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Further studies of the Ne?(He?, p) Na?? reaction have been carried out to investigate in particular those
Na? states of excitation energy greater than 2.9 MeV. From a measurement of the linear polarization of
v rays from Na? states formed in the above reaction, it has been determined that the 3-MeV doublet states
at 2.969 MeV(J=3) and 3.059 MeV(J=2) both have even parity. The y decays of higher-lying states
were investigated through p-y coincidence measurements which utilized a 30-cc Ge(Li) spectrometer for
v detection. Correlation results lead to a J™=23" assignment for the 3.521-MeV state. The p-y measure-
ments also determine the principal v decay of 9 of the 13 states previously reported in the region 4 MeV <
E.,<5.2 MeV. Some information is also obtained on the spins of these states. Evidence is presented for
the decay of a previously unreported level at an excitation energy of 4.294+4-0.002 MeV.

I. INTRODUCTION

REVIOUS studies of Na* have provided unique
assignments of spin for 10 of the first 11 excited
states of Na2? reported! below E=3.1 MeV, and have
also determined the parity of the first 9 of these levels.
Figure 1 summarizes the available information™*® on
spins, parities, and y-ray branching ratios for the low-
lying states of Na%. The branching ratios indicated
in Fig. 1 for the states of Eex<4.1 MeV incorporate the
new results of the present experiment which have, in
particular, determined the complex decay of the 3.52-
MeV level and the principal decay of the 4.07-MeV
level which had been previously only suggested.241
Prior measurements have also determined$4.7-10.12-15
(or set informative limits on) the mean lives of the
levels with Ex<<3.1 MeV. The lifetimes of the levels
at 0.657 and 1.937 MeV can also be inferred from
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Mg? positron decay.’® The measured lifetimes have
been used, together with the branching-ratio informa-
tion summarized in Fig. 1 and the previously measured
mixing ratios,>”" to obtain dipole and quadrupole
matrix elements for the transitions connecting these
low-lying levels.67:14

As discussed previously,®7* the experimental de-
scription of the low-lying levels of Na?* which emerges
from the above investigations is qualitatively accounted
for by either the rotational model or by a SU; scheme.
In particular, the prediction is that the lowest-lying
levels shall be of even parity, arising from bands based
on intrinsic states with (K, T)=(3, 0), (0, 0), and
(0, 1).

The experimental description (summarized partially
in Fig. 1) permits identification of the first 3 members
of both the (3, 0) and (0, 1) bands, and probably the
first 2 members of the (0, 0) band. Evidence has also
been presented” for the tentative identification of a
(K, T)=(1, 0) odd-parity band with a 1=, 2=, 3=, ---
level sequence, based on the experimental determina-
tion of odd parity for the states at 2.211 MeV (17) and
2.572 MeV(27). The most likely candidates for the
J7=3" member of this band are the levels at 2.969
MeV (J=3) and 3.521 MeV (J>2). It has been noted
previously that if one makes the identification of 3~
with the 2.969-MeV state, then the 2.969—1.952 tran-
sition (£1) has a strength at least 10° times that of the
AT =1 transitions from the 1~ and 2~ members of the
band. This is in significant disagreement with the SUj;
model which provides a marked inhibition of the AT =1
E1 decays.

In the light of this speculation, it is clear that an ex-
perimental determination of the spin and parity of the
2.969- and 3.521-MeV levels is of particular importance
to the collective-model considerations of Na*. Addi-
tional information on the character of higher-lying
states is also desirable, in that it would hopefully permit
an identification of the higher-spin members of the even-
parity bands.

1 A. Gallmann, G. Frick, E. K. Warburton, D. E. Alburger,
and S. Hechtl, Phys. Rev. 163, 1190 (1967).
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1 NUCLEAR STRUCTURE OF Na??

It is with this particular interest that the present set
of investigations was undertaken. Section II presents
the results of a study of the linear polarization of y rays
measured in the Ne*(He?, py)Na? reaction designed
to investigate the parity of the levels at 2.97 and 3.06
MeV. In Sec. III are reported the results of (p, v)
coincidence measurements, in which a Ge(Li) detector
was used to determine the decay scheme of the higher-
lying levels. Some correlation information was also
obtained, and is discussed therein. Finally, these results
are correlated with previous information as discussed

in Sec. IV.

II. POLARIZATION MEASUREMENTS

A. General Method

In this section, we report an investigation designed to
determine the parity of the Na? levels at 2.97 and
3.06 MeV through measurements of the linear polari-
zation of the 2.97—1.95 and 3.06—1.95 transitions,
which represent the principal decay modes for these
levels. The initial states were formed via the Ne%
(He?, p)Na? reaction under conditions which insured
that the states were aligned, and thus that the polari-
zations of the deexcitation v rays should be nonzero
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F1c. 1. Diagram summarizing previously available informa-
tion on Na22 levels of E.,<5.4 MeV. Spins, parities, and y-ray
branchings are taken primarily from the results presented or
summarized in Refs. 2-10, but include the results of the present
experiments, which have determined the deexcitation modes of
the 3.521- and 4.077-MeV levels. For the higher-lying levels of
E..>3.9 MeV, which were in part the subject of the present
investigation, the quoted excitation energies are from Ref. 1.
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so that a measurement of the polarizations provides
information on the multipolarity of the transitions.”

In review, it has previously been firmly established
that the 2.97- and 3.06-MeV levels have J=3 and J=2,
respectively, and that the principal y-ray deexcitation
of each occurs by the emission of predominantly dipole
radiation leading to the J7=2+ 1.952-MeV level. Thus,
if the polarization measurements on the 2.97—1.95
and 3.06—1.95 transitions can successfully determine
the multipolarity of the radiations as either £1 or M1,
the measurement fixes the parity of the initial levels,
since the parity of the 1.95-MeV state is established$*
as even.

A discussion of the general problem of polarization
measurements, as applicable to the present investiga-
tion, has been given previously,® and we therefore
merely review those specific relations which apply for
the present case of y emission from a state aligned
through a nuclear reaction. For a detector which is not
polarization sensitive

W(0)=A4¢> apPr(cosd), (1)

where ay=1, Pi(cosf) is the kth-order Legendre poly-
nomial and % takes on the values 0, 2, 4, ---. We shall
measure the linear polarization P(8) at 6=90°. For
quadrupole-dipole mixtures we have® '

3(ax+b2)+(5/4) 04]
2—ay+(3/4) ay

where the dependence on the multipole mixing ratio
x is contained in the parameter b,:

P(90°) =+ [ (2)

_ 8ayxF2(12ba) 3
© 3[Fy(11ba) —2xF,(12ba) +a2F5(22ba) ] ¥

bs

The phase of the mixing ratio « in Eq. (3) is as defined
by Rose and Brink.!® Thus, the 4 or — sign is to be
applied depending on whether the radiation is, respec-
tively, M1 or E1. The coefficients ¥ (LL’ba) are defined,
for instance, by Poletti and Warburton.!?

In the formalism used here, the quantity to be
measured experimentally by a Compton polarimeter
placed at angle 6 is ‘

SO)=(Y—Y)/(Y1tTy), (4)

where V1 and ¥ are the relative yields for Compton
scattering from the central scattering crystal into the
two side detectors defining planes which are mutually
coincident with the incident v direction and respec-
tively perpendicular and parallel to the reaction plane.

L. W. Fagg and S. S. Hanna, Rev. Mod. Phys. 31, 711 (1959);
see also H. Frauenfelder and R. H. Steffen, in Alpha-, Beta-,
and Gamma-Ray Spectroscopy, edited by Kai Siegbahn (North-
Holland Publishing Co., Amsterdam, 1965), p. 1044ff.

( 18I;I). J. Rose and D. M. Brink, Rev. Mod. Phys. 39, 306
1967).

B A. R. Poletti and E. K. Warburton, Phys. Rev. 137, B595

(1964).
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The true experimental polarization is related to S(6) by
P(6)=5(0)/0Q, (5)

where Q is a constant (i.e., independent of §) which
expresses the energy dependence of the Compton scat-
tering process, and contains specifically the geometrical
factors of the actual polarimeter. Note in Eq. (5) that
P(#), and also S(6) and Q, may be either positive or
negative. An experimental measurement of P(90°),
defined by Eq. (5), can be compared to that predicted
for different multipoles by Eq. (2) to distinguish be-
tween electric and magnetic dipole radiation, provided
the angular distribution of Eq. (1) can be specified from
an independent or concurrent measurement.

B. Experiment

The Ne®(He?, p) Na? reaction was initiated by bom-
bardment of a natural neon (90.929, Ne®) gas target
using the He*++ beam from the BNL Van de Graaff
accelerator at a bombarding energy of 6.92 MeV. The
target gas was constrained in a cylindrical target cell
at a pressure of 0.5 atm by entrance and exit windows
of 0.1-mil Ni foil. The target cell was located at the
center of an 8-in.-diam scattering chamber. An annular
surface-barrier detector was positioned at 180° relative
to the beam direction, set to detect charged particles
emanating from the target cell within the angular range
168°<6,<172°. The three-crystal polarimeter was
mounted on a correlation table which could be moved
in the range 0<6,<90° and was actually set at 6, =90°
since the polarization is maximum there for dipole radi-
ation.

For these measurements the y-ray spectra observed
with the polarimeter were measured in coincidence with
the protons leading to the 3-MeV doublet levels, using
a single voltage gate set on the 2.97- and 3.06-MeV
proton groups which were unresolved by the particle
detector. The above coincidence condition served two
purposes: (1) The resultant y-ray spectrum viewed by
the polarimeter contained only the deexcitation v rays
from the 2.97- and 3.06-MeV levels. (2) The colinear
particle detection scheme restricts the population of the
initial levels (J=2 or 3) to the magnetic substates
m=0 or &1, and thus the initial states are aligned.

The polarimeter itself consisted of a central 1X3-in.
NaI(Tl) scattering crystal, and two 3X3-in. NaI(Tl)
side detectors, whose relative positions were fixed by
machined aluminum holders. The central crystal was
located with its axis along the direction of the incident
y-ray flux. The two side detectors were positioned at
right angles to this direction, with one detector located
in the reaction plane (“paralle]” detector) and the
other located in the plane normal to the reaction plane
(“perpendicular” detector).

Time-coincident pulses from the scattering and
“parallel” detectors, corresponding to a given Compton
scattering event, were summed by an adding circuit
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before presentation to one of two identical 1024-channel
analyzers. The analyzer was gated by a fast-slow co-
incidence circuit which signaled that a particular “in-
plane” scattering event had taken place. In addition
to requiring a simultaneous input from the particle
detector gate, the coincidence circuit imposed a voltage
gate on the pulses from the “parallel” detector covering
the energy range 380-540 keV. This corresponds to a
restriction on the Compton scattering angle of roughly
60°-90°. An identical system was used for the simul-
taneous analysis of pulses corresponding to scattering
into the “perpendicular” detector.

Figure 2 shows the coincidence spectra thus measured
with the polarimeter, each labeled according to whether
the scattering took place into the “parallel” or “perpen-
dicular” detectors. Here we see the three v rays result-
ing from the 2.97—1.95—0.58 and 3.06—1.95—0.58
transitions, where the 1.95—0.58 peak represents the
sum of the separate contributions from the two cascade
routes. From inspection of Fig. 2, it is apparent that
the relative peak areas measured for the 2.97—1.95
transition are markedly different, as are those also for
the 3.06—1.95 transition, indicating an aximuthal
asymmetry in the Compton scattering process cor-
responding to a measureable polarization. For each
spectrum the peak areas were determined using a least-
squares computer fit to the data, in which the data
were represented as the sum of three Gaussian peaks
superimposed on a smooth background. The values of
V1 and Y| thus determined were then used to compute
the quantity S(90°) which is tabulated in Table I.
The experimental polarizations P (90°) =.5(90°)/Q are
also shown, where we have used for the calibration
constant, (), values computed from the relationship
established previously® for this polarimeter, namely,

0= (0.340:0.053) — (0.079-£0.035) £,,

where E, is in MeV. Since the polarimeter is as nearly
as possible identical to that used previously, it is ex-
pected that the above relationship holds also for the
present measurement. This was checked by independent
measurements on the 2.21—0.66 transition, as we shall
illustrate later.

The angular distribution coefficients were measured
under identical experimental conditions, but with a
3X3-in. NaI(Tl) detector (polarization insensitive)
replacing the three-crystal polarimeter. Previous work?:
had shown that the 2.97- and 3.06-MeV levels decay
to the 1.95-MeV level by predominantly dipole transi-
tions such that the angular distributions have a, terms
only, with negligible a4 terms. From an analysis of the
spectra obtained at detector angles 6,=0° and 90°,
measured in coincidence with protons leading to the
2.97- and 3.06-MeV levels, the areas under the full
energy peaks were determined. The results were then
fitted to determine the coefficients as. The values sum-
marized in Table I are an average of the present results
with previous? results obtained under identical circum-
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Tasre I. Experimental results obtained for the linear polarization of v rays from various states in Na? observed at 6,=90°. The
measured quantities a; and S(90°) lead to the experimental and predicted polarizations P(90°) as explained in the text. P(90°)theor
is the prediction for pure dipole radiation with the multipolarity chosen to give agreement in sign with experiment.

Transition

E

y
(MeV) a S(90°) (MeV) P(90°) expt P(90°) ¢heor Multipolarity
2.211—-0.657 —0.76+0.03 —0.263-0.06 1.554 +1.1740.34 +0.824-0.03 El
2.969—1.952 —0.37+0.11 +0.264-0.06 1.017 —1.01+0.34 —0.4740.05 M1
3.059—1.952 +0.2140.05 —0.16+40.04 1.107 +0.6140.21 +40.3540.07 M1
1.952—0.583 —0.22+0.05 +0.07+0.02 1.369 —0.30+0.12 —0.30+0.06 M1

stances. The predicted polarizations computed from
Eq. (2) for pure dipole radiation, corresponding to these
values of @, are summarized in column 6 of Table I.
Here we have chosen the sign to agree with the mea-
sured polarization; the character of the dipole radiation
corresponding to the sign chosen is given in column 7.
This comparison indicates that both transitions are
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F1c. 2. Spectra of v rays from the Ne2 (He3, pv) Na?? reaction
measured by a three-crystal NaI(Tl) Compton polarimeter at
6,=90° relative to the incident He® beam direction. These data
were measured in coincidence with protons leading to the 2.97-
and 3.06-MeV levels, detected by an annular Si detector centered
at 6,=180°. From the relative areas of the observed peaks, which
correspond to the probability for Compton scattering in the
planes ‘parallel” and “perpendicular” to the reaction plane
(defined by the polarimeter), the linear polarizations of the
2.97--1.95 and 3.06—1.95 transitions were obtained. As explained
in the text, the measured polarizations show that both transitions
are M1 in character. The data on the 1.95—0.58 transition, which
represents the sum of the secondary members of the above
cascades, provided one of the checks on the polarimeter efficiency.

M1. However, since small admixtures of quadrupole
radiation are possible in both transitions we must con-
sider the effects of these admixtures using Eq. (3).
The result is illustrated in Fig. 3 which shows the
theoretical polarization of Egs. (2) and (3) calculated
using the a, coefficients of Table I. Also shown are the
allowed values of the mixing ratios of the two transi-
tions*® and the measured P(90°). We conclude that
there is no parity change involved in the 2.97—1.95
and 3.06—1.95 transitions leading to the even-parity
1.95-MeV level, and thus both the 2.97- and 3.06-MeV
levels must also be of even parity.
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F16. 3. Linear polarization P (90°) as a function of the quad-
rupole-dipole mixing ratio x for the y-ray transitions indicated.
The theoretical curves were calculated using Eq. (2). Curves
are shown for values of as one standard deviation either way from
the mean (Table I). Experimental values of P(90°) are also
shown as well as the region of x allowed by previous work (Refs.
4 and 6). For the 3.06—1.95 transition, the indicated lower limit
on x is roughly the 0.19, confidence limit. The “correct” theoretical
curve lies within the intersection of the cross-hatched regions
indicating the experimentally allowed regions of P (#) and x.
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Also shown in Table I are the values of S(90°) and
correspondingly P(90°) obtained from the above data
for the 1.95—0.38 transition, which results from feeding
of the 1.95-MeV level via cascades from the 3-MeV
doublet levels. It has been previously shown® that the
1.95(2+)—0.58(1+) transition is primarily dipole, the
restriction on possible quadrupole mixing being given
by =+ (0.0424-0.06). As can be seen from Table I,
the predicted polarization calculated from Eq. (2),
based on the measured value of the distribution co-
efficient as, is in good agreement with the experimental
polarization if we choose the sign to agree with M1
character for the 1.95—0.58 transition, as it must be.
As an additional check, the polarization of ¥ rays from
the 2.21(17)—0.66(0*) transition was measured in
a separate experiment. Again, the v rays were observed
in coincidence with the protons leading to the 2.21-MeV
state. Table 1 summarizes the values of S(90°) and
P(90°) thus determined, together with the theoretical
polarization predicted from the value of @,. As can be
seen, the predicted and measured polarizations agree
very well if we choose the + sign in Eq. (2). This cor-
responds to E1 radiation, in agreement with the pre-
vious conclusions which have determined that this is
a 170" transition.

III. BRANCHING RATIO AND CORRELATION
MEASUREMENTS

A. Ge(Li) Measurements
Method

Proton-y coincidence spectra from the Ne?(He?,
pv)Na? reaction were measured using a 5-in.-diam
chamber® which permitted colinear detection of the
reaction protons. The target gas of natural neon was
constrained at a pressure of 0.33 atm in a 0.6-cm-long
target cell which was located at the center of the cham-
ber. The charged particles resulting from He¥*+ bom-
bardment of the target cell were detected by an annular
surface-barrier detector, placed concentric with the
beam axis and subtending an angle defined by 165°<
0,<175°. A 6.85-mg/cm? Al absorber was placed over
the front face of the detector to stop elastically scat-
tered He? particles, and the detector was additionally
shielded against electrons emanating from the target
cell by a small ferrite magnet (~400 G/cm?) placed
between the target and detector. v rays were detected
with a coaxial 30-cm? Ge(Li) detector located with its
front face at a distance of 7 cm from the target cell.
The v detector system utilized pole-zero amplification
and dc restoration in order to achieve resolutions of <3
keV at count rates of up to 5X10* counts/sec. With the
indicated geometry, the v detector subtended a solid

207, W. Olness and E. K. Warburton, Phys. Rev. 151, 792
(1966).
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angle of 1.29, of a sphere, and correspondingly the
particle detector subtended 1.59%, of a sphere.

The time-coincidence spectrum of pulses from the
detectors was analyzed by a TMC 16 384-channel
analyzer, set to operate in a 512(vy)X32(proton)-
channel mode. The analyzer was gated on by an external
coincidence circuit of resolving time 27=60 nsec. Two
separate measurements were carried out in order to
investigate the ¥ decay of states of interest:

(1) In the first, the particle detector system was
set to display protons corresponding to the range of
excitation energies in Na? of 2.4< Fex<4.1 MeV. The
range of v analysis was approximately 0.4<E,<3.8
MeV, which included the second escape peaks of all
possible ground-state transitions. This measurement
was made at a bombarding energy of Eyei=6.9 MeV,
corresponding to an energy incident on the Ne gas
target of 6.1 MeV. Coincidence data were recorded at
each of three angles ,=37°, 55° and 90° for a total
running time of 80 h, corresponding to a net bombard-
ment of 0.0147 C. (The design of the chamber precluded
measurements for 6,<<37°.) The results, which will be
discussed later, established the decay of the 3.52-MeV
level (previously known?+ to be complex) and confirmed
the previously reported*® branching of the states at
2.572,2.979, 3.059, and 3.947 MeV.

(2) For the second measurement, the range of analy-
sis was modified to study the v decay of Na?? states in
the range 3.4<Ex<S5.2 MeV. A bombarding energy
of Ens=5.81 MeV was used, corresponding to an
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F1c. 4. Spectra of v rays from the Ne2 (He?, pv)Na2? reaction
measured in coincidence with protons leading to the 3.52-MeV
state of Na?2. These data were measured with a 30-cc Ge(Li)
detector at 6,=90° the annular particle detector was centered
at 6,=180°. The various lines are identified by the transition
energies and have been fitted into the Na2? level scheme as shown
in the inset. From similar data obtained at 6, =55° and 37°, p—~
angular correlation data were extracted and used to determine
the relative transition intensities, resulting in the branching ratios
quoted in the inset.
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TasLE II. Summary of angular correlation results for the 3.52-MeV level of NaZ.

W(6) Restrictions on #, (L+1)/L mixing in primary transition
(arbitrary units) Ji=2 Ji=3

Transition 0=90° 9=55° 0=37° x x2 x x2
3.52—0 2949 52416 8617 +0.23<x<+2.48 2.9 —11.43<x<+40.32 0.6
3.52—0.89 309 65417 2613 no restriction .o no restriction eee
3.52—1.95 39665 37422 280412 +0.49<x6,<+1.88 1.6 —0.12<%,<+40.27 0.5
1.95—0.58 507425 425435 360436 %=+ (0.04+0.06) %=+ (0.04=40.06)
3.52—2.21 95419 297438 341442 no solution 4.6 —0.16<%:<+0.90 1.0
2.21—0.66 290436 170421 16013 =0 =0

3.52—-2.57 64423 68432 210442 —3.27<x<+40.09 3.6 —5.14<2<-0.38 1.8

energy incident on the Ne® target gas of 5.06 MeV.
Data were acquired over a period of 50 h at angles
6,=37° 55° and 90°, for a net bombardment of 0.010 C.

The analysis of the two-parameter data for levels of
E.x<4.1 MeV was carried out in a fashion described
previously.® Since the particle detector was capable of
resolving all of the states of interest, the 4 spectrum
measured in coincidence with a particular proton group
was easily extracted from the two-parameter matrix.
As an example, Fig. 4 shows the Ge(Li) spectrum
measured in coincidence with proton p12(3.52) leading
to the 3.52-MeV state of Na?. The lines are identified
by their energies (nominal) and lead to the decay
scheme shown in the insert. Similar plots were con-
structed for the remaining levels of 2.4 < Eex<4.1 MeV.
The results we shall summarize briefly.

Results for the Lower-Lying States

Levels of Eex<3.1 MeV. The results obtained from
the data for Eue*=06.9 MeV essentially confirm the pre-
viously quoted branching for several of the states below
Eex=3.1 MeV. The 2.57-MeV level was observed to
deexcite to the ground state and first excited state with
branches of 80459, and 204359, respectively, in ex-
cellent agreement with the previously quoted values*
of 814+3% and 19+£3%. The 2.97- and 3.06-MeV
levels both cascade through the 1.952-MeV level, these
being the only transitions observed. The correlation
data for these three states are in qualitative agreement
with that obtained previously,*%!* but were not ana-
lyzed.

The 3.52-M eV Level. The spectrum of v rays measured
with the Ge(Li) detector in coincidence with protons
leaving Na? in its 3.52-MeV (12th excited) state is
shown in Fig. 4. This spectrum was obtained from the
two-parameter data for §,=90° measured at Eg.t=6.9
MeV. The strongest lines in the spectra, as obtained
at this angle and also at the remaining two correlation
angles, were those at 1.57 and 1.37 MeV from the
3.52—1.95—0.58 cascade, and those at 1.31 and 1.55
MeV resulting from the 3.52—2.21—0.66 cascade. The
second escape peak of the 3.52—0 transition is also
evident at (3.52—1.02) =2.50 MeV. The less intense

lines at 0.95 and 2.57 MeV result from the 3.52—
2.57—0 cascade, while those at 2.63 and 0.891 MeV
are from the 3.52—0.891—0 cascade. These conclusions
are supported by the data obtained for §.,=55° and 37°.

The energies of each transition are based on an in-
ternal calibration utilizing the known energies of other
lines in the two-parameter data matrix, and result in an
excitation energy for this level of 352142 keV. This is
in agreement with the previous value! of 352710 keV.

For each of the lines evident in Fig. 4, the intensity
was extracted for each of the three angles of observa-
tion, and normalized according to the current inte-
grator. These results were next fitted with an even-order
Legendre polynomial in order to determine the relative
intensity of each line. The branching ratios thus de-
duced are shown in the inset of Fig. 4. In these cal-
culations, the relative peak efficiency of the 30-cc
Ge(Li) detector was taken, as a function of E.,, from
an extrapolated curve based on similar detectors with
volumes in the range 25-40 cc. The branching ratios
summarized in Fig. 4 are in excellent agreement with
the information gotten previously? with NaI(TI)
spectroscopy. For example, the previous value of
18469 for the ground-state branch agrees well with
the value given of 224-49,. The net intensity of the
unresolved 3.52—0.89 and 3.25—2.57 branches was
15459%,, while the unresolved 3.52—(2.2141.95)
branch was quoted as 674-5%, again in very good
agreement.

These measurements also provide a useful limit on
the mean life of the 3.52-MeV level. Detection of the
reaction protons in a backward direction insures that
the excited recoiling Na? jons have a large initial veloc-
ity (vg/c=1.43%,) along the beam axis (i.e., cosfzp=>1).
All of the transitions from the 3.52-MeV level do, in
fact, exhibit Doppler shifts for the detection angles
6,=355° and 37°. Since the Doppler shift is linear in
cosd, the data were easily fitted to obtain the 0°-90°
shift for the second escape peak of the 3.52—0 transi-
tion, yielding a value AEexp=5144 keV. The expected
kinematic shift for a very short lifetime is

AEg=E,[14 (vg/c) cosfr]=50 keV.
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F1c. 5. Partial results of a x?
analysis of the p-y angular correla-
tion data obtained for the major

transitions from the Na?? 3.52-MeV
level. In plots (a) and (b) we have
illustrated the results of a simul-
-l taneous fit to the data for the 3.52—
1.95—0.58 and 3.52—2.21—-0.66
cascade transitions, respectively. In
each case, the goodness-of-fit param-
eter x? is plotted as a function of i,
the (L+1)/L mixing in the primary
cascade. The mixing in the secondary
member has been restricted, as indi-
cated, on the basis of previously
available information as given in the
text. The explicit parameters of the
fit are the popluation parameters
P(0) and P(1) which describe the
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We thus obtain an attenuation factor
F’(7) = E(0°-90°) expt/ AEg = 1.0140.07.

A value for F/(7) may also be extracted from the
2.57—0 transition, since the mean life of the 2.57-MeV
level is known! to be much shorter than the limit we will
extract in this manner. This was done (independently
for 6,=55° and 37°) by observing that the peak posi-
tion of the 2.57—0 transition measured in coincidence
with proton group p12(3.52-MeV level) was not measur-
ably shifted from that observed in coincidence with

80

proton group ps (2.57-MeV level). In the latter case,
the 2.57—0 transition experiences the full Doppler
shift. Since these data were all within the same data
matrix, uncertainties in the energy calibration are not
of any significance here. The restriction on F’(r) from
this comparison is F’(7) =1.0440.07. The average of
these two values is F’(7) =1.024-0.05. Using the value
for the characteristic stopping time, =750 psec, ap-
propriate to Ne? gas at 0.33 atm, the above average
value for F’(7) leads to an upper limit on the mean life
for the 3.52-MeV level of 7<60 psec, where we have
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The expected positions of paricular
proton groups are indicated by the
arrows and labeled by the level
excitation energies in MeV. Evidence
is also obtained for a previously un-
reported state in Na?? at E.,=4.30
MeV. The decay scheme of these Na??
levels was determined from the
Ge(Li) spectra measured in coin-
cidence with specific proton groups.
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allowed for 2 standard deviations in the measured
F'(1).

The possibilities /=0 and J>4 for the spin of the
initial 3.52-MeV level are eliminated by the lifetime
limit since the de-excitation transitions (see Fig. 4)
to the J7=4%+0.89-MeV level (for J=0) and the J*=1—
2.21-MeV level (for J>4) would be prohibitively
strong. An assignment of /=1 is also ruled against by
the lifetime limit since the 3.52—0.89 transition, if £3,
would have a strength of at least 55 Weisskopf units*
(corresponding to a lower limit on the branching ratio
of 49%,). In addition, the possibilities /=0, 1, and 4 are
excluded by the correlation information on the major
transitions to the ground state and to the 2.211-MeV
level. Thus, we consider in detail only the possibilities
J=2 or 3. We note also that the possibility /<1 had
been previously excluded.

A summary of the available correlation information
is given in Table II, which lists for each transition the
relative intensity measured at the three angles 6,=37°,
55°, 90°.

Figure 5 summarizes the results of a x? analysis of the
correlation data on the two strongest cascade transi-
tions, as indicated in the inserts. Here we have plotted
the goodness-of-fit parameter x? versus x;, the (L+1) /L
mixing in the first member of each of the indicated
cascades, for assumed values J=2, 3 for the spin of the
3.52-MeV initial level. In both cases, the mixing in the
second member is either identically, or approximately,
zero.

Figure 5(a) shows the results for the 3.52—1.95—0.58

21D. H. Wilkinson, in Nuclear Spectroscopy, edited by F.
Ajzenberg-Selove (Academic Press Inc.,, New York, 1960),
Part B, p. 862 ff.

CHANNEL NUMBER

cascade. Here the £2/M1 mixing in the second member
has been previously restricted*® to be 4 (0.044-0.06)
as indicated. Clearly acceptable solutions for x; are
obtained for both /=2 and J=3, i.e., the value of x?
dips well below the 109, confidence limit for both cases.
The restrictions on x; (taken at the 19, confidence
limit) obtained from this analysis are summarized in
Table II. We note here that for /=3 the analysis is
consistent with the 3.52—1.95 transition being pure
dipole.

The results of a similar analysis of the 3.52(J)—
2.21(17)—0.66(0%) cascade transition are shown in
Fig. 5(b). Here the second transition must be pure
dipole. These results exclude the possibility J =2 for the
3.52-MeV level, while for J =3 they are consistent with
the 3.52—2.21 transition being of pure quadrupole
character.

We note that the selection of J=3, as opposed to
J =2, is obtained only from a simultaneous fit to all the
correlation data on the 3.52—2.21—0.66 cascade. Also
given in Table II are the restrictions obtained on the
(L+1)/L mixing for the 3.52—0, 3.52—0.89, and
3.52—2.57 transitions obtained from independent fits to
these data. As can be seen from the x? values, these
results jointly and independently establish a strong
preference for a J =3 assignment for the 3.52-MeV level,
thus supporting the results obtained from the 3.52—
2.21—0.66 analysis.

We now combine these results with the lifetime
information in order to consider the possibilities for an
even- or odd-parity assignment for this level, noting
that the restriction 7<60 psec corresponds to a restric-
tion on the level width of I'y> 11X 1073 meV. If J==3",
then the 3.52—2.21 transition is almost pure M2. The
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Fic. 7. Partial results of a two-
parameter analysis of p-y coincidences
(a) in the Ne?(He3py)Na?? reaction,
illustrating the decay of levels of 3.9<
E.x<4.4 MeV. These data were measured
with a 30-cc Ge(Li) detector with an
intrinsic resolution of 3 keV, in coin-
1 cidence with regions of proton pulse
] height corresponding (see Fig. 6) to
. 4 channels (a) 20-24, and (b) 15-18,
...1 inclusive. The various lines are labeled
' according to the excitation energies (in
MeV) of the Na?? levels between which
the transitions occur. For the higher
7 energy lines the positions of the first and
4.364=02  second escape peaks, as well as the full-

1 energy peak, are indicated. In (a), we
{  see the principal decays of the 3.947- and
| 4.077-MeV levels, while in (b) we see

caanl

_|  the principal decays of the 4.325- and
i 4.364-MeV levels. Evidence for a pre-
viously unreported state at 4.30 MeV is
illustrated, as explained in the text.
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partial v width corresponding to the measured branch-
ing ratio of 22439% (to one standard deviation) is
T,(3.52—2.21) >22.2X10~% meV. This corresponds® to
a lower limit on the M2 strength of ~35 Weisskopf units
(W.u.) which is unreasonably?? large for a AT=0
transition in this, a self-conjugate, nucleus, and we thus
reject an even-parity assignment for the 3.52-MeV level.
Conversely, if J7=37, the 3.52—2.21 transition has an
E2 strength >0.2 W.u. which is quite reasonable In
conclusion, the 3.52-MeV state is found to have
J7=3". The branching ratios for the major decay modes
have been summarized in Fig. 4. The results of the
correlation analysis are consistent with the major
transitions to the ground state (3*) and 1.952-MeV
state (2%) being pure electric dipole, while that to the
2.211-MeV state (17) must be electric quadrupole. The
transition to the 2.57-MeV (27) state may be a £2/M1
mixture; the results indicate a nonzero £2 component.
The present results can be taken as reinforcing an odd-
parity assignment for the 2.57-MeV level. For, if the
3.52—2.57 transition were an M2/E1 mixture, we
would find an M2 strength of >1 W.u. which is un-
reasonably large for a AT=0 M2 transition in a
self-conjugate nucleus. The transition to the 0.891-MeV
state (4%) is expected to be pure E1, but the correla-
tions place no restriction on a possible M2 component.

22 E. K. Warburton, in Isobaric Spin in Nuclear Physics, edited
by J. D. Fox and D. Robson (Academic Press Inc., New York,
1966), pp. 90-112.
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Results for the Higher-Lying States

Information on the Na? levels of Eex>3.9 MeV was
obtained from the second measurement at Fgsl=
5.81 MeV. Figure 6 presents a portion of the two-
parameter data obtained for 8,=55°, and shows the
particle spectra measured in coincidence with specific y
rays. The advantages of the Ge(Li) detector resolution
are evident here, since it easily resolved the v rays of
energy 1.369 and 1.400 MeV which characterize
respectively the deexcitation of the Na? states at
1.952 and 1.984 MeV to the first excited state at
0.583 MeV. From Fig. 6, it is immediately clear that
the Na? states at 3.521, 3.947, 4.364, 4.594, 4.782, and
5.073 MeV decay by cascades through the Jr=2+
1.952-MeV level. Conversely, the states at 4.077 and
4.727 MeV, decay through the 1.984-MeV level. Also
shown in Fig. 6 are portions of the proton spectra
measured in coincidence with those 4 rays which
characterize the deexcitation of the 4.631- and 5.184-
MeV levels of Na22, Thus, it is evident that these data
contain information on the v decay of 11 of the 16
levels of Na22 which have been reported! to lie between
excitation energies of 3.5 and 5.2 MeV. It is also evi-
dent that the particle detector is not able to resolve
the structure in this region. What was done then was
to examine the v spectrum in coincidence with the 2 or
3 peak channels of a given proton group, utilizing the
Ge(Li) resolution to determine the decay modes of that
particular state. Finally, plots similar to Fig. 6 were
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constructed showing the particle groups coincident
with the specific y-ray line or lines as measured by the
Ge(Li) detector, characterizing the decay of the
particular state. In this way, the major assigned decay
modes of each state were examined and cross checked.
In the following then, we merely summarize the
conclusions.

Figures 7(a) and 7(b) illustrate the y-ray spectra
measured in coincidence with proton pulses falling in
the range of channels 20~24 and 15-18, respectively, in
Fig. 6, showing the major decay modes of the four
previously reported levels of Na? in this range of
excitation energy. Each of the y-ray lines which could
be assigned as being in coincidence with a specific
proton group is identified according to the initial and
final states between which the transition occurs. From
the data obtained at the three angles of observation
6,=37°, 55°, and 90°, the Doppler shifts of the prom-
inent y-ray lines were extracted, and in a fashion
analogous to that presented above for the 3.52-MeV
level, were used to set limits on the mean lifetimes of
the initial Na? levels. We summarize the results by
noting that for all of the levels of 3.9< £, <5.2 MeV
which were observed in the present experiment, a lower
limit 7< 100 psec was placed on the mean lives of the
initial states. An exception is made for the 4.727-MeV
state for which we determine only 7<<800 psec. We now
consider the results for each level.

The 3.947-MeV level. The 3.947-MeV level is ob-

CHANNEL NUMBER

served to decay to the 0.657- and 1.952-MeV levels with
branches of 93+£1% and 71%, respectively. The
branching ratios quoted here are an average of the
measurements at Eps=6.2 and 5.8 MeV, which were
in good agreement. They are also in excellent agreement
with the values 9243 and 8+3 reported previously.*
Table IIT summarizes the results of these branching-
ratio measurements, and gives also the upper limits
which can be placed on unobserved transitions. The
3.947-MeV level has been previously assigned J=1
from correlation studies in the NeX(He?,py)Na?
reaction. The present correlation results confirm that
assignment.

The 4.077-MeV level. As is evident from Fig. 6(a) the
present results determine unambiguously that the
4.077-MeV level decays primarily to the 1.984-MeV
level, which has J7=2* or 3*. Branches to other states
of Na22 are less than 259, of the main branch. This is in
agreement with the previous®* (but somewhat
tentative) conclusions on the decay of this level. As
pointed out previously,* identification of the 4.077-MeV
level as J7=4+ T=1 (as previously hypothesized)
would establish a strong preference for a J™= 3+ assign-
ment for the 1.984-MeV level (as opposed to the 2+
alternative).

The 4.325- and 4.364-MeV levels. The decay of these
levels has been observed previously?# with Nal(Tl)
spectroscopy. The present results are in general agree-
ment with the previously stated conclusions, but the
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superior Ge(Li) resolution permits a more certain
3 i ?—ﬁ unraveling of the decays from these two levels, which
R EEEEEEEEEEEER were not resolved by the particle detector. The 4.325-
= 1V VVVVV 'VVVVVVV MeV level is observed to decay only to the 0.657-MeV
g level; the upper limits which can be set on other possible
g ©|lcococcororococcocog || . decaysaregiven in Table III
2 SHRVAVAVAVAVAZ=RAVAVAVAVAVAVAVA W The 4.364-MeV level is observed to decay to the
2 m # ground state and to the 0.583- and 1.952-MeV levels
% ,“2 E with the branching ratios indicated in Table III. The
&S F|wmmwwwmwes o~ wn o9 g || o transitions indicated above arising from the decay
g _§ : VVVVVVEVVVVVYIUV g of the 4.325- and 4.364-MeV levels account for most of
e s the strong peaks in the spectrum of Fig. 7(b), with the
5 g - = s |l g exception, in particular, of lines at E,=2.57, 2.36, 1.73,
P N 4 #3 and 1.28 MeV. An examination of the proton spectrum
f g N 8 g s coincident with these y-ray peaks shows a proton group
£ 8 g  corresponding to an excitation energy in Na? of 4.304-
52 = S 3 % 0.01MeV. The observed transition energies and
;‘g 3 by —Oj § intensities fit well with such a level, which decays via
?é = g the principal cascade transitions 4.30—2.572—0 and
g ° - 5  4.30—1.937—0.657. The existence of this previously
pegt! = H 2 unreported state, for which the evidence is quite con-
§ = sl®8eees YRUSEEEES % clusive, resolves the discrepancies between the branch-
£z VV VYV VVVVVYV E ing ratios given above and those given previously*
5 g S for the decay of the 4.325- and 4.364-MeV levels.
£ 0 + | FF B s We note that the second escape peak of the 4.364—
RS N A YYVVUSVEEEEES % 1952 transition has an energy which is barely dis-
&8 = VVVVVYV £ tinguishable from that of 1.400 MeV resulting from the
=B & 1.984—0.583 cascade transition. This ‘“‘accidental”
< 'g Blusgereoncoen s energy overlap .expl.ain.s the presence of the partic_le
2 a | VVEVVVVVVVVVVY peak measured in coincidence with 1.40-MeV v rays in
A g Tig. 6. Table IIT summarizes the information obtained
o g o o from this experiment on the v branching of this triplet
B2 = 1 i of states. The observed decay routes are illustrared
&% 2leceeegesegseses schematically in Fig. 9, which also summarizes the
qzs g VVVVYV VVV VVVYV results for the higher-excited states studied in the
88 % present experiment.
8% N S g Levels of 4.4<Ex<4.8 MeV. The v spectrum coin-
8 # < - B cident with particle channels 10-13 (Fig. 6) is shown
g5 & inFig. 8(a), and illustrates the major decay of 4 of the
g g o - - ;-; 6 states of Na? lying ir} this region of e?(citation energy.
g i O N & No evidence was obtained for population of the states
= w | VVEVVYVY VVVVVVYV Z at 4,474 and 4.531 MeV. The results of Fig. 6 indicate
S & 2 that the 4.594-MeV level has a major branch to the
g B §  1.952-MeV level. The spectrum of Fig. 8(a) confirms
25 % S S % this, and determines that the principal branches are to
S8 = ‘gng & the ground state and to the 1.952-MeV level. The
£z % 4.631-MeV level decays to the 0.657-MeV level and to
5 e ¢ the 1.952-MeV level. Again, the coincident proton
23 =1 3 2R % spectra of Fig. 6 shows that the v ray of energy 2.68
g 3 R CUCUUEURCTY & MeV, corresponding to the 4.631—1.952 transition,
3 © § indeed arises from the 4.631-MeV level.
o 2 The results of Fig. 6 indicate that the 4.727-MeV
= /\ = level decays primarily to the 1.984-MeV level. How-
E g > e o e = O O 50 1m § ever, the intensity of the 1.984—0.583 peak [Fig. 8(a)]
P = 2‘: BEIABI XSS RNES || & is too strong (by a factor of 2) to be attributed entirely
£ |occSo~-ddaddnmad |5 to the 4.727—1.984—0.583 cascade transition. The
i) & difference arises from the 4.727—4.077—1.984—0
®  cascade transition, which gives rise to the 0.635-MeV
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v ray which appears in channel 35. The branching ratios
are 4.727—1.984 (60109%,) and 4.727—4.077 (404
10%). The observed branching suggests a high spin
for the 4.727-MeV level, since the 0.634-MeV transition
to the 4.077-MeV state (suspected J==4%) competes in
this case favorably with the 2.743-MeV transition to the
1.984-MeV state (most probably J7=3+).

Levels of Eex>4.8 MeV . The final piece of information
on the decay of the higher-lying levels of Na? is con-
tained in Fig. 8(b), which illustrates the principal decay
modes of the levels at excitation energies of 5.073 and
5.184 MeV. The 5.073-MeV level is observed to branch
only to the 1.952-MeV level. The 5.184-MeV state
decays to both the 0.583-MeV state and to the 1.984-
MeV state.

Also present in the spectrum of Fig. 8(b) are the
cascade vy rays from the 3.95-MeV state of N4, formed
through the C2(He?, p)N" reaction due to carbon
contamination of the Ni entrance foil. The presence in
the two-parameter data matrix of p-y coincidences
from the latter reaction provided in this case useful
calibration points for the particle and v-ray spectra.

The branching-ratio information for these higher-
lying states has been summarized in Table III. The
observed branches are indicated schematically in Fig. 9
which summarizes also the available information on the

Na

spin/parity assignments for the levels of Na?? obtained
from this and previous experiments.

B. NaI(T1) Correlation Information

As pointed out in the previous subsection, p-y
angular correlation measurements for 6,<37° were
precluded by the design of the 5-in.-diam scattering
chamber. This restriction, coupled with the statistical
uncertainties due to the low coincidence count rates,
resulted in relatively large errors in subsequent deter-
minations of the Ps(cosf) terms in Legendre poly-
nomial fits to the correlation data. Therefore, a second
set of measurements was undertaken using an &-in.-
diam chamber, with a 3X3-in. NaI(Tl) detector
replacing the Ge(Li) detector. The NaI(Tl) detector
was placed 15 cm from the target, and could be rotated
in the region 0°<6,<90°. The annular particle detector
subtended an angle of 17141.7°, and was shielded
against elastically scattered He? particles by a 1-mil Al
absorber. Measurements were carried out at a He?
bombarding energy of 6.2 MeV, which after correction
for the energy loss in the target entrance window
(0.05-mil Ni), corresponds to an energy incident on the
Ne2 gas of 5.84 MeV. In other respects, the experi-
mental apparatus was identical to that described in
Sec. IIT A.
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TaBrE IV. Summary of (p, v) angular correlation data from the Ne?(He3, pv) Na? reaction as measured at two different bombarding
energies Fg. The Table shows the Legendre polynomial coefficients measured for the various indicated transitions from the given initial
states (E;) and the corresponding goodness of fit parameters x2. Allowed values of J; and the restrictions on x, the (L+41)/L mixing
in the primary transitions, are tabulated together with the minimum x? obtained in these fits. The various final-state spins are 0.58

(J=1),0.66(J=0),1.95(J=2).

Egp E; @ as (L+1)/L mixing in primary transition %
(MeV)  (MeV) Transition (%) (%) X2 Ji from the given initial state (fit)
6.20=  3.947 3.95—0.66 —37+£2 042 1.0 1 x=0 1.0
6.200  4.325 4.32—0.66 +16+£5 045 0.7 1 x=0 0.7
6.208 4.364b 4.36—1.95 +3545 —345 0.7 1 x<—0.3 x=-+(1.0+£0.5) 0.6
1.95—0.58 +1+4 —3+4 1.0 2 x=—(2.241.0) x=—(0.140.2) 1.0

6.20= 4.631 4.63—0.66 —36+4 —143 0.3 1 x=0 0.3
6.202  5.073b 5.07—-1.95 +45+1 —1+£10 1.4 1 x<—0.7 x=4(0.67+0.33) 0.9
1.95—0.58 —11+6 —6+S5 1.9 2 —0.45<x2<+40.3 0.9

3 x<—1.2 x=—(0.540.2) 1.5
(4)¢ x=-4(0.040.2) 2.7
6.564 4.325 4.32—0.66 —5148 +1747 1.8 1 x=0 2.0
6.564  4.364 4.36—0.58 —46+4 —13+4 2.8 [(1)e —60<x<—0.2 +0.4<x<+42.6 4.4
} 2 x=-4(0.2740.09) x=-(2.120.4) 2.2
6.564  4.364° 4.36—1.95 +494+-4 06 0.1 1 x<—0.8 2=+4(0.6540.22) 0.7
1.95—0.58 —1245 —13+6 0.8 12 x=—(0.2240.3) 0.7

# Present experiment.

b Restrictions on x were obtained from a simultaneous fit to both the
indicated transitions.In these cases, the information contained in the second
member of the cascade has been used to help fix the population parameters

p-y coincidences were stored in a two-parameter
matrix of 128(p) X 128(y) channels, with the range of
analysis set to cover that given in Sec. IIT A. Cor-
relation measurements were made at 6,=0,° 30°, 45°,
60°, and 90° with one angle repeated as a check on
reproducibility. The data were acquired over a period
of ~50 h at a beam current of 70 nA, corresponding to a
total bombardment of ~0.01 C. An analysis of these
data confirms the major decay modes summarized in
Fig. 9 (and Table IIT) for levels at 4.30, 4.32, 4.36,
4.59,4.63,4.73,4.78, 5.07, and 5.18 MeV. In particular
the presence of the proton group corresponding to the
4.30-MeV state was clearly evident, yielding once more
a value for the excitation energy of the state of 4.304=
0.01 MeV.

The spectra obtained for each angle were analyzed,
as described previously,* to obtain the angular depend-
ence of the various deexcitation v rays. These results
were then fitted with an even-order Legendre poly-
nomial expansion of the form of Eq. (1). In Table IV,
we have summarized the results for those p-y correla-
tions which could be unambiguously extracted from the
data;i.e., in these cases the resolution of the y detector/
proton detector was sufficient to resolve the correlation
of interest from near-lying coincidence peaks present
in the two-parameter matrix. In these cases, we have
also used the branching-ratio information of Table ITI
to ascertain the reliability of the results. Values of x2
resulting from the Legendre polynomial fit to the cor-

of the initial state. It has been previously established that the 1.95(2%) —
0.58 (1*) transition is essentially pure dipole.

¢ The spin possibilities in parenthesis are considered less likely, as the
minimal x2 exceeds the 1%, confidence limit.

d Data of Ref. 4.

relation data are given as well as the a, coefficients.
Also given in Table IV are some results from a previous
experiment? performed at Eg=6.56 MeV, which we
can now interpret since the decay schemes of the
4.32- and 4.36-MeV levels have been determined.

The correlation results summarized in Table IV
were next analyzed to see what restrictions could be
placed on the spins of the initial Na% levels and on
possible multipole mixings in the principal deexcitation
v rays. This was done by performing a x* analysis for
various assumed spins for each of the initial levels (as
illustrated, for example, in Fig. 5); those spin pos-
sibilities for which the minimal values of x? exceeded
the 0.19% confidence limit were rejected.

Columns 7 and 8 of Table IV summarize our con-
clusions on the allowed spins for the initial levels and on
the (L+1)/L mixing of the primary deexcitation v
transitions. The minimum values of x? obtained in these
fits are given in column 9, and may be compared directly
to the values given in column 6. We now consider the
results individually.

For the 3.95-, 4.32-, and 4.63-MeV levels, which
decay to the 0.66-MeV state, the analysis is particularly
simple. Since the 0.66-MeV level has J =0, the transi-
tions to this state are pure multipoles, of character
L=AJ=J,;. Thus the only explicit parameters of the
fit are the unknown substate populations P(0) and
P(1). The possibility that J>3 for these states can be
eliminated on the basis of the lifetime restriction given
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previously that 7<100 psec. Thus, we need consider
only the possibilities J=1, 2, 3. For all three levels we
obtain firm J=1 assignments as indicated in Table IV.

For the 4.36-MeV level the observation of significant
anisotropies in the deexcitation v rays determine that
J>0. Since the lifetime restriction again insures that
the transition to the Jr=2+ 1.95-MeV state has
L <3, we need consider only the possibilities J=1-4.
The correlation results for the 4.36—0.58 transition
exclude possibilities /=3 and 4, since for these cases
x? considerably exceeds the 0.1%, limit. For /=2 the fit
is reasonable, while for J=1 the value of x? exceeds
the 19 limit, and is thus considered quite unlikely.
For either case, the restrictions on the 4.36—0.58
quadrupole/dipole mixing ratio « are given.

The two sets of data on the 4.36—1.95—0.58 also
exclude possibilities J=3 or 4, thus this rejection is
quite firm. For each set of data the restriction on ;,
the mixing ratio in the 4.36—1.95 transition is given.
The mixing in the 1.95-0.58 has been previously
established as w,=-(0.04=0.06). Combining the
results obtained at the two bombarding energies we
have, for the preferred J=2 assignment, the restriction
on the 4.36—1.95 transition that x=-4(0.140.2);
that is, the results are consistent with the transition
being a pure dipole radiation. For the significantly less
likely assignment J=1, the restrictions are that x<
—0.8 or x=+(0.65+0.22), i.e., the transition has a
significant quadrupole component.

Also shown in Table IV are some results on the Na*
5.073-MeV level. Consideration of the lifetime limit,
7<100 psec, and analysis of the correlation data
restricts the spin of this level to /=1, 2, 3, or 4, with the
latter considered rather unlikely. The restrictions on ,
the mixing in the 5.07—1.95 transitions, are given for
each possibility.

C. Excitation Energies

In the foregoing presentation we have labeled the
various transitions according to the excitation energies
of the initial and final states given in Fig. 1. Having
thus identified the lines evident in Figs. 4, 7, and 8,
these data were then used to obtain more accurate
values for the excitation energies of the higher-lying
Na?? levels. Values for the transition energies were
obtained from the data for 8,=90°, for which case the
Doppler shifts were zero, and also from the 55° and 37°
data, utilizing the information that (within the
experimental uncertainties) the various deexcitation
v rays all exhibit the full Doppler shift calculated for
the reaction kinematics.

The energy calibration for these data was based on
the previously reported? transition energies for v rays
originating from the states of Fex<<3.1 MeV, which have
uncertainties of <0.6 keV. Thus, a calibration for the
energy region £,<2.4 MeV utilized the previously
quoted values for the 2.572—0, 1.984—0.583, 1.952—
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TaBre V. Excitation energies (in keV) for Na? states of
3.5< Eqx<5.2 MeV. With the noted exceptions the Ge(Li) results
are from the present experiment.

From Ge(Li)

From Hinds ef al.2 measurements
3527410 352142
3711410 3708+1b
3947410 39444-2
4077410 4069+4-2

. 42944-2
4325410 431942
4364410 436042
4474410 (44664-5)¢
4531410 (452245)¢
4594410 458342
4631410 462242
4727410 470843
4782410 477042
507310 506142
511115 (509945)¢
5132410 (5117 45)¢
5184+15 516544

2 Reference 1.

b From Ref. 10.

¢ Notobserved inthe present experiment. Values are based on the extrap-
olation procedure explained in the text.

0.583, 1.937—0.657, and 0.583—0 transitions, as well
as the N® 2.31—0 transition (E,=2312.684-0.10
keV)% and annihilation radiation (£,=511.01£0.01
keV).

Several of the higher-lying Na? states were observed
to decay by alternate cascade routes involving transi-
tions of grossly different energies, thus permitting a
calibration also for the region, E,>2.4 MeV. For
example, the full-energy and one- and two-escape peaks
of the 4.36—1.95 transition fall within the applicable
range of the low-energy calibration for £,<1.4 MeV,
thus establishing an accurate value for the transition
energy and subsequently the excitation energy of the
initial state. Thus, the 4.36—0 transition was used as a
secondary calibration for the higher energy region.

Finally, a least-squares fit to all of the y-ray energy
calibration data was obtained using a polynomial
representation E,=a-bx+4cx?, where « is the peak-
channel number. For those states which decay by more
than one cascade route, the exctation energies deduced
for the initial states from the measured transition
energies were found to agree within 42 keV, which is
the over-all uncertainty we attach to these results.

Table V summarizes the values thus obtained for
the excitation energies of these higher-lying Na? states,
and for comparison gives also the values of Hinds et al.!

2 C. Chasman, K. W. Jones, R. A. Ristinen, and D. E. Alburger,
Phys. Rev. 159, 830 (1967).
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Fic. 10. Plot of excitation energies
E; (in MeV) for Na?? states with spin
J versus J(J+1) for those levels
which have been identified with the
lowest-lying even- and odd-parity
bands of Na?2, of the indicated
intrinsic and isotopic spin (K, 7).
The identification is outlined in Ref.
6. Spin/parity assignments which
have not been rigorously determined,
but only suggested, are enclosed in
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parentheses. Additionally, the
(K, T)=(0, 1) band is that of Ne2?
with the excitation energies increased
by 0.66 MeV.

J(J+1)

As can be seen, the agreement between the two sets of
measurements is well within the quoted uncertainties
of the two experiments. While the difference between
the earlier results of Hinds ef al. and those deduced
in the present work became progressively larger with
increasing excitation energy, it is evident that the
former results give the level separations with con-
siderably greater accuracy than the =10 keV assigned
to the measured excitation energies. Therefore, we have
used the results summarized in Table V to deduce the
excitation energies also of the levels at 4.466, 4.522,
5.099, and 5.117 MeV, which were not observed in the
present work. This was done by making a smooth fit
to the excitation energies given in column 1 (of Table
V) plotted as functions of the values given in column 2.
The assigned uncertainties of =35keV reflect the
estimated errors in this procedure. Note that the
excitation energies obtained in the present work are
used in Fig. 9; while those of Hinds et al. are used for
labeling the higher excited states in the earlier sections
of this paper.

IV. DISCUSSION

One of the main aims of the present study was an
identification of the 3~ level of the T=0, 1—, 27,3, -« -
rotational band of Na?, It would appear that in this we
were successful—the 2.969-MeV level was eliminated
from contention and the 3.521-MeV level was found to
have J7=3". Proceeding under the assumption that

this is indeed an odd-parity rotational band, we note
that the 3.52—2.21 transition is an interband E2 and
should therefore be quite strong. If we take 30 W.u.
as a reasonable upper limit on the strength of the
3.52—2.21 E2 transition we obtain corresponding upper
limits (in W.u.) on the observed E1 transitions to the
ground state, 0.891-; and 1.952-MeV level of 1.5X 1075,
1.3X 1075, and 31X 1075, Thus the E1 decays of the
3.52-MeV level are all strongly retarded. A discussion
of this retardation based on a preliminary analysis of
the present work has been given.? A reasonable estimate
of the 3.52—2.21 E2 strength would be about 10 W.u.,
which is probably within a factor of 2 of the actual
value. For this estimate the retardation of 1 transitions
would be ~3 times greater than indicated above. The
corresponding lifetime of the 3.52-MeV level would be
1.25 psec, which is accessible to measurement by the
Doppler-shift attenuation method if one uses a solid
stopping medium for the recoil Na? ions.

Decay of the 4+ level of the (K, T) = (0, 1) band to
the ground state (3,0) band by M1 radiation is AK
forbidden; thus, this level is expected to decay mainly
by an M1 transition to the 3* level of the (0, 0) band.
For this reason, the observed decay of the 4.069-MeV
level to the 1.984-MeV level strongly supports the
previous identification of these two states with the

2 E. K. Warburton and J. Weneser, in Isospin in Nuclear
Physics, edited by D. H. Wilkinson (North-Holland Publishing
Co., Amsterdam, 1970), Chap. 5.
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(0, 1) 4+ and (0, 0) 3* states in question. These model-
supported conjectures are indicated in Fig. 9.

Also indicated in Fig. 9 is the conjecture that the
3.708-MeV level is the 61 level of the (3, 0) band. Not
indicated is the weaker possibility that the 4.708-MeV
level is the 5t member of the (0, 0) band. These sup-
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positions are illustrated schematically in the E; versus
J(J+1) plot of Fig. 10. This plot also indicates esti-
mated excitation energies for the 4~ level of the odd-
parity band and the 7+ member of the ground-state
band. Clearly, further work is possible and desirable
for an understanding of the collective states of mass 22.
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The spectrum of v rays following neutron capture at the 1167-eV resonance in 5%Fe has been measured
at 90° and 135° to the incident beam. The partial widths for radiative decay have been determined and
compared to the Weisskopf estimates. The M1 and E1 v-ray strengths are found to be comparable, and a
sizable E2 v ray in the resonance has been recorded. On the basis of the y-ray measurements at two angles,
and from what has been determined from other experiments, the spin and parity of the 1167-eV resonance

are shown to be 3.

HE lowest-energy neutron resonance in *Fe, located

at 1167 eV,! has been investigated by means of
virtually all the techniques available to slow-neutron
spectroscopy. This resonance thus serves as an excel-
lent example of the combining of these techniques to
completely determine the parameters of a neutron reso-
nant state. The present paper is a description of a
high-resolution y-ray study of this level recently under-
taken at the HFBR fast-chopper time-of-flight facility.
The additional information gained by this study has
led to a unique spin assignment for this level, as well
as a determination of many of its partial radiative
widths.

Because of its small neutron width, this resonance
was not seen in earlier transmission studies. In 1960,
however, Isakov, Popov, and Shapiro® reported its
detection by measuring the energy dependence of the
capture cross section in iron, using a lead ‘“‘slowing
down time” spectrometer. In 1963, Moore, Palevsky,
and Chrien® determined the neutron and total radia-
tion widths through the use of a self-indication method
in conjunction with the Brookhaven National Labo-
ratory~Atomic Energy of Canada, Ltd. Chalk River
chopper. They also examined the resonance vy-ray
spectrum with a low-resolution Nal detector and re-

T Work supported by the U.S. Atomic Energy Commission.

1 Neutron Cross Sections BNL 325 (U.S. Government Printing
Office, Washintgon, D.C., 1966), 2nd ed., Suppl. 2.

2 A. L. Isakov, Yu. P. Popov, and F. L. Shapiro, Zh. Eksperim. i
Teor. Fiz. 38, 989 (1960) [English transl.: Soviet Phys—JETP
11, 712 (1960) 7.

3J. A. Moore, H. Palevsky, and R. E. Chrien, Phys. Rev. 132,
801 (1963).

ported a qualitative similarity between resonance and
thermal capture in ®Fe,

High-resolution transmission data for this resonance
were reported by Block? in 1964. The symmetry of
the transmission dip with respect to its resonant energy
led Block to conclude that the level was not due to
S-wave neutron capture. Recently, Asami, Moxon, and
Stein® have examined the scattered neutrons in an
energy region containing this level as a function of
energy and angle with respect to the incident beam.
The appearance of an energy asymmetry in the dif-
ferential cross section, and the angular behavior of
that scattering-cross-section asymmetry enabled them
to show that the resonant state is of odd parity.

In an effort to complete the specification of this
state, the y-ray spectra following the capture of neu-
trons in iron from thermal to ~2 keV have been re-
corded with the aid of a two-parameter (neutron flight
time and y-ray detector pulse height) recording system
and the HFBR fast chopper. A Ge(Li) detector of
4-cm® volume and with 0.19 energy resolution was
used in the study. The y-ray energies were measured
relative to the Cr transition energies® and the hydrogen
capture line,” and are believed to possess an absolute
accuracy of better than 1 keV for 6.5< E,<8.0 MeV
and better than 2 keV for £,<6.5 MeV, except for

4R. C. Block, Phys. Letters 13, 234 (1964).

5 A. Asami, M. C. Moxon, and W. E. Stein, Phys. Letters 28B,
656 (1969).

6 M. Mariscotti, W. R. Kane, and G. T. Emery, Brookhaven
National Laboratory (private communication).
( 71%) C. Greenwood and W. W. Black, Phys. Letters 21, 702
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