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Spectroscopy of high spin states in Na using the C( C, py) Na reaction~
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Particle —y-ray angular correlations have been performed using the ' C(' C,py) Na reaction at the resonant

laboratory energy of 38.82 MeV. Branching ratios, mixing ratios, and lifetimes are determined for the y decay
of states up to 13 MeV excitation energy in 'Na. These results are combined with the "C(' C, 'Be)' 0,
"C("C,d)"Na, and "C("C,p) 'Na reaction analyses to produce the following spin and parity assignments:

6.114 MeV (11/2+), 6.235 MeV (13/2+), 7.267 MeV (13/2+), 9.038 MeV (15/2+), a d 9.803 MeV (15/2+).
Shell-model calculations are superior to Nilsson model calculations in describing these results.

NUCLEAR REACTIONS C( C,py), E &2c
——38.82 MeV, measured lifetimes,

branching ratios, and p-y angular correlations. Deduced J' of 23Na levels.
Compared results with shell and Nilsson models.

I. INTRODUCTION

A large amount of experimental effort is cur-
rently directed at identifying selectively populated
states at high excitation energies in nuclei. A
particularly intriguing case involves the states at
9.04 and 9.80 MeV in "Na which are strongly pop-
ulated in the "C("C,p) reaction at E, =19.3
MeV. Prior to 1973 the spectroscopy on "Na was
limited to states up to about 6.0 MeV in excitation
energy; a large number of states were identified
up to 10 MeV excitation energy, but definite spin
assignments were rare. In 1973 Frank et al. '
used the "C("C,py)"Na reaction to selectively
populate states up to as high as 10 MeV excitation
energy. Using this same reaction, Van Bibber
et al. ' observed anomalous behavior at E~ = 38.6
MeV in the population of a number of states at
excitation energies between 9.0 and 16.0 MeV.
This group' also postulated that the two strongly
enhanced states at 9.0 and 9.8 MeV excitation en-
ergy were the '-,"and '-,

"members of the
ground state rotational band. More recent investi-
gations of the "'C("C,p)"Na reaction using the
particle-Z-ray angular correlation technique by
Green et al. , KeKelis, Lumpkin, and Fox, ' and
Back et al. ' Confirmed that these states are of
high spin with spin of at least '-,'. Using the
"B("0,o!)"Na reaction and a statistical model
analysis of energy averaged data, del Campo et
al. have analyzed states up to 15.0 MeV in "Na
and have tentatively identified members of three
rotational bands up to '-,". This work is com-
plemented by the investigation of Gustafson et al. '
using the "C("N, o.')23Na reaction.

The purpose of the present work is to present
the complete results of a "C("C,py)"Na reaction
study at the resonant incident laboratory energy
of E~ =38.82 MeV. States included in this analysis
ranged from 2.0 to 16.0 MeV excitation energy in

"Na. Lifetimes of excited states are determined
using the Doppler-shift attenuation method (DSAM),
and branching ratios and mixing ratios are mea-
sured. These results are used to calculate transi-
tion strengths, and the above quantities are then
compared with both Nilsson and shell-model cal-
culations for 'Na.

II. EXPERIMENTAL PROCEDURE

The "C("C,Py)"Na measurements to be reported
in this work were carried out in a small volume
chamber of diameter 12.7 cm. This chamber al-
lowed the Ge(Li) detectors to be placed close to
the target. A small diameter (1.27 cm) beam en-
trance tube allowed Ge(Li) detector angles of 160'
with respect to the beam. A EE &&E counter tele-
scope consisting of a 94 JLi, m hE Si surface barrier
detector and a 4000 p, m Si(Li) E detector cooled to
—30 C was positioned at 0 to the beam.

The ' C beam was produced in an inverted
sputter source' and accelerated to 38.82 MeV in a
4' charge state by the Florida State University
super FN tandem Van de Graaff accelerator. This
particular beam energy was chosen because states
at 14.5 MeV excitation energy in "Na were more
strongly enhanced than at E~ = 38.6 MeV. Between
400 and 500 nA of beam were used in this experi-
ment.

The carbon target had to be thin enough to allow
the recoiling ions to reach the backing material
prior to p decay, in order that the lifetimes could
be measured by DSAM techniques. Since the life-
times of the excited states of "Na are typically
less than 50 fsec (Ref. 9) and the recoiling ions
are confined to a narrow cone around 0' with e
= 0.035c in this experiment, the target thickness
was chosen to be as thin as possible consistent
with practical running times. The recoiling "Na
ions require about 25 fsec to traverse the full
thickness of the 62 p, g/cm' carbon target which
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FIG. 1. (a) High resolution proton energy spectrum from the C( C,p)2 Na reaction at E~= 38.8 MeV and 0=0'. (b)
Coincident proton spectrum showing the various gate regions.

was used in the experiment. The target was made
by evaporating ca.rbon onto a 100 mg/cm' gold
backing which had been cleaned with acetic acid,
washed with acetone, and blown dry with dry ni-
trogen. Care was taken to avoid water contamina-
tion since proton knockout at 0 to the beam pro-
duced a count rate problem in the particle tele-
scope (see Fig. 1). Another source of background
in the particle telescope was the & particles from
the "C("C,o')"Ne reaction. These & particles

were largely eliminated by placing an additional
200 mg/cm' of gold absorber directly in front of
the particle telescope.

The particle telescope subtended a solid angle
of 50 +30 msr with an angular acceptance half-
angle of 7'+2'. Three Ge(Li) detectors were used
in this experiment. Their volumes were 70, 50,
and 40 cm~ and all had resolutions of 2.5 keV at
1.33 MeV. The y-radiation pattern was measured
at 54, 70', 90', 144', and 160 to the beam. Data
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FIG. 2. p-ray energy spectrum taken at 160 to the
beam and gated on the 9.8 MeV excitation region in 23Na.

First and second escape peaks are marked 1 and 2, re-
spectively. The inset illustrates the effect of target-to-
Ge(Li) detector distance on Doppler broadening.

were taken with each of the two largest detectors
at two different angles while the 40 cm' detector
remained stationary at 144' (lab) to act as a moni-
tor.

The short lifetimes of excited states in 'Na pro-
duce severe Doppler effects on the emitted y ra-
diation in the present experiment. Since Doppler
broadening depends on the solid angle subtended
by the y-ray detector, data were taken for several
target-detector separations. Data taken for sepa-
rations of 6 and 15 cm are shown in Fig. 2. The
vast improvement in the quality of the data com-
pensates for the decreased count rate obtained at
the larger separation distance. During the angular
correlation measurements, the front faces of the
70, 50, and 40 cm' Ge(Li) detectors were placed
18, 15, and 15 cm, respectively, from the target.

Standard electronics were used for this experi-
ment, but high quality spectroscopy amplifiers
were necessary to preserve the y-ray energy res-
olution when counting at rates in excess of 15 000

counts/sec. Fast timing wa, s performed between
the particle E detector and each Ge(Li) detector,
with a separate time to amplitude converter (TAC)
being used for each Ge(Li) detector. When an
event which satisfied the coincidence conditions
was detected, the analog to digital converters
(ADC) were enabled and signals from the particle
detector telescope elements (E and DE), the p-
ray-particle time difference (TAC), and the y-
ray energy signal (EGAM) were each digitized in
a separate ADC. The three TAC and EGAM sig-
nals were multiplexed before entering the ADC
and were tagged accordingly. Since each TAC and
EGAM signal was separately tagged, the effective
"accidental dead time, "produced by misidentified
events resulting from high counting rates, could
be corrected for in the off-line analysis. Result-
ing four-parameter data were stored in the mem-
ory of an on-line EMR 6130 computer in the list
mode, then stored on a magnetic disk, and finally,
written on magnetic tape.

The natural carbon target thickness of 62+2
p, g/cm' was determined by comparing the yield
of the 9.803 MeV state for the unknown target to
the yield of a carbon target whose thickness was
determined by comparing low energy proton scat-
tering to the data of Barnard, Swint, and Clegg. '
This measurement was repeated at the end of
the experiment and showed the carbon buildup to
be less than 2lo. The Ge(Li) detectors were cali-
brated for relative efficiency using a "Co source
which was mounted on a 100 mg/cm' gold backing
and placed on the target rod in the same orienta-
tion as the target. In this way the relative effi-
ciencies of all three Ge(Li) detectors could be de-
termined without having to make additional ab-
sorption corrections. Each detection system was
also checked for gain shifts and resolution de-
terioration as a function of counting rate. Each
system retained gain stability to better than two
parts in 10 000 up to a counting rate of 15 000
counts/sec, and resolution deteriorated to no
more than 9.0 keV for a 3253 keV y ray at 15000
counts/sec. These measurements were also re-
peated at the end of the run. The entire detection
system efficiency was measured by placing the
Ge(Li) detectors at symmetric angles on opposite
sides of the beam line and accumulating on-line
data. This was an important measurement since
it was the only way to check the counting efficiency
of the electronics. Two methods were used to
normalize the two sets of particle-y-ray angular
correlation data. First, the beam integration on
the target rod and second, the 144'Ge(Li) detector
which remained stationary as a monitor through-
out the experiment. The two methods agreed to
within 1%. During the run 50 mC of charge was
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FIG. 3. p-ray energy spectrum taken at 90 to the beam and gated on the 9.0 MeV excitation region in 3Na. First
and second escape peaks are marked 1 and 2, respectively.

collected at each angle setting and 14 million coin-
cidences were detected.

III. DATA AND ANALYSIS

The multiparameter data were sorted off line to
generate the proton-gated y-ray spectra of inter-
est. The windows set on the proton groups for the
analysis are shown in Fig. 1(b). The cross-hatched
areas are regions of the continuum that were also
used as gates. A higher resolution proton spec-
trum is also shown in Fig. 1(a) which gives the
excitation energies for states in "Na populated by
the various proton groups. Accidental coincidences

were subracted during the analysis to produce the
final y-ray spectra shown in Figs. 3-5 which were
gated by the E~ = 9.0, 9.8, and 12.5 MeV regions,
respectively. The y rays are labeled by their un-
shifted energies. Note that Figs. 3 and 4 show
data that were taken at 90'and, although the y-
ray intensities typical of quadrupole transitions
are a minimum at this angle and the Doppler-
broadening is a maximum, key y rays are re-
solved.

y peak shapes in these spectra are a function of
the y-ray energy, the detection angle, and the
lifetime of the state emitting the radiation. Be-
cause of this shape effect, peak yields were de-
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FIG. 4. y-ray energy spectrum taken at 90' to the beam and gated on the 9.8 MeV excitation region in 23Na. First
and second escape peaks are marked 1 and 2, respectively.

termined by adding the experimental data points
and subtracting a linear background. For close
lying doublets, this procedure was checked by
fitting the peaks to a Gaussian shape. A number
of peak yields were complicated by first and sec-
ond escape peaks from higher energy y rays and
yields were corrected for their presence. Cen-
troids were. determined with a first moment cal-
culation.

The particle-y-ray angular correlations were
performed in the "method II" geometry of Lither-
land and Ferguson" with the emitted proton de-
tected at 0 to the beam. In the present experi-

ment the proton is detected in an angular range
of +7' about the beam axis. To determine how
much the complete alignment is disturbed by this
finite angular acceptance, transmission coeffi-
cients were calculated for 18 MeV protons inci-
dent on ' Na. . This is the energy of protons leading
to the 9.038 MeV state in "Na produced from the
"C("C,p)"Na reaction at E, = 19.4 MeV. The
calculation indicates that for an angle of +10',
the proton has a maximum projection of orbital
angular momentum along the beam axis of 0.78;
therefore, only the +& magnetic substates were
considered in the analyses of this experiment.
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FEG. 5. y-ray energy spectrum taken at 160' to the beam and gated on the 12.5 MeV excitation region in 3Na. The
1.27 Mep y ray is from neutron emission to states in Na. First and second escape peaks are marked 1 and 2, respec-
tively.

The resultant angular correlations for completely
aligned states of half-integral spin are described
by the equation

W(0) =1+A,P, (cos8) A+, P, ( cso0),

where

A = 2[B~(J,)F~(J~L,L~J,).
In this equation J,. is the spin of the initial state,
J& is the spin of the final state, I-, is the lower
order, I, the higher order of radiation being con-
sidered, and B~ is the statistical tensor for the
complete alignment. Equation (1) is in the nota-
tion of Yamazaki and the B~ and E„coefficients
are tabulated for various spin sequences. " In
this notation the mixing ratio is given as

+ 26B„(Z))F«(J~L,L,J,.)

+ 5 B~(J,)F~(J~L2L2J,)]j. . .(2)

(3)

and is opposite in sign to that of Rose and Brink."
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FIG. 6. Plot of the Doppler-shifted y-ray energy from
the 9803 6235 ke7 transition as a function of cos(e).
The error bars are smaller than the data points.

However, in the following analysis the phase con-
vention will be that of Rose and Brink.

Experimental angular distributions of y rays
were fitted with even order Legendre polynomials
up to, and including, l =4 with the method of least
squares. Mixing ratio calculations were per-
formed for quadrupole and dipole or octupole and
quadrupole contributions assuming only population
of +& magnetic substates. Theoretical angular
distributions were calculated from Eqs. (1) and
(2) assuming a specific spin sequence and mixing
ratio. The mixing ratio was then varied from 8
= -90 ' to + 90', where 8 = tan '(&), and a standard
X' analysis was performed between the calculated
curve and experimental data for each value of the
mixing ratio. A given spin sequence and mixing
ratio was considered acceptable if the correspond-
ing reduced X' fell below the 0.1% confidence level.

Experimental values for the Doppler-shif t atten-
uation [Fzx(v)] and the transition energies (Eo)
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by the method of least squares. A plot of the data
for the 3569 keV transition is shown in Fig. 6.
Theoretical values of F»(r) were calculated for
"Na ions slowing down in layers of carbon and

gold, averaged over the thickness of the carbon,
using the theory of Blaugrund" with atomic stop-
ping powers of Lindhard et al.""and electron
stopping powers from the semiempirical compila-
tion of Northcliffe and Schilling" using a version
of the Oxford program DSAM." A 20% uncertainty
in the electronic stopping powers is included in
the lifetime errors.

IV. RESULTS

A. Lifetimes

Lifetimes were determined for as many of the
observed transitions as possible and the results
are presented in Table I. Since the low-lying
states were weakly populated in the reaction, their
lifetimes were determined by observing the de-
excitation y rays of these states after they were
populated by cascading transitions from higher-
lying states. Therefore, the lifetimes measured
for the 0.440, 2.076, and 2.704 MeV states deter-
mined in the present experiment include the aver-
age time required to cascade from states at higher
excitation energy. Lifetimes for states above and
including the 5.534 MeV state were determined
using only y rays emitted directly from the state
of interest. As shown in Table I, previous values
were adopted for the 0.440, 2.076, and 2.704 MeV
states and an average of present and previous val-
ues was adopted for states above and including the
5.534 MeV state. The lifetimes of the 9.038 and
9.803 MeV states were accurately determined in
the present experiment. By reducing Doppler ef-
fects, as discussed in Sec. II, the key y rays at
3.569, 2.534, 3.503, and 2.804 MeV were resolved
at all angles and additional branches from the 9.0
and 9.8 MeV states were identified. This addition-
al information allowed the y rays near 3.5 MeV
to be corrected for the presence of the second
escape peak associated with the 4.564 MeV y ray
(a.s much as a 10% effect) and allowed multiple
measurements for each lifetime. As shown in
Table I, an average lifetime was determined when
more than one transition was available from a
given state. The resulting lifetimes agree well
with those determined in previous studies. The
lifetime of the 0.440 MeV state was poorly deter-
mined because of, the small energy shift of this
transition. The energy dispersion of the ADC was
3 keV per channel in this work.
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TABLE I. Mean lifetimes obtained from the present and previous experiments.

Ex
(keV)

Gate
E, (MeV)

g
(keV) F(7),

1

(fsec)

Average

(fsec)

Previous

(fsec)
Adopted

(fsec)

440 ~

2 076
2 704'

5 534 +2"

6 114+2"
6 235 +3"

7 267 +3"

9 038 +5"

9 803 +4"

12 591 +5"

2.2 to 12.5
2.2 to 12.5
2.2 to 12.5

5.5
5.5
6.2
6.2
6.2
7.2
7.2
7.2
9.0
9.0
9.0
9.8
9.8
9.8

12.5

437.8 +1.0
1635.5 +0.8
625.7 +0.9

2263.1 + 1.1
3457.5 +2.5
2829.8 +1.2
3410.5 + 1.5
699.0 + 1,4

3532.6 +2.0
1032.6 +2.3
1153.0 + 1.0
4563.5 +2.0
1770.4+1.1
2803.9 + 1.2
3503.1 ~3.6
2534.3 ~1.4
3569.2 +0.8
4270.7 +1.5
5323.6 + 1.9

0.36+0.10
0.85 + 0.02
0.86 +0.06
0.85 + 0.02
0.96 + 0.03
0.95 + 0.02
0.91 + 0.01
1.23 + 0.10
0.96 + 0.03
0.92 + 0.10
0.87+ 0.03
0.95 +0.01
0.97 + 0.03
0.95+0.02
0.96 + 0.05
0.96 + 0.03
0.98+0.01
0.98 + 0.02
1.03 + 0.03

520+350
65 +25
61 +47
65+25
18 +18
22 +15
39+13

&30
19 +18
35+60
56+28
23 +9
15+15
23 +14
19+28
19+18
1.0 +8
10 +10

&20

520+350
65 +25
64 +22

20 112

39+ 13
19+18

26 +8

19+10

11+6

&20

1600 +80
40+5

110~30'

12 ~8c

75 ~20 c

4~12c

&30'

11~9"
11+9"

12 +8

1600+80
40+5

110+30

14+7

50 +11
22 +10

26+8

11+5

&20

Reference 9.
Present experiment.

Reference 1.
Reference 4.

B. Level-energy determinations

The transition energies were determined at the
five angles measured and from these transition
energies the level energies mere determined. Two
very accurately known level energies, 2.074
+0.0003 and 2.7037 +0.0004 MeV, were taken from
the literature' and are the reference energies used
for determining the energies shown in Table I.

C. Legendre polynomial fits to the angular correlations

The proton gate regions for which angular cor-
relations were analyzed are listed in Table II
under the heading Qate. The experimental pa~ti~le-
y-ray angular correlation data were fit to the ex-
pression

~(e) =a, +a,P,(cos8)+a4P, (cos8), (5)

where ao, a„and a4 are adjustable coefficients
and P, and P4 are Legendre polynomials. The re-
sulting coefficients with A, =a,/ao and A, =a4/a,
are presented in Table II along with the coeffi-
cients from previous studies. A typical angular
distribution is shown in Fig. 8.

Transitions proceeding from the 9.038, 9.803,
and 12.591 MeV states were analyzed from gate
regions which were directly populated by the
"C("C,P)"Na reaction. States at excitation en-

ergies of 7.267, 6.235, and 6.114 MeV were very
interesting since the higher-lying states cascaded
through them. However, these states were not
populated with sufficient strength at the present
beam energy to allow all the angular correlations
of interest to be directly obtained. Some of the
angular correlations for the transitions into and
out of these states could only be obtained from
gate regions at higher excitation energies, which
means that one or even two unobserved transitions
preceded the transition of interest. The analysis
of angular correlations obtained in this manner
did not complicate the procedure of assigning spins
and parities because, with the exceptions of the
7.267 to 6.114 and 6.235 to 5.534 MeV transitions,
the angular correlations of these transitions did
not limit the spins further than those consistent
with allowed quadrupole and dipole radiations
(see Sec. IVF). However, in order to compare
experimental transition strengths with model pre-
dictions, experimental mixing ratios must be de-
termined and it is not apparent that valid mixing
ratios can be obtained without correcting the an-
gular correlations for the perturbing effects of
the unobserved transitions.

As shown by Yamazaki' the effect of the unob-
served transition is calculable in terms of atten-
uation coefficients, which multiply the A, and A4
coefficients, if the spin sequence and mixing ratios
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TABLE II. Legendre polynomial expansion coefficients as determined in the present and previous experiments.

Transition
E;(~;)-E&(~&)

440(T5 )-g.s.(T )

2076(—' )-g s.(—,
' )

2ov6(,' ) 44o(-,' )

2vo4(,' ) 44o(,""
)

2704(2 )-2076(& )

5534(" ) 2OV6(' )

*5534('") 2VO4(')
2 2

6114( ) 20v6(T )

6114( ) 2VO4(')

+6 235(—) 27O4(-,')
*6235(—)-»«(—,

' )

*6235( ) 5534(-", )

*v 26v(-)-2vo4(-,' )

*726V( ) 6114(-)

7 267(-)-6235(—)

9 038( ) 5534(" )

9 O3S( ) 6235(z )

9 o38( ) v26v( —)

9 803(-)5534(- )

9 803(-)-6235(-' )
2

98O3( ) V26V( )

12 591(-)-7267(-)

Gate
Z, (MeV)

2.2 to 12.5

2.2 to 12.5
but not 9.8
2.2 to 12.5

2.2 to 12.5

2.2 to 12.5

5.5

2.2 to 12.5
but not 9.0

6.2

9.0

2.2 to 12.5
but not 9.0
7.2+ 9.0+ 9.8
+ 12.5
7.2+ 9.0+ 9.8
+ 11.5+ 12.5
7.2

9.0

9.0

9.0

9.8

9.8

9.8

12.5

Lindgren
(Ref. 20)

A2

A4

-0.21 +0.02
+0.06 +0.03
+0.27 +0.08
—0.51 +0.12
+0.10 +0.02
+0.02 +0.03
+0.53 + 0.10
-0.32 +0.17
—0.14 +0.04
+0.1-0 +0.06
-0.45+0.13
-0.45 +0.31
+0.06 +0.04
-0.04 +0.06

+0.20 + 0.08
-0.38 +0.13
+0.20 +0.08
—0.38 +0.13

Frank
(Ref. 1)

A.2

A4

+0,03 +0.03
+0.03 +0.03

+0.56 +0.08
-0.18 +0.10
+0.13+0.03
+0.04 + 0.04

+0.44 +0.13
—0.16 +0.15
+0.44 +0.13
—0.16 +0.15

-0.20 + 0.07
+0.08 +0.08

Green
(Ref. 4)

Ap

A4

+0.44 +0.06
-0.23 + 0.07
-0.22 + 0.04
+0.06 + 0.04

+0.40 + 0.10
-0.04 + 0.12

Present
A2

A4

-0.19 + 0.04
+0.14 + 0.10
+0.38 + 0.15
—0.46+ 0.27
+O. i. 6 +0.04
+0.02 +0.07
+0.40 + 0.04
-0.25 +0.07
—0.18 +0.04
—0.01 +0.06
+0.55 + 0.18
-0.82 +0.32
+0.03+0.07
+0.01 + 0.12
Not possible

+0.15 + 0.15
+0.39 + 0.22
+0.39+0.07
—0.24 + 0.12
+0.44 + 0.06
—0.19 + 0.10
-0.03 + 0.07
+0.06 + 0.12
+0.45 + 0.11
-0.37 + 0.19
-0.33 + 0.07
+0.15 + 0.10
+0.00 + 0.19
+0.18 + 0.27
+0.06 +0.14
—0.50 + 0.25
-0.17+0.05
-0.21 + 0.08
—0.21 +0.10
—0.03 + 0.15
+0.45 a 0.10
-0.14+0.17
+0.23+0.05
+0.08 + 0.09
—0.39 + 0.10
—0.34 + 0.19
+0.04 + 0.07
-0.32 + 0.11

Present
X

0.9

2.5

3.8

0.04

0.49

4.1

2.27

1..4

2.3

2.3

2.1

3o2

2.3

1.0

3.5

2,4

0.08

2.5

are known. These corrections are not easily in-
corporated into the analysis of the tra, nsitions
from the 7.267, 6.235, and 6.144 MeV states since
the J' of at least two of the states in the sequence
are unknown. However, corrections were at-
tempted for the 9.803-7.267-6.114 sequence and
they did not appreciably affect the resulting mix-
ing ratio for the second transition. This result
is partly due to the relatively large errors in-
cluded in the angular correlations, but it is pre-

dominantly because the unobserved transition does
not radically disturb the magnetic substate align-
ment. Since only the M, = + 2 magnetic substates
are populated in this reaction, the attenuation co-
efficients obtained for an angular correlation of a
transition which is preceded by a typical unob-
served transition from a state of —,

' —J—'-,' are
no less than, and probably greater than, &, =0.88
and &~ = 0.64. Therefore angular correlation ef-
fects persist. To test whether valid mixing ratios
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FIG. 8. Angular distribution for the 9803 6235 keV
transition.

D. Branching ratios and decay scheme

Because of the superior resolution obtained in
the present "C("C,Py)"Na experiment, a number
of nem p-ray decay branches were discovered.
The isotropic terms ao, resulting from the
Legendre polynomial fits to the angular correla-
tion data, were used to calculate branching ratios.
These ao terms are listed in Table III along with

could be obtained without making corrections for
the expected attenuation, angular correlations
were analyzed for transitions from the 5.534,
2.704, 2.076, and 0.440 MeV states which were
populated by unobserved cascading transitions
from higher lying states. Most of the cascades
originated from the 9.038 and 9.803 MeV states
since they were populated with the greatest
strength. As shown in Table II, the expansion
coefficients obtained in this way agree reasonably
well, within the experimental errors, with those
of previous studies. In addition, as will be dis-
cussed in Sec. IV F, the correct transition as-
signment produced the smallest g' in most cases
and, as shown in Table IV, predicted mixing
ratios agree with those of previous studies. These
results show that reliable spin limitations and
mixing ratios can be obtained without making at-
tenuation corrections for two or three unobserved
transitions when the first unobserved transition
initiates from a highly aligned high spin state.
This procedure was used to obtain the experi-
mental mixing ratios shown in Tables IV, VI, and
IX with each transition sequence starting from the
proton gate regions shown in Table II. Mixing
ratios were adopted from previous studies for
the transitions from states below 5 MeV, and
from the present study for transitions from states
above 5 MeV. Those transitions with experimental
mixing ratios which are slightly affected by, but
not corrected for, the perturbation of an unob-
served transition are preceded by an asterisk in
Table II.

the calculated branching ratios from the present
and previous studies. It is clear from the Z-ray
spectra of Figs. 3-5 that weak y rays are often
difficult to observe because of the complexity of
the spectra. For these weak y rays, such as the
1033, 3458, and the 2076 keV p rays, it was nec-
essary to analyze the Z-ray spectra gated by low-
er-lying proton groups. The branching ratios
given for the 9.803, 9.038, and 7.267 MeV states
are those from the present work. For the 6.235
and 5.534 MeV states an average value was
adopted using the present and previous values.
Since only one branch out of the 6.114 MeV state
was strong enough to be analyzed in the present
data, the previous results were used for this
state. Previous results were also used for the
2.704 and 2.076 MeV states.

The decay scheme which resulted from the anal-
ysis of the present data is shown in the energy
level diagram of Fig. 9. The intensities of the y
rays participating in the cascades from the 9.038
and 9.803 MeV states were carefully summed to
insure that transitions were correctly identified.
The total intensity feeding into each state agreed
well with the emitted intensity for all but three
states. For these three states, at 7.267, 5.534,
and 2.076 MeV, from 10 to 25%%uo of the feeding was
missing. Also, a total relative intensity of 92.2
+3.0 was found to feed the ground state, whereas
an intensity of only 73.1 + 1.6 was emitted from
the 9.803 MeV state. The missing intensity is
probably due to weak z-ray branches from the
9.803 MeV gate region which we re not identified
in the present data. One nem branch was detected
out of the 9.038 MeV state and two new branches
from the 9.803 MeV state. These branches were
not detected in other studies of this reaction pre-
sumably because of prohibitive Doppler-broaden-
ing effects."

E. Mixing ratios and transition strength

Mixing ratios were calculated as described in
Sec. III. Various proton-gated y-ray spectra mere
analyzed either separately or in combination to
obtain the best possible statistics for each y ray
of interest, and to eliminate complicating Compton
edges and first and second escape peaks. For
transitions with ! &J!—1 the mixing ratio involves
only quadrupole and dipole contributions and for
!b, J!~ 2 only octupole and quadrupole contribu-
tions. Higher order contributions were not con-
sidered since only one E4 transition has been de-
tected in the 4 =21-44 mass region. " A mixing
ratio was considered acceptable if a reduced X'
of less than 5.5 (0.1/o confidence level) was ob-
tained. For a number of transitions, such as
those populating the 6.114, 6.235, and 7.267 MeV
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TABLE III. Branching ratios (BR) as obtained in the present and previous experiments.

E; Eg Gate
(keV) (keV) E& (MeV) ao

Norm.
factor Intensity

Present Previous Adopted
BR (%) BR (%) BR (%)

2 076

2 704

5 534

6 114

6 235

7 267

9 038

9 803

12 591

3.643
0.858
3.318
5.734

42.32
24.19

gos.
440
440

2076
2076
2704
2076
2704
2704 9.0
2704 9.8
5534 9.0
5534 9.8
2704 7.2
6114 7.2
6235 7.2
5534 9.0
6235 9.0
7267 9.0
5534 9.8
6235 9.8
7267 9.8
6235 12.5
7267 12.5
9803 12.5

76 + 2 3.851
64 + 2 1.907
87 + 3 32.577
88 + 2 13.379
63+4 18.5
76+3 37.9
62 +4 82.9
70 + 3 8.915
89 +2 3.978
78 + 3 10.752
84 + 3 5.651
81+2 2.191
67 +2 3.154

2.2 to 12.5 65+2
2.2 to 12.5 89 + 2

9.0 80 12
9.0 82+2
5.5 63 16
5.5 95+5

17.7 +0.5
103.5 + 2.0
24. 1 +0.6
14.3+0.4
1.49 ~ 0.13
3.92 +0.20

19.7+0.5
33.6 + 0.9
2.7 +0.1
6.6 +0.2
3.41+0.24
2.01 + 0.08
0.74 + 0.04
7.9+0.3

22.4 + 0.5
7.3 +0.3

14.9 +0.5
37.0+0.5
21.2 + 0.5

15 +4
85 +4
63+3
37 +3
28 +6
72 +6

88 +5
84 +5
12 +5
16 +5
53+5
36+3
11+2
21 +2
60 +3
19+2
20 k2
51+2
29 +2

(25)
(50)
(25)

9+1
91+1'
64+1 ~

36+1
24 +5
76+5
17 +4"
83 +4"

92 +5"

8+5"

27 ~5c
73 ~5c

100

9+1
91 +1
64 +1
36~1
26+5
74 +5
17 +4
83 +4

89+5

11+5
53+5
36+3
11 +2
21+2
60 +3
19+2
20 +2
51 +2
29 +2

Reference 9.
"Reference 1.
cReference 4.

states, the spin of the final state was not known.
Mixing ratio calculations were therefore per-
formed for all reasonable spin combinations and
were found to be relatively insensitive to the spin
of the final state. Some of the results of these
calculations are shown in graphical form in Figs.

IO

10

X

IOo

"Na.n 12591
12- 11.63

11.53
F,0 11.25

(25) (25)
6356 2788

(50)
5324

15/2'

1
DECAY THROUGH
7267 AND 6.235

-I
IO

7.267

2.704 9/2

Ex
(MeV)

10- 9.803 29 51 2015/2+
2534 3569 4271

Ne+p I 15/2+
1770 2804 3503

8-
7.267 53 „36,. I I 13/2+

4564 1153 1033
6.235 I 89„ l IBI2
6.114 17 83 699 353376 24 I I/2
5 534 I I iI "

I I/2+
4039 3411 2830 3458

~ P

IO

IO

10% X A N ~ 5/2

10o - 50%.

2.704 , r ., 36 64, r

2.076 91 9 627 2264
I

1637 2076

0.440 100

0.000 ' 440

9/2
7/2'

5/2'
0- 3/2

ZION J 7P

FIG. 9. Partial decay scheme of Na including the
results of the present work.

IO

6.255

2.704 9/2

I ~ I i I

30 60
1 i I i I i I ~ I

-90 -60 -30 0 90
e = tan (g)

FIG. 10. Mixing ratio calculations for the 7267 2704
and 6235 2704 keV transtions.
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IO

X

IP0

10

Ip

9.803

6.235

I7/2

l3/2

10 and 11. Transition strengths were calculated
for each acceptable mixing ratio for both parity
change and nonparity change transitions using the
adopted values of the lifetimes, branching ratios,
and state energies in Tables I and III. Those tran-
sition strengths which exceeded the limits E1
«0.03, E2~100, E3~100, M1~10, and M2~ 3
W.u. (Weisskopf units) were considered to be un-
acceptably large and were eliminated. " Although
the complete list of calculated transition strengths
is too lengthy to be presented, the important val-
ues of mixing ratios and reduced transition prob-
abilities are given in Tables IV-VI.

Ip

X 18%

Ipo -50%

-I
10

9.038

6.235

-90
I i I i I i I

-60 -30 0
e = tan (8)

I i I i I

30 60 90

FIG. 11. Mixing ratio calculations for the 9038 6235
and 9803 6235 keV transitions.

F. Discussion of spin parity assignments

Analysis of the transition strengths calculated
in the previous section indicated that the M2 tran-
sition strengths for parity change transitions
(& =M2/El) were in general 10 to 100 times greater
than the corresponding E2 transition strengths (&

=E2/Ml). Most of these parity change transitions
were eliminated because of unreasonably high
implied M2 strengths. In addition, only five M2
transitions have been identified in this region"
and no known negative parity states were populated
with appreciable strength in this reaction. It is
therefore assumed that only positive parity states
are being populated and that only nonparity change

TABLE IV. Comparison of present mixing ratios to previous values.

Transition

440-g.s.
2076-g.s.
2076-440

2704-440

2704-2076

5534-2076

5534-2704

6235-2704

6114-2704

~Reference 9.
Reference 20.
Reference i.

J; Jf
5 3
2 2

7 3
2 2

7 5
2 2

9
T 2

8 7
2 2

ii 7
2 2

ii 9
2 2

i3 8
2 2

8
2

ii 9
2 2

8

2

8
2

7
2

5

2

Previous

—0.057 +0.004

+0.14 + 0.11

—0.19+0.02

+0.00 + 0.03

-0.08 + 0.02

+0.06 + 0.20

-0.17 + 0.03

+0.15 +0.14 b

-1.60 + 0.50

0.26 ~ 0.11'
-1.4 +0.5

+0.34 + 0.17 c

)0.12

82c

Present
6

-0.12+0.05

+0.08 +0.37

-0.25+ 0.06

+0.02+ 0.09

—0.07 + 0.05

+0.10 + 0.30

0.17 ~ 0.11

+0.03+0.15

-1.05 +0.70

-0.26 +0.33

-1.09 +0.90

+0.29 +0.57

+0.24 +0.45

+0.009 + 0.48

Adopted
6

-0.057+0.004

+0.14 + 0.11

—0.19+ 0.02

+0.00 + 0.03

—0.08 +0.02

+0.08+ 0.25

-0.17 + 0.03

+0.09 + 0.15

-1.32 + 0.60
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TABLE V. Shell-model reduced transition probabilities as compared with the experimental val-
ues. Experimental transition strengths were obtained using the experimental values of 6, 1,
and BH shown in Table VI when that data were available. Theoretical reduced transition
probabilities are from Wildenthal and Chung (Ref. 30).

(keV) (keV)
a(mi) (p„)

Exp. Theory
a(Z2) (e2 fm4)

Exp. Theory

440
2

2076
2

9038

9803

0

0

440

2393," 0

440

2704 T 440

2076

2984 T 0

440

3916 — 0

440

4430 ' 0

2393

440

2076

2704

5374 — 0
2

440

2076

2984

5534 — 2076

2704

6114 '" 2076
2

2704

6235 13 2704
2

5534

7267 " 2704
2

5534

6235

6114

5534

6235

7267

5534

6235

6114

7267

3+
2

3+
2

5+
2

3'
2

+

Y
+

2

?'
2

3+
2

5+
2

3+
2
5+
2
3'
2

1+
2

5+
2

?'
2
g+
2

3+
2

5+
2

?'
2

3+
2
?'
2
9+
2

?+
2

9+
2

g+

2
ii+
2
g+
2

ii+
2

13+

2
11+
2

ii+
2

13+
2

13
2

ii+
2

13+
2
11+

2

13

2

0.41 +0.02

0.28 +0.04

&0.004 '

0.75 +0.21

0.25 +0.05

0.29 + 0.06

0.074 +0.015

&0.008 '
&2 54'

1.49 +0.53 ~

0.203 +0.102

0.388 + 0.200

0.120 + 0.070

0.71 +0.39

1.12 +0.61

0.13 +0.07

0.022 +0.006

0.81 +0.53

0 16+0

0.51 +0.16

0.10+0.05

0.129+0.062

0.054+ 0.025

0.091+0.042

0.351

0.267

0.130

0.632

0.519

0.748

0.081

0.068

1.58

0.259

0 ~ 628

0.438

0.176

1.12

0.676

0.365

0.023

0.713

0.065

0.187

0.453

0.418

0.086

0.102

0.304

101~15

47+8

55+14

&8.0

11.6 +1.6
80 +22

175 +100

0.04 +0.16

5.18+3.6
3.36 +1.14

&13.2

&1600'

4.51 +2.50

1.23 +6.50

0.160 +0.33

30.8 +20.2

33.6 +40.2

30.6+ 16.4

6.7 +4.1

1.87 ',",
60 +27

471 +800

8.4 +2.7

7pp+8000
-2000

0.56 +10.0

20.2+«'
-12~ 2

0.17 + 0.57

0.95+6.7

10.47 +4.87

4.76 +4.04

2.47 +6.83

104.0

36.8

55.6

6.15

13.9

54.6

46.0

10.8

2.99

0.880

2.36

0.248

5.04

3.04

3.10

1.82

1.44

1.14

5.64

56.2

24.3

0.740

1.32

38.7

12.8

13.6

4.58

20.9

33.5

35.5

0.313

25.5

12.2

25.4

7.09

7.20

These experimental values were obtained from Frank gt gL (Ref. 1).
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TABLE VI. Shell-model predictions of mean lifetimes, mixing ratios, and branching ratios (BR) as compared with

the experimental values. Theoretical values of 7, BR, and 5 were obtained from Ref. 3p.

(keV) (keV)
Mixing ratio

Exp. Theory
Mean life (fs)

Exp. Theory
Branching ratio (g~)

Exp. Theory

440'
2

2076 ~
2

2393 b
T

2704~
2

2984"
2

3916"
2

4430"
2

4775
2

5374 c 5'
2

5534
2

6114
2

6235'
2

7267
2

9038'
2

9803'
2

440

440

440

440

440

2393

440

2704

440

2076

2984

2076

2704

2076

2704

2704

5534

2704

6235

6114

5534

6235

7267

5534

6114

7267

3+
2

3+
2

5+
2

3 +

2

5+
2
5+
2

? +

2
+

2

5+
2

3'
2

5+
2

3+
2

+

2

5+
2
?+
2

8+
2

3
2

5+
2

? +

2
3'
2

?
2

8 +

2
?+
T
g +

2

g +

T
f f+
2

g +

2

f f+

2
i3+
2

f f+
2

ff+
2

13+
2

f3+

2

ii+
2

f 3+
2

f f+

2

f3+
Y

—0 057 +0 004

+0.14+0.«
—0.19~ 0.02

+O.pp+ 0.03

—0.08 ~ 0.02

+0.01+0.02

+0.09 + 0.03

-0.22 + 0.03

-0.17 +0.02

+0.04 +0.10

+0.05 +0.05

+0.27 + 0.05

—0.15 + 0.08

+0.08 + 0.25

—0.17 +0.03

—o 26-0.4f
+0.26

+0.09+0.15

0.14 ~ 0.11

+0.03 + 0.24

+p 57+3e 63

—0.01+0.09

+0.27""-0.32

-0.03 + 0.05

—0.04 + 0.14

-0.03 + 0.23

—0.28+ 0.10

+0.11 + 0.15

—0.063

—0.198

+0.137

—0.044

—0.114

—0.042

-0.108

+0.185

+0.013

—0.160

—0.050

-0.046

+0.145

+0.048

—0.028

—0.062

—0 ~ 228

+0.020

+0.118

+0.098

—0.071

-0.021

+0.250

—0.475

+0.101

1600 +80

800 +200

110+30

5+1

10 +2

0.27 +0.03

&2

0.37

14 +7

50+11

22 +10

26 +8

15 +7

11 +5

1900.0

43.0

31.0

152.0

7.53

0.28

1.48

5.14

48.9

39.2

5.02

100

91+1
65+1

35 11
64 +1

58 +1

42 +1

82 +2

8+2

94 +2

6+2

60 +3

27 k2

13+1

27+3

74 +5

83+4

89 +5

60 +3

19+2

51 =62

29+2

100.0

92.4

98.5

59.8

40.2

53.1

46.8

64.9

33+2

92.6

6.6

56.5

32.2

10.3

12.9

64.1

17.4

18.3

81.7

5.7

92.8

90.9

9.1

10.8

8.9

10.2

85.3

4.3

8.9

48.4

2.1

39.4

~ Experimental values of 7.," Experimental values of T,' Experimental values of 7,

BR, and 6 obtained from Tables I, III, and IV.
BR, and 5 obtained from Ref. 9.
BR, and 6 obtained from Ref. 32.
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transitions occur.
Further analysis of the calculated M3 transition

strengths indicated that the short lifetimes of the
involved states requires the mixing ratio &(M3/E2)
—0.05 to produce a reasonable transition strength.
Therefore, the only reasonable M3 contribution is
almost none at all, and all spin assignments con-
sistent with octupole or higher transitions were
excluded from further analysis.

The resulting spin assignments will now be
pr es ented.

1. Transitions from the 0.440, 2.076, 2. 704,
and 5.53'4 Me V states

The spins and parities of these states have been
previously determined. ' As discussed in Sec. IV C,
the analysis of these low-lying states was included
to establish the validity of the present experiment-
al method and analytical techniques. Using only
the present data the correct transition assignment
produced the smallest X' in all cases except for
the 2.704 (-,") to 0.440 (-,") transition. Also, for
each transition the present mixing ratios agree,
within the quoted error, with the previous values
as shown in Table IV.

2. Transitions from the 6.114MeV state

The transition from this state to the 2.704 MeV
state (83%) agrees with a range of spins from -',

'
to '-,' for the 6.114 MeV state. The presence of
the weak branch (17%) to the —,

'' state at 2.076 MeV
eliminates the '

—,
' assignment. Consequently, the

possible spins for the 6.114 MeV state are —,
'' to

These results are consistent with the —,
'' to '-,

' .
These results are consistent with the —,

' to '-,' lim-
its proposed by Lindgren et al.' They are also
consistent with the conclusions of Powers et al."'"
which indicated that a doublet of high-spin states
was located near 6.115 MeV excitation in "Na.

4. Transitions from the 7.267 MeV state

The transition to the —,
' state at 2.704 MeV (53%)

did not limit the spin further than the allowed —,
'

to '" values. As shown in Fig. 10, the —,
' and '-,'

assignments were favored at the 20% confidence
level (&'=1.5). The strong similarity in the mix-
ing ratio calculations for the decays of the 6.235
and 7.267 MeV states to the 2.704 MeV state prob-
ably indicates that these states are of the same
spin. The branch to the 6.235 MeV state (11%) in-
dicates spin assignments of '-,", '-,', or '-,' if the
6.235 MeV state is a —", state. The '-,' assignment
is excluded due to the branch to the —,

"state. If
the 6.235 MeV state is a & state, spins of '

—,",
or -,'are indicated. The branch to the 6.114 MeV
state (36%) did not help to restrict the spin of the
7.267 MeV state since the spin of the 6.114 MeV
state has not been limited further than —,

' to '-,".
However, the mixing ratio analysis of this transi-
tion was performed for all possible combinations
of initial and final spins. The results were not
strongly dependent on the spin of the 6.114 MeV
state and always allowed only a dipole transition.
Therefore, although the spin of neither the 6.114
nor 7.267 MeV states have been uniquely deter-
mined, the spin of the 6.114 MeV state is limited
to one unit of 0 more or less than the spin of the
7.267 MeV state. This leads to the following lim-
itations on the spin of the 6.114 MeV state: If the
spin of the 6.235 MeV state is '-,", then the spin
of the 6.114 MeV state is '-,

"or —,"; if the spin of
the 6.235 MeV state is —,", then the spin of the
6.114 MeV state is '-,', —, , —,', or —, .

It should be noted that the "Ne('He, d)"Na, re-
action indicates a (-,', —,') assignment for a state
at 7.275 MeV. However, the "Mg(d, o')"Na re-
action indicates a doublet of states at this excita-
tion energy. The present 7.267 MeV state is
very probably the other member of this doublet.

3. Transitions from the 6.235 Me V state

The branch from the 6.235 MeV state to the '-,
"

state at 5.534 MeV (11%) indicates a —,
"or '-,

' as-
signment. As shown in Fig. 10 the main branch
(89%) to the —,

"state at 2.704 MeV implies a range
of possible spins from —,

"to '-,' with the '-,' and —,
'

assignments being favored at the 20%%uo confidence
level. Therefore, the spin of the 6.235 MeV state
is either —,

' or '-,' . Again, this result is consis-
tent with the —,

' or '-,' assignment made by Lind-
gren et al. ' It is important to note that the pres-
ent analysis of the 6.235 to 5.534 MeV transition
indicated a J' assignment and mixing ratio (Table
IV) consistent with those of Lindgren et al. ,

'0 even
though the transition was not corrected for the
presence of unobserved preceding transitions.

5. Transitions from the 9.03'8 MeV state

The transition to the '-,
"state at 5.534 MeV (21%)

limited the range of possible spins to be —,
' to '

—,
'

with the '-,
"and '

—,
"assignments favored at the 23%

confidence level (y'=1.4). As shown in Fig. 11,
the transition to the 6.235 MeV state (60%) indi-
cated a '-", '-,', or '-' assignment if the spin of
the 6.235 MeV state is a '-,' state and a '-,', —,', or

assignment if the 6.235 MeV state is a —,
"state.

The '-," (-,")assignment is favored at the 40% con-
fidence level (y' =1.0) if the spin of the 6.235 MeV
state is "-,

"(-,
' ). The analysis of the transition to

the 7.267 MeV state (19%) excluded a quadrupole
transition. However, since the spin of the 7.267
MeV state has only been limited to be -" to '-,",
this result alone does not help to limit the spin of



SPECTROSCOPY OF HIGH SPIN STATES IN Na. . . 679

TABLE VII. Summary of spin sequences indicated by the present data.

Z„(MeV)

If 6.235 is

Allowed J'
9 +

2

Allowed J~

13+
2

and 7.267 is

then 6.$14 is

9038 is

9803 is

11+
2

9 +

2

11+ 9 +

2 2

ii+ 9+
2 2

11+ 7+
2 2

ii+ 9 + 7 +
t

2 2 2

11+ 9+ 7+
t

2 2 2

9+ 5+
2 2

9+ 7+
t

2 2

9+ 7+
T'2

13+
T
11+
2

15+ 13+ 11+
't

2 2 2

15+ 13+ 11+
2 2 2

ii+
2

9 +

2

13+ «+
2 2

13+ 11+ 9 +
t

2 2 2

the 9.038 MeV state. But if the spin of the 6.235
MeV state is assumed to be either of its two pos-
sible values, then the spin of the 7.267 MeV state
is further limited, and the spin of the 9.038 MeV
state is also limited. The implications of the vari-
ous possible spin assignments are shown in Table
VII. The above assignments are consistent with,
and act as further refinements on the findings of
Frank et al. ' who analyzed only the transition to
the 6.235 MeV state and of Green et al.' who ana-
lyzed the transitions to the 6.235 and 5.534 MeV
states.

7. Transitions from the 11.25, 11.52, and 11.63 Me V states

These states were not populated strongly enough
in the present reaction to allow spectroscopic in-
formation to be extracted. However, these states
do cascade through the 7.267 and 6.235 MeV states
since the 4564 and 3533 keV y rays are present in
the y-ray spectra which are gated on this triplet
of states. No y rays indicating decay through the
9.038 or 9.803 MeV state could be identified.

8. Transition from the 12.591 Me V state

6. Transitions from the 9.803 MeV state

The transition to the '-,"state at 5.534 MeV (20%)
limited the range of possible spins to be —,

' to '-,' .
As shown in Fig. 11 the transition to the 6.235
MeV state (51/o) indicated a —,

' to '-,' assignment
if the spin of the 6.235 MeV state is '-,' and —,

' to
assignment if the spin of the 6.235 MeV state

is —,
' . The elimination of the '-,' assignment for

the 9.803 MeV state is important since it has been
suggested that this state is the '-,"member of the
ground state rotational band. ' ' ' For this reason
the angular correlation data are explicitly pre-
sented in Fig. 8, and as can be seen these data
also support the '-,"assignment.

The analysis of the transition to the 7.267 MeV
state (29%) excluded a quadrupole transition. As
was the case with the 9.038 MeV state, this fur-
ther limits the spin of the 9.803 MeV state depend-
ing upon the spin of the 6.235 and 7.267 MeV states
as shown in Table VII. Once again, these assign-
ments are consistent with the findings of Green et
al. who analyzed the transition to the 6.235 MeV
state. It is important to note that the 1.153, 1.770,
2.534, and 4.271 MeV y rays are present in the
spectra of Ref. 4, but were not identified due to
insufficient resolution or statistics.

This state was observed to decay to the 7.267
MeV state with a 5324 keV y ray. In the y-ray
spectrum of Fig. 5, there is a single peak above
this y ray which has been tentatively identified as
the first escape peak of a 6355 keV y ray which
would imply a transition to the 6.235 MeV state.
In addition, a weak 2792 keV y ray indicates a
branch to the 9.803 MeV state. The high energy
shoulder on the 3533 keV y ray in Fig. 5 would be
the corresponding 3569 keV y ray which deexcites
the 9.803 MeV state. An angular correlation anal-
ysis was performed on the 5324 keV y ray which
probably includes a second escape peak from the
6355 keV y ray. No attempt was made to correct
for this effect. The angular correlation analysis
was carried out assuming that both the 6.235 and
7.267 MeV states are '-,"states. It indicated spin
assignments of &', '-,", or & for the 12.591 MeV
state. Naturally, if either the 6.235 or the 7.267
MeV states is not a '-,

' state this calculation is in-
valid.

9. Transitions from states at excitation energies greater
than 13.0 MeV

All states above 13 MeV excitation energy decay
predominantly by particle emission to states in
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"Na, "Ne, "F, and "Ne. It has been suggested
that states at 14.24 and 14.70 MeV excitation en-
ergy are the '-,' ' and '-,' members of the ground
state rotational band. ' Particular care was taken
to locate evidence of transitions from the 14.5 MeV
gate region to the 9.038 and 9.803 MeV states, but
none was found.

G. Further discussion of spin assignments

I.O-

TRANS MISSION

l2c + l2c
COE FF I C I E N TS

Na+ p Na+d

0.5—

o.o 0 8 12 16 0 4 8
L (5)

FIG. 12. Transmission coefficients for ' C+' C, 3Na

+P, and ~2Na+d. The 2C elastic scattering transmis-
sion coefficient was calculated for 38.8 MeV incident
energy. For the proton and deuteron cases, the calcula-
tion was performed as a function of the excitation ener-
gy (indicated, in MeV, on the curves) of the residual
nucleus. Optical model potentials were taken from Refs.
24 and 25.

0 4 8

While only spin limits could rigorously be made
in the previous section, a large amount of addition-
al experimental evidence indicates that the high-
est possible spins are the correct ones for the
states excited in this reaction. This additional
evidence will now be discussed.

Recently, Fletcher et al."used the "C("C,'Be)-
"Q reaction to determine a J " assignment
of 12' for a resonantlike structure at
E, ("C)=-19.45 MeV, with I", =250 keV. In ad-
dition, Cosman et al.' have indirectly inferred aJ' assignment of 12' for the resonant structure
in the "C("C,P)"Na reaction (I', =400 keV) at
E, ("C)=19.30 MeV which is the subject of the
present investigation. In the following it will
therefore be assumed that a compound system
with J' of 12' is predominantly formed at the pres-
ent beam energy of E, ("C)=19.41 MeV. This
is not to imply that only the 12' resonance is being
excited at E, ("C)=19.45 MeV, the presence of
the continuum of presumably lower spin states in
Fig. 1 testifies to the probable excitation of com-
pound states with J&12.

Transmission coefficients calculated for protons
incident on "Na as shown in Fig. 12 indicate that
the grazing l =4 partial waves populate the 9.038
and 9.803 MeV states strongly with the l = 6 con-
tributions an order of magnitude less. As an ad-
ditional check of the validity of excluding l = 6 par-
tial waves, penetrability calculations were per-

formed. With an interaction radius of
8 =1.20(A, ' '+A, ' '), the penetrability for the
l =4 partial wave to the 9.803 MeV state is a factor
of 40 greater than that for /=6. Consequently, the
most probable angular momentum is consistent
with spins ~ '-,' for the two enhanced states in "Na
and also is consistent with spins of '-,

' or '-,' for the
more weakly populated states at 5.534, 6.114,
6.235, and 7.267 MeV excitation. As would be
expected from this calculation, the —,

' and —,
' '

states at 2.076 and 2.704 MeV excitation energy
are populated with small cross sections since
they must proceed by l = 8 partial waves. Thus,
the J='2' assignments for the 9.038 and 9.803 Mev
states are the only ones consistent with all of the
information.

As was pointed out in Ref. 26, the E„=4.523 MeV
state in "Na resonates at nearly the same inci-
dent "C beam energy (E~ =38.6 MeV) as the 9.038,
9.803, and 12.591 MeV states. In our present ex-
periment, we have simultaneously obtained
"C("C,dy)22Na data, "and the particle-y analysis
confirms the specific population of the 4.52 MeV
state. Generally these transitions have been sug-
gested as a 7'-5'- 3' spin sequence by Freeman
et al."and by Spear et al."; however, the latter
authors note that the 7' is not a rigorous assign-
ment and give J'=7' or 5' for the 4.52 MeV state
from their "F(o'., ny)"Na neutron-y correlation
studies. If the 4.52 MeV state were a 5, , then a
transition to the 3' ground state would be expected.
In our data, no 4.523 MeV y-ray transition to the
J'=3' ground state is observed, and we limit such
a, branch to —1%. This limit combines with the
reported lifetime of 115",0 Isec (Ref. 28) and an
estimated mixing ratio of & —0.02 to give an E2
transition strength of only 0.01 W.u. for the 5,'- 3'
sequence. Such retardation is difficult to reconcile
with the observed 98+ 2% branch to the 1.528 MeV
(5') state (an E2 strength of 3.3 W.u. ) and this lat-
ter state's enhanced E2 transition to the ground
state. The 5 assignment can be excluded by con-
sideration oI the strength of the 5 -5' (4.523
—1.528 MeV) sequence with Spear's mixing ratio
which would give ~M21'&30 W.u. (Ref. 29). In ad-
dition, transmission coefficient calculations show
in Fig. 12 that the l =4 partial waves also domi-
nate the deuteron channel for E„=4.5 MeV in "Na.
Again, with the compound state spin determined
as 12, the only possible spin assignment consis-
tent with all the information is J' = 7' for the E„
=4.523 MeV state.

Analysis of Table VII shows that once a lower
spin limit of '-,' is placed on the states at 9.0 and
9.8 MeV, these assignments follow: 6.114 MeV
state '-,'; 6.235 MeV state '-,'; 7.267 MeV state
&, 9.038 MeV state '-,"; and 9.803 MeV state '-,' .
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Since the 6.235 and 7.267 MeV states are '-,' states,
the crude angular correlation analysis performed
simultaneously on the transitions into these levels
from the 12.591 MeV state takes on more mean-
ing, and an '-,' to '-,"assignment is indicated for
the 12.591 MeV state. Once again, the '-,' and '-,"
assignments may be excluded since the trans-
mission coefficients describing the appropriate
l = 6 partial wave are essentially zero. As may
also be seen in Fig. 12, the transmission coeffi-
cients for l =4 partial waves leading to the 12.591
MeV state are about 30/o less than those / = 4 par-
tial waves leading to the 9.803 and 9.038 MeV
states. This accounts for the relative populations
of these states in the present reaction. Following
this same procedure, one would predict that the
probable '-,

"or '-,' states at about 11.5 MeV excita-
tion energy would be populated with strength ri-
valing the 9.803 MeV state. However, it must be
remembered that these states are not enhanced
at E~ =38.8 MeV and it is therefore impossible to
draw any conclusions from the relative popula-
tions.

The extended decay scheme which results from
the present work is shown in Fig. 9. Each state
of spin J shown in the figure decays by dipole and
quadrupole transitions to states with spins J—1
and J—2, respectively.

H. Comparison to theory

To test nuclear model calculations, the decay
information and spin assignments resulting from
the present analysis are compared with three
model calculations. The two types of nuclear
models having the most success in this mass re-
gion are the ¹ilsson model and the extended shell
model. Two ¹ilsson model calculations are com-
pared with the data. The first ¹ilsson model cal-
culation was taken from the literature, and was
performed by Frank et al. ' The six positive par-
ity bands occurring in the 2s-1d shell were in-
cluded in a band mixing calculation, with the pa-
rameters 6, x, and p, fixed at+0.4, 0.1, and 0.0,
respectively. The value of +0.4 for ~ is consis-
tent with the measured ground state quadrupole
moment of 10 fm'. These parameters were chosen
in order to reproduce the level structure at ex-
citation energies below 6.0 MeV. The moment of
inertia parameter for each band was fixed at 240
keV, but the bandhead energies were treated as
adjustable parameters.

The second Nilsson model calculation was per-
formed by Zurmuhle. " The same six positive
parity bands were included in a mixing calculation
with ~, v, and p, fixed at+0.4, 0.08, and 0.0, re-
spectively. The calculation was performed using
the results of the present experiment as a basis
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FIG. 13. Level scheme indicated by the present and
previous experiments compared with shell-model and
Nilsson model calculations. All the known positive pari-
ty states below 6.0 MeV are included and are labeled in
lower case print. Each state is labeled as 2J. All pre-
dicted levels with energies less than 6.0 MeV are shown.
When available, the four lowest-lying states of a given
spin are shown for spins greater than ~'.

2

for parameter adjustments. In particular, the
moment of inertia parameter was decreased to
180 keV in order to depress the energies of the
high-spin states in accord with the '

—,
"assignments

for the states at 9.038 and 9.803 MeV excitation.
The strength of this spin orbit coupling was then
varied in order to reproduce the level structure
of known low-lying positive parity states. Best
agreement was found with ~ = 0.08. Bandhead en-
ergies were not renormalized and & and p, were
fixed at +0.4 and 0.0, respectively.

The last calculation to be discussed is a recent
shell-model calculation by Chung and Wildenthal. '
The general features of such calculations have
been discussed by Halbert, McGrory, Wildenthal,
and Pandya. " This calculation was carried out in
the full d5/2 s]/2 d3/2 basis space and uses as a
Hamiltonian two-body matrix elements obtained by
empirically adjusting the matrix elements to best
fit low-lying level energies in the A. = 18-24 re-
gion. " The single particle energies are taken
from the "0experimental spectrum.

The level scheme as determined by the present
experiment is compared with these shell model
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predictions in Fig. 13. The shell model repro-
duces the experimental level scheme remarkably
well. The only apparent discrepancy is the in-
verted order of the '-,

"and '
—,
' states at 6.114 and

6.235 MeV excitation energy. Both Nilsson model
calculations reproduce the low-lying structure
quite well, but fail to predict enough high-spin
states at excitation energies above 6.0 MeV. In-
cluding higher-lying bandheads into the mixing
calculations would not solve this problem, since
the associated bandhead energies would lie above
6.0 MeV excitation energy. In order to depress
the '-,' to '-,' members of these bands to the region
of 6 to 10 MeV excitation energy, a smaller mo-
ment of inertia would be required and this smaller
moment of inertia would make it impossible to
reproduce the low-lying energies.

In Tables V, VI, VIII, and IX, the transition

strengths, branching ratios, lifetimes, and mixing
ratios calculated from the present experiment are
compared to the Nilsson and shell-model predic-
tions. Also included in these tables are the results
for the low-lying positive parity states which were
not populated with the "C("C,P)23Na reaction at
E, ("C)= 19.41 MeV.

The shell model predicts the branching ratios to
within about 20/o for every transition except those
from the 2393 and 3916 keV states. All the pre-
dicted mean lives and mixing ratios are within
two standard deviations of the quoted error of the
experimental values except for the mean life of
the 2393- 0 keV transition. The theoretical tran-
sition strengths are accurate to within the quoted
errors for most transitions. The transition
strengths which are not accurately predicted are
generally slightly overestimated in the theoretical

TABLZ VIII. ¹ilsson model I transition strengths as compared with the experimental
values. Experimental transition strengths were obtained using the experimental values of
5, ~, and BR shown in Table VI when the data were available. Theoretical transition strengths'
ale from Ref. 1.

jV.

(keV) J; {keV) Jy

I (M 1)(W.u.)

Exp. Theory ' I'(E2) (W.u.)
Exp. Theory

44o
2

2076
2

2393
2

440

3+
2

3+
2

5+
2

3+
2

0.23+ 0.01

0.16+0.02

& 0.002 b

0.13 (0.25)

0.09 (0.20)

0.67 (0.07)

25.3+ 3.8
11.8 + 2.0

13.9$ 3.4
&2 ob

19.0

11.0

15.0

2.9

27O4 -'+
2

440

440

2984

3916
2

4430
2

4775

5374
2

440

440

2393

440

2076

2704

440

2076

2984

5534 — 2076

2704

5+
2

5+
2

7+
2
3+
2
5+
2

3+
2
5+
2

3+
2

1+
2

5+
2
7+
2
g+
2
3+
2

5+
2

7+
2
3+
2
7+
2

0.41+ O.11

0.14+ 0.02

0.16 + 0,03

0.04 ~ 0.01

& 0.007 b

&1,4b

1.2 ~ O.3b

0,11+0.06

0.22+ 0.11

0.34 (0.48)

0.24 (0.007)

1.01 (0.08)

0.05 (0.0015)

0.12 (0.004)

0.67 (0.67)

0.033 (0.011)

0.21 (0,000 15)

0.07+ 0,04

0.39 + 0.21

0.62+ 0.34

0.40 (0.13)

0.024 (0.08)

0.47 (0.38)

0.071+ 0.036 0.12 (0.22)

29+ 04
20, 1+ 5.5

44.0+25.0

0.01+ 0.04

1.30+ 0.91

0.85 + 0.29

&3 3

&400 b

1.13+ 0.63

0.31 + 1.60

0.04+ 0.05

7.75 ~ 5.08

8.44 + 10.10

7.7 + 4.1

1.68 + 1.04

0.16

14.0

5.0

0.05

0.46

0.84

1,8

0.04

0.08

0.9

2.0

0.5

18.0

6.0
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(keV) J; {keV)

TABLE VIIL (Contfnued)

I' (M1) (W.u.)
Exp. Theory'

~(E2) (W.u. )
Exp. Theory

6114 —"' 2076
2

2704

5534

5534

6235

6114

9038 5+ 5534
2

6235

6235 — 2704
2

7267 @ 2704
2

7267

6114

9804 — 5534
2

6235

z+
2
9+
2
9+
2

11+
2
9+
2
fi+
2

g+
2
11+
2

if+
2.
Q+
2

g+
2
if+
2
5+
2
li+
2
g+
2

No available

state

0.45 (0.58)

available

no

0.45 + 0.29

no

state

0.057+ 0.027 available

state

0.030+ 0.014 0.13 (0.22)

15.0+ 6.9

118+ 201

0.043 + 0.144

1.20 + 1.02

17,0

2.0

3.0

The I'(M1) values were modified to take into account effects of isospin. These modified
values of I'(M1) are in (parentheses).

b These experimental values were obtained from Ref. 1.

TABLE jX. Nilsson model predictions of mean lifetimes, mixing ratios, and branching
ratios as compared with experimental values. Theoretical values of &, BR, and 6 were ob-
tained from Ref. 32.

(keV) J; (keV)
Mixing ratio

Exp. Theory
Mean life (fsec) Branching ratio ('Po)

Exp. Theory Exp. Theory

440' -"
2

2076
2

2393 b
2

2704
2

2984
2

3916' -"
2

4430 b
2

4775 b z
2

0

440

0

440

440

2076

0

440

0

440

0

2393

440

2076

2704

3+
2
3+
2

5+
2

3+
2

5+
2
5+
2

z+
2

3+
2

5+
2

3+
2
5+
2

3+
2

f+
2
5+
2

z+
2
9+
2

—0.057+ 0.004

+0.14+ 0.11
—0.19 + 0.02

+0.00 + 0.03

-0.08 + 0.02

+0.01+0.02

+0.09+ 0,03

—0.22 + 0.03

—0.17 + 0.02

+0.04 + 0.10

-0.22

+0.04

-0,04

-0.006

-0.03

+0.31

+ 0.12

—0.02

—0.02

—0.02

i600 +80

40 +i5

800 +200

i i0 +30

i0+2

0.27+ 0.03

2100 100

44

100.0

9.0

150

91+ 1 91.0
65+ 1 100.1

0,0

64+ 1 60.0

36+ 1 40.0

58+ 1 35.0

42+ 1 65.0

2.0 60+ 3 18.0

27+ 2 37.0
13+2 45.0

2.0 82 + 2 12.0
8+ 2 59.0

0.4 94 + 2 96.0

4.0
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TABLE ]X. (Continued)

E.
(keV)

Ey
0 eV) J,

Mixing ratio
Exp. Theory

Mean life {fsec) Branching ratio po)
Exp. Theory Exp. Theory

5374' —"
2

5534 R li
2

6114 8 1l+
2

6235
2

7267' ~'
2

9038' ~'
2

9803' —"'
2

0 —" +0.05 + 0.05
2

440 —" +0.27 + 0.05
2

2076 ~ —0.15 + 0.08
2

2984
2

2076 — +0.08 + 0.25
2

2704 —' —0.17 + 0.03

2076
2

2704 29 —0.26+00 42&~

2704 — +0.09 + 0.5

5534 —' —0.14 + 0.11

2704 — +0.03 + 0,24
2

5534
2

6235 g+ +0.57+3. 63

2

6114 — -0,01 + 0.09
2

5534
2

6235
2

7267
2

5534

6235
2

6]]4 1k+
2

7267
2

—0.02

—0.02

+ 0.02

W.37

—0.25

50 + 1 i

22 + i0

—0.03

26+8

No predictions available

No predictions available

0.6 13+ 1 87 0

27+ 3

7.0

6.0

0.0

20.0 89+ 5 91.0

9.0
53+ 5

6.0 26+ 5 27.0

74+ 5 73.0

17+4

'Experimental values of &, BR, and 6 were obtained from Tables I, III, and IV.
"Experimental values of &, BR, and 6 were obtained from Ref. 9.' Experimental values of &, BR, and 5 were obtained from Ref. 32.

calculations. Overall, the shell model does an ex-
cellent job of reproducing the spectroscopic prop-
erties of "Na.

V. CONCLUSIONS

The "C("C,P)"Na reaction has proven to be ex-
tremely useful in studying high-spin states in "Na.
The general applicability of "heavy ion in —light
ion out" particle-y-ray coincidence measure-
ments as a spectroscopic tool for investigating
high-spin states is probably limited since most
of these reactions are typified by microbarn cross
sections. However, if an enhanced cross section
can be found for even one state the stringent align-
ment conditions imposed on the residual nucleus
allow particle-z-ray angular correlations to be
performed on transitions from states which are
included in the z-ray cascade from that state.
The resulting measurements produce decay in-
formation and spin limitations on the states which

participate in this cascade.
Using the particle-Z-ray angular correlation

technique, a number of high-spin states were
identified in "Na, and their decay properties were
studied. A comparison of the results of these
measurements with shell and Nilsson model pre-
dictions indicate that the current highly sophisti-
cated shell-model calculations provide an excel-
lent description of the decay properties of "Na
up to 13.0 MeV excitation energy. The Nilsson
model calculations were not able to compete with
the shell-model calculations because of the re-
stricted basis of states which were employed. If
these calculations were expanded to take into ac-
count the breaking of neutron and proton pairs with
variation of the deformation and moment of in-
ertia parameters the Nilsson model could possibly
give much better results. Of course, such com-
plex modifications would eliminate the appealing
simplicity of the Nilsson model.
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