible y band shown in
Fig. 6 utilize g&R =0.25 fm and g&R =0.47 fm. The fit to
the 2+ state is not as good as in the case of similar calcu-

lations for Mg and Mg. Due to the poor fit for the
2+, it is not possible to make a definite band assignment
for these states. In comparing the strength of the cou-
pling (ri&R ) in Ne and the Mg study, it is found that
the Ne strength is 50% of that in ' Mg, and the ratio
of the peak cross sections for the 2~+/2~+ is smaller than
in the magnesium isotopes. It is interesting to note that
this ratio of cross sections is smaller than that for the first
two 2+ states in S. For S, it has been suggested that
the one-step amplitude for the second 2+ state is
suppressed, possibly due to a negative relative sign be-
tween neutron and proton transition elements. ' Both of
the second 2+ states in Ne and S have shapes different
than that predicted by a collective model DWBA calcula-
tion. The points at 9 & 9' for the (6.34,4+) are probably a
contaminant, possibly the (6.24,0+), or due to the target
windows which are present at angles below about 10', and
were not considered in the present analysis.

C. K =2 octupole band

Displayed in Fig. 7 are the results of a CC calculation
similar to that already discussed for Ne for a E =2
The GSRB is coupled to the (5.15,2 ), (5.91,3 ), and an
unobserved 5 state with a32R =0.85 fm. The strength
of the coupling (a32R ) is 40% of that in Ne. As for the
analogous states in Ne, the strength and slope of the an-
gular distributions for both Ne states are explained by
the calculations. The agreement between the calculation
and the data strongly suggests that the population of the
2 state is dominated by multistep transitions.

V. MULTIPOLE MOMENTS

The extracted multipole moments of the imaginary
part of the optical potential for Ne and Ne are given
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FIG. 6. Experimental angular distributions for states in "Ne
assumed to comprise a K =2+ y-vibrational band.

FIG. 7. Experimental angular distributions and CC calcula-
tion for negative-parity states in Ne thought to comprise a
K"=2 band.
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in Table I, along with results from electromagnetic stud-
ies, ' ' low-energy proton scattering, ' ' light-ion
scattering, ' and shell-model results. ' Also given
are proton and neutron matrix elements determined from
pion inelastic scattering data. The M(E2) for Ne is
slightly smaller than the observed B (E2) values while
that for Ne i.s in good agreement. Another analysis of
this data which employed a deformed spin-orbit potential
and utilized a 7-squared fit to the data is listed in Table I.
The analysis reported here matches the calculation to the
data near the first maximum.

Because the proton matrix element coupling the first
4+ state to the ground state is predicted to be four times
larger than the neutron matrix element, the value of
M(E4) for this state is expected to be strongly dependent
on the probe and on the incident energy. The strength
for a scattering is expected to be 38% of the electromag-
netic B(E4). Using the relative interaction strengths for
800-MeV protons, one would expect 44%%uo of the elec-
tromagnetic B(E4) if multistep effects are ignored. If
such a difference alone resulted in a change in strength
for the 4+, this would imply that P4 ——0.15 for elec-
tromagnetic probes and would result in B(E4)=0.0160
e b . The (e,e') result' is 0.013+0.0015, which implies
Mn =Mp. Using the relative interaction strengths for
30-MeV protons, one would expect 23% of the elec-
tromagnetic B(E4), or one-half of the 800 MeV result.

As seen in Table I, the M(E4) for 30-MeV protons is
slightly larger than that for 800-MeV protons. The P4R
value at 30 MeV is one-half of that for 800-MeV protons.
Since the excitation of the 4+ state in these calculations
results from direct contributions from terms with P4Y4
and (P2Y2) as well as multistep contributions, compar-
isons of P4R may be misleading. The P2R values are fair-

ly uniform, and over half of the M(E4) results from the

P2 term in the deformation. A coupled-channels analysis
of pion inelastic scattering may be able to determine the
nature of this state and its couplings to other members of
the ground-state band.

In order to make comparisons for the excited states not
in the GSRB between the current study and other work,
a DWBA analysis of these states has been performed.
The potentials obtained by fitting the elastic angular dis-
tributions are (V, W, V„, IVSO, r, a, r„, a„, r, )=( —1.0,
59.3, 0.775, and 2.02 MeV, and 0.949, 0.688, 0.954, 0.662,
and 1.05 fm) for Ne and ( —3.9, 49.1, 0.775, and 2.02
MeV, and 1.016, 0.594, 0.994, 0.662, and 1.05 fm) for

Ne. The spin-orbit potential for Ne was set equal to
that determined for Ne(p, p ) elastic scattering. The de-
formation parameters were obtained by fitting the first
maximum of the predicted angular distribution to the
data at that angle. The values of PLR and computed
M(EL) values for each deformation are given in Table II.
Also included are results from low-energy (p,p'), '

TABLE I. Multipole moments (e b" ) and deformation lengths (fm).

Nucleus M(E2) M(E4) P~R P4R Reaction Reference

Ne + 0.162(3)'
+ 0.164
+ 0.179(7)
+ 0.180
+ 0.171

0.189
+ 0.181

0.181
0.214
0.178(7)
0.179
0.150

+ 0.0223(14)
+ 0.0253

+ 0.023

0.027
+ 0.037
+ 0.037

0.041
0.030(2)
0.034
0.0205

1.32
1.29

1.47
1.29
1.29
1.47
1.30
1.29

0.78
0.69

0.87
0.77
0.77
0.53
0.41
0.68

(p,p'), 800 MeV
(p,p'), 800 MeV
Coulomb
Coulomb
Average electromagnetic
(e,e')
(p,p'), 30 MeV
(p,p'), 24.5 MeV
('He, 'He'), 68 MeV
( He, He'), 104 MeV
(p,p'), 40 MeV
Shell model

This work
b
14
15
16
17
19
20
22
23
21
24

e + 0.150(2)'
+ 0.132
+ 0.149(2)"
+ 0.144
+ 0.151(3)

0.165(11)
+ 0.169
+ 0.169
+ 0.160(7)
+ 0.176

Mn =0.176, Mp =0.152
Mn =0.187(13), Mp =0.152(10)

+ 0.0125(18)
+ 0.0109

( —0.003)'

+ 0.013(2)
+ 0.014
+ 0.014
+ 0.011(4)

0.018
0.0117'

1.39
1.12

1.38
1.38
1.25
1.40

0.29
0.27

0.15
0.15
0.07
0.25

(p,p'), 800 MeV

(p,p'), 800 MeV
Coulomb
Coulomb
Average electromagnetic
(e,e')
(p,p'), 30 MeV
(p,p'), 24.5 MeV
( He, He), 104 MeV

(p,p'), 40 MeV
Shell model
(m, m)

This work
b
14
15
16
18
19
20
23
21
24
26

'These errors reflect only the uncertainty in P6 as discussed in the text.
Analysis of the same data reported here, employing a deformed spin-orbit potential in the CC calculations.

'Coupled-channels analysis of heavy-ion data just above the Coulomb barrier. The 4+ state is not included in the analysis.
Average of three measurements of the lifetime.

'Mp = —0.0117,Mn = —0.0030 (Ref. 25).
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TABLE II. Deformation parameters of states in Ne and Ne.

(p,p')
800 MeV' 24 MeV 40 MeV'

B~R (fm), [M(EL)] (e fm )

(d, d')
52 MeV (e, e') Theory

Ne
5.62,3
7.17,3
8.45,5

1.07,[46]
0.76,[32]
0.13,[150]

1.18,[58]
0.82,[40]

1.11(22),[56] 0.92,[54]
0.95,[56]

[42]'

e
4.46,2+
5.52,4+
5.91,3
6.12,2+

6.34,4+
7.94,2+

'This work.
Reference 27.

'Reference 21.
Reference 28.

0.26,[2.4]
0.28,[51]
0.68,[26]
0.24, [2.3]
0.46,[84]
0. 1 5,[1.4]

0.73(5),[38]

'Reference 29.
'Reference 18.
gReference 24.
"Reference 25.

[3.6(3)]"

[29.(4)]"
[1.8(4)]'

[Mp = —4.5,Mn = —0.7]~

[Mp =72,Mn =106.0]"

[Mp =+0.2, Mn =3.6]~

[Mp = 104 , Mn. = 113.]"
[Mp =+1.1,Mn = —0.6]~

(d, d'), (e, e'), ' ' and shell-model results. ' One gen-
eral feature is that the 131 R values are in agreement. The
M(EL) for low-energy proton and deuteron inelastic
scattering are higher than those for 800 MeV (p,p') and
(e,e'). It is well established that the moments of the po-
tential are closely related to the moments of the nuclear
density at 800 MeV, while a complicated folding of the
low-energy interaction with the nuclear density is re-
quired to yield low-energy microscopic potentials. The
differences between the M(EL) values for states in Ne
excited by (p,p') and (e, e') may reflect a difference in Mp
and Mn for these states. Pion inelastic scattering data
would be useful for these states as well.

VI. SUMMARY AND CONCLUSIONS

Measurements of the angular distributions for 0.8-6eV
proton elastic and inelastic scattering to many excited
states in Ne and Ne have been presented. Coupled-
channels calculations based on the collective rotational
model provide excellent descriptions of the data for
the ground-state rotational bands. In both isotopes,
negative-parity states assigned to a K =2 band are well
explained by pure direct transitions to the 3 states and

multistep excitation of observed 2 members in Ne and
Ne.
The assignment of the (8 45,5 ) state to the K"=2

band is not certain, as the data can also be explained as
belonging to a E =0 band. Similarly, no band assign-
ment can be made for the second 2+ state in Ne, since it
is poorly described by the CC calculations explained with
calculations assuming it to belong in a y-vibrational band
with the third of the 4+ states. Deformation parameters
and multipole moments of the empirical, deformed opti-
cal potentials are similar to results obtained with other
probes. Data on resonance pion scattering would be use-
ful to verify the shell-model neutron and proton matrix
elements for the states in Ne.
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