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Particle-y angular correlations have been measured for a number of states above 7.3 MeV in ' Ne using the
"0(Li, ty) 'Ne reaction with the tritons observed at 0. New information on the spins and parities of several

states in "Ne was obtained. In addition, by demonstrating that the ' Ne nuclei were strongly aligned, these
measurements provide support for a direct a-particle transfer mechanism for the "0{'Li,t)"Ne reaction.
Angular correlation and lifetime measurements employing the "F{a,py)"Ne reaction have also been performed
for a number of states in "Ne, including several closely spaced doublets on which previous information is
incomplete or inconsistent. Lifetimes were measured by the Doppler-shift attenuation method. The results are
compared with recent large basis shell model calculations.

NUCLEAR REACTIONS ' 0( Li, ty), E= i2.0 MeV F(a.,Py), E=12.0, 15.0,
18.5, 19.0 MeV; measured t-&, P-y angular correlations, Doppler-shift

attenuation. ~2Ne deduced levels, 7', J, n, B(A).

I. INTRODUCTION

The "Ne nucleus is known to be among the most
highly deformed of light nuclei, although the ground
state rotational band is the only clearly defined
band identified so far. The identification of further
band structure in "Ne has been hampered by a lack
of information on higher lying states and by a num-
ber of ambiguities associated with closely spaced
doublets below 7.5 MeV. Hence we have sought to
extend knowledge of the level structure of "Ne in
two ways. First, particle-y angular correlations
employing the "0('Li, ty)22Ne reaction have been
measured for a number of selectively excited'
states between 7.3 and 8.6 MeV. Secondly, we
have used a high resolution magnetic spectrometer
in conjunction with the "F(n,py) Ne reaction to
resolve the individual members of closely spaced
doublets below 7.5 MeV, thereby removing some
inconsistencies which existed in the literature.
Lifetimes or lifetime limits have also been ob-
tained for several states below 7.5 MeV in "Ne
using the "F(a,py)22Ne reaction.

The information thus obtained may then be com-
pared, at least for positive parity levels, with the
full s A shell basis shell-model calculations of
Preedom and Wildenthal. ' These calculations have
proved successful in reproducing both the known
collective properties of "Ne, notably the energy
spacing and B(E2) values~' within the ground state
band, and properties such as the "FP decay' rates
which are not dominated by collective effects. In-
formation on states not in the ground state band
provides a further test of the reliability of the
shell-model calculations and may lead to the iden-
tification of additional band structure in "Ne.

In the angular correlation study of states strongly
excited in the "0('Li, f)22Ne reaction, the tritone
were detected at zero degrees to the beam direc-
tion. Magnetic substates with M=0, +1, +2 may
then be populated in the "Ne residual nucleus, and,
in principle, the analysis of the t-y angular cor-
relations involves two variable population param-
eters. However, there is experimental evidence'
that the dominant reaction process for the strong
transitions, especially for nuclei at the beginning
of the 2s-1d shell, is the direct transfer of an n
cluster with zero spin and isospin. If this direct
transfer were the sole mechanism, only states
with natural parity would be excited in ('Li, t) re-
actions, and further, only the M = 0 substate
would be populated in our geometry (neglecting
spin-orbit effects). The former condition appears
to be approximately valid as known unnatural parity
states in ' Ne and 'Ne are not strongly excited by
the ( Li, t) reaction. In addition, it has been shown
that the first excited state of ' Ne populated by the
"0('Li, f)2ONe reaction at beam energies of 13 and
14 MeV is indeed aligned with predominant popula-
tion of the M = 0 substate and negligible population
of the M = +2 substates. In the present work it has
been assumed that for states in ~Ne strongly pop-
ulated by the ('Li, f) reaction, the strong alignment
observed in Ref. 7 is characteristic of the reaction
mechanism and can be described by specifying the
relative population of the M= 0, +1 substates only
and assuming these sum to unity. As a result,
angular correlations of deexcitation y rays (espe-
cially those leading to the ground state) are ex-
pected to be quite anisotropic, and therefore sen-
sitive to the spin of the initial state. The "0-
('Li, ty)"Ne angular correlation results reported
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here, in addition to providing new information on
"Ne, lend support to these ideas. However, it
should be explicitly pointed out that the use of a
reaction model to limit the physically allowed
range of population parameters at least partially
vitiates the use of rigorous quantitative methods
(e.g. , the y' test and associated confidence levels)
for rejecting spin hypotheses and/or measuring
multipole mixing ratios. On the other hand, even
with the two variable population parameters which
occur in the ( Li, f) reaction it is occasionally pos-
sible to reject a spin hypothesis rigorously; in
what follows we will clearly label those results
which are model-dependent and those which are
not.

Previous information on a number of closely
spaced doublets in "Ne has been obtained from
angular correlation studies employing the "F-
(a,Py)"Ne (Ref. 8) and ' Ne(t, py)22Ne (Ref. 9) re
actions. " In these studies, the individual members
of the 5.33-5.36, 6.31-6.34, 6.64-6.69, and 6.82-6.86
MeV doublets were not resolved, which perhaps
accounts for inconsistencies between the interpre-
tation"' of these measurements and the results of
more recent work. "'" We have measured p-y
correlations for the individual members of each
of these doublets using the "F(o.,py}22Ne reaction
with the protons detected at 0' to the beam direc-
tion. The results for the 6.31-6.34 MeV doublet
have been reported previously. ' The 6.69 and 6.86
MeV states, rather than the 6.64 and 6.82 MeV
states as previously reported, "' were found to de-
cay directly to the "Ne ground state. This obser-
vation removes a discrepancy'" regarding the
spin of the 6.82 state.

II. EXPERIMENTAL PROCEDURE

A. ' 0( Li, ty) ~Ne angular correlations

States in "Ne between 7.34 and 8.59 MeV were
populated in the "0('Li, t)"Ne reaction with a 12
MeV 'Li" beam from the University of Pennsyl-
vania tandem accelerator. The tritons were de-
tected at 0 to the beam direction by a position
sensitive detector at the focal plane of a magnetic
spectrometer. " The target used in studying the
8.59 MeV state consisted of 140 y,g/cm' of WO„
enriched to 98.4% in "0, on a 30 pg/cm' backing
of "C, and was approximately 90 keV thick for
12 MeV 'Li ions. The targets used in studying the
remaining states consisted of 50 pg/cm' foils of
natural titanium which were oxidized in water va-
por enriched to 98.4/0 in "0, and which then had
40 pg/cm' of gold evaporated onto the back sur-
face. The energy resolution achieved with these
targets was determined by the target thickness
and was approximately VO keV for 12 MeV 'Li

ions. y rays were detected in time coincidence
with the tritons by an array of four 7.6 && 10.2 cm
Nai(TI) crystals placed at 90, 113, 136, and 159'
to the beam direction. Four parameter coinci-
dences consisting of the y-ray energy, the energy
and position signals from the triton detector, and
the time-to-amplitude converter output were re-
corded on magnetic tape. Subsequent off-line
analysis yielded the spectra of y rays from the
decay of a given state in "Ne, from which the an-
gular correlations were extracted.

The angular correlations were fitted with the
computer code M2." As only the M = 0 and a1 sub-
states were assumed to be populated, the align-
ment of the y decaying state could be described by
a single parameter, P(0), the fraction of nuclei
in the M = 0 substate. The fit determined the val-
ues of P(0) and of the mixing ratio 6 (if applicable)
which minimized X', the goodness of fit parameter.

B. F(o.,py)"'Ne angular correlation measurements

The "F(c.,p y)22Ne reaction was employed to
populate a number of states in "Ne between 5.3
and 7.4 MeV. The targets consisted of 65 pg/cm'
of CaF, on 30 pg/cm' carbon backings. Beam en-
ergies of 15 MeV (E,= 5.2-5.7, 6.5-7.0 MeV);
18.5 MeV (7.2-7.6 MeV}, and 19.0 MeV (7.6-8.0
MeV) were used. The remainder of the experi-
mental arrangement and the acquisition and analy-
sis of the data were identical to those described
in Ref. 4.

C. F(n,py) Ne lifetime measurements
19 22

A beam of 12.0 MeV n particles excited states
in "Ne via the "F(n,py)22Ne reaction. Two tar-
gets were used, consisting of 150 pg/cm' of BaF,
on 5 mg/cm' foils of gold and silver, respectively.
Protons were detected in a surface barrier detec-
tor centered at + 37.5 relative to the beam direc-
tion. y rays in coincidence with protons were de-
tected in a 65 cm' Ge(Li) detector placed at angles
of -106' and -150' to the beam direction. Details
of the experimental arrangement, of the extraction
of the Doppler-shift attenuation factors E(v}, and
of the derivation of the mean nuclear lifetimes v

have been given in Ref. 4. The results of this life-
time measurement are presented in Table I.

A further measurement employing the "F(a,py)-
"Ne reaction at E =15 MeV provided y-ray de-
cay schemes and accurate excitation energies of
many states in "Ne up to 9.24 MeV. The y rays
were detected in the Ge(Li) detector at 90' to the
beam direction. The target consisted of 100 pg/
cm' of 'LiF on 30 gg/cm' of "C, and the protons
were detected in an annular surface barrier detec-
tor spanning an angular range from 164' to 174'.
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TABLE I. Results of the F(o,', Py) Ne lifetimes measurement.

State
(MeV) Transition Backing F(T)

T

(fsec)
adopted

(fsec)

4.46

5.14

5.36

5.52

5.63

5.92

6.64

7.41

7.42

4.46 1.27

4.46 1.27

5.36 1.27

5.52 3.36

5.63 3.36

5.63 1.27

5.92 ~1.27

6.64 3.36

7.41 5.14

7.42 5.52

Au

Ag

Au

Ag
Au

Ag
Au

Ag
Au

Ag
Au

Ag
Au

Ag
Au

Ag
Au

Ag
Au

Ag

0.95+ 0.04

0.94+ 0.04

0.19+0.06

0.16+ 0.06
1.03+ 0.09
1.03 + 0.12
0.94+ 0.06
0.90+ 0.07
0.99+ 0.13
0.98+ 0.12
0.94+ 0.09
0.92+ 0.07
0.88 + 0.08
0.87+ 0.08
0.82+ 0.06
0.84+ 0.07
0.78 + 0.12

0.77~ 0.14
0.82+ 0.07
0.85+ 0.07

22 17

28+ 16

1400-95oooo

900+ 500

&28
&41
&50
43~ 30
&55

&60
&60
&65
48+ 30
55+ 35
70+ 24
68+ 30
86+ 55

99+ 75

71+30
64+ 30

&40

1150'-3oo

&30

&50

&60

51+ 23

69+ 20

91'46

68+21

This lifetime is in good agreement with the recently reported results of Merdinger et al.
(Ref. 18) ~

A 25 p, rn Ta foil in front of the proton detector pre-
vented elastically scattered n particles from
reaching the detector. The energy calibration of
the Ge(Li) spectra was obtained from a prescaled
singles spectrum accumulated simultaneously with
the coincidence data, and containing lines from ' Y
and '"Sn sources. Lines at 391.70 keV ('"Sn),
511.01 keV (annihilation radiation), 898.04 keV
("Y}, and 1836.13 keV ("Y) defined the energy
calibration. The results of this measurement are
presented in Table II. Corrections have been
made for second order Doppler shift and y-ray re-
coil.

III. RESULTS

A. 0( Li, t) Ne angular correlations

The results of the "0('Li, ty)"Ne angular corre-
lation measurements are presented in Table III and
are summarized in Fig. 1. A discussion of indivi-
dual levels follows.

7.34 MeV. Hinds, Marchant, and Middleton"
have reported a doublet with a separation of about
10 keV at approximately this energy. One mem-
ber is presumably the 7.341 MeV state (hereafter
labeled 7.34(I)) populated' by an allowed P decay
from ~F. This state decays to the 3.36 MeV (4')
level and probably has J'= 3'. The other member,

which is observed to decay predominantly to the
5.33 MeV (1') level in the present work, is the
7.34 MeV level reported' in the "0('Li, t)"Ne
study. Scholz eta/. ' have suggested that this state
[7.34(II}]has J' = 0' on the basis of its strongly
forward peaked angular distribution. y-ray spec-
tra for the two membersof the doublet are shown
in Fig. 2 (see, also Sec. IIIC).

A state at 7.35 MeV has also been studied via
the "Ne(t, py)"Ne reaction. ' The observed y-ray
spectrum was interpreted as arising predominantly
from a decay to the 5.33 MeV level, although the
relative branching of the 5.33 MeV level to the
ground and 1.27 MeV states was not known at that
time. However, such an interpretation is incon-
sistent with the measured' (t, py) angular correla-
tions. The 5.33-0.0 MeV correlation was accu-
rately isotropic (a, =0.00+0.01), whence the M=O,
+1, and -1 substates of the 5.33 MeV level must
have been equally populated in the decay from the
7.35 MeV state. It then follows that the 5.33-1.27
MeV correlation should also have been isotropic,
a point overlooked in Ref. 9. However, the corre-
lation of the presumed 4.06 MeV y ray was signifi-
cantly anisotropic (a, =0.20+0.03), implying some
contribution from a transition other than the 5.33
-1.27 MeV transition. Such a contribution might
arise from the decay of the 7.34(I) state to the
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TABLE II. y rays observed in the ~F(e, py) Ne reaction and excitation energies in Ne.

Ex'
(Literature)

Ey
(keV) Identif ication

C
Transition
(keV)

1274.5+ 0.4
3356.6 + 1.0
4456.7 + 1.6
5147.5 + 1.7
5337.0 + 7.0
5365.2 + 2.0
5522.1+ 1.4
5641.2+ 1.5

5909.9+ 1.8

6235.2 + 7.1
6311.4 + 1.7
6345.1+ 1.7
6636.0+ 1.7
6689.7+ 5.0
6817.4+ 2.3
7341.6+ 6.0
7405.5+ 2.2
7421.0 + 1.6
7644.6 + 4.0
7721.3+ 2.9
8080.9+ 5.0
8161.3 + 7.0
8490.6+ 2.4
8592.6+ 5.3
8860.3+ 3.5
9097.3+ 2.9
9169.7 + 3.6
9250.7 + 7.2

5914 + 11

6241
6305.4
6345.0
6644
6692
6819
7341.1
7402
7423.6
7632
7721
8077
8163
8499
8583
8859
9097
9179
9242

+13
3e
1.0
8

+11
7
1 ' 1
7

+ 0.9'
8

8
8

+10g
8
8

+10
+10
6 10g
+15

1274.58 + 0.03
3357 2 + 0 5
4457 + 3
5144 + 4
5335 + 9
5360 + 8
5523.4 + 0.7
56411 + 08

1274.1 + 0.4
2081.4 + 0.9
3181.2 + 1.5
690.6+ 0.6

5335.0 + 7.0
4089.8+ 1.9
2164.8 + 0.9
2283.1+ 1.2
4366.4+ 2.0
1453.3+ 1.4
4633.0+ 2.6

897.9+ 1.4
2953.9+ 1.4
2987.6 + 1.4
3278.9 + 1.4
6687.1+ 5.0
2360.0+ 1.6
3983.6+ 5.8
2257.5+ 1.3
1898.4 + 0.8
6367.6+ 4.0
3263.6+ 2.4
6803.8 + 5.0
6884.0+ 7.0
2145.0+ 1.6
5234.1+ 5.0
2548.2 + 3.0
4639.2 + 2.4
5811.1+ 3.4
3133.8 + 1.5

1.27 0.0
3.36 1.27
4.46 1.27
5.14 4.46
5.33 0.0
5.36 1.27
5.52 3.36
5.64 3.36
5.64 1.27
5.92 4.46
5.92 1.27
6.24 5.33
6.31 3 ~ 36
6.34 3.36
6.64 3.36
6.69 0 ~ 0
6.82 4.46
7.34 3.36
7.40 5.14
7.42 5.52
7.64 1.27
7.72 4.46
8.08 ~1.27
8.16 1.27
8.49 6.34
8.59 3.36
8.86 6.31
9.10 4.46
9.16 3.36
9.24 6.12

1274.5
2082.0
3182.1
690.8

5337.0
4090.7
2165.5
2283.8
4367.9
1453.7
4634.6

898.2
2954.8
2988.5
3279.4
6689.7
2360.7
3985.0
2258.0
1898.9
6370.0
3264.6
6806.3
6886.7
2145.5
5236.0
2548.9
4640.6
5813.1
3134.7

Taken from Ref. 3 unless otherwise indicated.
Observed y-ray energies. Only the strongest lines are included in the table. The following

decay modes were also observed (observed intensities in parentheses, normalized to 100 for
the sum of decays from a given state): 5.14 1.27 (61), 5.64 1.27 (65), 5.92 4.46 (17),
6.82~1.27 (56), 8.08~3.36 (41), 8.49~3.36 (43), 8.59~1.27 (38).

Corrected for second order Doppler shift and p-ray recoil.
See Ref. 5.
Derived by Davids et al. (Ref. 5) from unpublished data of Davies and Forster.
From F(u, py) Ne data at E~=12.0 MeV.

g E. R. Flynn, O. Hansen, and O. Nathan, Nucl. Phys. A228, 189 (1974).

3.36 MeV state, or from a 5.36-1.27 MeV transi-
tion following a possible 7.34(II)- 5.36 MeV decay.
The correlation of the presumed 2.01 MeV y ray
was also anisotropic. Again, contributions to this
correlation could arise from 3.36-1.27 or 7.34(II)- 5.36 MeV transitions. It follows that the inter-
pretation of the y-ray spectrum observed in the
"Ne(t, py)"Ne study in terms of a single decay
mode of a 7.35 MeV state through the 5.33 MeV
state is incorrect. The tentative 1 assignment to
the 7.35 MeV level made under this assumption
of a single decay mode must then be regarded as
suspect.

In contrast to the angular correlation results of

Ref. 9, Table III indicates that in the present work
the angular correlations of the four strongest tran-
sitions were isotropic within statistics, as was the
correlation of all events above the 511 keV photo-
peak. Together with the absence of decays to the
ground and 1.27 MeV (2') states, the isotropy of
the correlations observed in the "0('Li, t)22Ne re-
action lends strong support to the 0' assignment
suggested in Ref. 1, although spins 1 and 2 clearly
cannot be rigorously excluded. [Of course, spin 1
would require equal population of all magnetic sub-
states to produce an isotropic angular correlation;
for spin 2, an isotropic correlation can be obtained
for other values of P(M) as well. However, neither
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FIG. 2. Spectra of p rays from states at 7.34 MeV in
Ne populated in (a) the ~F(&,p) Ne reaction at k, =

j.8.5 MeV and in (b) the isO(YLi, t) Ne reaction at a beam
energy of 12.0 MeV. As discussed in the text, only the
7.34(II) MeV state is believed to be populated in the

( Li, t) reaction, while in the (n, p) reaction the 7.34(II)
state is only weakly populated [whence the 5.33 0.0
MeV transition in (a) j and the 7.34(I) MeV is strongly
populated. The peaks are marked both with the y-ray
energy in MeV and with the transition in ~2Ne.

FIG. i. Level diagram of Ne summarizing the re-
sults of the O(YLj., ty) Ne angular correlation measure-
ments. Levels marked with an asterisk are those for
which new information is provided by the present work.
The possible triplet of levels at approximately 8.59 MeV
is discussed in the text.

of these spins can produce an isotropic correlation
if the population parameters are those one would
expect from an a-transfer process. ] The relative
intensities measured in the present work of 61+ 5
and 39+ 5 for the 5.33 and 4.06 MeV y rays are
consistent with little or no population of the 7.34(I)
MeV state in the "0('Li, t)"Ne reaction (see Sec.
III B), in line with the expectation that urmatural
parity states should not be strongly excited in this
reaction. [In a recent study" of the "Ne(t, p)"Ne
a state at 7.34 MeV was suggested to be populated
by an L =4 transition. However, the data presented
appear to be consistent with a doublet consisting of
a 0+ state and a 3' state, with the latter excited by
a nondirect or higher order process. ]

7.49 MeV. The results of the "Ne(d, p)"Ne (Ref.
10) and "Ne(a, a')"Ne (Ref. 11) studies constrain

the J' of the 7.49 MeV level to (1, 2) . The obser-
vation of a 7.49-0.0 MeV decay mode weakens the
3 possibility, whence J' = 1 in agreement with an
earlier' spin assignment to this level. Analysis of
the 7.49-0.0 MeV correlation confirmed the 1 as-
signment, an acceptable fit being obtained for J= 1
only. (In this case a grid search was performed
for the J= 2 hypothesis in which all population pa-
rameters were varied; J= 2 was rejected at the 1%
confidence level. ) In addition to the decay branches
to the 0.0 and 5.36 MeV states reported by Howard
etal. ,' a branch to the 1.27 MeV level was ob-

servedd.

7'. 64 MeV. The J' of this state is restricted to
(1,2)' by the observation of an I„=0+ 2 neutron
transfer in the "Ne(d, p)"Ne reaction. " Analysis
of the 7.64-0.0 MeV correlation measured in the
present work excluded J= 1 at the 0.1% confidence
level, and for J= 2 implied that the fraction of nu-
clei in the M=+2 and -2 substates, P(2), was
0.02 +0.12 (see Sec. III B). Hence in the simultan-
eous analysis of the 7.64-0.0, 7.64-1.27, and
1.27-0.0 MeV correlations the assumption P(2)
= 0 is justified. The three correlations together
with the plot of y' versus 6 (E2/Ml) for the 7.64-
1.27 MeV transition are shown in Fig. 3.
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TABLE III. Results of 80(VLi, &y) Ne angular correlation measurements.

State
(MeV)

Transition
E; Ey A2/Ao A4/Ao Jjl JTI

i f P(0)

7.34 7.34 5.33
5.33 1.27
5.33 0.0
1.27 0.0

0.09 + 0.09
-0.03 + 0.11
-0.01+ 0.06

0.00+ 0.08

-0.08+ 0.13
0.01+ 0.16

-0.02 + 0.08
0.03+ 0.13

(0')
1+
1+
2+

1
2+

0+

0+

7.49 7.49 0.0 -0.72 + 0.05 -0.03+ 0.08 1 0+ 0.83 + 0.03

7.64 7.64 0.0
7.64 1.27
1.27 0.0

0.64 + 0.16
0.30+ 0.06
0.21 + 0.08

-0.81 + 0.24 2+
—0.03+ 0.08 2'

0.21 + 0.12 2

0+ 0.60+ 0.05
2+

p+
0.08 + 0.05

7.72 7.72 1.27 0.09+ 0.10
7.72 4.46 -0.08 + 0.04

—0.14+

0.04 +

0.15 3

0 ~ 06
3

2+

2'
2+

8.14

8.59

8.14 1.27 —0.13+ 0.05
1~ 27 0.0 0.30 + 0.08

8.59 0.0 —0.59 + 0.06
8.59 1.27 0.15+ 0.04
8.59 3.36 -0.19+ 0.07

-0.11+ 0.07 2
0.01 + 0.12 2+

-0.04+ 0.10 1
—0.02 + 0.06
—0.02 + 0.11 3

4+

2 0.45+ 0.09
p+

0+ 0.74 + 0.04

0.48+ 0.05

-0.04 + 0.03
0.83+ 0.16

The fit was insensitive to the value of P(0) in these cases.

7.72 MeV. An l„= 1 stripping pattern' in "Ne-
(d, p)"Ne and natural parity" restrict the spin
and parity of the 7.72 MeV state to (1, 3) . The
measured angular distribution of tritons' from the
"0('Li, f)"Ne reaction favored the 3 assignment.

In the present work, y-decay modes (in order of
intensity) were observed to the 4.46 (2'), 3.36 (4'),
1.27 (2'), and 6, 12 (2') MeV levels. The observa-
tion of a branch to the 3.36 MeV level confirms the
3 assignment. Angular correlations were ex-
tracted for the 7.72-1.2V MeV transition and for
the sum of the unresolved 7.72-4.46 and 4.46-
1.2V MeV transitions. Both correlations were
close to isotropic.

Assuming J' (7.72) = 3, the angular correlation
for the 7.72-1.27 MeV y ray implies an M2/El
mixing ratio g & -0.1 if the IM I= 2 substate is re-
stricted to zero in the fit; an acceptable fit can be
obtained for a pure E1 transition, but only with a
large population parameter P(2). The angular
correlation for the unresolved 7.72-4.46 1.2V

MeV cascade is consistent with either possibility
and provides no additional information. Clearly
a lifetime measurement for the V.72 MeV level
would help in determining whether a nonzero M2/
El mixing ratio is possible; unfortunately the
7.72 MeV level is not populated in the "F(a,p)
reaction at E = 12.0 MeV. The 7.72 MeV state was
also studied via the "F(n,py)2'Ne reaction at E
= 19 MeV. Decay modes to the same four states
were observed with relative intensities which

agreed within errors with those obtained in the
"0('Li, f y)"Ne work.

The angular correlation of the V.V2-1.2V MeV
y ray restricts 6(M2/El) to values greater than
-0.25 and is consistent with a pure E1 decay. Thus
a value of -0.25~ 5» -0.1 can be inferred from the
present work if the assumption is made that the
('Li, f) reaction does not populate the IM I= 2 sub-
states.

8.14 MeV. A state at 8.14 MeV is populated by
an l„=2 transfer in "Ne(d, p)"Ne (Ref. 10) and has
natural parity, " implying J'= (0, 2, 4)'. The anisot-
ropic angular correlation of the 8.14-1.2V MeV
transition rules out J= 0, and an acceptable fit can-
not be obtained for the 8.14-1.27 and 1.2V-0 MeV
transitions if J =4. (This conclusion does not de-
pend on the assumption restricting the population
of the IM I=2 substates. For a 4-2-0 cascade
the angular correlations of the two y rays must be
identical independent of the initial alignment; this
requirement is strongly violated by the observed
8.14-1.27 and 1.27-0.0 MeV transitions. ) Hence
J'= 2'. However, the value quoted (and the error)
for the E2/M1 mixing ratio for the 8.14-1.27 MeV
transition was obtained assuming P(2) = 0 and is not
in this sense a model-independent determination.

8.59MeV. A group at 8.59 MeV is a factor of 3
stronger than any other group in the triton spec-
trum' from the "0('Li, t)22Ne reaction at 12 MeV.
The spectrum of y rays in coincidence with this
group shows decays to the 0.0, 1.27 (2'), and 3.36
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MeV (a), f.27 0 MeV (b), and 7.64 —0 MeV (d) transi-
tions together with the predicted correlations. )P for the
simultaneous fit of all three correlations is also shown

(c) as a function of the mixing ratio of the 7.64 i.27
MeV transition.

(4') MeV states with relative intensities of 16, 62,
and 22%. Analysis of the 8.59-0.0 MeV angular
correlation yielded a good fit for J=1. For J=2,
an acceptable fit could not be obtained subject to
the restriction that only the M = 0, +1 substate popu-
lations be nonzero; for large values of the IM l= 2
population parameter [P(2)+P(-2) = 0.9] an accept-
able fit was obtained. Since the 8.59 MeV level is
the strongest state in the spectrum, we assume
that the reaction mechanism is inconsistent with
such a strong population of the IM I

= 2 substate;
hence we take J'= 1", the parity being taken from
the fact that only natural parity states are strongly
excited by the ('Li, t) reaction. The decay mode
to the 3.36 MeV state then implies the existence of
more than one state at this energy. Analysis of
the 8.59 -3.36 MeV correlation yielded acceptable
fits for J=3, 4, and 5, while J=2 and 6 were ex-
cluded at the 0.1/p confidence level using the as-
sumption P(2)+P(-2) & 0.5.

Analysis of the 8.59-1.27 MeV transition is com-

plicated by the fact that both of the states already
established at 8.59 MeV may contribute to the cor-
relation of this transition, and by the possibility
of a third state at this energy. A state at 8.585
MeV with an /„= 0+ 2 stripping was reported in the
"Ne(d, p)"Ne reaction. The presence of an l„=0
component is incompatible with either of the spin
and parity assignments established in the present
work and indicates the existence of a third state
with J'= (1, 2)' at approximately 8.59 MeV. If in
fact J' = 2+ for this third state, it could contribute
significantly to the 8.59 - 1.27 MeV correlation
observed in the present work. Support for this
possibility is provided by triton spectra in coinci-
dence with y-ray events (a) in the full energy and
escape peaks of the 8.59-0.0 MeV transition, (b)
in the full energy and escape peaks of the 8.59-
1.27 MeV transition, and (c) in the full energy peak
peak of the 3.36-1.27 MeV transition. In the lat-
ter case a spectrum of tritons in coincidence with
events immediately above the 3.36-1.27 MeV peak
was subtracted. The centroid of the group in spec-
trum (c) was displaced relative to that in spectrum
(a) by + 18+2 keV, while the centroid of (b) fell
midway between (a) and (c) at+9+2 keV from (a).
So either the two states already identified make
approximately equal contributions to the 8.59-
1.27 MeV transition, or a significant contribution
arises from a third state intermediate in energy
between the other two. The angular correlation of
the 8.59-1.27 MeV transition does not permit us
to distinguish between the two possibilities, ac-
ceptable fits being obtained both for J= 2 alone,
and for approximately equal proportions of J= 1
and 3, or J=1 and 4. From Table II, however, we
see that only about 20% of the 8.59 -1.27 MeV tran-
sition can be attributed to decay of the 8593 keV
state, which supports the hypothesis of a third
level.

Taking the energy of the state which decays to
the 3.36 MeV level from Table ll (8593 + 5 keV),
it follows that the state which decays directly to
the ground state is at 8575+7 keV.

B. Reaction mechanism of the 0( Li, t) Ne reaction18 7 . 22

It was possible to test the assumption of negligi-
ble population of the M =+2 substates using the
ground state decay of the 7.64 MeV level. The spin
of this state had previously been restricted to
(1,2)', and analysis of the t y angular correlation
obtained in the present work rigorously excluded
J= 1 (as there is only one variable population pa-
rameter for a spin 1 level), whence J' = 2'. It was
then possible to determine the population of the
various substates from a Legendre polynomial fit
to the data. ' The population parameters so deter-
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mined were P(0)=0.68+0.08, P(+1)=0.80+0.10,
and P(+2}= 0.02 +0.12, demonstrating that the as-
sumption of negligible population of the M= +2 sub-
states is justified in this case. It is also worth
noting that in each case in which there exists a
transition to the ground state, in which the corre-
lation unambiguously fixes P(0), (i.e., for the 7.49,
7.64, and 8.575 MeV levels), population of the M
= 0 substate predominated over population of the
M = +1 substates, in agreement with the conclusions
of the "0('Li, t)20Ne study of Ref. 7.

C. F(0(,p y) Ne angular correlation measurements
19 22

The results of the "F(n,py)"Ne angular corre-
lation measurements are summarized in Table IV
and Fig. 4. A discussion of individual states fol-
lows.

5.33-5.36 Me V doublet. The J' of these states
have been established previously as 1"and 2+",
respectively. The motivation for studying them in
the present work was to obtain accurate branching
ratios for the two states separately for use in the
analysis of the angular correlations of the 7.34
MeV state. In addition, the mixing ratio
of the 5.36 -1.27 MeV transition was deter-
mined to be 0.27 +0.08, in excellent agreement
with the value of 0.25+ 0.08 determined by Kut-
schera, Pelte, and Schrieder' from an analysis of
angular correlation data from the unresolved 5.33

- 5.36 MeV doublet.
6.64-6.69 MeV doublet. Kutschera et aL, ' who

were unable to resolve the 6.64 and 6.69 MeV
states, assigned J=1 to the 6.64 MeV level from
a decay mode from the doublet to the ground state,
and concluded from the presence of a decay to the
3.36 MeV state that the 6.69 MeV state has 2~J
—6. The present study shows the reverse to be
the case: The 6.69 MeV state decays strongly to
the "Ne ground state, while the 6.64 MeV state
decays to the 1.27 and 3.36 MeV states only. Spec-
tra of the y rays in coincidence with protons popu-
lating the 6.64 and 6.69 MeV levels are shown in
Fig. 5. The angular correlation of the 6.69-0.0
MeV decay fixes J= 1; the requirement" that the
6.69 MeV state has natural parity implies J' = 1 .
The 6.64 MeV state is observed" with an l„= 2

stripping pattern in the "Ne(d, p)"Ne reaction.
The decay mode to the 3.36 MeV level then limits
the spin and parity of the 6.64 MeV state to 2', 3',
or 4'. The 4' possibility is ruled out by the angu-
lar correlation of the 6.64-1.27 MeV transition.

6.82-6.86 MeV doublet. The 6.82 MeV state is
known" to have natural parity and is populated via
an i„=0+ 2 neutron transfer'0 in the "Ne(d, p}"Ne
reaction. This would appear to establish J'= 2'
for the 6.82 MeV state. However, Howard etal. '
conclude that a y decay to the "Ne ground state
arises from the 6.82 MeV member of the unre-
solved 6.82-6.86 MeV doublet, and they assign

TABLE IV. Results of ~F(e, Py) Ne angular correlation measurements.

State
(MeV)

En
(MeV)

Transition
E A2/Ao A4/A,

5.36

6.64

6.69
6.82

6.86
6.89
7.34

7.41
7.72

7.92

15.0

15.0

15.0
15.0

15.0
15.0
18.5

18.5
19.0

19.0

5.36
1.27
6.64

6.64

3.36
6.69
6.82
6.82
4.46
6.86
6.89
7.34

7.41
7.72
7.72
4.46
7.92
1.27

1.27
0.0
1.27

3.36

1.27
0.0
1.27
4.46
1.27
0.0
1.27
3.36

1.27
1.27
4.46
1.27
1.27
0.0

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

1 0+
2+ 2+
2+ 2+
2+ 2+
1+ 0+

(0+) 2+
3+ 4+
4+ 4+

2+

3 2'
3 2+
2+ 2+
2+ 2+
2+ 0+

0.05+ 0.08
0.30+ 0.12

—0.06 + 0.07

0.02 + 0.06

0.41 + 0.11
-0.31+ 0.08

0.03 + 0.04
0.37+ 0.14
0.28+ 0.10

—0.88 + 0.11
—0.06+ 0.05

0.36& 0.09

0.00+ 0.11
—0.33+ 0.16

-0.08 + 0.04

0.42 + 0.08
0.13+ 0.11

0.20+ 0.11
-0.10+0.17

0.09+ 0.11

-0.17+ 0.09

-0.17+ 0.16
-0.13+0.13
—0.10+ 0.06

0.21+ 0.21
0.20+ 0.14

—0.10+ 0.19
0.01 + 0.07
0.11+0.12

0.30+ 0.16
—0.03 + 0.16

0.07 ~ 0.07

-0.13+ 0.11
0.64+ 0.16

0.27 + 0.08

a
-0.16+ 0.04, &3.7

E2
0.11+0.04, &2.1

E2

0.32+ 0.03, &—6.2
—3.7 ~ & —0.47

—0.09+ 0.02

0.16 ~~ ~ 3.8
—1.8 —6 —0.5

0.0 + 0.07

« —3.5, 0.09 —~~1.2, or ~ &1.9. From Ref. 3. S e See. rrA.
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J'= 1 to the 6.82 MeV state, in contradiction to
the above result. We have established that the
6.86 MeV state rather than the 6.82 MeV state has
a decay branch to the "Ne ground state, while the
6.82 MeV state decays to the 1.27 and 4.46 MeV
states, thereby resolving the above contradiction.
The acicular correlation of the ground state decay
establishes J=1 for the 6.86 MeV state, which,
when combined with the l„=2 transfer observed'
in "Ne(d, p)"Ne fixes J'= 1'. The angular corre-
lations of the 6.82-1.27 and 6.82-4.46 MeV tran-
sitions are consistent with a J' = 2' assignment.

6.89 Me V. It has been suggested" from the

strongly forward peaked angular distribution ob-
served in the "0('Li, t)"Ne reaction that the 6.89
MeV state has J'= O'. This state was observed
to have a single decay mode to the 1.27 MeV level
in "Ne. The angular correlations of both the 6.89
-1.27 and 1.27-0.0 MeV transitions were isotrop-
ic within statistics, supporting the 0 assignment.
Good fits to the angular correlations were also ob-
tained for spin values of 1 and 2.

7.34 Me V. An allowed P decay' from the "F-
(ground state) to the 7.34(I}MeV state in "Ne
limits the Z' values of the latter state to (3, 4, 5)'.
This 7.34(I) MeV state was found to be moderately
excited in the '9F(a, p}"Ne reaction at 18.5 MeV,
whereas the 7.34(II) MeV state observed in the
"0('Li, f)"Ne reaction was only weakly excited.
In addition to the decay branch of the 7.34(I) MeV
level to the 3.36 MeV (4') level reported in Ref. 5,
we also observe a weaker branch to the 5.92 MeV
(2') level, which rules out the 5' possibility and
makes the 4' possibility rather unlikely, thereby
lending considerable support to the 3' assignment
proposed in Ref. 5. (Other weak branches are
probably also present in the decay scheme; the
branching ratios presented for this state in Fig.
4 were obtained by assuming that the branches
to the 5.92 and 3.36 MeV levels sum to 100/p. }
The angular correlation of the 7.34-3.36 MeV
transition yields acceptable fits for all three spin
possibilities.

7.41 Me V. An l„= 1 stripping pattern observed
in the "Ne(d, p)"Ne reaction" and known natural
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FIG. 4. Level diagram of Ne summarizing the re-
sults of the ' F(&,pp) Ne angular correlation measure-
ments. States for which the present work has provided
new information are marked with an asterisk.

FIG. 5. Spectra of p rays in coincidence with protons
from the F(n, P) Ne reaction populating the 6.69 and
6.64 NeV levels in ' Ne. The peaks are marked both
with the p-ray energy in NeV and with the transition in
2?-Ne. The peaks labeled Sc arise from the decay of the
1.93 NeV level in 38c populated by the Ca(a, p) Sc
reaction.
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parity" limit the spin and parity of the V.41 MeV
level to (1, 3) . Decay modes to the 1.27 (2') and

5.14 (2 ) MeV states were observed in the present
work. The angular correlations of the 7.41 1.2V

MeV transition yielded acceptable fits consistent
with a pure E1 transition for both spin possibilities.
The primary decay to the 5.14 MeV state was ob-
scured by y rays from the 7.42 MeV (5') state
which was weakly populated at the beam energy
employed and was not resolved from the 7.41 MeV
state in the proton spectrum.

7.92 MeV. The spin and parity of the 7.92 MeV
level have previously been established"'" to be 2'.
A single decay mode to the 1.27 MeV level was ob-
served in the present work, and an acceptable fit
to the 7.92 -1.27 and 1.27 -0.0 MeV angular cor-
relations was obtained for J = 2 only in agreement
with the previous assignment.

mined in the present work, but until the E2/Ml
mixing ratio of this transition has been measured,
no comparison between predicted and experimental
E(E2)'s is possible. The near degeneracy of three
members of the cascade from this state makes
them difficult to resolve in a NaI(T1} crystal, and
an angular correlation measurement employing a
Ge(Li) detector would probably be required. An

upper limit on the B(M1) of the 7.42- 5.52 MeV
transition can be obtained from the lifetime of the
7.42 MeV state; the result, E(M1}~ 0.18p„', is
considerably smaller than the shell-model predict-
tion' of 0.64'.„'.

The higher members of the two bands proposed
by Preedom and Wildentha12 have not yet been ob-
served experimentally, and the observation of
these states together with measurement of their
transition rates would provide a more stringent

IV. DISCUSSION

Apart from the distinctive ground state rotational
band, the known energy levels of "Ne are more
difficult to classify into rotational bands than are
the levels of, say, ~Ne or "Mg. Preedom and
Wildenthal' have suggested two bands based on ex-
cited states in "Ne from the results of their shell
model calculations, one built on the 4.46 MeV (2')
state, the other on the 4' state at 5.52 MeV. Their
classification of states into these bands is based
on strongly enhanced intraband transitions and on
an approximate J(J+ 1) energy dependence, and is
shown schematically in Fig. 6. In contrast, earlier
shell-model calculations" assigned the 4.46 and
5.52 MeV levels to the same band on the basis of
a. calculated 8.1 W.u. (Weisskopf units) E2 transi-
tion between the two levels. Support for this latter
classification is provided by recent SU(3) shell-
model calculations" using the Preedom and Wild-
enthal interaction. ' The wave functions for each
of the 4.46 (2;), 5.64 (3;), 5.52 (4;), and 7.42 (5;)
MeV states were found to contain more than 65/p

in intensity of the (82) representation of SU(3}be-
longing to the [42] spatial symmetry, and these
states may therefore be considered to be members
of the K'= 2 band expected from the (82) repre-
sentation. On the other hand, the (63) representa-
tion of SU(3}predominates in the wave functions of
the 6.34 (4;}MeV and 5; levels. (The latter state
has not yet been identified experimentally. )

With the exception of the 7.42 (5;)-5.52 (4;) MeV
transition, the intraband E2 transitions have not
been observed, as E2 transitions of the strength
predicted by the shell-model calculations' cannot
compete with higher energy M1 transitions. The
lifetime of the 7.42 MeV state, which decays ex-
clusively to the 5.52 MeV state, has been deter-
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FIG. 6. Partial level diagram of Ne showing the ro-
tational bands proposed by Preedom and Wildenthal
(Ref. 2). States denoted by a solid line and transitions
indicated by shaded arrows have been observed experi-
mentally, whereas states denoted by dashed lines and
transitions indicated by unshaded arrows have been
taken from the calculations of Preedom and Wildenthal.
Only E2 transition rates are shown, and the strengths
are presented in Weisskopf units. The measured transi-
tion rates were taken from Refs. 3 and 4.
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TABI E V. Electromagnetic transition strengths in Ne.

E
(MeV) (MeV) (fs)

Branch
(%) J7i

5

a(~,),„,
(v~2)

B(Mg)p B(E2)ezp

(g fm )

B(E2),h
(e2 fm')

4.46
5.36
5.52
5.63

5.63
5 ~ 91

6.64

6.64

7.41
7.41
7.42

1.27
1.27
3.36
3.36

1.27
1.27

3.36

1.27

5.14
1.27
5.52

&40
&30
&50
&60

51+ 23

69+ 20

91+36

68+ 21

97+ 2
100
100
23+ 3

77+ 3
85+ 5

57+ 3

43~ 3

43+ 6
57+ 6

2+
2+

4+
3+

3+

3+

1,3
1 3

5+

2'
2+
4+
4+

2+
2+

0.09+ 0.02
0.27 + 0.08
0.07 + 0.12
0.12 ~ 0.17 '

5+3
0.18~ 0.03'
0.47 + 0.04

4+ E2

4+ 0.11+ 0.04

2+ 0.39+0.PS '
@2 d

2+ 0.16+ Q.04
2
2 E1
4+

&0.04
&0.03
&0.11
&0.06

&1.3+10 '
&2.8X 10 3

0 0008 0 003

p 013+0+006

2.0+"~ 10-'

2+Oes y 1Q 3

&0.05
1 7+1.3 x 1p-5

&0.18

0 ~ 30
0.014

0.09

0.04
0.20

0.64

&0.3
&2.6

&142
&0.05

1 l-o.4

178+ '

p 25+0.22

0 15+0~ 06

11"~ '-0 3

0 03+ '

1.4
5.2

0.79

2.2
0.34

44

From calculations of Preedom and Wildenthal (Ref. 2).
See Ref. 3.
See Ref. 8.
From simultaneous fit to three transitions listed in Table IV.

test of the shell-model calculations than is possi-
ble at present.

Of the other positive parity states predicted by
Preedom and %ildentha12 and nest placed in rota-
tional bands, information on only two is provided
by the present work. the 24 model state is pre-
dicted to lie at 6.05 MeV, and the known 2' states
at 5.92 and 6.12 MeV would be possible candidates.
The measurement of the lifetime of the 5.92 MeV
level in the present work, together with the known
mixing ratio of the 5.92-1.27 MeV transition al-
lows the determination of both the B(M1) (0.008p„')
and B(E2}(1.40 e'fm'} of this transition. These
are to be compared with the predicted values for
the 24-2, transition of 0.2p„' and 0.34 e'fm', re-
spectively, from which we may conclude that the
5.92 MeV state is probably not to be identified with
the 2, shell-model state.

The other positive parity state on which we have
new information is the state at 6.64 MeV (2'= 2',
3'). It is interesting to speculate that this state

may be the 3, model state predicted' at V.40 MeV.
Although the discrepancy between predicted and

observed energies is large, it should be noted that
the 3, state predicted at 6.30 MeV actually appears
to be at 7.34 MeV. ' The measured lifetime of the
6.64 MeV state lends some support to a 3' assign-
ment, for if J'=2', the B(E2) of the 6.64-3.36
MeV transition has the rather large value of 18
e'fm' (5 W.u. ), whereas if J'=3' this transition
is probably mostly M1. The nonobservation of this
state in the "F p-decay study, even though it would
be fed by an allowed transition if J' = 3', could be
attributed to the large logft value of 7.08 predicted'
for such a transition. For comparison, the log ft
of the allowed P decay to the nearby 6.34 MeV state
is 5.36, whence the relative intensities of the 6.34
-3.36 MeV transitions would be approximately in
the ratio of 100:1 if the 6.64 MeV state were the

3, model state. Such a weak transition probably
could not have been observed in the "Fp-decay
experiment of Davids etal. '
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