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States in 2*Na were populated with the 'B(*°0, o) reaction. Energy-averaged differential cross sections were
measured in the energy range E,, = 16.9-18.5 MeV for 29 excited states in *Na from 0 to 15 MeV of exci-
tation, and for the laboratory angles of 7, 15, 25, and 150°. Single energy differential cross sections were
measured for laboratory angles of 40, 55, and 70° at a bombarding energy of 43.2 MeV. The experimental
angular distributions were compared with Hauser-Feshbach calculations, and good agreement was found for
the states of known spin values in 2°Na. Candidates for high-spin states in *Na were selected for the ground-

state rotational band, and for the K= %* and K=% bands. The reliability of using Hauser-Feshbach
calculations for spin assignments is discussed, and a comparison of the suggested excitation energies for high-

spin states with shell-model calculations is presented.

NUCLEAR REACTION "B(0,a), Es,=41.6 to 45.4 MeV, measured o(E) for
01.,b=17, 15, 25, and 150°; E160=43.2 MeV, measured o(6); 2*Na deduced levels.
Hauser-Feshbach calculations and suggested J values. Enriched targets.

I. INTRODUCTION

Heavy ions have permitted exploration of pre-
viously inaccessible high-spin states. These in-
vestigations have also provided insight into the
reaction mechanism associated with heavy-ion
induced reactions. Specifically, studies of the
reactions °B(*°0, a) (Ref. 1), 2C(**N, °Li) (Ref.

2), 2C(*N, d) (Ref. 3), 2C(*°0O, @) (Ref. 4), and
10B(1%Q, °Li) (Ref. 5) have given enough evidence

to support a statistical compound-nucleus de-
scription for the reaction mechanism, as has been
demonstrated by comparing theoretical predic-
tions to cross sections obtained for states of known
spin.’*3'® The general features of these reactions
are explained by Hauser-Feshbach (HF) calcula-
tions.®

Comparison of the HF predictions with experi-
ment has then been used to determine spins of
high-spin states which are selectively excited in
these heavy-ion induced reactions.’ The general
conclusion of this work is that one can use statisti-
cal-model calculations to predict spin values with-
in one unit of angular momentum, provided that
one has a good measurement of the energy-aver-
aged cross sections. However, there are some
exceptions to this general trend, particularly for
the 2C(1%Q, a) reaction reported by Fifield, Zur-
miihle, and Balamuth,”

The known level properties of the low-lying
states in #*Na determined through light-ion reac-
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tions have been summarized by Endt and Van der
Leun.® From the 2C(*2C, p) reaction® '° some sug-
gestions have been made for high-spin states of
the K=3*, K=1*, and K=%" rotational bands.

In the present study we have measured energy-
averaged angular distributions for the B(*°0O, a)-
#Na reaction. Comparison of our experimental
angular distributions with statistical-model cal-
culations strongly indicates that the statistical
compound-nucleus process is the predominant
reaction mechanism; the extracted spin values
agree with most of the values reported previous-
1y,®"1° especially for the K=3*, K=5", and K=3"
rotational bands. We suggest additional high-spin
states for these three bands (up to the ¥*, ¥,
and ¥£°, respectively). Finally, a comparison
between these high-spin states and those predicted
by the shell model is presented.

II. EXPERIMENTAL PROCEDURE

Self-supporting, 95% enriched !'B foils with
thicknesses of 30 pg/cm?, were bombarded with
180 ions extracted from the Oak Ridge tandem
accelerator. The target thicknesses were mea-
sured by elastic scattering and a ranging.!

The reaction a particles were detected with a
position-sensitive proportional counter placed at
the focal surface of an Enge split-pole magnetic
spectrograph. A description of the detector and
associated electronics is given elsewhere.®
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The "B foils had a small carbon contamination
(~2 pg/em?). To minimize the potentially severe
problem of carbon building up on the target during
irradiation a large cold trap was placed between
the scattering chamber and diffusion pump. In
order to correct the 'B(*°0, @) peaks for carbon
contamination, we took a 2C(*®*0, @) run after
each "B(!°Q, @) run. For all the B(!°0, a) peaks
that were analyzed, the a particles coming from
12C(1%0, @) amounted to less than 10% of the total
area. For some other peaks the carbon contami-
nation contributed as much as 50%. Those cases
have not been included in the present analysis.
Uncertainties due to the 5% '°B in the target can
be neglected since the cross sections for the
10B(*%0, o) measured in Ref. 1 are of almost the
same magnitude as the present reaction.

III. RESULTS

Differential cross sections were measured for
states excited in 2Na up to 15 MeV. Measure-
ments were made in 400-keV energy intervals
from 41.6 to 45.4 MeV for the laboratory angle
of 7°, from 41.6 to 44.4 MeV for 15° from 42.4
to 44.4 MeV for 25°, and from 42,0 to 43.6 MeV
for 150°. Single-energy measurements were made
at 43.2-MeV bombarding energy for the laboratory
angles of 40, 55, and 70°, Figure 1 shows a typi-
cal spectrum taken at a laboratory energy of 45
MeV and an angle of 7°. The full width at half
maximum (FWHM) is of the order of 140 keV and
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is due mainly to the target thickness. The strong
and selective structure observed is consistent
with the population of high-spin states. Also shown
in Fig. 1 are some of the states previously re-
ported® ' together with the known members of
the ground-state rotational band with spins and
energies (MeV), respectively, of £ (0.0), %*
(0.439), ' (2.076), § (2.703), ¥* (5.536), ¥*
(6.236), % '° and the suggested ¥* (9.04)° ° and
U* (9.84).1° In the present paper we give evidence
that the states at 14,24 and 14.70 MeV shown in
Fig. 1 are the £* and 4" members of the ground-
state rotational band.

The peaks labeled C in Fig. 1 correspond to
known states in 2*Mg excited by the 2C(*°0O, a)
reaction due to the carbon contaminant in the tar-
get. Because of this contamination we lost infor-
mation for some of the excited states in 2*Na.
These states were in the energy regions from 7.5
to 8.2, from 9.2 to 9.6, from 10.4 to 10.6, from
11.7 to 13.0, and from 13.3 to 13.5 MeV. As can
be seen from Fig. 1 the peak at 9.84 MeV has a
width about 50% larger than the one at 11.28 MeV.
The broadening of the 9.84-MeV peak can be at-
tributed to contributions of the 9.62-MeV peak
partially resolved and a peak due to carbon con-
tamination. For most of the spectra the 9.84-MeV
state has a width consistent with the experimental
resolution.

The different peaks analyzed were stripped with
the light-pen system of a PDP-11 computer with
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FIG. 1. 'B(*%0,)®Na spectrum measured at a bombarding energy of 45 MeV and a laboratory angle of 7°. Peaks
labeled C correspond to known states in 24Mg excited by 2C (160, ).
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a general background subtracted, and an estimate
of the tails of any interfering neighboring peaks
subtracted. The widths of peaks which were ana-

lyzed were all consistent with the experimental
resolution of 140-160 keV, which reduces the

probability that some of the analyzed peaks were

multiplets. Even though most of the evidence

indicates that the states reported are single levels
one has to recognize that the experimental reso-

in the present study.
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lution is perhaps the major source of uncertainty

Figure 2 shows our results for some of the ex-

citation functions measured in the energy range
from 43.2 to 45.6 MeV. The closed experimental

"B (160’ d) 23N0

points joined by the solid lines correspond to
center-of-mass cross sections measured at a
laboratory angle of 7° and the open points joined
by the dashed lines correspond to values obtained
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FIG. 2. Excitation functions for some of the excited states in 2’Na. The closed experimental points joined by the
solid lines correspond to measurements made at a laboratory angle of 7°, and the open points joined by the dashed

lines are for a laboratory angle of 15°.
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at 15° in the laboratory system. Excitation curves
corresponding to 15 states in **Na, ordered by
increasing excitation energy, are shown. The
spins and parities indicated are from previous
assignments®~!° and from the HF predictions dis-
cussed in Sec. IV.

The fluctuations of the cross sections observed
in Fig. 2 are typical of a compound system that is
formed at high excitation energy.!! From the fig-
ure one sees that the fluctuations are larger at
7° than at 15°% this results from the increased
number of effective channels at the larger angle,?
Even though the bombarding energy interval in
the present study was too small to permit a mean-
ingful fluctuation analysis, it is about 10 times
the coherent width (~120 keV !) and this should
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certainly be large enough to provide a good esti-
mate of the average cross section.

In order to have differential cross sections
averaged at other angles for which the fluctua-
tion phenomena are important, excitation functions
were measured at 25 and 150° in the laboratory
system. Only single-energy values were measured
at laboratory angles of 40, 55, and 70°, since for
these angles fluctuations effects are expected to
be negligible for the case of nonzero entrance-
and exit-channel spins.

The 150° cross-section measurements also pro-
vided a check on the symmetry of the differential
cross sections. However, because of the strong
shift in energy of the various @ groups with in-
creased angle, the length of the detector allowed
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FIG. 3. Angular distributions for some of the excited states in 2Na. The states shown are members of the ground-

state rotational band and of the K =

4* band together with some other prominent states.

The solid dots plotted at ¢.m.

angles of 10, 22, and 36° are energy-averaged cross sections, and the ones at c.m. angles of 55, 75, and 90° are single
energy values obtained at 43.2-MeV bombarding energy. The open triangles are averaged cross sections for a labora-
tory angle of 150° plotted in the symmetric forward direction. Solid lines are the results of Hauser-Feshbach calcula-

tions (see Ref. 6) discussed in Sec. IV of the text.
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us to observe states only up to 6 MeV of excita-
tion energy.

The results of our angular distributions are
shown in Figs. 3 and 4. For some of the angular
distributions the resolution and counting statistics
were not good enough to separate the individual
states. The experimental points at the c.m. angles
of 10, 22, and 36°, represented by the solid cir-
cles, .are energy-averaged cross sections; the
open triangles correspond to the average values at
the laboratory angle of 150° plotted in the forward
direction, and as can be seen, they are clearly

118 (16

1 £,=6.82+6.87
10" & (% + %"

S
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consistent with symmetry around 90° c.m. The
curves drawn through the experimental points in
Figs. 3 and 4 are the result of calculations de-
scribed in Sec. IV.

Table I summarizes our results for the different
states analyzed. The first column gives the exci-
tation energy from Ref. 8 except for states higher
than 9 MeV which are from this work. Column 2
lists the values of spin and parity reported in Refs.
8-10, column 3 gives the quantum numbers of
the rotational bands identified in Ref. 9, and col-
umn 4 presents the values for spin-parity sug-
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together with some states not resolved. Details are described in the caption of Fig. 3.
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TABLE I. Cross sections for the 1B(10, )®*Na reactions. The brackets cover the cross
sections to unresolved states.

E.*® . b (d0/dQ)exp (mb/sr)
(MeV) JT KT JT 10° c.m. 22° c.m. 36° c.m.
0.0 =) - & 0.047 0.032 0.024
0.439 £ 3 & 0.097 0.055 0.043
2.076 L 3 y 0.123 0.072 0.046
2.390 L 4 4 0.038 0.017 0.012

1- L
2.639 z z . 0.21 0.131 0.096
2.703 2 3 2
2.982 =) 4 3" 0.058 0.04 0.016
3.678 3 T 3 0.040 0.023 0.013
27 L7 L”
3.848 7 r P l 0.178 0.09 0.056
3.914 3 ¥ 2 !
4.432 L
4.775 L 1 L 0.145 0.09 0.044
5.380 & "
5.536 G4 EY) 0.176 0.14 0.101
3 5"
5740 ) 0.076 0.054 0.025
5.766
5.781
5.931
5.967 0
72 ) 0.131 0.07 0.035
6.043 4
6.117
6.191
6.236 CR N
13*b + 9t (13
3 () 5.6
L L
6.263 2 2 0.321 0.21 0.14
it Lt
6.308 1 1
6.350 ¢ 3 4
6.577 () 3
6.617 1 0.071 0.04 0.025
6.734 EXN 3
_5--0- 1+ R
6.818 . (2+’ 2+) } 0.107 0.06 0.03
bl 3
6.867 &, 3 £,3)
6.920 C)
6.949
7.073 (%)
b
7.084 4 )+ 0.228 0.127 0.11
7.135 3
7.156
7.180

7.272




POPULATION OF HIGH-SPIN STATES IN 2?3Na...

1253

TABLE I (Continued).

Ex - a b c (d0/dR)ey, (mb/sr)
(MeV) JT K" JT 10° c.m. 22° c.m. 36° c.m.

7.386 ¢ .4 $.4)

7.410 1m)¢ 2,4 0.209 0.164 0.1

7.446 NN ¢4

8299 G.4) 0.234 0.103 0.08

8.320 .4

8.360 .3

8.415

8.467 & " (

8.498 0.180 0.108 0.08

8.555 ‘

8.602

8.94" s ¥ } 0.424 0.3 0.29

9.041 @nHee  @hde W

9.84f e @5 de ur 0.400 0.24 0.24
10.3° ok RN B 0.222 0.172 0.13
10.9f 154 w 0.239 0.12 0.1
11.28f u 0.348 0.24 0.24
11.58f 174 &) 0.29 0.173 0.14
13.15° 1M &5 0.176 0.168 0.13
13.82f 454 ur 0.300 0.207 0.15
14.24f $He @& 0.25 0.19 0.16
14.7f @H4 g 0.51 0.33 0.30 -

* See Ref. 8.

b See Ref. 9.

¢ Spins suggested by Hauser-Feshbach fits (see Ref. 6) to the angular distributions.

d Suggested by the present experiment.
¢ See Ref. 10.

f Excitation energies from this experiment, All £60 keV.

gested by the HF calculations. Columns 5 to 7
are the energy-averaged differential cross sec-
tions for the center-of-mass angles 10°, 22° and
36°, The absolute errors vary from +15 to +20%
depending on target-thickness uncertainty, count-
ing statistics, and background subtraction.

IV. HAUSER-FESHBACH ANALYSIS

A. Dependence of the calculations on optical-model and
level density parameters

Average compound-nucleus cross sections were
calculated with the familiar HF expressions for
total and differential cross sections with the com-
puter code HELGA.!® Details of this type of cal-
culations are given elsewhere, ! 2+ % 14

Table II shows the level density and optical-
model parameters used in the calculations for the
ten reaction channels which were included. The
level density employed is essentially the one given
in Ref. 1 which has two independent parameters,
the level-density parameter a and the pairing-
energy correction A. Values for A have been
taken from the work of Gilbert and Cameron!®
and are shown in the second row of Table II. The
values of the level-density parameter a shown in
the first row are from Ref. 16 except for the a,

p, and n channels whose values are A/7.5, A/8.4,
and A /7.5, respectively. With these values we
reproduced essentially the absolute cross sections
for the 2.703-MeV £" and 9.84-MeV (¥*) (Ref. 10)
states shown in Fig. 3. The ratio of the total cross
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sections calculated for these two states with the
parameters of Table II is 6(¥)/0($)=2.120. By
varying the level-density parameter a in the p
channel to A/7.5 we found that the ratio o(¥*)/
o(%") was only changed by 3% to 2.059 in the rela-
tive total cross sections. However, the absolute
value of cross sections was reduced by ~33%.
This variation of the cross sections with level-
density parameters is similar tothe ones reported
by Fifield et al.” and illustrates the fact that even
though relative cross sections do not change sig-
nificantly with variations in the parameters, ab-
solute cross sections do. The uncertainty of the
absolute values depends mainly on the level den-
sity parameters of the various channels whose
continuum contribution is predominant.

The quantity E, listed in the third row of Table
II indicates the energy where the discrete spec-
trum was substituted by the level density. The
discrete states included in the Hauser-Feshbach
calculations for the different reaction channels
are those experimentally established except for the
23Na nucleus where besides the known or previ-
ously suggested®!° states we include a number of
states needed to match the ones predicted by the
level density.

In the preceding discussion it was assumed that
the optical-model parameters for entrance and
exit channels were fixed. Dependence on these
parameters has been given in Ref. 7 for the 2C-
(*°0, @) reaction. For the present case we cal-
culated cross sections for two different sets of
optical-model parameters in the entrance channel.
One set shown in Table II, which fits elastic scat-
tering data'” and the other proposed by Malmin
and used for the other heavy-ion channels.!® We
found up to 25% variation in the absolute scale of
the cross sections for all the states analyzed and
little variation (<5%) in the relative cross sections.

11l/3 +A21/3) h
1‘/3+A2‘/3)h

nB + 160
1.26(A,1/3+ 4,173

13.0
26

100.0 1
1.19(A
0.481

28,701

1.26(A
0.261

Bo 1N
12.0
30

1By+120
10.1
20

6.5

30
7.5+ 0.4Ecm. &

1.35(A,1/3+4,1/%) 8
1.35(4,1/3+4,1/% 8

1.35(4,1/3+4,1/%) 8
0.458

0.458
0.4+ 0.125E cm. 8

Bpi8Be

2Ne+°Li
2.932
6.0
7.8
30

3.58P
5.13
3.10f
0.83f
19.30 f
4,98f
0.87f
3.10f

UMg +¢

10.0
28
166.1f
€ Values from Ref. 18.
h yalues from Ref. 17

€ Values from Ref. 22.
f Values from Ref. 23.

%Mg +d

3.70P
2.46
4.4
14
89.3 —0.22E ¢
3.36 ¢
0.81°¢
14.4+0.24E°©
3.92¢
0.68°¢
3.36 ¢

AT+
9.52 —0.053E¢

3.86 ¢
0.66 ¢
3.72¢
0.48°¢

3.462
0.0
3.75
23
47.01 —0.26E ©

B. Comparison to experimental data

TABLE II. Level density and optical -model parameters for the €0 +11B reaction.

A /8.4 for p channel and A /6.4 for °Li channel.

b Values from Ref. 16.

Figures 3 and 4 show the theoretical and ex-
perimental angular distributions and as can be
seen the over-all agreement, in shape and magni-
tude, is quite satisfactory. However, since the
absolute Hauser-Feshbach cross sections depend
strongly on the level density and optical-model
parameters, as discussed previously, the agree-
ment with the experimental data must be under-
stood in the sense that the relative cross sections
for the different states populated by the 'B(*°O, o)
reaction, are completely consistent with the sta-
tistical-model predictions. Figure 3 shows mem-
bers of the ground-state rotational band whose
energies (MeV) and spin-parities are: 0.0, £*;
0.439, £"; 2.076, £*; 2.703, £*; and 5.536, ¥".

26Mg+p

3.108
4.26
6.9
20
56.99 — 0.55E ©
3.70 ©
0.65°¢
13.50 ©
4.29¢
0.47¢
3.70 €

BNa +a
3.062
2.67
4,254
0.604

11.34
4,254
0.60 ¢
4,254

14.7
255
99,94

7;A1/3 fm

a; (fm)

2 Values of a are A /7.5 for o and » channels,

No. of discrete levels
¢ Values from Ref. 15,
dValues from Ref. 21

E, (MeV)

vV (MeV)
Ry=7,Al3 fm
ag (fm)

W (MeV)

Rcoul (fm)

a
AC
R;
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Also shown in Fig. 3 are some known members of
the K =3* band; these are the 2.39, 1'; 2.98, §';
3.91, £; and 4.77, ¥

2 2
Z % states. The angular dis-
tribution for the 3.91-MeV group was unresolved
from the 3.84, 2~ member of the K =4~ band and
the Hauser-Feshbach curve corresponds to the
%" and & states. States assigned to the K=&
rotational band are shown in Fig. 4 and their en-
ergies (MeV) and spin-parities are 3.68, £;
6.04, £~. The I~ assignment of the 6.04-MeV
state was only suggested by Frank et al.,® but our
angular distribution supports this assignment.

The excellent agreement between the statistical-
model calculations and the experimental results
for the states whose spin-parities have been pre-
viously established,® ° reinforces the argument’ ®
that Hauser-Feshbach calculations are a very
promising spectroscopic tool. However, there
are uncertainties in assigning spins via Hauser-
Feshbach calculations demonstrated by examples
in Fig. 5. Plotted in this figure are the $*, Z*

Z9 2T
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2", and ¥* members of the ground-state band.

The curves are HF predictions for different spins-
parities at a given excitation energy. For the
known $*, I', and §* states, the Hauser-Feshbach
calculations with J" =$~, £7, and £~, respective-
ly, are just as acceptable as those with the cor-
rect spin-parity. Hauser-Feshbach calculations
with J" =" and ¥* will equally well fit the ex-
perimental angular distribution of the ¥*, 5.536-
MeV state. Nevertheless, the uncertainties just
discussed may be removed if one is able to mea-
sure cross sections at 0°

Figure 6 shows most of the high-spin states
suggested by the present experiment. The HF
curves are the closest ones to the experimental
data and for many of these states only one or at
most two curves fit the experimental angular
distributions. Looking individually at each of the
angular distributions we can suggest the best
value for the spin of each state analyzed. Plot-
ted on the left side of the figure are the states at

"B (180, q) 23Na

Egp 43.2—== 45.6 MeV
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FIG. 5. Comparison of experimental angular distributions with different Hauser-Feshbach predictions for various
spin-parities at a given excitation energy. The solid lines are predictions for positive-parity states, the dashed lines
for negative-parity states. The states shown have spin-parities previously established (Refs. 8 and 9).
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9.84, 11.28, 13.15, and 13.82 MeV. The state at
9. 84 MeV has been suggested by Cormier et al,*°
to be the ¥* member of the ground-state band.
The basis for this assignment is the decay scheme
observed in the population of this state by the
12¢(12C, py) reaction. In Fig. 6 the angular dis-
tribution that best fits the experimental points is
the '* curve. For this case the distinction be-
tween negative- and positive-parity states is more
pronounced than for the low-spin states discussed
previously.

The state at 11.28 MeV is very strongly excited
in our spectrum (Fig. 1) but it is not observed in
the work of Cormier et al.'® According to our
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FIG. 6. Experimental angular distributions for the
high-spin states compared to the different Hauser-
Feshbach predictions. The states at 9.84 and 10.3 MeV
have been previously suggested to have spin-parities of
I+ (Ref. 10) and 1= (Ref. 9), respectively. The rest of
the states are discussed in the text.
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measured angular distribution this state is also
a g+,

The state at 13.14 MeV agrees with a £* or £~
angular distribution and the one at 13.82 MeV
agrees with a ¥*. We suggest that these two
states might be the ¥* and ¥" members of the
K =%" rotational band. .

The right side of Fig. 6 shows the states at
10.3, 10.9, 14.24, and 14.70 MeV. The state at
10.3 MeV is consistent with a £* or ¥~. The en-
ergy is appropriate for this state to be the ¥~
member of the K =%~ band (see Sec. V). The state
at 10.9 MeV agrees uniquely with a ¥* and we
suggest that this can be a member of the K =%
band. Finally, the 14.24-MeV state agrees with
a ¥ or ¥* angular distribution and the 14.70-
MeV state agrees with a spin of 2+,

Column 4 of Table I shows the spin-parities
selected by this method for the states from 0 to
15 MeV of excitation whose angular distributions
and Hauser-Feshbach fits are shown on Figs. 3
and 4.

In the energy region from 5.74 to 9.04 MeV there
were many states that were not resolved. The
states at 5.74 and 5.77 MeV are an example. They
were fitted either by a ¥ and 4" or 4 §* and §*
combination which is consistent with the spins
suggested in Ref, 8. From 6.23 to 6.35 MeV there
are four known states,® two % states which contrib-
ute little to the summed cross section, the 6.35-
MeV §~ member of the K =%~ band® and the 6.23-
MeV state suggested to be the ¥* member® © of
the ground-state rotational band. The HF cal-
culations best fit the data with a " and £ com-
bination (see Fig. 3) consistent with the spins of
Ref. 8, but we think enough evidence exists to
favor an assignment of £ for the 6.23-MeV
state.® 1 I this is so, the HF sum for £~ and £*
states predicts a cross section which exceeds the
experimental data by a factor of 1.8. For the
present experiment this is the only case for which
the statistical model prediction is off by more than
the experimental uncertainty (+20%).

Other unresolved states were at 6,57 and 6.73
MeV. We fitted these states with a §* and §* com-
bination, which agrees with the spins suggested
in Ref. 8. The states at 6.81 and 6.86 MeV can
have the combination £ and §* or §* and §* ac-
cording to the HF angular distribution, in agree-
ment with previous suggestions to the 6.86-MeV
state.® From 7.07 to 7.156 MeV there are four
known states®; spin-parities for three have been
suggested as ¢, §7, and §* or . Our data are
consistent with spins for the four states of
either ¥, ¥, ¥, and ' or 3%, ¥, &, and §'.
For the states from 7,38 to 7.44 MeV the combina-
tion £, £, and ¥ seems to be the best fit to the
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data, suggesting that the 7.41 MeV ($*) state might
be a member of the K =%" band; however, the com-
bination £~, ¥~, and £' cannot be excluded. Of
the unresolved states at 8.30, 8.32, and 8.36 MeV,
the 8.30- and 8.36-MeV states were excited in
(®He, d) reactions’ with a probable L =3 transfer
and thus have spin-parities of £~ or 2~. Using
this suggestion we obtain three possible combina-
tions: three £7’s; £°, §7, and §7; and two $7’s
and one U~ The states excited from 8.46 to 8.6
MeV were not analyzed, since previous informa-
tion on some of the spin values is not available.
Near 9 MeV of excitation there are two states
separated by 100 keV: 8.94 and 9.04. Both are
also excited in the 2C(*2C, p) reaction.® The 9.04-
MeV state has been suggested® ° as the £* mem-
ber of the ground-state rotational band. We fitted
the sum of these two states with the combinations
B* and ¥*; possibly the ¥* state is a member of

z
the K =" band.

.

V. DISCUSSION OF THE STRUCTURE IN 23Na

A. Nilsson-model calculations

According to Nilsson-model calculations® there
are several rotational bands in *®*Na. The ground-
state band with the Nilsson configuration £7(211)
has been observed by several authors® !° for the
low-spin members and by Frank et al.® and Cor-
mier ef al.’® up to the ¥* and ¥* states, respec-
tively. In this work we confirmed the previous
suggestions and proposed that the 14.24- and 14.70-
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MeV states are the ¥* and #* members. It is

very interesting to note that the structure of the
ground-state rotational band for Mg proposed by
Sperr et al.?® agrees within 100 keV with the en-
ergies of the states we are suggesting for 2*Na

up to the &7 state.

A second rotational band with Nilsson configura-
tion £"(211) has been predicted and identified,®" *°
starting with the 2.39-MeV 4* state. Previous
suggestions have been made for members of this
band up to the §* state. With this experiment we
propose states in this band up to the ¥* member.
These are (E in MeV, J"): T.41, £%; 8.94, ¥*;
10.9, ¥*; 13.15, B*; and 13.82, ¥*. Existing
Nilsson-model calculations® place the " and ¥*
states at 7.37 and 8.99 MeV, respectively, in ex-
cellent agreement with the experimental sugges-
tions.

With the Nilsson configuration 7 (101) begins
the first negative-parity band. This band has
been observed up to the ¥~ member.® In this work
we confirm the previously suggested assignments,
particularly for the 6.04-MeV, £~ and 10.3-MeV,
- states. Further, we suggest that the 11.58-
MeV state be considered a good candidate for the
2=~ member. We do not have a suggestion for the
U~ state, since in the energy region where we
expect to find it we have lost the needed informa-
tion because of the previously mentioned carbon
contamination problem. We recognize that this
problem may lead to faulty association of higher-
spin states to the excited bands, because of the

J
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chance that we might miss states which occur at
lower excitation; however, we show in Fig. 7 our
= 3+

suggestions for the T =% bands with K" =", 1%,
and 3.

B. Shell-model calculations

There is obviously one annoying feature insofar
as making a simple rotational model analysis of
the observed spectrum is concerned. That is the
existence of a J" =§* state at 11.28 MeV. This
state occurs between the proposed ¥* members
of the ground-state and first-excited-state bands.
We have made conventional shell-model calcula-
tions of the excitation spectrum of high-spin states
in 2*Na, and, as we shall now discuss, they indi-
cate that it may be difficult to make a simple ro-
tational model analysis of the high-spin states.

Let us first describe the shell»model calcula-
tion. An inert %0 core is assumed, and all possi-
ble states of Pauli-allowed configurations of part-
cles in the (sd)7” shell are included in the model
space. We assume an effective residual inter-
action consisting of only one- and two-particle
interactions. The matrix elements of the one-
body operator are deduced from the observed
spectrum of 70 and "F. For the matrix elements
of the two-body interaction we use those pub-
lished by Preedom and Wildenthal.?* A model
completely analogous to this one was extremely
successful in describing the observed spectrum
of high-spin states in 22Na (Ref. 25). The model
not only reproduced the collective rotational struc-
ture of these states, but it reproduced in quantita-
tive fashion the significant deviations on this struc-
ture from the simple rotational picture.

In Fig. 8, the excitation spectrum of states with
J" =1 ag calculated in this model for *Na is
compared with the observed spectrum. For com-
parison purposes, we assumed that the lowest
states for each spin in the calculated and observed
spectrum are members of the ground-state band.
With this assumption the observed energies of the
J"=1" and £* states are accurately reproduced
in the calculated spectrum. However, there is
significant discrepancy for the J" =¥* state. It is
1 MeV below the lowest J" =¥* state in the cal-
culated spectrum. There are two, almost degener-
ate, ¥" states in the calculated spectrum around
11 MeV. One of these is the 11.28-MeV state
which is unaccounted for in the rotational model
description discussed above. Thus, the shell-
model accurately predicts the existence of the
extra state, but it apparently underestimates the
mixing of these two states. There is also a 1-
MeV discrepancy between the observed and cal-
culated positions of the J" =¥* state and a 2-MeV
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discrepancy between the ¥* states. These dis-
crepancies are distinctly greater than was the
case for the ground-state band in ?2Na.

Perhaps of more interest is the calculation for
states outside the ground-state band. One would
have an extremely difficult job interpreting the
shell-model spectrum of states outside the ground-
state band in terms of any simple rotational model.
There appears to be many extra high-spin states.
One would have to consider the existence of at
least three bands, and introduce significant de-
grees of band mixing, Insofar as a theory-experi-
ment comparison is concerned, there are compli-
cations. We have discussed the fact that it is
impossible to make a complete analysis of the ob-
served spectra because of target *C-contamination
problems and because of the existence of several
unresolvable states. It is in almost exactly those
regions where there are such problems that the
shell-model predicts extra states that do not fit
into any rotational model. In addition, there is
the fact that in calculations of the low-spin states
in 2®Na in this same model, the calculated posi-
tions of states in the first-excited positive-parity
rotational band are low by about 0.5 MeV. This
suggests that the observed high-spin states for
this band may be significantly higher in energy
than their calculated positions. All these com-
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FIG. 8. Comparison of the high-spin states observed
with predictions of shell-model theory discussed in the
text.
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plications make necessary more experimental
information in order to decide whether or not the
“extra” high-spin states predicted by this shell-
model calculation are present.

VI. SUMMARY

The excellent agreement found between the ex-
perimental and HF angular distributions for most
of the states in 2*Na whose spins and parities have
been previously established, strongly supports
the statistical-model description for the reaction
mechanism. There is only one exception to the
general agreement, namely, the £* state at 6.23
MeV, whose calculated angular distribution ex-
ceeds the experimental cross section by 80%. The
fact that for this and other reactions!'” some devi-
ations are found from the general statistical be-
havior is indicative that for these cases a more
complex mechanism is occurring. However, most
evidence indicates that comparison of the experi-
mental results to model predictions allows spin
assignments to within one unit of angular mo-
menta provided that fluctuation phenomena have

been properly taken into account.

Candidates of the K=%*, £, and §' (ground
state) Nilsson bands with spins up to ¥*, -,
and ¥*, respectively, have been proposed. Angu-
lar differential cross sections for these states are
consistent with Hauser-Feshbach calculations.
Shell-model calculations were performed and
weie found to roughly reproduce the structure of
the excitation spectrum of high-spin states in the
ground-state rotational band. However, these
calculations suggest that the simple rotational
picture breaks down for high-spin states outside
the ground-state band, particularly if one con-
siders that this picture cannot account for the
second ¥* state observed at 11,27 MeV.
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