
PHYSICAL REVIEW C VOLUME 4, NUMBER 6 DECEMBER 1971

Nuclear Structure of Na: The Ne( He, d) Reaction
J. R. Powers, H. T. Fortune, and R. Middleton

DePartment of Physics, University of Pennsylvania, Philade/Phia, Pennsylvania 19104

Ole Hansen
DePartment of Physics, University of Pennsylvania, PhiladelPhia, Pennsylvania 19104

and Los Alamos Scientific Laboratory, University of California, f Los Alamos, Nese Mexico 87544
(Received 7 May 1971)

Using the Ne(BHe, d) 3Na reaction at a bombarding energy of 15 MeV, excitation energies
and angular distributions have been obtained for 96 levels below E„=10.2 MeV in 23Na. Data
were recorded in 3.75' steps in a multiarigle spectrograph. Angular distributions were com-
pared with distorted-wave Born-approximation predictions; values of transferred angular mo-
mentum and spectroscopic strength were extracted for 42 levels, including the three lowest
T =2 states. An empirical forward-angle J dependence has been used to distinguish between
Jf Q and 2' for /z ——2 transfers. The summed l&=0 and lz-—2 spectroscopic strengths agree
with theoretical expectations. The results of the present investigation are combined with pre-
vious information and discussed in terms of the rotational model. The low-lying negative-
parity states are examined in terms of their particle or hole character. The results for both
positive- and negative-parity states suggest significant deviations from the predictions of a
simple rotational model, even with band mixing.

I. INTRODUCTION

Considerable attention has been given in recent
years to the nuclear structure of "Na, and its de-
formed character has been confirmed. Consensus
appears to have been achieved regarding the spin-
parity assignments of the levels below 5-MeV ex-
citation energy. (See, e.g., Poletti, Becker, and
McDonald, ' and Durell et al.') Overlapping tables
of energy levels are reported by Dubois, ' Hay and
Kean, and Endt' and Van der Leun. ' These pro-
vide a thorough listing of excitation energies
through E„=10 MeV.

Dubois combined previous results (see Ref. 3
and references therein) with his own angular mo-
mentum transfers and stripping strengths obtained
in the "Ne(sHe, d) reaction and constructed an out-
line of the low-lying potational bands. ' In the pres-
ent experiment a larger energy interval is studied
with better energy resolution. Angular momentum
transfers are identified and spectroscopic informa-
tion is extracted for a large number of new states.
Gaps in previous analyses of the positive-parity
bands are filled. New information is obtained for
the negative-parity levels.

At the higher bombarding energy of the present
work (15 MeV compared with 10 and 12 MeV for
Dubois) the direct component of the reaction is
more prominent. Previous results of ('He, d) re-
actions in light nuclei have shown nondirect pro-
cesses to be of importance at bombarding ener-
gies below 15 MeV. '

In Dubois's review of previous investigations, '
Grubler and Rossel' are cited as suggesting a lev-
el observed at V.V2+ 0.05 MeV in the "Ne(d, s) re-
action as the lowest T = —,

' level in "Na -the analog
of the ground state of '~Ne. Dubois identified this
with the level he observed at 7.890~ 0.030 MeV.
Using the ratio of the differential cross sections
for (P, t) and (P, 'He) reactions on "Mg, Hardy
et al. ' confirmed the assignment of T= —,

' for the
sole strongly excited state in the region of 7.8
MeV. From a distorted-wave Born-approximation
(DWBA) analysis' this level is assigned J' = —, .
From their study of the "Ne(d, n)"Na reaction,
Mubarakmand and Macefield' suggested a & level
at 8.62 ~0.03 MeV as the second T = —,

' level. These
results will be compared with our data.

From the '4Mg('He, c.y)"Mg reaction Dubois and
Earwaker' found some of the low-lying levels in
"Mg to have negative parity in disagreement with
the positive parities suggested for the analog
states in "Na.'" The negative-parity assignments
for the levels at 2.64, 3.68, and 3.95 MeV in "Na
were made by Durell et al.' An open question at
present is the degree to which these represent
hole or particle states. While previous opinion'~"
is in favor of interpreting these states in terms of
a hole in-¹ilsson" level 4, the experimental evi-
dence does not seem conclusive.

The results of the present experiment are com-
pared with the predictions of the ¹ilsson model us-
ing both Woods-Saxon and harmonic-oscillator
wave functions.
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FIG. 1. Deuteron spec-
trum from the reaction 22Ne-

(3He, d)23Na. Excitation en-
ergies for all groups ob-
served are listed in Table I.

PLATE DISTANCE (cm)

II. EXPERIMENTAL PROCEDURE

The experiment was performed with 15-MeV
'He ions from the University of Pennsylvania
tandem accelerator. The deuterons were detected
in 25-p. NTA nuclear emulsion plates located at
V.5 intervals in a 24-angle multi-gap spectrograph.
In the first exposure the most forward angle was
V.5'. A second exposure mas obtained at a later
date with the spectrograph rotated 3.V5 toward
larger angles. This gave, after normalization of
the tmo runs, data from V.5' in steps of 3.V5'.
Beam energies of 15.058 and 15.105 MeV were ob-
tained for the two runs from detection of deuteron
groups of known Q value. The total charge collect-
ed for each run was 2000 p. C.

The target consisted of highly enriched "Ne gas
(isotopic purity 99.8%p' which was recirculated
through a gas cell with no entrance window. ' The
absence of an entrance window eliminated most of
the beam-energy straggling and was the major fac-
tor in achieving 22-keV full width at half maximum
(FWHM} energy resolution. The passage of the out-
going deuterons through a 520-p, g/cm'-thick Mylar
exit window did not seriously. affect the resolution.
The entrance apertures to the gas cell mere suffi-
ciently narrow to maintain more than the 20-Torr
pressure used in the experiment. The gas reser-
voir contained an absorber (Zeolite) which effec-
tively prevented contamination by the usual sources
—carbon, nitrogen, and oxygen —and no impurity
groups were visible in the deuteron spectra. A
deuteron spectrum obtained at a lab angle of 15' is
displayed in Fig. 1.

The only serious experimental problem mas a
background of the order of about 2 counts per —,'-
mm scan in the forward-angle spectra (e„b & 15').
This background begins at the trailing edge of the
large states and proceeds virtually undiminished
for the length of the plate. In a separate 12 000-p C

~2Ne(sHe, d} exposure, group 2 (the first strongly
populated state) had a peak yield at 7.5' of about
18 000 counts in a —,'-mm scan. Preceding the
group the background mas 0 to 2 counts per scan,
but following the group it was 40-50 counts per
scan. Scanning to the next intense group showed
no significant decrease in the 40-50-count back-
ground, an effect that can be explained by energy
losses incurred by deuterons which pass through
small portions of the tantalum tubings that define
the active target volume (Fig. 2}. It should be
noted that this background is negligible for all of
the strong transi. tions, but at small angley it has a
signifjLcant effect on the extraction of differential
cross sections for the weaker states. The peak-
fitting program AUTOFIT mas used to resolve the
levels and sum the counts in each group.

III. EXPERIMENTAL RESULTS

The magnetic field (54 MHz) used in the present
experiment is slightly higher than the highest field
for which the magnet is linear, and hence the stan-
dard energy calibration was not strictly valid in
the present experiment. A minor correction mas
made to the calibration assuming that previous ex-
citation energies' ' mere correct on the average.
Excitation energies were compiled for 96-states
below E„=10.218 MeV and are listed in Table I.
Each excitation energy represents an average of
the values determined at eight formard angles.
The assigned errors are 5 keV or the standard de-
viation of the eight values, whichever was larger.
For doublets, - a minimum error of 10 keV was as-
signed, and for meakly populated members of par-
tially resolved doublets, the assigned errors are
even larger. The previously unreported levels
66(b}, 66(c), 68(b), 80(b), and 86(b) were so weak-
ly populated that their existence should be regard-
ed as tentative, pending further investigation.
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FIG. 2. Gas cell featuring
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the present investigation.

TANTALUM
APERTURES

NICKE L
WINDOW

The absolute cross-section scale was calculated
from gas-cell and spectrograph geometry, total in-
tegrated charge, and gas cell pressure and may in-
clude an error of up to 10%%uo. The experimental an-
gular distributions are shown in Figs. 3-9. The
error bars shown in the plots generally represent
the larger of 5%%uo or the statistical error. Larger
error bars were assigned in. the cases of a group
falling on a plate cut, abnormally high counting
rate, or questionable resolution by AUTOFIT. The
estimated 10%%ua uncertainty in the absolute cross-
section scale is not included in these error bars.

100:

10:—

O, l =

No. 3

No. 63
8.663 MeV

"

No. 23

No. 66
8 824 MeV

No. 74
g.247 MeV

kV. ANALYSIS

A, DWBA Calculations

Theoretical calculations of the angular distribu-
tions were performed within the usual DWBA for-
malism using the code D%UCK." The potential
well parameters for both (he incoining and outgo-
ing channels represent average sets which have
given good results for other reactions io this mass
and energy range. ~ These potentials are listed in
Table Q, along with the potential used to calculate
the bound-state form factor.

Yb8- paj'ameters Used hex'e improve Significantlg
the prediction of the sharp decrease at forward an-
gl,es fox the l~ = 2 distributions as compared with
the poorer fits of Dubois. This is attributed prin-
cipaOy to whai is beBeved to be a more reasonable
choice of V and ~0 in the outgoing channel and to
the inclusion of spin-orbit coupbng in a3.1 channels,
including the bound states. The largest effect of
spin-orbit coupling is in the bound state. The pres-
ent parameters predict the secondary maxima of
some l~=0 and 2 angular distributions lower than
experiment. However, for the present data the

Q.OOI,

I

0 30 60 0 M 60 90

ecm&deg~

FIG. 3. Angular distributions of states showing l& = 0
trarisitions. The solid lines represent the l&—-0 DWBA

predictions. The vertical scale is different for the weak-
?y populated states Nos. 10 and 25.
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TABLE I. Na energy levels obtained from the Ne( He, d) reaction.

Group
Energy
(keV)

Previous
Dubois Hay Group

Energy
(keV)

Previous
Dubois Hay

0
1
2

3
4
5
6
7

8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

g.s.
439 ~ 8.8

2078 2 9.1
2392 + 6.8
2642+ 9.5
2704 + 6.3
2983+ 7.0
3679 + 7.0
3852 +8.0
3918 +6.6
4435 ~ 8.0
4777 ~ 7.6
5378 + 7.1
5536+ 9.2
5740 + 7.8
5762 + 10.0
5776 + 20.0
5932 + 6.6
5968 + 5.0
6039+6.6
6116+ 5.0
6193+8.0
6232 + 9.6
6307 + 5.3
6343 + 9.0
6576 + 5.0
6618 ~ 5.4
6733+5.0
6819+ 5.4
6866 ~ 5.8
6917 + 5.3
6943+10.0
7079 +6.1
7130+6.1
7179+6.9
7275+ 7.3
7386 + 10.0
7409 + 10.0
7451 + 6.0
7482 +8.7
7565+ 5.4
7683 + 5.8
7725+ 10.7
7754+ 6.2
7839 + 10.0
7889+ 5.0
7960 + 5.0
7982 + 12.0
8063 + 7.9
8101+12.0
8122 +6.7
8149+5.0
8173+6.7
8220+ 5.0

g.s ~

439
2080
2391
2642
2704
2985
3681
3847
3917
4430
4776
5379
5537
5747

5937
5970
6044

6192

6310

6602
6727

6924

7080

7277

7750

7890

3850
3915
4431
4775
5378
5534
5738
5762
5782
5934
5967
6042
6115
6194
6235
6304
6350
6576
6619
6731
6819
6865
6914
6940
7070
7125
7181
7266
7386
7409
7446
7477
7563
7683
7721
7745
7831
7873
7961
7983
8057
8100
8123
8151
8177
8220

54
55
56
57
58
59
60
61
62
63
64
65
66(a)
66(b)
66(c)
67
68(a)
68(b)
69
70
71
72
73
74
75
76
77
78
79
80(a)
80(b)
81

82

83
84
85
86(a)
86(b)
87

88
89
90
91
92
93

94
95
96

8254 + 5.0
8302 + 5.0
8355 + 5.1
8416 + 5.0
8468 + 5.0
8498 +6.1
8555 + 5.0
8602 + 5,1
8646 + 10.0
8663 + 5.0
8721 + 7.2
8793 + 5.3
8824 + 5.7

(8862)
(8894)
8943 + 5.4
8972 + 6.8

(9000)
9036 + 7.0
9064 ~ 5.0
9108 + 6.0
9167 + 5.7
9210 + 5.0
9247 + 5.6
9282 + 5.0
9320 ~ 5.0
9398 + 5.0
9426 + 5.9
9482 + 5.0
9540+ 7.0

(9588)
9608 +6.7

9648 + 7.0
(Ref. a)
(Ref. a)

9680 +6.9
9704 + 5.0
9730 + 5.0
9758 + 5.0

(9780)
9818+ 5.1
(Ref. b)

9844 +5.5
9887 + 7.6
9925 + 5.8
9944 + 10.0

10018+ 10.0
10035+ 10.0

(Ref. c)
10077 + 10.0
10173+ 10.0
10218 + 10.0

8415

8659

Endt

9251

9404
9426
9486

9608

9650
9653
9672
9680
9700
9731
9754

9814
9835
9849
9889
9914
9998

10014

10068
10073
10172
10227

8251
8320
8357
8413
8469
8501
8555
8605
8643

8715
8796
8819

8942
8965

9037
9071
9104
9170
9210

9280
9320
9400
9425
9478
9537

9629

9675

9732

9802

~ 9648 certain doublet, possible triplet.
9844 probable doublet.

10077 probable doublet.
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difference in spectroscopic factors calculated from
the Dubois parameters and those used here is less
than 2%."

As is well known, the over-all slope of the cal-
culated angular distributions is sensitive to the
values of the absorptive potential, Decreasing O'D

(the imaginary potential in the outgoing channel)
according to b,Wo/b, E, =0.5 produced good agree-
ment with the observed Q dependence of ('He, d) an-
gular distribution shapes. The effect of using
nWn/bE~ & 0.8 was tested in the region E,= 8 MeV.
With this larger value of n.Wn/b E, a known l~ = 2

angular distribution was found to more closely re-
semble an /~= 3 distribution. No ambiguity exists
in identifying angular momentum transfers for the
strongly populated states which possess definite
stripping patterns, since there is a reasonable dif-
ference in the angular location of the points of in-
flection for' the l~=2 and 3 curves. However, for
the weak states these points of inflection may not

Ne ( He, d) No

be recognizable and some ambiguity between l~=2
and 3 may remain for the weak states. All calcu-
lations were done for n, Wn/n, E~ =0.5.

Since DWUCK has no internal provision. for calcu-
lating the form factor at energies at which the
transferred proton is unbound, the DWBA calcula-
tions assumed a binding energy of 0.01 MeV for
all levels above 8.792 MeV. Based on experience
with other ('He, d) reactions, this assumption
should not significantly alter the shape of the
DWBA distribution for states which are only slight-
ly unbound. However, the true value of the transi-
tion strengths will become increasingly higher
than those listed in Table III as the proton is in-
creasingly unbound. It is now possible to do the
DWBA calculations correctly for stripping to un-
bound states, "and calculations are in progress.

Spectroscopic factors were calculated from the
relationship"

4 42 f C2S DwUcK

2Z, +1 2Z. +1 '

The spectroscopic strengths are given in Table HI

No. 4
2.642 MeV .'.

No. 7
3,679 MeV

'
No. 30
6.917 MeV .

0,1
No. 4 2.642 MeV

o.ol

O.OOI

Xl
E

Q. l

W O.OI

b
O.OO I,:

No. 54
8.254 MeV

36 60 90
9.398 MeV '.

cn O, I-

E

b

O.I

O.OI

O,OI

0 50 60 0 30 60 90

e (deg)
O.OOI

0
I

60'

FIG. 4, Angular distributions of states showing E&=1
transitions. The solid lines represent the l& =1 DWBA
predictions. Alternate l& =0 or I& =2 DWBA predictions
are shown as a, broken curve for some states.

FIG. 5. The angular distribution of level 4 is shown
with l& =1 DWBA calculations using B„=-22 MeV (solid
line) and B~=-6.3.5 Me& (broken lineII.
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TABLE II. Optical-model parameters used in DWBA calculations.

Channel
Vp

(MeV)
+p +so

(fm)
Qp =iso

(fm) (MeV)

W'

(MeV)
rp

(fm) (fm)
&so

(MeV)
c

(fm) Reference

~~Ne+ 3He
~3Na+ d
~~Ne+P

-177.0
-105.0

1.138
'

1.02
1.26

0.7236
0.86
0.60

0
80

1.602 0.769
142 0 65

-8.0
-6 0
A, =25

1.40
1.30

18
18

6

' W' =4WD and S"=80-2.0E„.

in the form (2J&+ 1)C'S, since the final-state
angular momentum and isospin are not certain in
all cases. The quantity C is an isospin Clebsch-
Gordan coefficient, C =( T„ t„, T„, t„, ~ T~, T~,),
where t„ is the isospin of the transferred particle.
For the reaction "Ne('He, d)"Na, the two possibili-
ties are C'=-,'for Tf=-,' and C'= —,

' for T~=-,'. Where
significant, Table III incorporates results from
other reactions. '""

The DWBA calculations which were used to iden-

tify angular momentum transfer and to extract
spectroscopic factors assumed the zero-range lo-
cal (ZRL) potential option and were performed for
lower cutoff radii R„=0. The effects of finite-
range nonlocal (FRNL) corrections and the effect
of using a nonzero lower radial cutoff were inves-
tigated for l~ = 0 and 2. In no case did a significant
change in shape result. However, it can be seen
from Table IV that the magnitude of the calculated
cross sections were affected.

IO:
g.S.

(a)
10.:

No. 33 .

7, 130 MeV "

(b)

O.OI O.OI:-

O.OOI:
No. 9
3.9I8 MeV

No. I2
5.740 MeV

No. I4
5.740 MeV

O.OOI:

JD
E

0.I:-
O

O.OI -.

b

O.OOI:
No. 27
6.733MeV

" No. 29 No. 3I

O. I

0.01

0.001:
No. 84
9.7Q4 MeV " No. 88

9.844 MeV ~-
No. 92
IQ.QI8 MeV-

O. l

O.OI

Ol

iN

O.OI:-

0 30 60 0 50' 60 0 30 60 90 0 30 60 0 50 60 0 50 60 90
O.OOI

e (deg)

FIG. 6. Angular distributions of states showing l&=2 transitions: (a) levels with E„& 7 MeV; (b) levels with E & 7 Mev.
BWBA calculations using E& =2 (solid curves) and alternate l& =1 or 3 (broken curves) are superimposed for certain states.
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2. lq =1

Angular distributions characteristic of l~=1 are
shown in Fig. 4. Firm l~=1 assignments can be
made for transitions to levels 7, 30, 32, 36+37,
and 39 in spite of the inferior quality of the fits at
large angles. The DWBA curves shown were all
calculated for 2p transfers; calculations for 1p
transfer yield very similar shapes. However, the
spectroscopic strengths calculated using a 1P
transfer are approximately 2.6 times those using
a 2P transfer for the same data.

Of particular interest are levels 30 and 39, mem-
bers of previously unresolved doublets. These lev-

I 0.0:

I.O:-

No. 8 No. 43
7.754

No. 55

O. I:—

O.OI,-

E
I 0.0.:

~O
I.O:-

b

No. 56
8.355 MeV

30 60 0 50 60 90

O. I

O.OI

0 30 60 90

B. Discussion of I Assignments

1. l~ =0

It may be seen from Fig. 3 that the angular dis-
tributions for levels 3, 23, 63, 66, and V4 are un-
ambiguously characteristic of l~ = 0 transitions.
The l~= 0 assignments for levels 66 and 74 are new.
Level 10 is very weakly populated and an l~=0 as-
signment cannot be made from the present data.
However, level 10 appears' to be the mirror of the
4.355-MeV state of "Mg, a state which is strongly
populated by l„=0 pickup in the reaction '4Mg-
('He, n)23Mg. " Hence it seems probable that state
10 in "Na has O' = —,

' . The distribution for the
transition to state 25 is similar to the one for state
10 and hence may possibly represent another weak
l~ = 0 transition.

els are separated by 26 and 31 keV from levels 31
and 38, respectively. The angular distributions of
levels 31 and 38 are shown in Fig. 6. Dubois, in
basing his assignments on the summed cross sec-
tions of the doublets, tentatively assigned l~= (1)
to the 30, 31 pair and l~ = (2) to the 38, 39 pair.
These assignments agree with our results for the
dominant member of each doublet. Level 30, the
strong member of the lower doublet, is easily rec-
ognized as 1~=1. However, since level 39 is the
weaker component of the 7.5-MeV doublet, its l~
= 1 character was obscured in the earlier work' by
the stronger member and the present l~= 1 assign-
ment to level 39 is therefore new. It was impossi-
ble to resolve levels 36 and 37 in the present work,
and the distribution shown for level 36 is the sum
of the cross sections of the two. The summed dis-
tribution appears to be characterized by l~= 1.

The transitions to levels 54 and 77 are consis-
tent with l~=1, but l~=2 cannot be ruled out. The
two states are separated by 34 and 28 keV from
levels 53 and 78, respectively.

The l~ =1 fit to level 4 represents a special case.
Consistently, in our data and in the data of Dubois,
the data lie at larger angles than the distorted-
wave curve. A similar effect has been observed
in other data for single-particle-transfer re-
actions in this mass region. '"" Even though the
effect is well established experimentally, there
exists as yet no consistent theoretical interpreta-
tion. The effect appears in the angular distribu-
tions for stripping reactions to states that are pre-
dominantly of hole character and for pickup reac-
tions to states that are predominantly of particle
character. The common feature of such data is
that the binding energy of the state is such that the
separation-energy (SE) techniques of calculating
bound-state form factors leads to unrealistically
shallow (or deep) potentials for the bound-state
well.

In all cases known to the present authors, it has
been possible" to fit the data by using a bound-state

l0.0- I I I I I I

No. l5 5.762 MeV:- No, 88 8,972 M8V -- No. 8I 9.608 M8V:

I.O .—
lA

E

O. I

EJ

Q)

b 0.0I;

ec.m.~ deQ ~ O.OOI
0

I I I I I

30 60 0 .30 60 0 30 60 90

FIG. 7. Angular distributions for states showing l& =3
- transition characteristics. The solid lines are l&

—-3
DWBA predictions. Alternate l&

——2 or 4 DWBA calcula-
tions {broken curves) are given when-appropriate.

ec. .td g)

FlG. 8. Angular distributions of three states for which

no preference between two l& assignments can be made.
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TABLE IG. Angular momentum transfer and spectroscopic strengths for levels observed in the ~~Ne(3He, d}23Na

reaction.

Group

5

10

Energy
g eV}

g.s, g+ b

&+ b
2

pb
P+ b

g-b
2

f+ b

g+ b

f-b

(g-) b

~b, d

x+
2

(p)+ b, c

(g)+ b, d

Present ~

(3}

Dubois

IP i/2

1g 9/2

P 3/2

1f5/2

(2J + 1}C'8

0.32

0.043

0.076

0.033

0.074

16 5776

20

0.27

&0.002

30

31

34

6819

7079

(3)g 1

($.~)

bj. +)

(g) 5+ d

2

0.032

0.18

0.17

0.065

0.24

0.034 ~
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-TABLE III (Continued)

Group
Energy

(keV)
Ep

Present ' Dubois {as+1)C'S

39

40

7451

7482

7565

7683

(2) %$3/2

2P i/2

+ 5/2

~ 5/2

0.58

0.15

—0.01

—0.01

45
f

46

50

51

52

53

58

60

61

7754

7839

7889

7960

7982

8063

8101

8122

8149

8173

8220

8254

8302

8355

8416

8468

S498

8555

S602

8646

8663

8721

{g 7 )

(3 $)+

g+
2

(3)

3. (2)

3 (2)

(2)

{2or 3)

1fs/2

~ 5/2

2P i/2

1f5/2
I~ S/2

1f5/2

d s/2

+ 5/2

d S/2

2si/

0.084

0.46

0.011

0.49

0.15

0.16

0.054

0.18

0.077

0.54

68

81

8824

9247

9398

9608

9704

2 or 3

0

1, (2)

1or2

(2)

~ S/2

1fs/2

2si/2

2P i/2

2P i/2

~ 5/2

(0.05)

(0.013)

(o.o3o)

(0.032)

(0.039)

{0.032)

(0.077)

(0.11)

(0.27)
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TABLE III (Continued)

Group
Energy

(keV) Present ~ Dubois (2J + 1)C2S

88 9844

10018

$(1t)'

($ ~t) 2. (3)

1f5/2

(0.20)

(0.18)

(0.40)

Levels with insufficient stripping strength for E& assignment are indicated by a blank in this. column.
~ Reference 1.
c Reference
~ Suggested by J dependence.
l =4 from 2~Na(P, P') ~Na reaction. Reference 23.

i The value of (21+1)S for J=l
& +$ assumed in the DWBA is approximately 84, 76, and 61% of that calculated for

J= 1& —$ in the case ofl& ——1, 2, and 6, respectively
g Includes level 37."The proton is unbound above E„=8792 keV. The spectroscopic factors for the unbound states were calculated with

B„=-10 keV and are therefore uncertain to within 30%.

well whose depth reproduces the binding energy of
known single-particle states rather than using the
SE technique. Such a method is, of course, non-
physical, since the tail of the bound-state wave func-
tion does not then have the correct asymptotic be-
havior. It would appear that a more physical solu-
tion to the problems lies in techniques of calculat-
ing form factors for two-particle-one-hole states
(and one-particle-two-hole states) similar to that
of Philpott. " Such a calculation for the 2.64-MeV
state of "Na is shown as the solid line in Fig. 5.

3. lp =2

The angular distributions characteristic of /~ = 2
are shown in Fig. 6. The l~= 2 assignments for the
ground state and levels 1, 6, 12, and 27 agree with
previous firm assignments. ' In addition, tentative
l~ =2 assignments of Dubois' for levels 9, 14, and
38 are definitely confirmed in the present work.
(The l~ = 2 assignment for levels 14 and 38 became
unambiguous as soon as the groups were resolved
from the weaker members of their doublets. )
Friesel, Lewis, and Miller" reported that level 9
is a doublet with 4-keV separation between the two
states. The present angular distribution does not
indicate the presence of components other than l~
=2. This state is discussed further in Sec. IVC.

The transition to level 45 was identified as l~=2
or 3 by Dubois but is positively identified here as
l~=2. This l~=2 assignment is important, since it
con5rms the identification of level 45 as the low-
est T = ~a state (the ground state of "Ne has J"= —,

' ).
The present l~=2 assignments to levels 29, 33,

and 58 are new. These levels were not identified
in the report by Dubois', however, the resolution
of the present experiment enabled the extraction of
angular distributions from these weakly populated
states whose l~= 2 transition appears unambiguous.

The probable l~= 2 assignments to levels 31, 57,
84, 88, and 92 are also new. The angular distribu-
tion for level 31 shows that it has not been perfect-
ly resolved from the stronger member of its doub-
let (level 30, l~=1). Yet the fit for l~=2 is suffi- '

ciently good on the average to make this tentative
assignment.

As discussed in Sec. IVA, the differentiation be-
tween l~= 2 and 3 becomes increasingly more diffi-
cult as the excitation energy increases. For this
reason, l~= 3 is not ruled out for level 57 and is
as likely as l~=2 for level 35. An extra problem
is encountered for levels above 8.7-MeV excita-
tion because of the high level density and the un-
bound nature of those states.

FRNL FRNL
Group Rco = Rco =3

FRNL ZRL ZRL
Rco =6 Rco =3 Rco =6

1 (LA =2)
3 (l~ =0)

1.67
1.57

1.35
1,28

1.53
1.35

1.06
1.03

1.12
0.88

TABLE IV. Ratios of maximum cross section to that
calculated for ZRL with Rco 0.

Angular distributions indicative of l~= 3 are
shown in Fig. 7. The weak transition to level 8
does not permit an unambiguous l~= 3 assignment
but the angular distribution is included here be-
cause of the known 0"= —,

' assignment to that state. '
The l~= 3 assignment to the weakly populated states
43 and 56 are highly tentative. The l~= 3 assign-
ment is less uncertain for level 55, which is more
strongly populated.
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5. Ambiguous l& Assignments

Levels 15, 68, and 81 are shown separately in
Fig. 8 because of major ambiguities in making an

l~ assignment. Level 15, as plotted, is the sum of
the levels listed in TaMe ID as 15 and 16. The ma-
jor contributor, level 15, is probably character-
ized by I~= 2. Since there seems to be a minor l~

= 1 contribution in the angular distribution of the

doublet, it is conceivable that level 16 has nega-
tive parity.

There is no basi. s of choice between /~ = 2 and 3
for level 68 due to its weak cross section. The an-
gular distribution for level 81 appears to favor /~

=2, even though the points of inflection are not

DWB
RAT I

(W2)-

well fitted. The possibility exists that this state
is a doublet (see Table I).

The angular distributions for which there is no
clearly discernible stripping pattern are shown in
Fig. 9. The known -', and —, members of the
ground-state rotational band. (levels 2 and 5) are
plotted with L~=4 DWBA curves. These clearly in-
dicate that any 1g», and 1g„,particle strength that
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FIG. 9. Angular distributions for states not character-
istic of pure l&=0, 1, 2, or 3 stripping.
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FIG. 10. Ratio of differential cross sections for select-
ed states. Data shown with circles represent the ratio of
the cross sections of a level assigned J~ = 2 to a level
assigned J~ =g+. Triangles are used to show the ratio of
two J~ =2+ levels. The solid line at the top is the theoret-
ical ratio of J~=2+ to J~=2+ cross sections. The dashed
line drifting to the left highlights the Q-value shift of the
maximum in the various ratios.
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+A+LE V. Summed transition strengths for 7 =)
positive-parity states in ~3Na.

proton holes) in the sd shell. Thus, one should
have

Q(2Jg+1) C2S

Transition Experimental ¹lsson Shell model all/&=0 and 0
(2'+ l)C'S„.= 10.

l~ —-0

l~ ——2
Total

0.86
6.03
6.89

0.95
6.38
7.33

1.33
6.00
7.33

The theoretical sums correspond to no core excita-
tion in the Ne ground state. They are calculated using
the Nilsson wave functions of Chi (6=0.3) (Ref. 32) and

the pure configuration shell model. The theoretical l&

=0 values will be slightly reduced if core excitation is
introduced.

may exist at these excitation energies is small
(see Table III).

C. J Dependence

Among the l~= 2 transitions, a significant differ-
ence is observed between the distributions for fi-
nal state J'= —,

' and J"=
& . The —,

' states have an
appreciably flatter first maximum and a less steep
slope leading to the first minimum. These differ-
ences are amplified when plotted as a ratio of
cross sections for a J'= —,

"level and a J"=—,
' lev-

el. Such ratios for selected states are displayed
in Fig. 10. The theoretical ratio shown in Fig. 10
was obtained by setting J'= ~ and J'= —,

' in separ-
ate DWBA calculations for the ground state. It can
be seen that this J dependence is not reflected in
the theoretical DWBA distribution. Phenomenologi-
cally, however, the effect appears to be well es-
tablished. (A similar effect has been noted for
other sd-shell nuclei. ") Since the pattern is de-
stroyed by any major nonstripping component, the
ratios are not shown beyond an angle at which this
component becomes significant.

The data presented in Fig. 10 for levels 6 and 9
led to an assignment" of J' = —,

' for level 9, an as-
signment confirmed by Poletti, Becker, and McDon-
ald. ' Probable J~ =-,' assignments for levels 12, 14,
29, and 33 and J"= ~ for level 27 are justified by
good consistency between the ratios. It is noted
that the first maximum in the ratio shifts toward
forward angles with increasing excitation energy.

Also shown in Fig. 10 is the cross-section ratio
for various states with the same J'. The differ-
ence between these and the o(—,

' )/o( —,
'

) ratios sup-
port the above assignments. An attempt was made
to extend this method to higher excitation energies
but Q-value effects and less definitive resolution
rendered the results inconclusive.

D. Spectroscopic-Factor Sum Rules

Disregarding possible core excitations, the
ground state of "Ne has two protons (and hence 10

The experimental sum is 8.0, indi:cating that most
of the available sd strength has been located.

The splitting of this strength between T& and T&
states is predicted by the French and Mac Farlane
sum rules (see, e.g. , the summary of Ref. 31).
For a target having T = 1, J"= 0'

g(2J&+ 1)C'.S& =(P holes) —-', (n holes),

Q(2J&+ 1)C'S& =3 (n holes) .

A comparison of experimental and theoretical
summed T& strength is contained in Table V. The-
oretical values are given for both the ¹ilsson mod-
el and the pure configuration shell model. The .

agreement between experiment and the predictions
of the ¹ilsson model are good for both l~ =0 and

l~ = 2. Strong support for the Nilsson picture is
found in the high /~ =0 shell-model prediction
which is outside the expected uncertainties in ex-
perimental spectroscopic strengths. The extreme
single-particle shell model does not account for
the partial filling of the 2s„, level (Nilsson orbit
6) in the "Ne ground state. The uncertainties in
the summed sd strength are larger than the ex-
pected core excitation, so that no quantitative
statement regarding core excitation can be made
from the summed positive-parity strength. Since
only the first few T =-,' states have been observed,
the T& sum rule is obviously not exhausted.

V. DISCUSSION

A. Negative-Parity States

In the present work several negative-parity
states have been identified for the first time. Fig-
ure 11 contains an experimental energy-level dia
gram of the negative-parity states, together with
two theoretical negative-parity spectra. The theo-
retical energies were calculated from the expres-
sion

Z«=s +—[Z(Z+I) —2Z'+(- 1)""'6,„,(Z+-,')s],

where J is the total angular momentum of the
state, K is the spin projection on the symmetry
axis, ~~ is the Nilsson single-particle energy, and
a is the decoupling parameter

s=g( I)' '"(j+a) Ics-I'.
V

Here, c,~ is the amplitude of the shell-model
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WOODS-SAXON POTENTIAL

FIG. 11. Comparison of experimental and theoretical energy levels for the low-lying negative-parity states. The theo-
retical energy levels are discussed in the text.
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FIG. 12. Energy levels of the Nilsson levels (¹O.) as a&unction of deformation. The harmonic-oscillator wave func-
tions (left) are based on the coefficients of Chi .(Ref. 32). The deformed Woods-Saxon wave furictions (right) mere ob-
tained with the coefficients of Ehrling and WaMborn (Bef. 84).
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TABLE VI. Experimental and theoretical transition strengths for groups 4, 7, and 8.

1P

Experimental
(2J + 1)C28

2P
Nilsson orbit 14

5 =0.3 5 =0.52

Theoretical ~

(2J + 1)C2S

Nilsson orbit 4"
6 =0.3 6 =0.52

0.043

0.076

0.017

0.030

0.033

0.043

0.009

0.000

0.038

0.012

0.000

0.104

0.061

0.079

0.182

0.670

0.4

~ The theoretical values were calculated with (2J+ 1)Cts = 2( c&&(
t where the co were taken from d =0.3 harmonic-

oscillator (Ref. 32) and 5 =0.52 Vfoods-Saxon (Ref. 34) wave functions.
"Assumes a t¹ilsson level 4) 2 impurity of 2.6% in the ground state of 22Ne.

orbit lj in the intrinsic ¹ilsson wave function.
The calculations assumed the ground state con-

tained one proton and two neutrons in the K = —,
'

¹isson orbit 7 (see Fig. 12). The two lowest nega-
tive-parity states which one can make in 33Na cor-
respond to elevating this odd proton to the K = —,

'
Nilsson orbit 14 and to elevating a proton from the
E = 2 ¹lsson orbit 4 to orbit 7. The first of these
is a "particle" state and the second a "hole" state.

Calculations were performed for two different
sets of ¹ilsson wave functions —harmonic-oscilla-
tor wave functions of Chi" and deformed Woods-
Saxon wave functions. "'" The deformation param-
eter mas taken to be 5 =0.2 and 5 =0.3 for Chi's
wave functions and 5 =0.26 for the Woods-Saxon
mave functions. In order to see what happens at
large deformations, Woods-Saxon calculations
mere also performed for 5 =0.52, even though the
deformation is expected to be closer to 5 =0.3.

It can be seen in Fig. 11 that neither calculation
gives a good fit to experimental energy levels.
The comparison of /~=1 and l~ =3 spectroscopic
strengths gives even poorer agreement, as can be
seen from Table VI. The experimental l~ =1 spec-
troscopic factor obtained for level 4 under the as-
sumption of lp transfer can be made to agree with
the predicted value if the ground state of Ne is

assumed to contain 2.6% (amplitude squared) im-
purity of two proton holes in the Nilsson orbit 4.
However, the spectroscopic factors for the other
levels are then in very poor agreement with the
predictions. Even worse is the fact that, for most
deformations, the lowest —,

' band comes from Nils-
son orbit 14 rather than from 4. The only way to
get the & hole state, ¹ilsson orbit 4, below the &

particle state, Nilsson orbit 14, is to postulate a
smaller deformation for the particle orbit than for
the hole orbit. Some evidence exists for using dif-
ferent deformations for different bands, but in this
mass region the evidence suggests that the hole or-
bit needs a smaller deformation, not a larger one.

The predicted spectroscopic strengths still bear
little resemblance to experiment when different de-
formations are employed in order to better fit the
observed energy levels. In addition, no improve-
ment was obtained through band-mixing calcula-
tions performed for the s members of the fp shell.

Only by using tmo different deformations as dis-
cussed above and by introducing gd ho@ mixing be-
tween the particle and hole bands, is it possible to
obtain fair agreement with the experimental data.
We thus conclude that within the framework of the
simple Nilsson model a description of the low-ly-
ing negative-parity states in ~Na is not possible.

TABLE VlT. Comparison of transitions strengths for selected T = 23 candidates for the reactions Netdg) Ne
and 22Ne(3He, d) 23Na.

Na
(2J + 1)S~~

Ref. b Ref. c

23Na

E„-7.89
(MeV)

~sn
~12
~312
1dv2

0.00
1.02
2.M.
2.31

1.3
1.4
0.31
0.29

1,4
0.78

1.3
1.2

7.89
8.66
9.84

10.02

0.00
0.77
1.95
2.13

1.39
1.62
0.59 '
0.53

Reference 35, E„=12.1 MeV.
Reference 36, Ez =12.1 MeV.

~Reference 37, E~ =4.81 MeV.

This level has pJ +1)S=0,46 when the 0%HA cross
section is calculated for 1ds» transfer.
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B. T= &3 Levels

In order to confirm the T = —,
' assignments to lev-

el 45 and to locate the analog to the 1.02- and 2.31-
MeV excited states in "Ne, a comparison of the
transition strengths of the (d, p}""and ('He, d)
reactions has been made (Table VII. ) The excel-
lent agreement between the (d, p} strength to the
"Ne ground state and the ('He, d) strength to level
45 together with the present firm l~ = 2 assignment
for the latter transition confirms its previous T
= —,

' assignment"' as the isobaric analog of the "Ne
ground state.

The experimental evidence for recognizing level
63 (8.66 MeV) of "Na as the analog of the J' = —',

level at 1.02 MeV in "Ne is convincing. The value
of (2J'+1)S for the ('He, d) reaction is slightly high-
er than those listed for the (d, P) experiments.
However, it is seen from Table III and Fig. 2 that
in this excitation region there exists no other l~ =0
transition with sufficient strength to correspond to
the T =, state The. value of Z„E, (lev-el 45)

=0.77 MeV compares well with the '3Ne value of
E„=1.02 MeV when the anticipated Thomas-Ehr-
man shift is taken into account.

The final. determination of the analog to the 2.3.1-
MeV "Ne level will be strongly influenced by the
determination of the spin of that level. I utz et aL"
made a J"=-,' J-dependence assignment which,
however, Howard, Pronko, and Whitten" dispute.
In this region of the "Na spectrum the analog to
the 2.31-MeV "Ne level can be narrowed to two
candidates, levels 88 (9.84 Me V) and 92 (10.02
MeV). The strength for the transition to level 84
is too large and all other transitions are too weak.
Based on the presently available evidence it is not
possible to arrive at a clear choice between levels
88 and 92.

C. Positive-Parity Bands

Information obtained in the present work for the
l~=0 and l, =2 transitions to 7.' = —,

' final states is
given in Table VIII. Also shown are the experi-

TABLE &III. Experimental and theoretical transition strengths (2J+ l)C S in the reaction Ne(3IIe, d) 3Na to members
of rotational bands based on the 2s-1d Nilsson orbits {n).

Nilsson
orbit

Group Present

Energy (keV)
Theoretical

(Dubois )

Transition strength
Experimental Theoretical b

Present Dubois Unmixed Mixed

7+
2

439

2078

2704

390

2150

2680

0.32

2.10

—0.18

«0.36

0.082

1.918

0.
0.

0.161

1.896

0.

i.+
Y
3+
2

5+
2

(
7 )+

2392

2983

3918

4777

2390

2970

3900

4800

0.50

1.28

0.27

«0.16

1.3
0.45

«0 2

0.56

0.92

0 .52

0.

0.85

1.45

1.42

0.

10

12

2

(5)+
2

($)+

(5)+

4435

5378

4430

5450

6950

5900

0.006

0.074

0.18

0.21 «0.55 2.00

0.009

0.061

0.111

1.44

(4o) '

g+
2

(&)'

(+)'

6307

6733

{7565)

6310

6630

7570

0.27

0.03

—0'.01

0.75

0.04

0.96

0.96

0.08

0.84

1.60

0.01

7451 7470 0.58 «1.1 1.92 0.62

Based on RPC calculations by Dubois (Ref. 3) with K =0.08, p =0.0, and 6 =0.2 and where 5 f'2I and E~ were
treated as variables,

b The values for Nilsson orbits 9, 5, 11, and 8 are from Dubois ref. 3). Those for Nilsson orbits 7 and 6 as-
sumed the parameters in Ref. a. The orbit 6 calculations assumed 1.8% core excitation {Nilsson orbit 6)

Level 40 has E~ =2 from the 9F(~Li, d) reaction (Ref. 22). Level 41 at 7683 keV also a possibility.



NUCLEAR STRUCTURE OF Na:. .. 2045

mental spectroscopi'c strengths from Dubois's
work, ' as well as the Coriolis coupling results
from that work. The two sets of experimental
strengths agree reasonably well, whereas some
major differences between experiment and theory
may be noted. Firstly, the ground-state transi-
tion (not observed in Ref. 3), is too strong —twice
as strong as the prediction obtained after mixing.

Secondly, the strengths predicted for groups 14,
23, and 27 disagree strongly with observation.
There seems to be no way of reconciling theory
and experiment by reassigning states among the
various rotational bands. An attempt was made to
improve the agreement by performing Coriolis-
coupling calculations at 5=0.3 and at larger defor-
mation by simultaneously diagonalizing in the en-
tire space covered by Table VIII (6 positive-parity
bands). The results of this calculation showed
discrepancies similar to those presented in Table
VIII.

VI. CONCLUSIONS

The collective model, which has provided con-
siderable insight into the structure of "Na, was
seen to be in conflict with experimental results in
two major instances, viz. , in the identification of
the negative-parity levels and the prediction of

transition strengths for various positive-parity
levels. Assumption of a uniform deformation for
all of the bands in "Na, in particular for the nega-
tive-parity bands, seems very dubious in view of
the data and analyses presented.

Subsequent experiments in this program will
seek to eliminate as many of the current uncertain-
ties as possible. Only then and after a more de-
tailed calculation of the collective-model predic-
tions can a fair judgment be made of its applica-
tion to "Na.
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22 levels of Cl+ below E„=4.7 MeV are populated by the y-ray decay of the three reso-.
nances at E& —-1058, 1098, and 1121 keV in the reaction S33(p,y)C1+. These resonances, se-
lected for study because of their dominant modes of p decay to levels above 2.7 MeV for
which hmited prior data exist, were investigated with an 80-cm Ge(Li) detector, and with
Ge(Li)-NaI coincidence and angular-correlation techniques. The results obtained for levels
below 2.3 MeV are in general agreement with other recent work. A new result is a probable
J= 3 assignment for the 2.180-MeV level. For higher-lying levels, y-ray decay schemes and
excitation energies with errors in the range from +0.3 to +2.3 keV were determined for 14
bound states in the range 2.3&E„&4.7 MeV and the three resonance levels. The reaction Q
value was determined with the result Q = 5139.9+0.9 keV. The following J~ assignments (en-
ergies in MeV) result from the combination of the present work with a recent S33(Hes, d)C1+
study: 2.72, 2 ; 3.55, 3 ; 3.60, 4 ~; 3.63, 5 ; 3.77, 1 ; 3.98, 3 ; 4.08, 4 ; 4.14, 2; 4.35,
probably 1; 4.42, 1, 2, or 3; 4.51, probably 2; and 4.64, 2, 1, or 3. The resonance level
assignments are J~(1058)=3, J~(1098)=4, and J~(1121)=1 . It is shown that the three
resonances are probably each odd-parity T=1 levels. The probable shell-model configura-
tions of some of the odd-parity levels are discussed.

INTRODUCTION

Very little experimental information on proper-
ties of energy levels of Cl" mas available until the
marked increase in experimental interest which
has occurred during the past tmo years. The theo-
retical importance of this self-conjugate odd-odd
nucleus to an understanding of properties in the
upper 2s-1d shell has been matched until recently
by experimental difficulties associated with the
relatively high level density. Most of this recent
work has dealt mith properties of levels below 3-
MeV excitation. These studies include: the S~-
(p, y)C134 decay-scheine and angular-correlation
work by Graber and Harris the S"(He',py}C1"
work from which branching ratios, spins and pari-
ties, and lifetimes have been. obtained by Sykes'
and by Brandolini, Engmann, and Signorini and
accurate level energy measurements by Snover et

aL4 With this work, much detailed information in-
cluding spin and parity assignments for all of the
lowest six levels is now available.

Some progress has also been made in the deter-
mination of properties of higher-lying levels.
Graber and Harris' examined several resonances
in the reaction S"(p, y)C1" with a 40-cm' Ge(Li}
detector with considerable improvement over the
results of older Nal(T1) work. ' Revised decay
schemes for six resonance levels between E~ =1050
and 12'?0 keV, and for 11bound states below E
=4 MeV, mere obtained. Unique spin assignments
for two of the resonance levels and for the level at
2.2V6 MeV (8=4) were obtained by (p, yy) angular-
correlation measurements. From another recent
S"(He',py}C1'4 investigation, DeLuca, Lawson,
and Chagnon' report J'= 1 for the 2.581- and 2.126-
MeV levels and J =2 for the 2.722-MeV level. In
older work, Dong-Hyok' studied the reaction S"-


