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where the choice of 4 or — represents either outgoing and
or incoming boundary conditions on the distorted 2= (r—ryA13)/d . (AS)
waves. k is the wave number of the relative motion of U, is given by
the target and projectile, u is the reduced mass, and L4
Ve ls_the Coulom'b potential prod}lced by a uniform = — 2V il ) — . (A6)
spherical charge distribution of radius 7 dr\14-¢=
=y ALI3
Re=r.Al%, (A2) The parameters used in the calculation presented here
where A is the atomic weight of the target. were V=22.1 MeV, W=15.9 MeV, W,=0 MeV, V,
The optical potentials in (A1) are defined by =4.31MeV, W,=—0.11 MeV, 7=0.902 F, a=0.452 F,
rd =119 F,a’=0.556 F, and r,=1.33 F. For the present
U=—V/{1+e)—iW/(14e*), (A3) calculations Eq. (A1) was solved in a manner appro-
where priate to the evaluation of Eq. (1) using an adaptation
x=(r—ridY%)/a (A4) of the Oak Ridge code JjuLIE due to R. M. Drisko.
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Angular correlations in the O'¢(He?,py)F!® reaction have been studied through two-parameter analyses of
proton—gamma-ray coincidences at He® bombarding energies of 4.65, 5.40, and 6.40 MeV. Protons were
detected by an annular solid-state detector centered at §,=180°; gamma rays were detected with a NaI(TI1)
spectrometer for five angles in the range 0°<6,<90°. Branching ratios were determined for nine of the ten
F18 levels of 3.4 <Eex <4.9 MeV; the exception is the 4.74-MeV level, which was not observed. From analysis
of angular-correlation data the following spin-parity limitations are obtained for the triplet of levels at
Eo~3.8 MeV:3.72-MeV level (J=1); 3.79-MeV level (J=1, 2, or 3); and 3.84-MeV level (J7=2), The
preference for an even-parity assignment for the 3.84-MeV level is quite strong. The decay modes of the
3.79-MeV level are consistent with the assumption that this is the 3~ member of the group of odd-parity
levels which includes those at 1.08 MeV (07), 2.10 MeV (27), and 3.13 MeV (expected 17). For those levels
with Eex>4 MeV, the correlation analysis provides restrictions on possible level spins and on multipole-
mixing amplitudes for some of the principal deexcitation transitions. These results are consistent with other
available information. The 4.65-MeV level of 8 is found to have J > 3, and decays by transitions to the
0.94-MeV level (J7=3*) and to the 1.13-MeV level [J*= (5)*] with branching ratios of 15 and 859, re-
spectively. This appears to be the most likely candidate for the J==4* T=1 analog of the 3.55-MeV 4*
state of O, The F# 4.40-MeV level is also observed to decay to the 1.13-MeV level, and is a possible but less

likely candidate for the analog of this 0!8 level.

I. INTRODUCTION

N a recent publication! we reported an investigation
of the first 10 excited states of '8 (Ex<3.4 MeV)
from the O'(He?,py)F'® reaction (Q=2.021 MeV). In
the present paper we report an extension of these
measurements into the range of excitation 3.4 < Eox<4.9
MeV. For convenience, previously available!™® informa-

* Work performed under the auspices of the U. S. Atomic
Energy Commission.
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tion on the F*®level structure is summarized in Fig. 1 for
levels of En<4.9 MeV. Excitation energies and
branching ratios for those levels of E.,<4 MeV are
those summarized in a recent report?® of high-resolution
Ge(Li) studies of F'* gamma rays, and incorporate the
earlier results of Refs. 1-8. The position of those levels of
Ex>4 MeV are taken primarily from the compilation
of Ajzenberg-Selove and Lauritsen,? but include some
results from the present work. Indicated spin assign-
ments are from the information presented, or reviewed,
in Refs. 1-9. We note in particular that the J=0
assignment for the 1.08-MeV level is from the results of
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F1c. 1. Summary of previously available information on the
levels of F18 of excitation energy [l.x<4.9 MeV. Branching ratios
and spin-parity assignments given for levels of E.x<3.4 MeV are
from the information summarized in the text; the levels of
Eex>3.4 MeV are the subject of the present investigation.

Chagnon® and Gorodetzky ef al.,” while the odd-parity
assignment for both the 1.08- and 2.10-MeV levels is
from the recent work of Poletti.? As a result of the
information derived from these previous experiments!—?
the character of the lower-lying levels of F'® has been
reasonably well established.

The present experiment was designed to study higher-
lying levels with Ee>3.4 MeV through proton-gamma
coincidence measurements and also angular-correlation
measurements in the OY(He?py)F'® reaction. Some
information on the branching ratios of these levels is
available from the results of -y coincidence measure-
ments carried out on this reaction with NaI(Tl) de-
tectors and from singles measurements made with a
Ge(Li) detector. The information, resulting from these
two experiments, which pertains to the states of Ex<4
MeV has been summarized previously.? We note with
reference to the levels under investigation in the present
report that excitation energies of 3724.8+3 keV,
379045 keV, and 3838.5+3.5 keV were given® for the
triplet of levels at Ex~3.8 MeV, and Doppler-shift
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attenuation measurements resulted in upper limits on
the mean lifetimes of the 3.72- and 3.84-MeV levels of
0.08 and 0.1 psec, respectively. Also forthcoming from
these studies® but not reported previously are the
determination of excitation energies of 4114.94-4 keV
and 4230.7:4:4 keV for the next two excited states.
These results were obtained from the spectrum of
gamma, rays from the O (He?, py)F'® reaction measured
at En.s=6 MeV, using a 30-cc Ge(Li) detector placed
at §,=90° to the beam direction. In the following
presentation and discussion of the p-y correlation
measurements, the results of these two experiments have
been incorporated in the final establishment of decay
schemes and branching ratios.

II. EXPERIMENTAL PROCEDURE

Proton-gamma correlations in the O%(He? py)F8
reaction were studied at He® bombarding energies of
4.65, 5.40, and 6.40 MeV using the He*** beam from the
Brookhaven National Laboratory Van de Graaff ac-
celerator. The target for the He® bombardment was an
approximately 50 ug/cm? self-supporting foil of SiO.
Protons were detected by an annular solid-state de-
tector, which was centered at 180° to the beam direction
and 4 cm from the target, subtending an angle 8, of
(17141.7)°. A 5% 5-in. NaI(Tl) detector was used for
the measurement at Eg.s=4.65 MeV, while a 3X3-in.
NaI(TI) detector was used for the higher bombarding
energies. The spectrum of coincidence pulses from the
two detectors was analyzed by a TMC 16384-channel
two-parameter analyzer operating in a 256 (gamma)
X 64 (proton)-channel mode. At each of the three bom-
barding energies data were acquired for detection angles
6,=0°, 30°, 45°, 60°, and 90°, with one or more angles
repeated as a check on reproducibility. The results of
each experimental measurement were transcribed onto
magnetic tape for later computer analyses; at the con-
clusion of the correlation measurements at a given
bombarding energy, the individual spectra corresponding
to the various 6, were added to form a “summed
spectrum,”” which was used to determine decay schemes
and branching ratios. Corrections due to correlation
effects were later determined, from the results of the
correlation analysis, to be small; they were nevertheless
applied in the final determination of branching ratios.
These procedures were described in more detail
previously.!

III. RESULTS

Figure 2 illustrates the results of a partial analysis of
the data acquired at Eg.s=5.40 MeV. The upper plot
shows the charged particle spectrum measured in coinci-
dence with gamma-ray pulses corresponding to £,>0.2
MeV. In the lower plots we have shown the spectra
coincident with 0.94-, 1.04-; and 1.69-MeV gamma-ray
photopeaks. The peaks evident in Fig. 2 are labeled
according to the F'® excitation energies (in MeV). From
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this we see that the states at 2.52, 3.06, 3.84, and 4.23
MeV deexcite by gamma transitions leading through
the 0.94-MeV first excited state of F'3, while the levels
at 3.13, 3.36, and 3.72 MeV deexcite by transitions
leading through the 1.04-MeV second excited state. The
4.11-MeV level is observed to deexcite with roughly
equal probability by transitions leading to both the
0.94- and 1.04-MeV levels. The proton peak observed in
coincidence with the gamma-ray photopeak at 1.69
MeV corresponds, as will be demonstrated, with the
group leading to the 3.79-MeV level.

The energy calibration for these spectra as deter-
mined from the identified F'® proton groups is shown in
the upper figure, where we have indicated also the ex-
pected positions of various proton groups from the
C2(He?,py)N* reaction. It is thus clear that the pres-
ence in these data of p-y coincidences due to the small
carbon contamination of the target could not affect our
analysis of the F'8 3.8-MeV triplet levels. In the region
of the F84.11- and 4.23-MeV levels we might, however,

L T T T T T T T T T T T T T
250
Ee3 =5.40 MeV 430

/‘
200 ¥
425 1
E,>0.2 MeV S
150 ]
2
42.0 =
100
415
8
1 50
2 41.0
Z 1
0 [
5 ol by o—s—s-o-s E,=0.94 MeV |
« e«i;f ooooo Eyz 1,04 MeV
S 1#;:. s £ = |.69 MeV 1
’U_> [‘ " 4
z
2
3 ! i
o 1

s <+ 3.36

0,

379 ——

'~

30 40 50 60 70
CHANNEL NUMBER

Fi1c. 2. Partial results of a two-parameter analysis of proton-
gamma coincidences from the O (He?,pv)F18 reaction at a bom-
barding energy Eu.?=35.40 MeV. The upper plot shows the
charged-particle spectrum measured in coincidence with all
gamma-ray pulses of energy E,>0.2 MeV. The lower plot shows
the spectra observed in coincidence with 0.94-, 1.04-, and 1.69-
MeV gamma-ray photopeaks. The proton groups of the lower plot
are identified by the F® excitation energy (in MeV). From the
energy calibration shown in.the upper plot, as based on this
identification, the expected position of various contaminant
proton groups from the C®2(He?,py)N!* reaction are indicated.
These spectra were measured with an annular solid-state detector
at 6,=180°, and were obtained as the sum of the individual spectra
measured at the various angles of the correlation investigation.
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Fic. 3. Partial results of a two-parameter analysis of proton-
gamma coincidences from the O (He? py)F!8 reaction at a bom-
barding energy of 6.40 MeV. As in Fig. 2, the plots show the
charged-particle spectra measured in coincidence with various
regions of gamma-ray energy. The energy calibration (upper
figure) is based on the identification in the lower plots of the
indicated F1® protons groups, which are labeled according to
excitation energy (in MeV) of the corresponding F18 levels. The
expected position of possible contaminant groups from the
C12(He3,py) N reaction are indicated.

expect a small contribution due to the N 6.44-MeV
level ; this possibility was subsequently accounted for in
the determination of branching ratios and correlations
for these two F'8levels. A similar plot is shown in Fig. 3
for the data acquired at Eg.*=6.40 MeV. Here we see
evidence for population of the 4.36- and 4.40-MeV
levels of F'® (unresolved) and also for population of the
4.65- and 4.84-MeV levels.

From these results and similar ones obtained for
Exe=4.65 MeV, it was a fairly simple matter to obtain
the gamma spectra in coincidence with a given proton
group, both from the summed spectra and from the
individual spectra measured at the various angles 6.,.
From these spectra, branching ratios and experimental
correlations were obtained as explained below for the
various F8 levels studied.

The analysis of the data on the triplet of levels at
3.72,3.79, and 3.84 MeV was the most difficult, since the
resolution of the particle detector was not sufficient to
resolve the individual proton groups. However, as is
evident from Figs. 2 and 3, the principal modes of de-
excitation of the three levels are markedly different and
hence were readily deduced from inspection of the net
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F16. 4. Spectra of gamma rays from the O (He?,pv) F18 reaction
measured in coincidence with proton groups pii, pie, and pis
populating, respectively, the 3.72-, 3.79-, and 3.84-MeV levels of
F18, For each spectrum the gamma-ray peaks are labeled by the
energies (in MeV) of the initial and final states between which the
transitions occur. These assignments are discussed in the text.
These spectra were obtained from the two-parameter data for
Enet=5.40 MeV by unfolding the separate contributions due to
the unresolved triplet of levels as shown in Fig. 2.

2-parameter data. The major decay mode of the 3.72-
MeV level is via the 3.72—1.04 — 0 cascade giving
rise to gamma rays of energy 2.69- and 1.04-MeV.
Evidence is also seen for a weak 3.72— 0 transition.
The 3.84-MeV level deexcites primarily by transitions
to the ground state and to the 3.06-MeV level, giving
rise to gamma rays of energy 3.84, 3.06, 2.12, 0.94, and
0.78 MeV. By a process of elimination, it was subse-
quently ascertained that the principal deexcitation of
the 3.79-MeV level is via the cascade transition 3.79 —
2.10, since we see a 1.69-MeV gamma ray and also those
gamma rays which characterize the deexcitation of the
2.10-MeV level.

Having deduced the principal decay modes of these
three unresolved levels, the gamma spectra due to de-
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excitation of each state was extracted from the data.
For example, from the data for Eges=5.40 MeV (Fig. 2)
the spectrum due purely to deexcitation of the 3.72-
MeV level was obtained as the sum of channels (25-+26
+27) minus the sum of channels (20417-+18). The
resultant spectrum is shown in Fig. 4, as are also the
spectra thus determined to be in coincidence with
proton groups piy2 and pys.

The 3.72-MeV Level of F8

From the data of Fig. 4 (Eg.=5.40 MeV) and from
similar data for the other two bombarding energies, we
compute branching ratios of (6+43)9, and (94+3)9, for
transitions from the 3.72-MeV level to the ground state
and to the 1.04-MeV second excited state, respectively.
(We note that the observed 3.72-MeV ground-state
transition is energetically distinguishable from the
3.84 — 0 transition which appears so strongly in the net
unresolved spectrum.) No evidence is obtained for other
possible modes of deexcitation. The results for the
branching of the F'® 3.72-MeV level are summarized in
Table I, where we have quoted an average of the present
results with those of Refs. 7 and 9.

The experimental angular correlation of the 3.72 —
1.04 transition extracted from the data for Eg,s=4.65
MeV is shown in Fig. 5. The results of an even-order
Legendre polynomial fit to the data, of the form

W@)=1,3,a,P,(cosf),

are given in Table II. The table lists the solutions for
a, (ap=1) obtained for vmax=2 and also for vmex=4,
together with the values of X2 (normalized) obtained for

140 — T T T

J=3x%127.6
120

J=1,x2:1.45

100

80

INTENSITY

60

40

1.0 0.75 0.5 0.25

cos?8

F16. 5. Proton-gamma angular-correlation results for the F18
3.72-MeV level. The solid circles and error bars show the experi-
mental data obtained from measurements of the O (He? py)F18
reaction at Ep,?=4.65 MeV. The curves show the best fits to the
data obtained, as indicated in the insert, for assumed spins of
J=1, 2, and 3 for the 3.72-MeV level. For each assumption, the
minimum value of X2, the goodness-of-fit parameter, is indicated.
From this we see that possibilities J=2 and J =3 are excluded to
better than 99.99, confidence. In conclusion, a unique J=1
assignment is obtained for the 3.72-MeV level.
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TaBLE I. Summary of branching ratios (or limits) determined for gamma-ray transitions in F8 from the listed initial states E;
to various final states E;. As explained in the text, this summary is based on the present work and on that given in Refs. 7 and 9.

Values are in percent.

%.- (MeV) 3.72 3.79 3.84 4.11 423 4.36 440 465 484

E; (MeV)
0 8+2 <15 39:+4 543 315 <5 <6
0.94 <6 <10 5+4 <8 525 <20 (<30) 1545 <4
1.04 922 <15 <4 <8 <5 <5 64-£4
1.08 <15 <15 <3 <8 (£5)» <5 <15
113 <10 <10 <3 <8 <10 (100)® 85:£5 <15
1.70 <6 <10 444 <8 543 <5 <10
2.10 <10 7610 <5 <15 1243 <10 <15
2.52 <3 414 <2 <15 <4 <10 <10
3.06 <5 20+8 52:+4 95-£3 <3 (100)® <4 364
3.13 <3 <10 <6 <13 (£5)» <4 <15
3.36 <4 <20 <9 <10 <5 <3 <15

a One or both of these transitions may occur. Both possibilities would give rise to 1.08-MeV gamma rays and hence we may not distinguish between them,

b Assumed.

each fit. The theoretical correlation curves computed for
various assumed values J for the spin of the 3.72-MeV
level are also shown in Fig. 5. The computed curves
for J=2 and for J=3 clearly fail to match the datum
points as is evidenced also by the minimum values of
X2 The fit for J=1 is, however, quite satisfactory.
Therefore we have determined that the 3.72-MeV level
has J=1 to a confidence of better than 99.99%,. We
note that since both the 1.04- and 1.08-MeV levels have
J=0, the correlation analysis would not be altered by
the presence of a possible (<15%) 3.72 — 1.08 branch.

In summary then, the 3.72-MeV level has J=1, and
de-excites primarily by dipole emission to the 1.04-MeV
state with a weak transition to the ground state. The
branches are found to be (9242)%, and (824=2)9%,
respectively.”® From the limit imposed previously® for
the mean lifetime of the 3.72-MeV level, 7<0.08 psec,
we compute a lower limit to the level width: I'y(3.72)
>8.2X1073 eV. Allowing for 2 standard deviations in
the branching ratios as quoted in Table II, we compute

the strength of the 3.72 — 1.04 transition, in Weisskopf
units®® (W.u.), to be either |M(£1)|2>0.0008 W.u.
or |M(M1)|*>0.02 W.u. depending on whether the
transition is E1 or M1, respectively. Both values are
reasonable, and hence the parity of the 3.72-MeV level
cannot be determined from this information.

The 3.84-MeV Level of F!8

In addition to those gamma rays resulting from
transitions to the ground state and to the 3.06-MeV
state, evidence is seen (Fig. 4) for a gamma ray of
energy 2.9 MeV, which appears to be definitely in
coincidence with the 3.84-MeV proton group, and which
we ascribe to the transition 3.84 — 0.94. A weak gamma
ray of energy 0.66 MeV, characterizing the deexcitation
of the 1.70-MeV level, also appears. From these data we
compute the following branching ratios (in percent):
3.84—0 (41+4), 3.84—0.94 (543), 384— 1.70
(43), and 3.84 — 3.06 (50==4). The relative intensities

TasLE II. Partial results of proton-gamma angular correlations measured in the O (He3,p)F18 reaction. The transitions in FI8 are
indicated in column 2, as resulting from deexcitation of the initial levels indicated in column 1. Columns 3-7 give the coefficients a, for
an even-order Legendre polynomial fit to the correlation data of the form W (6) =1, ¥, a,P,(cos) (with ap=1) for vmax=2 and rmax=4.
The corresponding values of X? (the goodness-of-fit parameter) are indicated for both cases. The He? bombarding energies used in each
measurement are given in column 8. In some cases we have presented a weighted average of the measurements at two different energies,

as indicated by the brackets and explained further in the text.

Eex Vmax =2 VYmax=4 Eyes
(MeV) Transition ay x* as ay X2 (MeV)
3.72 3.72 - 1.04 —0.28-0.04 1.4 —0.26-+:0.04 —0.044-0.04 1.8 4.65
3.79 3.79—2.10 —0.18:0.06 0.6 —0.20£0.06  -+0.064-0.06 0.5 4.65
4.65
3.84 3.84—0 +0.38-0.05 10.0 +0.454-0.04 —0.28+0.04 0.6 { + }
6.40
3.84 —3.06 +0.26+0.04 2.0 +0.26+0.04 ~0.01+0.05 29
4.11 4.11—3.06 —0.4740.06 0.3 —0.45-0.08 —0.04=-0.06 0.3 5.40
5.40
423 423 —0 —0.32:£0.07 0.3 —0.34-+0.08 —0.05+0.07 0.3 { + }
6.40
4.36 4.36 — 3.06 —0.190.12 1.0 —0.234-0.13 +0.10-0.14 1.2 6.40
4.65 4.65 — 1.13 —0.58-0.14 0.3 —0.58+-0.14 —0.05+0.14 0.2 6.40
4.84 4.84 — 1.04 +0.4 =+0.09 0.5 +0.4340.10 —0.06-+0.10 0.6 6.40

1 D, H. Wilkinson, in Nuclear Spectroscopy, edited by F. Ajzenberg-Selove (Academic Press Inc., New York, 1960) , Part B, p. 862 ff.
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TasLE ITI. Results of a X2 analysis of proton-gamma angular correlations in the O (He?,pv)F8 reaction. The initial F8 levels and the
transitions studied are identified in columns 1 and 2. Assumed spin sequences are given in column 3; with the exception of the 1.13-MeV
level, the final-state spins are known in all cases. The solutions for x, the (L41)/L mixing ratios for the indicated transitions, are given
for these assumed initial-state spins. Remaining possibilities for spins of the initial state have been eliminated with better than 999,

confidence.
Assumed

Eex Transitions spin
MeV) fitted sequence Solutions for x X2
3.72 3.72—-1.04 1-0 x=0 14
3.79 379 —2.10 1—-2 (x=undefined) 0.6
22 x>0.36 or |x|= 0.6
3—2 Xr=— (0.08_(]‘05"'0'08) or x= + (4.7_1,0+3')) 0.5
3.84 3.84—0 2—1 —20<x< —0.58 0.6
3—1 x=-4 (0.07._()‘07*‘0‘05) or x=- (3.7_0_7"“‘0) 0.6
3.84 — 3.06 22 2=+ (0.05_0.45704) or x=— (2.740.8) 1.3
3—2 x=—(0.33_0.05"0%); |x|>0.21 1.3
411 411 — 3.06 1—-2 x<—0.11 0.5
2—2 =4 (1.5_0.5"25); x>0.5 0.5
3—-2 x=-4(0.09_0.00™12) or x=+4(2.240.4) 0.5
4.23 423 -0 1-1 (x=undefined) 0.4
2—1 =4 (0.0_0.12718) or x=-+(2.7£1.0) 04
4.36 4.36 — 3.06 0—-2 x=0 1.0
1—-2 (x=undefined) 1.0
22 x>0.1 0.8
3—2 x=—(0.0720.07) or x=+ (4.5_1.213:%) 0.9
4.65 4.65—1.13 3—>35 x<—0.27 or x> +4.7 0.2
4—35 rx=— (3 .3_1,5+3'°) or x=— (03 1—0.16+O'4O) 0.2
5—5 (x>0.7) 1.5
6—5 x=+(0.1840.15) or >0.7 0.2
4.84 4,84 —1.04 1—0 x=0 (dipole) 0.5
2—0 x=0 (quadrupole) 0.5

of the principal deexcitation gamma rays are in agree-
ment with those reported by Gorodetzky et al.” and we
thus give an average of these values in Table I. The
limits on other possible branches quoted in Table I are
derived from the present work and Ref. 9. From the life-
time measurement for the 3.84-MeV level,? which has re-
stricted the mean life to be 7<0.1 psec, and using the
branching ratios summarized in Table I, we compute a
total radiative width for the 3.84-MeV level of I';,> 6.6
X 1073 eV and partial widths as follows: I, (3.84 — 0)
>2.2X1073 eV and T',(3.84 — 3.06)>2.8X 1072 eV.
The experimental results obtained at the three bom-
barding energies for the 3.84 — 0 angular correlation
were found to be markedly similar, as were also the
results of our analysis of these data. Hence we have
chosen to present, as illustrated in Fig. 6, an analysis of
the “net” correlation data obtained as a properly
weighted sum of the data from the three separate
measurements. The experimental data are shown in the
upper portion of Fig. 6. Results of a Legendre polynomial
fit to these data (and also to the 3.84 — 3.06 correlation
data) are summarized in Table II. From the large
coefficient of P4(cosf) we can immediately conclude that
the spin of the 3.84-MeV level has J>2. This is in
agreement with a previous observation! which can now
be interpreted as confirming the J 2 2 restriction for the
3.84-MeV level. The results of a X* analysis of the
present data are presented in the lower portion of Fig. 6.
In these curves X2, representing the goodness of fit to the
experimental data, is plotted as a function of #, the

11 E, K. Warburton, J. W. Olness, and D. E. Alburger, Phys.
Rev. 140, B1202 (1965).

multipole amplitude ratio describing (Z+1)/L mixing
in the 3.84 — 0 transition. Throughout this work we
shall use the phase convention of Poletti and War-
burton? for EL/M (L+1) mixtures. These curves were
generated by a computer program, described previ-
ously,*® which adjusts the population parameters P(0)
and P(1) to obtain a best fit to the experimental data
for discreet values of x in the range —oo x4 .
Plots are shown for various assumed values of J, the
spin of the 3.84-MeV level. The solid curves are com-
puted for an ideal proton detector at 6,=180°; the
dashed curve gives our estimate of the maximum pos-
sible effect of the small deviation of 6, from 180°
(FSE).® From these curves we see that possible assign-
ments J=0 and J=1 are rejected with better than
99.99, confidence. However, both J=2 and J=3 are
found to be acceptable solutions for particular values of
x, as indicated. These solutions for x are summarized in
Table III. The solid curves of the upper portion of
Fig. 6 show the computed correlations corresponding to
the minima in X* for J=0, 1, 2, 3; i.e., the best fits
obtained under different assumptions for J.

We next examine the 3.84 — 3.06 correlation data
(Table IT). The results of a X* analysis of these data to
determine possible quadrupole-dipole mixing in the
3.84 — 3.06 transition are summarized in Table III.
Solutions are obtained for both possible spin assign-
ments J=2 and J=23 for the 3.84-MeV level. We now
consider in sequence these two possible spin assignments
for the 3.84-MeV level, taking into consideration also
the limits quoted above on the transition widths.

If J=3, then the 3.84 — 3.06 transition has a signifi-
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cant quadrupole admixture, |x|>0.21 to 99.9%, confi-
dence. The strength of this component is either
| M (E2)|2>6X10* W.u. or |M(M2)|?>3.8X10* W.u.
depending upon whether the quadrupole component is
L2 or M2, respectively. Both possibilities exceed the
most generous sum-rule limit?® |3/ |2< Z? and hence the
spin of the 3.84-MeV level may not be 3.

For a J=2 assignment to the 3.84-MeV level we con-
clude that the 3.84 — 3.06 transition must be approxi-
mately pure dipole, since the larger solution for x
(Table III) corresponds to quadrupole strengths ex-
ceeding this sum-rule limit® From the correlation
results summarized in Table III we have the restriction
on quadrupole/dipole mixing in the 3.84 — 0 ground-
state transition of —20<x<—0.58, where the limit is to
99.99, confidence. If J*=2-, then the quadrupole
component in this ground-state transition would be M2
of strength | M (M2)|?>8 W.u. This is highly unlikely,
since it corresponds to a strength more than 10 times
greater than the strongest authenticated isotopic-spin
inhibited M2 transition observed previously.!21

We may summarize then by saying that the 3.84-MeV
level has J=2 and is almost certainly of even parity.
For a J7=2% assignment, the restriction on the £2
strength of the ground-state transition (in W.u.) is
0.3< | M (E2)|2<1.1. The 3.84 — 3.06 transition is then
essentially pure magnetic dipole of strength |M (1) |2
>0.28 W.u. A AT'=0 dipole transition of this strength
would be quite surprising.’*** Thus the 3.84 — 3.06
transition is almost certainly A7'=1 which gives further
support to a 7'=1 assignment for the 3.06-MeV level.

The 3.79-MeV Level of F!8

The strongest gamma ray originating from the 3.79-
MeV level is that of energy 1.69 MeV resulting from the
2.7 — 2.10 transition (Fig. 4). We also see a 2.1-MeV
gamma ray and the complex of gamma rays at 1 MeV
resulting from the known deexcitation of the 2.10-MeV
level. The intensity of the 2.1-MeV gamma ray is
however too strong to arise solely from the 2.10—0
transition, and instead arises in part from the de-
excitation of the 3.06-MeV level, which is populated
via a 3.79 — 3.06 transition giving rise to the 0.73-MeV
gamma ray which appears prominently in the de-
excitation spectrum. Evidence also appears for a gamma
ray of energy ~1.27 MeV, which could arise from a
3.79 — 2.52 transition. The measured gamma-ray in-
tensities fit well with the assumption that the 3.79-MeV
level decays via transitions to the 2.10-, 2.52-; and
3.06-MeV levels, and we finally compute the branching
ratios and upper limits given in Table I. Partial results
of the angular-correlation analysis of the 3.79 — 2.10
transition are summarized in Table II. The results of x?
analyses of these data restricts the spin of the 3.79-MeV

2 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.
18 E. K. Warburton, Phys. Rev. 113, 595 (1959).
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F16. 6. Proton-gamma angular correlations for the F18 3.84 — 0
transition resulting from population of the 3.84-MeV level in the
016 (He?,py) F18 reaction. The points with error bars (upper plot)
show the experimental correlation data. The results of a X2
analysis of these data are shown in the lower figure. Here we have
plotted X2, representing the goodness of fit to the experimental
data, as a function of arctanx, where x is the (L+1)/L mixing
ratio in the 3.84 — 0 transition. These curves were calculated for
an ideal detector of negligible solid angle placed at 6,=180°; the
dashed curves show our estimates of the maximum possible finite-
size-effect (FSE). Plots are shown for assumed values J=1, 2, 3
for the F8 3.84-MeV level; the minimum value of X2 for a J=0
assumption is also indicated. The probability that X2 exceeds the
limit marked as 0.19 is just 0.1%}). From this we see that possi-
bilities /=0 and J=1 are excluded to better than 99.99, confi-
dence. For the possibilities J =2 and J =3, the mixing ratios x are
restricted to values corresponding approximately to the minima in
the x2 plots. The best-fitting correlations for J <3 are shown in the
upper plot for comparison with the experimental data.

level to J=1, 2, or 3, with the restrictions on the
quadrupole/dipole mixing ratios in the 3.79 — 2.10
transition which are given in Table III. Spins J=0 or
J>3 are eliminated with better than 99.99, confidence.
No attempt was made to fit the 3.79 — 3.06 correla-
tion, since the 0.73-MeV gamma ray was not resolved
from the 0.78-MeV gamma ray resulting from the
3.84— 3.06 transition. In this respect we note that
the relative intensities of these two gamma rays in the
“net” spectrum of gamma rays from the unresolved
triplet were I,,(0.78)/1,(0.73)~5/1. Since in the analy-
sis of the 3.84 — 3.06 correlation data, the effect of
possible 3.79 — 3.06 contributions were eliminated to
better than 809, the net uncertainty in the measured
3.84 — 3.06 correlation due to this problem was at
most 49,. This uncertainty was incorporated in our
analysis of the 3.84 — 3.06 angular correlation.
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F1c. 7. Spectrum of gamma rays from the O(He3,pvy)F18
reaction measured in coincidence with proton group pi4 corre-
sponding to population of the F18 4.115-MeV level. Transitions are
labeled according to the excitation energies (in MeV) of the initial
and final levels between which the transitions occur. These data
were obtained from the two-parameter spectrum of proton-gamma
coincidences measured at Epe3=5.40 MeV, and represent the sum
of the data measured at the various correlation angles. The decay
scheme deduced from these data is shown in the insert.

The 4.11-MeV Level of F'8

That the principal deexcitation of the 4.11-MeV
level occurs via the 4.11—3.06 cascade is readily
deduced from the spectrum shown in Fig. 7. The data
extend only to channel 256; we have indicated the
maximum possible 4.11 — 0 component consistent with
these data. A more critical determination of the ground-
state intensity was made by examining the proton
spectra in coincidence with gamma channels (210-256)
which gives evidence for an ~59%, ground-state transi-
tion. These results are presented in Table ITI, where we
have included possible summing effects in computing
thc intensity of the ground-state transition.

The results of X2 analyses of the 4.11 — 3.06 correla-
tion data (see Table IT) are summarized in Table III.
Spins of J=1, 2, or 3 are allowed by these data, with the
multipole mixing restrictions given. Again the possi-
bilities J=0and J> 3 are excluded to 99.99, confidence.
The angular distributions of the 3.06-, 2.13-, and 0.94-
MeV transitions were also extracted, and a simultaneous
4-distribution fit was made to the data on the 4.11 —
3.06, 3.06— 0, and 3.06 — 0.94— 0 transitions. The
spins and gamma-ray multipolarities involved in the
latter three transitions are known from previous meas-
urements.! These results were in agreement with, but
unfortunately no more restrictive than, the results ob-
tained from the analysis of the 4.11 — 3.06 transition
alone.

In conclusion, the 4.11-MeV level has J=1, 2, or 3;
the quadrupole/dipole mixing ratios for each of these
possibilities are summarized in Table II. These results
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are in good agreement with the conclusions reported by
Gorodetzky et al.”

The 4.23-MeV Level of F8

As is evident from Fig. 8 the gamma-ray spectrum of
the 4.23-MeV level is complex. The principal decay
occurs via the 4.23 -0 and 4.23— 0.94 transitions.
Evidence is also seen for gamma rays resulting from the
transition 4.23 — 2.10 and less clearly from a 4.23 —
1.70 transition. These gamma-ray intensities fit well
with theindicated assignments resulting in the branching
ratios and limits summarized in Table I. The exception
is for the 1.08-MeV peak, which appears too strong to be
explained by the suggested deexcitations. From its
energy it can arise either from a 4.23 — 3.13 transition
or a 4.23 — 1.08 — 0 cascade and is so indicated by the
appropriate entry (<5) in Table III. From the correla-
tions measured for the 4.23 — 0 transition (see TableII)
we arrive at the spin limitations and multipole mixing
conclusions summarized in Table III. The correlation
data on the 4.23 — 0.94 — 0 cascade were also fitted;
again, it was found that these data limit the spin of the
4.23-MeV level to J=1 or 2, but no restrictions
are imposed on possible mixings in the 4.23 — 0.94
transition.

The 4.36- and 4.40-MeV Levels of F18

The gamma-ray deexcitation spectrum of these un-
resolved doublet levels measured at a bombarding
energy of 6.40 MeV (corresponding to the particle
spectrum of Fig. 3) is shown in Fig. 9. From examination
of the proton spectra coincident with various gamma-
ray photopeaks, it is determined that the 1.30-MeV
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Fi16. 8. Spectrum of gamma rays from the O (He3,py)F18 re-
action measured in coincidence with proton group pis (4.23-MeV
level). The various F8 transitions are identified according to the
excitation energies of the initial and final states; the decay scheme
deduced from these data is shown in the insert.
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Fic. 9. Spectrum of gamma rays from the O (He3,py)F18 reac-
tion measured at Eg.*=06.40 MeV in coincidence with the unre-
solved proton groups pis and py; populating, respectively, the
4.36- and 4.40-MeV levels of F18, From these data it is determined
that the primary deexcitation of these two levels occurs via
4.40 — 1.13 and 4.36 — 3.06 cascades, as indicated in the insert.
The peak at E,=3.432£0.02 appears to result primarily from a
4.36 — 0.94 transition, but its assignment is uncertain.

gamma ray is associated with the 4.36-MeV level,
resulting from the 4.36 — 3.06 transition, while the
stronger high-energy line arises from the 4.40 — 1.13
transition. Thus the major decay modes of these two
levels are quite clear, and explain the presence of the
prominent peaks of Fig. 9, with the exception noted as
follows: the somewhat less-intense high-energy gamma
ray, of energy (3.43+£0.02) MeV, cannot be assigned on
the basis of its energy to either of the two indicated
transitions, and may in fact arise in part from each.
However, an upper limit of 209, can be assigned to a
possible 4.36 — 0.94 transition, which permits us to
indicate the limits outlined in Table I. The 4.36 — 3.06
correlation was observed to be approximately isotropic,
as indicated in Table II. These results are consistent
with possible spin assignments J=0, 1, 2, 3 as indicated
in Table III. Possibilities J>3 are eliminated to 999,
confidence.

The 4.65-MeV Level of F!8

From the presence of strong 3.52- and 0.94-MeV
gamma rays in the de-excitation spectrum of the 4.65-
MeV level (Fig. 10) we deduce that the principal de-
excitation occurs via the cascade4.65—1.13— 0.94— 0.
Evidence is also seen for a weak 4.65 — 0.94 transition.
In extracting the angular correlation of the 4.65 — 1.13
transition, account was taken of the effect of this
weaker 4.65— 0.94 transition. The results of a X2
analysis of these correlation data (Table II) assuming
the most probable spin Jp=35 for the 1.13-MeV level,

LEVELS OF F138 FROM O1!¢(He3,py)F1s
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are summarized in Table III for various assumed spins
J 4 for the 4.65-MeV level.

The mean lifetime of the 4.65-MeV level is not known,
but a crude limit 7< 1077 sec is set from the coincidence
circuit resolving time. This is sufficient to rule out the
possibilities J4=0 or J4=1 since for these cases the
4.65 — 1.13 transition would necessarily be of multi-
polarity L24. From a fit to the correlation data as-
suming J4=2, we find that the mixing ratio x for
(L=4)/(L=23) radiations is |x|>0.4; thus this possi-
bility is similarly ruled out.

The remaining possibilities for J4 are summarized in
Table III. We note that for J 4=4 or J 4=6 the correla-
tion data are consistent with the 4.65 — 1.13 transition
being pure dipole. However, for the possibility J4=35,
the radiation must have a significant quadrupole
admixture.

These data on the 4.65 — 1.13 correlation were also
examined to see what restrictions could be placed on the
spin of the 1.13-MeV level. Under the assumption that
the 4.65-MeV level is indeed Ja=4, we find that the
spin of the 1.13-MeV level is restricted to values
Jp=3, 4, 5; other possibilities are excluded to better
than 99.99, confidence. For the possibilities Jp=3 or
Jp=35, the mixing of quadrupole/dipole radiation is
consistent with values x=0, while for Jz=4 the
quadrupole/dipole mixing is restricted to values >0.6.

The 4.84-MeV Level of F18

The 4.84-MeV level is observed to deexcite by
transitions to the 1.04- and 3.06-MeV levels with
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Fic. 10. Spectrum of gamma rays from the O (He?,p~)F18 reac-
tion at Eme=6.40 MeV measured in coincidence with proton
group pis (4.65-MeV level). The decay scheme deduced from these
data is shown in the insert. The 0.511-, 0.67-, and 1.41-MeV peaks
apparently result from an incomplete removal of background
contributions to the spectrum.
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branching ratios of (60£10)%, and (40%10)%, re-
spectively. These results are in agreement with the
corresponding values (6544)%, and (354:4)9%, reported
by Gorodetzky et al.”; we list the average values in
Table I. A X? analysis of the correlation data on the
4.84 — 1.04 transition eliminates, with a certainty of
99.99, all possibilities for the spin of the 4.84-MeV level
save J=1 and J=2, as indicated in Table IIT.

IV. DISCUSSION OF RESULTS

Of the 10 levels of '8 previously reported in the range
of excitation energies 3.4<E<4.9 MeV, we have
observed all but one (the 4.74-MeV level) in the present
study of p-v coincidences in the O'¢ (He?,py) F'® reaction.
Angular-correlation studies have resulted in definite
spin assignments of J=1 for the F'8 3.72-MeV level and

of J=2 for the F'8 3.84-MeV level. The latter conclusion
is based in part on the previously reported® limit on the
mean lifetime of the 3.84-MeV level, which also gives a
very strong preference for an even-parity assignment
for this level.

For the remaining levels studied (six) restrictions
were imposed on possible spin assignments and on
possible (Z+1)/L mixing in the various deexcitation
transitions, as summarized in Table III.

The level diagram of Fig. 11 is presented as a sche-
matic summary of the information available on these
higher-lying levels of F'8. As indicated in Sec. III, the
decay schemes and branching ratios deduced from the
present experiment are in satisfactory agreement with
those of Gorodetzky ef al.,” and hence we have chosen to
present in Fig. 11 (and in Table I) a synthesis of these
results, which incorporates also the results of Ref. 4. Tt
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is similarly found that there is satisfactory agreement
between the spin-parity assignments, or restrictions,
given in the present report and those expressed inde-
pendently by Gorodetzky et al.” These authors also
deduce a J=1 assignment for the 3.72-MeV level. The
restrictions imposed by them on the spin-parity of the
3.84-MeV level are consistent with the present determi-
nation of J7=2®), They obtain a unique assignment of
J=1 for the 4.84-MeV level, and obtain a strong
preference for a J =2 assignment for the 4.23-MeV level.

For the remaining levels, although the conclusions on
allowed spins and multipole mixing ratios as based on
the two separate experiments are found to be consistent,
they are unfortunately not more restrictive jointly than
each was independently.

A considerable amount of information has been gained
on the triplet of levels at approximately 3.8 MeV. The
3.72-MeV level is of J=1; its parity may be either even
or odd however, since the dipole strengths are found to
be reasonable in either case. The 3.84-MeV level is of
J =2, its parity is almost certainly even, in which case
the strength of the 3.84 — 3.06 transition is consistent
with that expected for a magnetic dipole transition of
AT =1. Similarly, the observed weak transitions to the
0.94-MeV state (J™=3%) and to the 1.70-MeV state
(J™=17%) seem reasonable since they would be £2/M1
transitions of AT =0. It has been pointed out previously’
that the 3.79-MeV level is a likely candidate for the

7= 3~ member of the group of odd-parity levels which
include thoseat 1.08 MeV (J™=07), 2.10 MeV (J™=27),
and possibly 3.13 MeV (suspected J7=17). The previ-
ously noted decay of the 3.79-MeV level to the 2.10-
MeV level (J™=2") and also to the 3.06-MeV level
(J7=2%) are consistent with this expectatior. The weak
transition to the J7=2+ 252-MeV level is also
reasonable.

With respect to those states of L>4 MeV it is clear
that a considerable amount of additional information is
yet needed to clarify the experimental picture. We note
that additional lifetime measurements would be useful
in this respect, since the transition multipolarities
corresponding to particular allowed values of J involve,
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in some cases, significant’ quadrupole or octupole
admixtures which would imply measureable Doppler-
shift attenuations.

An example of this is the 4.65-MeV level. The X2
analyses of the angular-correlation data provide a rigor-
ous restriction of the initial-state spin to values J4=3,
4,5, or 6, assuming the spin-parity of the 1.13-MeV final
state is 5*. However, the 4.65 — 1.13 transition must
have significant admixtures of octupole radiation if
J4=3, or of quadrupole radiation if J4=3. Similarly,
the 4.65 — 0.94 transition must have L2 2 for J4=35, or
L2 3 for J4=6.

It has been suggested previously,”** that the 4.65-
MeV level is the J*=4%, T'=1 analog of the 3.55-MeV
level of O'® which is known to have J™=4%, This assign-
ment would certainly fit well with the experimentally
observed properties of the 4.65-MeV level. However, the
4.40-MeV level presently remains as a candidate for the
JT=4%, T=1 assignment.

Also included in Fig. 11 are the analog state identi-
fications suggested previously,”!® for the F'® 4.96- and
4.74-MeV levels. These two levels were not investigated
in the present experiment. However, it has been re-
ported by Gorodetzky et al.” that the 4.74-MeV level
decays to the ground state by a transition whose
measured correlation is approximately isotropic, in
agreement with the O+, 7'=1 assignment suggested by
Ollerhead et al'5 They also identify a ground-state
transition from the 4.96-MeV level, which is consistent
with the tentative assignment of J7=2+, T=1 sug-
gested previously.!s
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