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Gamma-Ray De-Excitation of the Low Levels of F"
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The reaction 0"(He', p)F" has been employed to study the de-excitation gamma-ray branching of levels
in F"up to about 3 Mev using py coincidence techniques. These measurements have been shown to be in
reasonable agreement with tentative level identifications, 0 Mev (1+), 0.94 Mev (3+), 1.04 Mev (0+,
7= 1), 1.12 Mev (5+), 1.70 Mev (1+), 2.10 Mev (2+), 2.53 Mev (3+), and 3.06 or 3.13 Mev unresolved
(2+, T=I), based on the intermediate-coupling shell-model predictions of Elliott and Flowers and of
Redlich. An additional level at 1.08 Mev, which may arise from core excitation, is shown likely to have spin
zero. It is suggested that the predicted energies need to be reduced by a factor of 0.6 and that the T=1
levels require shifting with respect to the T=0 levels to bring them into agreement with experiment. It has
not been found possible to obtain an adequate 6t to the F"level spectrum presented in terms of a rotational
collective model. The data may, however, be qualitatively in accord with an alpha-N'4 cluster model inter-
pretation. An example of the isotopic spin selection rule inhibiting AT=0 3I1 transitions in self-conjugate
nuclei has been found.

A. INTRODUCTION More recently, measurements on the gamma radia-
tion' " following the beta decay of Ne' and on the
relative feeding' of the residual F"states in Ne" (d,n)F"
have established the level at 1.04 Mev as the 0+ T= 1
analog of the ground state of 0".

Measurements of the lifetime" and of the internal
conversion coefficient'~ of the gamma-ray transition
between the F" levels at 1.12 and 0.94 Mev strongly
suggest an E2 transition and are consistent with these
two levels being the 5+ and 3+ members of a pre-
dicted triad including the 1+ ground state.

These assignments are consistent with a double
stripping interpretation of some proton angular dis-
tributions in the 0"(He',p)F" reaction" and in the
0"(t,p)0" reaction" and are also consistent with meas-
urements described below.

An experimental investigation of the low levels of F",
via a study of the reaction 0"(He',p)F", is reported

. herein. Preliminary reports on these measurements
have been reported previously. " These measurements
include py coincidence studies leading to gamma-
ray de-excitation branching ratios for the levels up to
and including that at 3.13 Mev. Some selected py
angular correlation measurements have been made in

"NTIL recently, very little was known regarding
the level structure of F".However, interest has

increased in the last few years, in part at least, as a
result of theoretical studies of the mass-18 system. ' '
Several experimental investigations' ' have established
the excitations of the levels for the first few Mev exci-
tation in F", but, as yet, very little has been reported
regarding the characteristics of these levels.

Measurements on the angular distributions of deu-
terons" and of tritons"" from the inverse stripping
reactions F"(P,d)F" and F"(d, t)Fts, which might have
been expected to yield level parities in the residual
nucleus, and on the Ne" (d,u) F" reaction " which
should identify the T=O levels in F", have been
hindered either by low intensity or inadequate energy
resolution, with the result that these measurements
have yielded little unambiguous information concern-
ing assignments. This is particularly true of the recently
recognized' quartet of levels near one-Mev excitation
in F".
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addition to yy coincidence measurements. Excitation
curves for protons detected at 90' have been measured
for incident energies from 2.1 to 3.2 Mev.

The reactions competing with 0"(He', p)F" (Q
=2.034 Mev) are 0"(He',o.)O" (Q=4.976 Mev) and
0"(He', y)Ne" (Q=8.416 Mev). The yield of gamma
radiation from the latter of these is so small2' as to be
undetectable with the apparatus used. In general, no

difhculty was encountered in separating the alpha-
particle groups from the proton groups.

B. EXPERIMENTAL EQUIPMENT

The experimental equipment used in this work was
conventional and in large part has been described pre-
viously. Three types of spectrometer were used to
detect and to measure the energies of protons from the
reaction. These consisted of a CsI(TI) crystal spec-
trometer with low resolution and high efEciency, 22 a
Frisch-gridded ionization chamber, "and a high-resolu-
tion but low-eSciency Kellogg-type magnetic ana-
lyzer. " In general, the CsI crystal spectrometer was
:used in py coincidence measurements while the ioniza-
tion chamber and magnet were used for direct measure-
ments. Two gamma-ray spectrometers comprising S-in.
diameter by 4-in. long NaI(TI) crystals'4 were mounted
on an angular distribution table, allowing their rota-
tion in a horizontal plane containing the beam and the
target. The target and CsI crystal mounts used in the
coincidence measurements have been described pre-
viously. "The CsI detector was mounted at 90' to the
incident beam axis either vertically above the target
or in the horizontal plane containing the target. In
addition, it could be mounted above the beam at 145'
to its axis.

For the measurements using the Kellogg magnet or
the ionization chamber, a continuously variable angular
distribution chamber" was employed allowing detection
at angles of —30' through 0' to +144' with respect to
the beam axis.

The CsI crystals were covered by 0.0004-inch Al to
stop scattered beam and the ionization chamber used
a window of 1.3 mg/cm' mica.

The counters were used in conjunction with com-
bined "fast-slow" coincidence and pulse amplitude
analysis circuits. The coincidence resolving time, 27.,
was 4)&10 ' sec. Pulse-height spectra of gamma rays
coincident with gamma-ray or proton pulses of a
selected amplitude range were displayed on a 100-
channel pulse-height analyzer.

The preparation of the targets used in these meas-
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urements has been described previously. "Thick. targets
of molybdenum trioxide (MoOs) on molybdenum back-
ings and thin targets of aluminum oxide (AisOs) either
on aluminum backings or self-supporting were used.
The thicknesses of these Al203 films were in the range
250 A to 4000A. The thinnest of these represents 10
kev energy loss for a 2.5-Mev He' ion.
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FIG. 1. Proton energy spectra from 0"(He' p)F" obtained
using a CsI crystal to detect protons emerging at 90' to the direc-
tion of a 2.95-Mev He' beam. (a) is a direct spectrum while (b)
is measured in coincidence with all gamma rays with energy
greater than 700 kev (8„=270').The label I'; refers to the proton
group feeding the ith excited level of F".

C. RESUj'TS

1. Proton Spectra

Figure 1(a) is the pulse-height spectrum obtained
using a CsI crystal to detect charged particles emerging
from the target at 90' to a 2.95-Mev He' beam. The
system gain was such that the high-energy tail of the
ground-state proton group, I'0, fell above the upper
limit of the pulse-height analyzer. The counts at the
low pulse-height end of the scale were mainly due to
low-energy radiations such as P rays and bremsstrahlung
from the target. This contribution disappears when a
requirement of coincidence with gamma radiation is
imposed [see Fig. 1(b)j. However, in Fig. 1(b) the
shape of the spectrum in the region of Ps, g is consider-
ably distorted due to the small pulse-height cutoG of
the coincidence circuit.

Figure 2 shows the results of a measurement on the
proton groups using the magnetic analyzer set for a
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FIG. 2. proton energy spectrum from 0"(He', p)F" obtained
in a Kellogg-type 180' magnetic spectrometer set for a resolution
of ~1% in momentum. The detection angle and incident energy
used are indicated. The inset spectrum shows the region from
Pg—F10 with greater expansion.

resolution of 1% in momentum. The detection angle
and incident beam energy are the same as above. The
inset spectrum shows the low-energy region with greater
expansion. There are two proton groups from the con-
taminant reactions C"(He', p) N'4* (5.69 Mev) and
(5.83 Mev) which tend to obscure the region near I'8

and P9, however, repeated measurements using erst
an A1203 target and second a carbon target have
allowed the contaminant identification to be made.
Although in this measurement there is no evidence for
more than a single group, a doublet, corresponding to
P8 and P9, has been reported in this energy region. ' '
The fact that the excitation energy in F" obtained
from this measurement for the unresolved doublet,
3.14 Mev, corresponds well with one member of the
pair of levels reported and not with the other (Fig. 12
contains the most recent energy values) suggests that
P9 is fed more strongly than P'8 at this angle and
energy.

The spectra in Fig. 3 were obtained using the mag-
netic analyzer set for a resolution of 0.25% in rno-

mentum and using an A1203 target of 250 A. These
spectra show peaks corresponding to four levels in F"
in the region of 1 Mev. The marked dependence of the
intensities of these groups on the angle of detection
and on the incident energy made it possible to choose
conditions such that a selected group was enhanced
relative to its neighbors. This feature permitted the
selection of particular groups for coincidence studies
using high-efFiciency scintillation detectors which other-

wise could not resolve closely spaced groups. These
measurements will be reported later in this paper.

2. Yield Curves
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FIG. 3. Proton energy spectra from 0' (He, p)F' obtained in
a Kellogg-type 180' magnetic spectrometer. The spectrometer
was set for a resolution of 0.25% in momentum. An A1203
target of thickness 250 A was used. The abscissa gives the corre-
sponding excitation in F' . The angle of observation with respect
to the He3 beam and the incident He' energy are inset for each
spectrum.

Figure 4 shows the 90' excitation functions for the
various proton groups as well as for the alpha-particle
group to the ground state of 0".In these measurements
the Frisch-gridded ionization chamber was used. A

typical spectrum obtained with this instrument is
shown in Fig. 5. Marked resonance structure is ob-
served corresponding to excitations of the compound
nucleus, Xe", of 11 Mev. Figure 6 shows the proton
angular distributions for the groups Pp, P5, and the
unresolved groups P~,~, 3,4 for an incident energy of
2.425 Mev, corresponding to the first peak in the ex-
citation curve.

It is possible, using compound nucleus formalism, to
make a detailed ht to the alpha-particle diRerential
cross sections over the region near 2.4 Mev assuming
two interfering resonances with spins of —,

' and —,', re-
spectively, and like parity. "Unfortunately, any similar
attempt at fitting the proton excitation curves or
angular distributions for the case of nonzero spin final

state is rendered impractical due to the introduction
of new parameters in addition to those involved in the
case of alpha particles. It is to be noted, as well, that
the presence of odd terms in- the proton angular dis-
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Figures 9 and 10 show spectra of radiation coincident
with protons leading to the next higher level in F", at
2.10 Mev. The spectrum in Fig. 9 contains a peak
corresponding to a ground-state transition as well as a
wide peak corresponding to several gamma-ray transi-

F
IS

FIG. 7. Gamma-ray de-excitation branching ratio measure-
ments are summarized. on the level diagram. The relative de-
excitation probabilities are expressed as percentages of the total
number of de-excitations,

tions of about one-Mev energy. The spectrum in Fig.
10 shows the region of one Mev with more expansion.
The data are those from several coincidence runs
measured using diferent counter angles. It is obvious
from the width of the peak and from the energies of
the transitions involved that the cascade 2.10 —+ 0.94 ~
g.s. is present. The data were subjected to a computer
curve fitting program" in which both the energies and
the intensities of four gamma-ray components were
adjusted for best fit. The results of this analysis are
included in tabular form in Fig. 10. The curve corre-
sponding to this fit is shown in the figure. The analysis
confirms the presence of a cascade through the 0.94-
Mev state and suggests one and perhaps two addi-
tional cascades involving either or both of the levels
at 1.04 and 1.08 Mev. Unfortunately, the resolution
available was not sufficient to distinguish between these
alternatives.

Figure 11 shows gamma rays in coincidence with the
proton group leading to the excited level at 2.53 Mev.
There is a strong ground-state de-excitation branch
and a weaker branch to the 0.94-Mev level. A possible
transition to the level at 1.70 Mev of (3% is suggested

by indications of peaks at 0.66, 0.83, and 1.04 Mev.
The measurement of the gamma-ray de-excitation

branching ratio of the unresolved levels near 3.1 Mev
was made considerably more difficult as a result of the
presence of proton groups from the contaminant re-
actions C"(He', p)N'4* (5.69 Mev) and (5.83 Mev). As

a result of the carbon target contamination, careful
measurements were necessary, using both A1203 and
C targets, in order to remove the contribution due to
the contaminant.

It cannot be stated with certainty that the level at
3.06 Mev is not contributing to the coincidence counting
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rate. The magnetic analyzer runs (measured for the
same energy and angle as was employed for the co-
incidence runs described here) show that the level at
3.13 Mev is being fed and are consistent with a some-
what weaker feeding of the level at 3.06 Mev.

Figure 12(a) shows the coincidence spectra obtained
with the above two targets and Fig. 12(b) shows the
difference spectrum. A strong de-excitation to the level
at 0.94 Mev is observed as well as a weaker transition
to the ground state.

Measurements also were made to elucidate the modes
of de-excitation of the four levels near 1 Mev. Since
the CsI spectrometer could not resolve the correspond-
ing proton groups, bombarding energies and observa-
tion angles for the protons were chosen (by referring
to Fig. 3) such that only the 0.94- and 1.04- or the
0.94- and 1.08-Mev levels were being fed with appreci-
able probability. Coincident gamma radiation spectra
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FIG. 11. Spectrum of radiation coincident with protons leading
to the F" level at 2.53 Mev. The relative de-excitation proba-
bilities are given on the inset level diagram.

measured under these conditions (see Figs. 13 and 14)
indicate that the levels at 0.94, 1.04, and 1.08 Mev
have ground-state transitions but that the level at 1.12
Mev does not.
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The results of the gamma-ray de-excitation branching
ratio measurements are summarized in the level dia-
gram of Fig. 7.

4. Angular Correlations

As mentioned above, the large number of parameters
which enter the correlation formalism preclude de-
tailed analysis of angular correlations in this reaction.
However, it is possible to use the results of angular
correlation measurements, in the cases where anisot-
ropies occur, to preclude zero spin for the F" levels
involved.

An inspection of Fig. 8, which shows spectra of
radiation in coincidence with P5 for three different
geometrical arrangements, reveals that both the 1.70-
and 0.66-Mev gamma radiations are markedly aniso-
tropic. Thus, the F" level at 1.70 Mev cannot have
zero'spin. Qn the other hand, the radiation of 1.04 Mev
appears to be isotropic (to within 5%) in agreement
with its assignment as the 0+, X=1 analog of the
0"ground state.

Similarly, the gamma radiation of 2.10 Mev in co-
incidence with the proton group P6 is anisotropic, as
are the gamma radiations of 2.53 Mev coincident with
P'q and 2.1 Mev coincident with one or both of P8

and Pg. Thus, both of the F" states at 2.10, 2.53 and
at least one of the doublet at 3.1 Mev have J)0.

In attempting to gain more information regarding
the F" states at 0.94, 1.04, and 1.08 Mev, the angular
correlations shown in Figs. 13 and 14 were measured.
In order to use the CsI detector, which cannot resolve
the proton groups to these states, detection angles and
He' energies were again chosen such that either the
0.94- and 1.04-Mev levels or the 0.94- and 1.08-Mev
levels were being fed most strongly. The conditions
used in the measurements are those used in the magnetic
analyzer runs of Figs. 3(a) and 3(d), respectively. In
both cases the 0.94-Mev radiation is strongly aniso-

tropic, ruling out spin zero for the F" level of that
energy; a possible I'4 (cos8) term in the correlation
shown in Fig. 14 suggests J&1 and the presence of
E2 in the gamma radiation. Furthermore, in each case
the other radiation (1.04 and 1.08 Mev, respectively)
is isotropic within the accuracy of the experiment.

Direct angular distributions were measured for the
radiation from the states near 1 Mev. Again, within
the accuracy of the measurements, the composite peak
corresponding to the sum of the 1.04- and 1.08-Mev
radiations showed isotropy while that of the 0.94-Mev
radiation did not.

l l I I I l

GAMMA RAYS

'3 00— I.04 Mev

He BEAM 200—

Ii PROTONS

IOO—

800—

CIJ
I

O
600—

CsJ

CP

CLJ

D
C3 400—
O

O

CJJI-
iK

O
CJ

4J

300—
O
Oz
0
O

200—

(c)

'g (8 ) "- p + (0.02 + 0.04) P
2

0.94 Mev

L,
200— I 00—

40

C HA NNEL NUMBER

N (8) = Po
—{0.24+ 0.02) P2 -(0.02 R 0.02)P4

l-0 5 0 0,5
cos 8„

FIG. f3. Angular corre]ations in the reaction 0"(He', p)FIS (a} shows a typical spectrum of radiation coincident with the unresolved
proton group PI, ~, ~ 4, for Ed =2.43 Mev and 8~ =90'. (b) and (c) are the angular correlations of the 1.04-Mev and 0.94-Mev radiations,
respectively, measured in the geometry shown inset in (a). The least-squares angular correlation functions are included.



y —RA Y D E —EX C I TATI ON OF LOW LEVELS OF F''

I I I I I I I I

(a)
PROTONS

2500—
I

I,08 Mev

He BEAM I 500—

GAMM A RAYS
I 000—

I-z 500—
0 w( e) = lb +(o.oo2 ~ o.ol5) p2

l200—X
O
CP

O

O

4l
CPz
4lo l500—
CJ
K
O

( )
0 ~ 94 Mev

LLJ

Oz 800—
Lal
CI

Z
O

l 000—

%~I~
400— 500—

w (e) = po + (0.46 x 0.02) p2
—(0.08 ~ 0.05) p4

l

20
l I I l

40 60
CHANNEL NUM BER

80 -0.5
cos e„

I

0.5
I

l,o

FIG. 14; Angular correlations in the reaction 0' {He',pp)F' . (a) shows a typical spectrum of radiation coincident with the unresolved
proton group Pg, g, g, 4 for As= 2.83 Mev and 8„=145'. (h) and (c) are the angular correlations of the 1.08-Mev and 0.94-Mev radia-
tions, respectively, measured in the geometry shown inset in (a). The least-squares angular correlation functions are included.

These data suggest, but do not prove, that the F"
levels at 1.04 and 1.08 Mev each have zero spin.

Since the gamma-ray transitions reported herein have
all been observed in coincidence with protons feeding
the levels and with the expected coincidence eKciency,
it can be concluded that they all have lifetimes of
magnitude less than roughly the coincidence resolving
time. The coincidence resolving time used was r=2
)&10 ' second. A more careful examination of the life-
time of the state at 0.94 Mev, using a delayed-coinci-
dence technique, has led to a limit of less than 5&(10 '
second for this state.

D. DISCUSSION

1. Level Assignments

As yet, firm spin and parity assignments cannot be
made to all of the low-lying F" levels. However, the
assignments to certain of the levels are fixed and to
others are suggested.

The systematics of odd-odd nuclei together with the
allowed nature of the F"beta decay' suggest an assign-
ment of 1+ for the F"ground state.

Observation"'~ of a 1.04-Mev gamma ray and mone

of energy 1.08 Mev following the beta decay of Ne",

F. Ajzenberg-Selove and T. I,auritsen, Nuclear Phys. 11, 1
(~959).

makes it almost certain that the level at 1.04-Mev
excitation in F's is the 0+ T=1 analog of the 0's
ground state. This level would be expected to be fed
by the beta decay considerably more strongly than
that at 1.08 Mev since it would involve a superallowed
0 —+ 0 transition. This identification is corroborated by
studies"" which show identical angular distributions
for 0"(He', p)F"* (1 04 Mev) and 0"(t,p)O" (ground
state) but quite different results for 0"(He', p)F"*
(1.08 Mev) which is fed only extremely weakly. The
identification of the 1.04-Mev state as the 0+ T=1
analog of the 0" ground state is, of cogrse, consistent
with the observed isotropy of the de-excitation radia-
tion from this level in the present investigation. The
T= 1 assignment to the 1.04-Mev level also leads
to the expectation that its formation should be in-
hibited in the reaction Ne"(d, o.)Fis if isotopic spin is
conserved. Measurements made by Freeman' suggest
on this basis T=1 assignments to levels at 1.04 Mev
and 4.74 Mev, and also possibly to levels at 3.06 Mev
and 4.63 Mev.

The levels at 0.94 Mev and 1.12 Mev, together with
the ground state, very likely form the 1+, 3+, 5+
sequence predicted by both Elliott and Flowers' and
by Redlich. 4 The lifetime of the 0.94-Mev state against
decay to the ground state has been shown by the co-
incidence measurements reported herein and by similar
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TABLE I. Comparison of the experimental relative widths
(expressed in all cases as a percentage of the total de-excitation)
with those obtained from the Weisskopf extreme single-particle
model modified to include isotopic spin inhibition of M1 and E1
transitions and collective enhancement of E2 transitions. For
levels where the spin and parity have not been uniquely deter-
mined, the values suggested by the intermediate-coupling shell-
model calculations have been used (see Fig. 16 for the level
identifications).

Initial
state

(Mev)

Relative de-excitation
state Multipole branching

(Mev) character Calculated Experiment

1.70
1+, T=O

2.10
(2+)T=0

2.53
(3+)x=0

3.06—3.13
(2+, T=1)

g.S.
0.94
1.04
1.08
g.s.
0.94
1.04
1.08
g.S.
0.94
1.12
1.70

g.S.
0.94
1.70

&1~
E'2
M1
2'1
M1~
3f1.
E2b
3I2
E~'2b

M1~
E2b
F~2b

3f1
M1
3II1

14
0.1

83
2.5

84
14
2
0.01

78
18

0.3
71
23
6

31
Not observed

69
Not observed

30
~35
~35

79
18

Not observed
& 3

25
75

Not observed

a Inhibited b, T =0 M1 transition (factor of 120 inhibition included).
b Enhanced L&'2 transition (factor of 5 enhancement included).

Inhibited b, T =0 E1 transition (factor of 10' inhibition included).

"A. E. Litherland, B. M. Adams, D. Eccleshall, and M. I. L.
Vates, ProceeChrIgs of the Eirjgston Conference orI, nuclear Structure,
edited by D. A. Bromley and E. W. Vogt (University of Toronto
Press, Toronto, 1960).

"A. E. Litherland and H. E, Gove, Bull. Am. Phys. Soc. 3, 200
(1958).

30 G. Morpurgo, Phys. Rev. 110, 721 (1958); E. K. Warburton,
Phys. Rev. 113, 595 (1959)..

~ P. C. Barker, Phil. Mag. 1, 329 (1956).

measurements of Allen e] ut." to be less than 5)(10 '
sec, while the absence of a Doppler shift in
H'(0" p)O" places a lower limit of 4)&10 " sec on
the lifetime. "The linear polarization of the 0.94-Mev
transition" requires that the 0.94-Mev state has posi-
tive parity. This limitation and the limits set on the
lifetime require the transition to be either 3II1 or E2,
both of which give ~ 10 " sec because of the M1
selection rule operative in AT=0 transitions" and the
collective enhancement" of E2 transitions. Measure-
ments of Allen et al. " using the 0"(He',py)F" reac-
tion, show that the 1.12-Mev level decays by a cascade
transition through the 0.94-Mev level. The measured
lifetime of 2)&10—' sec is in excellent accord with
that calculated by Elliott for an E2 transition between
these two states if they are identified with the 3+ and
5+ levels of the sequence. Additional evidence, suggest-
ing an E2 nature for this transition, is obtained from
a measurement of the internal conversion coefficient"
for this radiation.

The observed anisotropies in the angular correlation
of the radiation from the state at 1.70 Mev in F"
reported herein, together with the l=O angular mo-
mentum transfer observed in forming this state in

either the F"(P,d)F" reaction" or the F"(d t)F" re-
action, " fix the assignment to the state in F" at 1.70
Mev as 1+.

No specific assignments are as yet possible for the
levels at 2.10, 2.53, and the doublet at 3.1 Mev.
J=O can be ruled out for all of these states because of
the anisotropic angular correlations observed in the
0"(He', pq)F" measurements reported herein. As well,
rough upper limits on the spins can be set by noting
that all of these states show transitions to the 1+
ground state with lifetimes shorter than the coincidence
resolving time, r 2X10 ' sec, used in the py co-
incidence measurements. These considerations lead to
the limit of J(3 for each of these states. The absence
of transitions from the 2.53- and 3.1-Mev states to
the J=O states at 1.04 and 1.08 Mev (discussed below)
is in accord with J&0 and suggests J& 1 for these cases.

This completes a consideration of all of the levels
studied in this investigation except that at 1.08 Mev.
This level appears to represent an anomalous situation,
there being no counterpart in the theoretical predic-
tions. Early measurements with the Nt4(rry)Frs reac-
tion" first showed the strong gamma-ray transitions
which suggested the existence of a level in F" at this
energy. More recent measurements" carried out in this
laboratory, using this same reaction, established that
the strong transitions were between a resonance level
at 5.60-Mev excitation and the levels at 3.06 and 1.08
Mev. Since the measured angular correlations are in
complete accord with a J=1 assignment to the level
at 5.60 Mev and / =0 to that at 1.08 Mev, an attractive
explanation of the two strong transitions observed was
that they were uninhibited AT=1 transitions to T=1
states. However, in the face of overwhelming evidence
from other sources discussed above, it appears that it
is not the 1.08-Mev level but rather the level at 1.04
Mev which has T=1. Thus, neither the level at 1.08
nor possibly the level at 3.06 Mev have T=1, as was
earlier believed.

It is possible that the level at 1.08 Mev may have
negative parity, and thus would oot be considered in
the theoretical treatments' 4 made to date.

The values or limits thereto of the spins and parities
of the levels of F" discussed in this section are sum-
marized in column A of Fig. 15.

2. Branching Ratios

The experimentally determined de-excitation branch-
ing of the F"levels is sulnmarized in Fig. 7. This section
compares these values with modified single-particle
estimates, based on the identifications with the theo-
retical predictions shown in Fig. 16. These identifica-
tions are not all definite but appear to be the most
reasonable choices. Table I contains the experimental

32 P. C. Price, Proc. Phys. Soc. (London) A68, 553 (1955).
3~ E. Almqvist, D. A. Bromley, and J. A. Kuehner, Bull. Am,

Phys. Soc. 3, 27 (1958).
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widths (expressed in all cases as a percentage of the
total de-excitation width) and those obtained from the
Weisskopf extreme single-particle modeP' modified to
include isotopic-spin inhibition of M1 and E1 transi-
tions as given by Morpurgo' and Gell-Mann and
Telegdi, " respectively, and collective enhancement of
E2 transitions, as given by Barker" for this mass
region. This comparison shows reasonably good agree-
ment and although it should not be taken too seriously,
it does add credence to the assignments used.

It should be pointed out that the ground-state transi-
tion from the level at 1.70 Mev is an example of the
selection rule inhibiting 0 T=O M1 transitions in self-

conjugate nuclei. '0 A direct comparison of the strength
of this transition with that for the M1 transition to the
level at 1.04 Mev (ET=1) yields an inhibition factor
of 40. This is to be compared with the predicted value
of 30—120 and with the average of several cases reported
previously" "of 100.The magnitude of the inhibition
obtained from the branching ratio considerations is
consistent with the relatively large limit on its lifetime
obtained from the Doppler-shift measurements. "

'4 V. F. Weisskopf, Phys. Rev. 83, 1073 (1951).
"M. Gell-Mann and V. L. Telegdi, Phys. Rev. 91, 169 (1953).
'6 J. A. Kuehner, A. K. Litherland, E. Almqvist, D. A. Brornley,

and H. E. Gove, Phys. Rev. 114, 775 (1959).

The absence of a transition from the 1+, 1.70-Mev
state to the J=O state at 1.08 Mev, may also reQect
a 8 7=0 selection rule. In this case, if a limit of (5%
is placed on the nonobservation of the transition and
if the transition is assumed to be E1, the measured
inhibition is &500, to be compared with the predicted
value" of 1000.

As yet, no detailed calculations of gamma-ray widths
using the shell-model wave functions of Klliott and
Flowers or of Redlich, have been made.

3. Comparison Kith Theory

Detailed intermediate-coupling independent-particle
shell-model calculations for the mass-18 system have
been carried out by Elliott and Flowers'' including
mixing of two-particle configurations of the form
Pd' *s'. Similar calculations have been made by
Redlich, ' who has also investigated a deformed-nucleus
model4 which allows identification of the levels with
members of rotational bands. The excitation energies
and level spins predicted by these calculations are com-
pared with those obtained from experiment in Fig. 15.
For this comparison the isotopic spin T=0 and T= 1
levels are treated as separate bands, each with its
lowest predicted member aligned with the correspond-
ing experimentally determined lowest level; the relative
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excitations of these bands depends strongly upon the
exchange character of the nuclear potential assumed'
and is not expected to be accurately given by the
model.

Klliott and Flowers used a Rosenfeld exchange po-
tential of Yukawa shape for the interaction between
pairs of particles outside the 0" core. The separation
of single-nucleon s and d levels, as well as the spin-
orbit force, was determined from the level structure of
0". Intermediate values of coupling between jj and
LS limits were obtained by varying the depth V, of
the central potential. The range 40(V, (50 Mev is
displayed here since this gives a reasonable value for
the deuteron binding energy and gives satisfactory
agreement for mass-16"" and mass-19" nuclei.

Redlich used a Serber exchange potential of Gaussian
shape for the internucleon interaction and chose pa-
rarneters to fit ts-p triplet scattering and the deuteron
binding energy. Again the spin-orbit force and s-d
splitting was determined from the level structure of 0".

It should be noted that both the Elliott and Flowers
calculations and the Redlich calculations give the same
level sequence for the T=O and T= 1 levels considered

separately. In either case the predicted T=O spectra
are characterized by the low-lying 1, 3, 5 positive-parity
sequence followed by a relatively large gap in which
no T=O states are predicted. This same sequence
followed by a gap can be recognized in the experimental
spectrum.

For the case of the Redlich predictions it is found
that if a scale factor of 0.6 is arbitrarily applied to
bring the first predicted J=3, T=O level to 0.94 Mev,
the resultant spectrum provides a not unreasonable
description of the states observed, The level excitations
obtained in this way are compared in Fig. 16 with the
experimentally observed excitations. The level identi-
fications used in Table I are indicated by the dashed
lines. It is of interest to note that also in the 0" calcu-
lations of Elliott and Flowers" a similar multiplicative
factor, 0.85, is required to obtain agreement with the
observed spectrum. "It remains to be seen whether the
detailed theory can be altered in such a way as to fit
the observed energy spacings. It has been pointed out
by Elliott" in this connection that the effect of surface
particle coupling similar to that required to explain the
lifetime' of the 197-kev E2 transition in F" has a large
effect on level spacings in the mass-18 nuclei although
the corresponding eGect on the mass-19 system is
small. It should be noted that the intermediate-coupling
shell-model predictions were made before any accurate
experimental data for mass-18 nuclei were available to
guide the choice of parameters, and it may well be that
details of the calculations can be altered to obtain
better agreement with observed level spacings. As yet
there are not available any calculated transition widths
to compare with the measured y-ray branching ratios.

It is apparent from Fig. 15 that if one omits the
1.08-Mev state, then the sequence of spins predicted
by the model is in accord with the measured values or
limits. One would normally argue that additional states
beyond those predicted by these calculations are the
result of core excitation. It would be expected a priori
that one or more of such states with negative parity,
corresponding to single-particle core excitation, should
appear at relatively low excitations and that positive-
parity states characteristic of two-nucleon core excita-
tion should not appear below about 6 Mev. These
considerations suggest a negative-parity assignment to
the state at 1.08 Mev. It is noted that similar low-

lying negative-parity states are known to exist'~ in F".
In view of the recent attempts to use the nuclear

cluster model" to correlate spectroscopic information
in light nuclei, it may be of interest to note that the
1.08-Mev state and that at 3.06 Mev are both fed very
strongly"" in the N" (n,p)F"* reaction. The very large
widths of these transitions suggest some connection

37 J. P. Elliott and B. H. Flowers, Proc. Roy. Soc. (London)
A242, 57 (1957).

38 D. A. Bromley, H. E. Gove, J. A. Kuehner, A. E. Litherland,
and E. Almqvist, Phys. Rev. 114, 758 (1959)."E.B. Paul, Phil. Mag. 2, 511 (1957).

J. P. Elliott (private communication).' K. Wildermuth and T. Kanellopoulos, Nuclear Phys. 7, 150
(1958); 9, 449 (1958/59). R. K. Sheline and K. Wildermuth,
(to be published)); G. C. Phillips and T. A. Tombrello, Nuclear
Phys. (to be published).
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between these states and the capturing states at 5.60
and 5.67 Mev. This would be in accord with these
states involving a binary clustering of an alpha particle
and N" in an excited state. Similarly in 0" there is a
state at 7.13 Mev4' which is known to have a very large
alpha-particle width and which shows a higher than
average width for emission of E2 radiation to the first
excited state; in this case, of course, the associated
cluster is C". On such an interpretation the F" levels
at 0, 0.94, and 1.12 Mev may be based on the N"
ground state as a parent; the 0+, T=1 level at 1.04
Mev on the T=1 state at 2.31 Mev in N" and the level
at 1.08 Mev on the 0—,T=O level in N'4 at 4.91 Mev.
In this picture the states at 6.24 and 6.65 Mev in F"
and those at 7.63 and 8.05 Mev in 0", studied by
Phillips" using the N" (cr,y) F"and C"(cr,y)ois reactions,
respectively, would not correspond to such cluster
states.

The strong-coupling collective model44 has been ap-
plied with considerable success to a number of d-shell
nuclei. It has permitted a simple interpretation of many
of the properties of these nuclei including those of F".
However, for the mass-18 system the evidence4' from
0" argues against a strong-coupling collective-model
interpretation and no detailed application of this model
to F"has been attempted.

F" probably has prolate distortion as has been
suggested for 0" by Gove and Litherland" and which
has been found to give agreement with experiment for
F" by Paul. " According to the Nilsson" calculations
the two nucleons outside the 0"core on this assumption
each have 0=

~ and can combine to give E=0 and E= 1
bands. From general symmetry arguments4' the low-
lying rotational bands are: (a) T=1, If=0, J=O, 2,
4 . , (b) T=0, E=1,7=1, 2, 3, 4 . , and (c)
T=O, E=O, J=1 3 5 . .4' Although the E=O

4'H. K. Gove and A. E. Litherland, Phys. Rev. 113, 1078
(1959).

4' W. R. Phillips, Phys. Rev. 110, 1408 (1958).
44 A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab.

Selskab, Mat. -fys. Medd. 27, No. 16 (1953).
4' S. G. Nilsson, Kgl. Danske Videnskab. Selskab, Mat. -fys.

Medd. 29, No. 16 (1955).' A. K. Kerman, Euclear Reactions, edited by P. M. Kndt and
M. Demeur (North-Holland Publishing Company, Amsterdam,
1959), p. 471.' The corresponding statement given by Kerman, " in which
the isotopic spina in bands (a) and (c) are interchanged, is in
error.

band (c) has the 1, 3, 5 level sequence observed
for the lowest T=O levels, the calculations of Redlich4
suggest that the lowest T=O levels are actually from
the K=1 band. The observed level sequence, however,
is not that expected for band (b). These facts argue
against a simple collective interpretation of the T=O
levels of F"

E. CONCLUSIONS

The de-excitation branching of the levels in F" up
to 3 Mev has been studied using py coincidence
techniques. These measurements have been shown to
be in reasonable agreement with tentative level identi-
fications based on the shell-model predictions of Elliott
and Flowers and of Redlich. These tentative level as-
signments are consistent with direct and coincidence
angular correlation measurements made on the de-
excitation radiation.

Acceptable agreement is found between the observed
level positions and those predicted by the shell-model
calculations provided (i) the T=1 band of levels is
arbitrarily shifted with respect to the T=O band, and
(ii) a scale factor of 0.6 is arbitrarily applied to the
predicted energies. The hrst of these is reasonable be-
cause of the extreme sensitivity of this relative shift on
the exchange nature of the potential. ' It remains to be
seen whether detailed predictions of the energy separa-
tions can be made by reasonable changes of the poten-
tials used.

It has not been found possible to obtain an adequate
fit to the F" level spectrum presented in terms of a
rotational collective model. The data may, however, be
qualitatively in accord with an alpha-N" cluster-model
interpretation.

An example of the isotopic-spin selection rule in-
hibiting AT=0 M1 transitions in self-conjugate nuclei
has been observed. The measured inhibition of 40 is in
good agreement with the expectation of 100.
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