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The Doppler-shift attenuation method was used to investigate the lifetimes of various gamma-ray-
emitting states of F' populated via the 0'6(Hel' pp)F~ reaction at a He~ bombarding energy of 3.4 MeV.
Gamma-ray spectra were measured with a lithium-drifted germanium spectrometer for detection angles
8~=8' and y~=172' relative to the incident beam direction. The results determine the mean lifetimes
(in picoseconds) for the levels of F'8, identified by their excitation energies (in MeV) as follows: 1.70 (0.86
+0.20); 2.10 (4.1+1.6); 2.53 (0.67~0.18);3.06 ( (0.17);3.35 (0.46+0.10); and 3.84 ( (0.073). For each
of the four longer-lived levels, the mean life was also determined from a theoretical fit to the experimental
line shapes; these results have been incorporated in the values quoted for the 1.70-, 2.10-, 2.53-, and 3.35-MeV
levels. The particle-gamma angular-correlation method of Litherland and Ferguson was used to gain infor-
mation on the decay modes and spin assignments of the levels of F'8 below an excitation energy of 3.4 MeV,
Protons were detected with an annular counter at 180' to the Hes beam and gamma rays were detected
at several angles between 0' and 90' to the beam. Measurements were carried out for He' bombarding
energies of 3.44, 4.65, and 5.40 MeV. These results establish spin assignments of J=2 for both the 2.10- and
3.06-MeV levels of F', and are consistent with or confirm previously established spin-parity assignments
for the remaining levels as follows: 0.937 (3+), 1.70 (1+), 2.53 (2+), 3.13 (1), and 3.35 (2 or 3). It is further
established that the 2.10- and 1.08-MeV levels have the same parity. The most probable spin of the 1.08-
MeV level is found to be J=0 ialthough I= 1 or 2 are not excluded) in which case the lifetime determined for
the 2.10-MeV level establishes that the 2.10-+ 1.08 transition are an enhanced E2 of strength approxi-
mately 20 Weisskopf units. Additional information was obtained for the mixing ratios of various ground-
state and cascade transitions in F'8.

determine the spins of the 2.10- and 3.06-MeV levels
of F' for which definite assignments have not been
previously given. In Sec. II we consider the results of
Doppler shift measurements, made with a Ge(Li)
detector, which were undertaken in order to determine
or set limits on the lifetimes of those states of interest
here. These results are to be compared with the previ-
ous measurements of I.itherland, Yates, Hinds, and
EccleshalP who have studied the 0.94-, 1.04-, 1.08-,
1.70-, 2.10-, and 2.53-MeV levels, employing NaI(Tl)
spectroscopy to measure Doppler shifts in the
H'(Ors, Frs)e reaction. Some question has been previ-
ously raised' concerning the lifetime of the 2.10-MeV
level, the indications being that the level has a mean
life longer than the value r= (0.7+0.2)X10 " sec
quoted by Litherland et al.'

In Sec. III we report on the investigation of p-y
correlations, with protons detected in a collinear
geometry (i.e., 8„180')undertaken to investigate the
spins of these F" levels. It is, of course, expected that
the lifetime measurements will be useful in considering
the effects of multipole mixtures in the gamma-ray
correlations studied.

I. INTRODUCTION

HE previously available information on the levels
. i. of F'8 below 3.4-MeV excitation has been ade-

quately summarized in a recent publication by Poletti
and Warburton' in which they report on an investi-
gation of proton-gamma correlations in the
0"(He', Py)F's reaction. Their conclusions on the
spins, parities, and gamma-branching ratios of the
first 10 levels of F", based on their work and the refer-
ences cited therein, are illustrated by the F' level
diagram of Fig. 1 which is taken from their report.
Chasman, Ristinen, Jones, and Warburtons have more
recently reported a precision determination of gamma-
ray energies from the above reaction as obtained with
a gas target of 0'6 and a lithium-drifted germanium
(Ge(Li)$ detector. This latter investigation confirms
the 6ndings of Poletti and Warburton that the 2.10-
MeV level decays primarily to the 0.94- and 1.082-
MeV levels. In addition, an upper limit of 6% was
placed on possible decays to the 1.045-MeV level. '
The weighted average of these determinations'' yield
revised branching ratios for the 2.10-MeV level of
(38+3)jq, (30+4)% and (32+4)% for transitions to
the ground state and to the 0.94- and 1.082-MeV levels,
respectively. '

In the present paper we report on an extension of
these measurements of the ots(Hes, py)Frs reaction
(Q=2.012 MeV) which was designed in particular to

II. DOPPLER-SHIFT MEASUREMENTS

A. Experimental Procedure

Levels of F' were populated via the 0"(He',Py)F"
reaction by 3.4-MeV He' bombardment of thick quartz
(Sios) targets. Gamma rays were detected with a
Ge(Li) detector which has been described in detail

*Work performed under the auspices of the U. S. Atomic
Energy Commission.

'A. R. Poletti and E. K. Warburton, Phys. Rev. 137, 8595
(1965).' C. Chasman, K. W. Jones, R. A. Ristinen, and E. K.
burton, Phys. Rev. 137, 81445 (1965).

War- 'A. E. Litherland, M. J. L. Yates, B. M. Hinds, and D.
Eccleshall, Nucl. Phys. 44, 220 (1963).
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previously, '4 as have also the techniques used in the
measurement and analysis of the gamma-ray Doppler
shifts. ' ' The detector had a sensitive volume of 3.5
cm', and was housed in an aluminum casing (0.03-in.
wall thickness) and cooled to liquid nitrogen tempera-
tures. The targets were identical discs of 1-mm-thick
quartz positioned at opposite ends of a 50-cm beam
tube, with the Ge(Li) detector located midway between
them at a distance of 3.6 cm between the beam axis and
the central region of the detector. The target nearest
the accelerator (fore-position) was mounted on a
movable arm which could be moved into the beam
path and out again, thus changing the reaction site
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FIG. 2. Partial spectrum of gamma rays from the 0"(He', py)F&s
reaction measured with a Ge(Li) detector, at a bombarding energy
of EH, II=3.4 MeV. The upper curve is for a detection angle,
relative to the incident beam direction, of 8~= 172' while the lower
curve is for 8~=8'. The arrows indicate the centroids of the
various peaks, which are identified according to the excitation
energies of the initial and final states of F' between which the
transitions occur. Broken arrows indicate uncertain assignments.
The numbers in parentheses di6erentiate between the full-energy
peaks (0 or unmarked) and the one-escape and two-escape peaks
which may also be observed. These data are part of a 1024-channel
spectrum, and cover the region 400&E~& 1300 keV, with a dis-
persion of 0.923-keV/channel.
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FIG. 1. Level diagram summarizing previously available infor-
mation on spins, parities, and decay modes of the first 10 levels
of F'8. The T=1 levels are indicated, all other levels are expected
to have T=O. This figure is taken from the summary of A. R.
Poletti and E. K. Warburton I Phys. Rev. 157, 8595 (1965)) and
is based on their investigation of the 0"(He',py)F" reaction
together with the prior information referenced therein.

'E. K. Warburton, J. W. Olness, K. W«Jones, C. Chasman,
R. A. Ristinen, and D. H. Wilkinson, Phys. Rev. 148, 1072 (1966).' E. K. Warburton, D. E.Alburger, and D. H. Wilkinson, Phys.
Rev. 129, 2180 (1963).

from the forward position to the backward position. It
was thus possible to study in sequence the spectrum of
gamma rays emitted in the forward direction (8~=8')
and in the backward direction (IIv=172') without
disturbing the detector position. Pulses from the de-
tector were amplified with an ORTEC Model 105-XL
preampliher and an ORTKC Model 220 post-bias
ampliier with conditions of gain and bias adjusted for
the various runs so that the regions of particular
interest were displayed across the range of a 1024-
channel slice of a TMC-16384 channel analyzer. A
precision pulse generator was adjusted to provide a
reference peak as a check on possible gain shifts.

The results of one such measurement are shown ig,

Fig. 2. In this case, the analyzer was set to record the
spectrum corresponding to the region 400&E~&1300
keV at a dispersion of 0.923-keV/channel. The upper
curve shows the specter measured for 0~=172' for a
bombardment of 10 000 pC. The lower curve shows
the sum of two measurements for 87=8', each for a
bombardment of 5000 pC, which were recorded just
before and just after the data of the upper curve. This
procedure was also used for subsequent measurements,
since it permitted a convenient check on the stability
of the system, and also since the sects of long-term
drifts in gain would be to some extent reduced by this
procedure.

All of the lines labeled in Fig. 2 are due to transitions
in F", and are labeled according to the energies (in
MeV) of the initial and final levels between which the
transitions take place. The energy calibration is based
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on the position of the 511-keV annihilation peak (not
shown in Fig. 2) and on subsequent calibration measure-
ments with a ThC" source and a precision, pulser.

The narrow lines evident in Fig. 2 exhibit a breadth
characteristic of the detector resolution, while the
breadth of the broader lines is clearly inQuenced by the
recoil angular distribution and/or the nuclear lifetimes
(i.e., Doppler effects). A procedure which has been
described previously' was therefore adopted to deter-
mine the "centroids" of the various line shapes. In
this procedure an exponential "background, " as deter-
mined by a least-squares fit to the data aw'ay from the
peak region, is subtracted from the peaks of interest
and the centroid of the resultant distribution is com-
puted. For the narrow symmetric peaks a Gaussian fit
was also made. The centroids thus determined have
net uncertainties of &1 channel, and are indicated by
the arrows in Fig. 2. Those lines which could be identi-
fied positively and most accurately were used to provide
internal calibration points for the final determination
of energies. (Note that the average value of the centroid
energy, i.e., for 8~=8 and 0,=172', defines the tran-
sition energy E&p.) The sum total of calibration data
was then used to find the coefficients for a polynomial
fit to the data given by
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FIG. 3.Partial spectrum of gamma rays from the 0"(He') py}F"
reaction measured at EH,3=3.4 MeV with a Ge(Li) detector. The
presentation is analogous to that of Fig. 2. The upper curve is for
a detection angle 8~=172' while the lower curve is for 8~=8'.
These spectra include the energy region 1430&E & 1760 keV and
were measured with a dispersion of 1,323 keV /channel. The insert
shows that the full-energy peak of the 2.53 —+ 0 transition exhibits
a structure similar to that observed for the two-escape peak of
this transition.

where x is the channel number and e was varied from
1 to 3.The results indicate, as based on the examination
of the X' values for the above solutions, that there was
no significant deviation from the linear relationship
E&=cp+Gys.

An analogous presentation is given in Fig. 3 for the
energy region 1430—1760 keV, with a dispersion of
1.323 keV/channeL Figure 4 shows a continuation of
the plot presented in Fig. 3 covering in this case the
energy region 1970—2420 keV. Also show'n in Fig. 3 is a
portion of a spectrum showing the full energy peak of

the 2.53 —+ 0 transition, which exhibits the same
peculiar shape found for the two-escape peak of the
2.53 —+ 0 transition.

Comparing the data of Figs. 2, 3, and 4 for 8~=172'
(upper curves) and I)~=8' (lower curves), it is readily
apparent that transitions from the 3.06- and 1.045-
MeV levels exhibit a large percentage shift in energy
as compared to the shifts observed for the 3.35-, 2.53-,
2.10-, and 1.70-MeV levels, while transitions from the
1.08-MeV level and the 0.94-MeV level (not shown)
exhibit no detectable shift. The suggestion, of course,
is that the second group of levels have lifetimes com-
parable to the stopping time of F" i')s in the target
material, Si02, while the first and third groups, respec-
tively, have lifetimes appreciably shorter than, and
longer than, this slowing down time. It is the purpose
of the following analyses to provide a quantitative
interpretation, of these observations in order to deter-
mine or set limits on the lifetimes of these nuclear levels.
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FIG. 4. Partial spectrum of gamma rays from the 0"(He', Py)F"
reaction measured at EH, e ——3.4 MeV with a Ge(Li) detector. The
presentation is analogous to that of Figs. 2 and 3. The upper
curve is for a detection angle of 8~=172, while the lower curve
is for 8~=8'. These data are a continuation of the plot shown in
Fig. 3, and cover the energy region from 1970 to 2420 keV.

B. Method of Analysis

Applications of the Doppler shift attenuation method
have been described in some detail previously. ' ' The
general procedure, which we have a1so followed here,
is to extract from the data og a given transition an
experimentally determined value of the attenuation
factor E'. This value is then compared with the values
F(r) predicted theoretically for various mean lifetimes
r, and thus the lifetime of the emitting level is ascer-
tained. LWe follow previous notation4' in using a
prime to designate the experimentally determined
quantity F' as being distinct from the theoretically
predicted values F(~).j

Although the dependence of the Doppler-shifted line
shape upon the nuclear lifetime is necessarily implicit
in the equations which are applied to this approach,
only the information contained in the centroid shift is
actually evaluated. In earlier experiments utilizing
NaI(T1) spectroscopy, this restriction was imposed by
the fact that the detector resolution function was much
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broader than the line shape. With the excellent resolu-
tion of presently available Ge(I.i) detectors, this re-
striction, no longer applies. Accordingly, we describe an
alternative approach to the evaluation, of the Doppler
shift data, in which the nuclear lifetimes are deter-
mined through a comparison of the experimentally
determined line shapes and those predicted theoretically
for various assumed lifetimes. For the purpose of illus-

trating the latter procedure, it is useful here to review

briefly the approach of the Doppler-shift attenuation
method.

The DoPPler Shift A -tterlslati om Method

IO-

1 1 l
' ' l 1 l 1 I

Fle lONS IN QUARTZ (SION)

The average (or centroid) energy of the de-excitation
gamma rays emitted by an ensemble of recoil nuclei
formed in a reaction induced by particle bombardment
is given by

(E,)=E,s(1+F(r)(P(0)) cos8j, (2)

where E~o is the gamma radiation energy for nuclei at
rest, and 8 specifies the direction of gamma emission
relative to the axis defined by the bombardment (the
s axis). (P(t=0)) is the average component along this
s axis of the initial recoil ion velocity, corresponding to
the individual times of formation defined at t=0. F (r)
is the Doppler-shift attenuation, factor whose deviation,
from unity LO&F(r)&lj expresses the eRect on (E„)
due to slowing down of the emitting nuclei in the
stopping medium.

The experimental method which we have used here
is to measure the Doppler-induced shift (hE~) corre-

sponding to two detection angles 0~ and 82, namely,

(~E.)= ((EI(81))—(E.(8s))) (3)

For this case then Ii' is simply

(aE,)

E„s(P(0))(cos81—cos8s)

The denominator may be recognized as the shift which
would be obtained in the event the lifetime is very
much less than the ion stopping time. It must be as-
sumed, of course, that the value of (P(0)) can be
specified, either through the restrictions imposed by
the reaction k.inematics, or through coincidence tech-
niques using a particle detector to de6n, e an appropriate
range of recoil momenta. (We note that the equations
herein assume an axially symmetric distribution of
reaction products, which condition must be preserved
by flic co1ncldence particle detectio11. )

It has been shown previously' that an analytic
relationship between the attenuation factor F(r) and
the lifetime v can be give, for particular choices of a
phenomenological represen, tation of the slowing down
process. The appropriate curve of (dE/dx) versus E
for the slowing down of F" ions in quartz (SiOs) is
shown in Fig. 5. In this case we have plotted dE//dx

0 f 1
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I
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PIO 5 Plot of dP/gs versus s fo1 Pls 1011s slowing down 111 s
quartz (SiO~) medium. The F'8 ion velocity is given in units of
v0 ——c/f37. The points are obtained through extrapolation pro-
cedures from published experimental data; the errors incorporate
the net uncertainty attached both to the original data and to the
extrapolation procedures, as explained in the text. The solid
curve shows a 6t to the data of the form dE/dx=E (v/vp) '
+E.(v/v0) —E3(vjv0)' with E =O.M4, E,=3.30, and E3=0.055.
The dashed curve is for E„=E3=0.The initial F'8 ion velocity
v; computed from the kinematics for the 0"(He, py)I"" reaction,
assuming an isotropic distribution of outgoing protons, is
indicated.

E /E, = (n /es)'—
defines the ratio (s„/ss). This ratio determines the
importance at small velocities of the nuclear stopping
and scattering ( ~ E„)relative to the electronic stopping
(~E,). It is relatively insensitive to the combination
of recoil-ion and stopping material and a value (e„/ns)
= (0.35+0.10) was readily extracted from range versus
velocity curves for similar combinations. It is important
to stress that E„expresses the full eBect of the nuclear

'The following review article was particularly useful: W'.

Whaling, in. Humdblch der I'hys~k, edited by S. Flugge (Springer-
Verlag, Berlin, 1937), Vol. 34. Data on which the extrapolations
are based were taken primarily from the following sources: D. I.
Porat and K. Ramavataram, Proc. Roy. Soc. (I.ondon) A252,
394 (1959);D. I. Porat and K. Ramavataram, Proc. Phys. Soc.
(London) 77, 97 (1961).The general procedures are discussed by
Warburton ef u/. in Ref. 5 of this paper.

(in keV cms/tIg) versus the ratio n/es, where n is the
ion velocity and &o=—c/137. (Note that %s——P/Ps. ) The
dots show the values obtained through extrapolation
procedures from experimental data' for the range and/or
energy loss of various ions in various stopping materials,
while the error bars indicate the over-all uncertainty
associated with both the data and the extrapolation
procedure. These data were principally for the stopping
of H', 0", and Ne" ions in C", AP, alod Ni' .6 The
solid curve shows the 6t to the data generated with the
phenomenological relationship'

dE/dx=E„(%s) I+E,(s/es) —Es(%s)', (5)

where
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stopping process, and includes the effect of direction
changes as well as energy losses in, the scattering process.
This is so because the range-energy data from which E„
was obtained is for projected ranges, and rzot for path
lengths in the stopping material.

The signiicance of the various terms are discussed
with reference to Eq. (1) of Ref. 4. The fit to the data is
entirely satisfactory for our present purposes, and we
shall henceforth assume the dependence given by the
analytic expression dE/Ch versus v. The characteristic
stopping time n has been thus defined as n=3Ap/E ,

'

where E= (EP+4E Ez)" and M is the moving-ion
mass. A general relationship between F(r) and the
ratio n/r has been given previously LEq. (4), Ref. 4].
In the present experiment the reaction kinematics
restricts the range of initial ion velocities ~; to the region
v,/vp&1. Within this region the Ep term of Eq. (5) can
be neglected. The relationship between F(r) and r is
then given by

where

b"/(1+&")]'" L1+V' '(v*/v)']'" '
X

(1+C')'" {1—Ã'/(1+C')](v/v')')'""

8 v/v;
+ , (g)

( )

(1+~ .2)$Xa

E—E,+2Ez(v /vp)
C;=

E+E,—2Ep(v;/vp)'

target, thus 6xing the effective bombarding energy
within rather small limits, and by using a coincidence
particle detector to 6x the recoil direction. A general
expression thus obtained for the frequency distribution
of gamma rays emitted as a function of i' velocity
V—=v/v; is given by

da(V)
(X )(v)' '

where X=1/r and y;= (zr/2)v;/v„. Here 5(y,) is a
calculable function of y; (equal to 0 for E„=O) and
depends also on Xo, as discussed previously. ' The pro-
cedure adopted in the following analysis of the Doppler
shift attenuation was to calculate a family of curves,
corresponding to various values of 7,, of F(r) versus
Xo,. In this way a graphical solution for the product Xo

could be readily obtained for the experimentally deter-
mined values of F'.

Azzalysis of the LAze Shapes

It is of course clear from the above presentation that,
for a given gamma-ray transition, the Doppler effect
gives rise to a distribution of energies resulting in a line
shape characteristic of the nuclear lifetime r and the
slow'ing-down time o, of the stopping medium. The line
shape will naturally be broadened to some extent ac-
cording to the reaction kinematics, owing in particular
to the spread in energy and angle of the ensemble of
recoil ions. For cases where the effects of these spreads
are not too severe, it shouM in principle be possible to
extract the nuclear lifetime from the measured line
shape. This problem has been discussed previously by
Litherland et al.' who have illustrated numerical solu-
tions of the general equations for particular examples.

In particular, since there is a linear relation between
the gamma ray energy E~ and the nuclear recoil ve-
locity e, the spectral shape can be directly related to
the frequency distribution dlV(v)/dv where v refers to
the ion velocity at the moment of gamxna-ray emission.
For the moment it is convenient to consider an "ideal-
ized" case of gamma emission from ions of uniform
initial velocity e; coming to rest in a stopping medium
characterized by the dF//dh relationship given by Eq.
(5). In practice this would be obtained by using a thin

and b(v/v, ) is a delta function of v/v;. For the case in
which we are limited to the region where we can set
E3=0, then C;—& 0 and the relationship simplihes to
the form,

dh(V) n 1 &a"' ' 1
—V V'+— + b(V) . (10)

dV (+ 2) a/2r.
The first term goes to zero as V & 0, and describes the
contribution to the net spectrum of those transitions
which occur while the emitting nucleus is in motion,
i.e., V&0. %e shall refer to this as the fast component,

Et'(V)=( ldV( V) /dV)s.

The second term comprises the contribution of those
transitions which occur after the emitting nucleus has
come to rest, i.e., V 0. Its presence derives largely
from the nuclear stopping power (dF/dx)„which is
steeply rising for v&v„. (The implication of course is
that the time required for the ion to be degraded from
a velocity v v to v 0 is very small. ) We shall refer
to this "stopped" component corresponding to V 0, as

E,'(V) = (dE(V)/d V), .

For the present experiment (F"ions stopping in quartz)
v„/vp 0.35&0.10 and VP= [pzr(v, /v„)]' —20. Using
these values, the first term of Eq. (10) Lcorresponding
to the "fast" component Et'(V)] is plotted in Fig. 6(a)
as a function of V=v/v; for various values of n/r. In
Fig. 6(b) is plotted the ratio,

I,g»
It (y P+1)a)zr 1

where I, and Iy are the integrated intensities of the
"stopped" and "fast" components, respectively. The
spectral shapes characteristic of various values of n/r
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are readily inferred from the curves of Fig. 6. For
values n/r«1 the intensity is all in the stopped peak
at v/v, =0. For n/r))1 the intensity is all in the fast
peak which decays exponentially from a maximum at
v/v, = 1. For intermediate values of n/r there will be a
distribution of intensities given by the ratio R of Fig.
6(b), while the shape of the fast component is given
by the appropriate curve of Fig. 6(a). The application
of these equations is illustrated by several examples in
the following presentation of the results of this analysis.

P(0)=P, +P~ cosII, (12)

where )3, is the laboratory velocity of the center of
mass and Pn is the center-of-mass velocity of the
recoiling nucleus moving at an angle 0, with respect
to the 2, axis.

We have estimated (P(0)) assuming a center-of-mass
distribution of recoil nuclei corresponding to (cose, )
=0.0&0.33, and an initial velocity of the center of
mass given by

Evaluation of the Average Recoil Vetocity

ln the present analysis the determination of the
average initial ion velocity (P(0)) is complicated by the
fact that we have used a thick target, and thus must
deal with a 6nite range of bombarding energies, and
have also an unknown angular distribution of recoil
nuclei. This problem has been discussed more fully
with reference to Eqs. (6)—(9) of Ref. 5.

The initial values of the s components of the ion
velocities are given by

a=a/p~
I
I
I
I

a=a/p
I
I

//
i I
I
I /I

Ir /
~T=a/2

0.2 0.4 0.6
(v/v )

0.8
I I

I.O I.2

I I I I I l I I

I I I I I I- I I I I I I

rdE~
P....=- vX (E)l

C kdx/

(dE) '

o(E)l I
d' (13)

" I.O

The dependences of o (E) on E Land hence on
v= (2ME)'I'j were taken from the 90' 0"(He', p)F""
cross section data of Kuehner, Almqvist, and Bromley~
for production of groups pr, s, s, 4 (unresolved) and also

ps, ps, and pr. Since their curves extend only from 2.1
to 3.2 MeV it was necessary to extrapolate the generally
rising cross section to 3.4 Mev, and a 30% uncertainty
was assigned to this extrapolation. The energy de-
pendence of dE/dz for He' ions in quartz was extrap-
olated from the data summarized by Whaling. ' LNote
that the factor (dE/dx) ' effectively reduces the im-
portance of the nonzero cross sections for E(2 MeV.]
The results indicate for (P, ) a value corresponding to
an average bombarding energy of (2.9&0.15) MeV.
The uncertainty has been set large enough to cover the
calculated variation for the 7 groups thus studied, and
is expected to encompass also the proper values for
gro ups ps, ps, and p, s which are of interest here.

ilrr was then calculated from the reaction kinematics

~ J. A. Kuehner, E. Almqvist, and D. A. Bromley, Phys. Rev.
122, 908 (196i).
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using this average value for la . corresponding to
EH, S——2.9 MeV.

We note here that some justification for the assump-

FlG. 6. Plots illustrating the dependence of the frequency dis-
tribution dttr(V)/dU=(tlrr'(V)+t, '(V~O)] upon the nuclear
lifetime v and the sto ping time a characteristic of the slowing
down medium. dS(V) d V gives specifically the number of gamma
rays emitted from ions of velocity ~V in the interval d V, while
ter'(V) and S,'(V—0) are, respectively, the fast and slow com-
ponents defined in the text. Since there is a linear relation between
the ion velocity and the Doppler-shifted gamma energy, these
curves also predict the shape of the Doppler-shifted gamma-ray
lines. The upper curves show the shape of this fast component
EI'(V) as a function of V==(v/vq) calculated for various values
of the ratio a/r. The lower plot shows how the intensity ratio of
these two components varies as a function of the ratio n/r These.
curves were calculated for the 0"(He', py)F's reaction at a He'
bombarding energy of 3.4 MeV.
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tion (cos8) =0.0&0.33 is found in the measured angular
distributions for proton groups po, pt;, and p, which
correspond~ to values of (cos8) well within the assumed
limits, and also from the gamma-ray spectra of Figs.
2, 3, and 4 in which the peak widths for those tran-
sitions for which, (as will be shown) r (e, are consistent
with values (cos8) 0.

C. RESULTS

The values of the attenuation factor Ii' determined
from the analysis of the data illustrated in Figs. 2, 3,
and 4 are summarized in column 4 of Table I. The
measured shifts (AE~),„„corresponding to the various
transitions studied are listed in column 2, while the
expected shifts computed from the kinematics for 7&&a,
corresponding to the denominator of Eq. (4), are sum-
marized in column 3. The values of the initial ion
velocities v,/vv used in these calculations are listed in
column 5. Under the assumptions outlined in Sec. IIB
the initial ion velocities are all assumed to be identical.
The uncertainty in v,/vo is then roughly proportional
to the second term of Eq. (12), since the uncertainty
assigned to (cos8, )=0&0.33 dominates the over-all
uncertainty in v,/vo. Since this term is also proportional
to P~, however, its relative importance decreases with
increasing excitation energy in F". The listed uncer-
tainties in v,/vo also include the uncertainty associated
with the evaluation of the effective bombarding energy.

Solutions for the product Po. corresponding to the
experimentally determined values Ii' were then ob-
tained, as explained previously, from the plots of F (r)
versus P n. The solutions for r corresponding to a
stopping time u= (4.67&0.7)X10 " sec appropriate to
the dE/dx data of Fig. 5 are indicated in column 6 of
Table I.

Kith reference to Table I, we note that the 3.06 —+ 0
transition exhibits a Doppler shift consistent with an
attenuation factor F'—1. Hence we are only able to
set the indicated lower limit (to two standard devi-

ations) on the lifetime of the 3.06-MeV level. Again,
the 1.045-MeV level is known to be populated to some
extent by transitions from longer lived, higher lying
levels, for example, the 34% branch from the 2.10-MeV
level, and hence we obtain only a lower limit for Il'.

The corresponding limit on w is consistent with previous
determinations which yield r(3)&10 '3 sec. Also in-

cluded in Table I is the Doppler shift information og,

the 3.83-MeV level of F', this being one of the triplet
of levels at 3.73, 3.79, and 3.83 MeV lying next above
the 3.35-MeV level (Fig. 1). The ground-state tran-
sition from this level (not illustrated in Figs. 2—3) is
observed to experience the maximum shif t corre-

sponding to an attenuation factor E'= (1.09&0.12)
from which we obtain a limit on the mean lifetime of
the 3.83-MeV level of r(0.073X10 " sec, again to
two standard deviations. In assigning the 3.83-MeV
gamma ray to the 3.83 —&0 de-excitation, we have
utilized the results of additional measurements' which

show that the 3.83-MeV level de-excites to the ground
state and to the 3.06-MeV level with branching ratios
of 39'% and 52%, respectively, and that the 3.73- and
3.79-MeV levels have weak or undetected' ground-state
decays.

For the remaining four levels we obtain the indicated
solutions for r. These latter results are discussed more
fully with respect to the line-shape analysis of the
various transitions.

The 3 35 Me.V -Level of F"
The experimentally determined line shape of the F'

3.35-+0 transition (second escape peak) is shown in

Fig. 7(a). The points show the net spectrum (after
subtraction of the fitted. exponential background of Fig.
4) corresponding to the measurement for 8=8'. It has
been constructed as the sum of the data for the two

angles 0=8' and, 0=172' through the following pro-
cedure. Since (cos8,)—=—(cos8~) for the present experi-
mental conditions, the spectrum measured for 0=172'
must, if reflected about the energy dined by E~o, be
id,entical to that measured for 0=8'. E~o has been
dehned precisely as a result of the centroid fitting
procedure described previously. Also, visual inspection
of the two curves, after reflection of one, readily pro-
vides a determination of the channel corresponding to

E~o to an accuracy of better than a channel.
Thus, the spectrum of Fig. 7 (a) was constructed by

reflecting the 172' data about E~o and adding it to the
8' data to result in a curve with improved statistics.

TABLE I. Doppler-shift attenuation factors P for gamma rays from 0 '(He', pp)F

F' transition

1.045 -+ 0
1.70 —+ 0
2.10 —+ 0.94
2.53 ~0
3.06 —+ 0
3.35 —+ 0
3.83 ~0

9.47~1.0
6.73~1.4
1.15+0.3

13.3 ~0.7
45.0 +2.3
19.7 +3.2
59.7 a1.2

(a&»"~.
( ev)

14.9~3.3
24.2~4.8
16.6~3.1
35.9&6.0
43.6~6.3
47.7~6.3
54.5~5.7

&0.64+0.16
0.28+0.08
0.07+0.02
0.37&0.07
1.03~0.16
0.41+0.09
1.09+0.12

Ss /VP

0.98~0.22
0.98~0.20
0.98+0.18
0.98&0.17
0.98~0.15
0.98+0.13
0.98+0.10

z (10 "sec)
&0.5

0.92~0.28
4.4 +1.6
0 61 0 15M 22

&0.17
0 52-o 14~'

&0.073

' J. %'. Olness and E. K. Warburton, Bull. Am. Phys. Soc. 11, 405 (1966);and to be published.
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This procedure would also tend to reduce possible
systematic errors arising from the subtraction of the
Qtted exponential background.

The decomposition of the resultant plot into a
"stopped peak" at Ers and a "fast component" (which
goes to zero at Ers) is apparent from the figure. The
ratio E. extracted from these data is 0.21 which from
Fig. 6 indicates a value u/v=1. 16 corresponding to a
lifetime of v=0.40&(10—"sec. The solid curve shows
the shape calculated from Kq. (10) using these values
for E,n, and r. The contributions of the fast and stopped
components are indicated by the dashed curves. The
6t in the region of E~o is satisfactory. However, for
values of AEv corresponding to v/v; —1 the computed
curve fails to match the data points due to the ex-
clusion from our considerations of those broadening
effects due to the distribution of initial ion velocities.
The effects of this broadening could be approximated in
the present case by folding in a distribution function of
width proportional to the uncertainty in v;/vv (see
column 5, Table I). We note, however, that the broad-
ening effects must be most severe in the region of
v/v; —1, and hence do not appreciably affect the deter-
mination of the ratio R. This is illustrated by the dot-
dashed curve of Fig. 7 (a) which was calculated for the
parameters indicated corresponding to a value v =0.46
/10 ' sec. The latter curve fails to match the data
points in the region of the stopped peak (/r. F~ 0), and-
the relative areas of the fast and stopped components
are clearly in error. Hence the uncertainty to be as-
signed due to our ignorance of the initial velocity
distribution is in this case appreciably smaller than in
the line-shift analysis. The major uncertainty. lies in
the determination for the nuclear stopping power
which, through the term p; strongly influences the
values obtained for v. For the present case then we
obtain a value r=( 0. 40+ 01 0) X1 0" sec where the
uncertainty arises, as stated, primarily from the latter
source. This result compares favorably with the value
(0.52 s.is+ ")X10 " sec obtained from the Doppler
shift attenuation method. Since the uncertainties asso-
ciated with the two determinations are comparable, we
take the average of these results to obtain r=(0.46
+0.12)X10 " sec. These results are summarized in
Table D where we have listed the lifetimes obtained by
the two methods together with the average of these
values, and for comparison the values obtained in
previous experiments.

The 1.70 arrd 2.35 MeV Levels ofF-'-
Similar results are shown in Figs. 7(b) and 7(c) for

the ground-state transitions from the 2.53- and 1.70-
MeV levels, respectively. The solid curves are the best
Gts calculated for the indicated values of the parameters
E and or/r. The values thus obtained for r are sum-
marized in column 3 of Table II. The lifetimes of these
two levels are appreciably longer than that of the 3.35-
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FzG. 7. A comparison of calculated line shapes with the experi-
mental data for Doppler-shifted ground-state transitions from the
3,35-, 2.53-, and 1.70-MeV levels of F".The open circles show the
experimental data on these transitions, taken from Figs. 2-3 and
replotted on an expanded scale with an exponential background
removed. The interesting parameter here is the ratio of the F"
ion velocity v to the initial ion velocity v; gas determined by the
kinematics of the 0"(He', py)F" reaction) since the Doppler shift
aE is linear in V—=v/v;. The solid curves are calculated, as ex-
plained in the text, for the indicated ratios of a/r. The "slow"
component centered at v=0 and the "fast" component, which
extends into the region v =v;, are also indicated. These calculated
curves have been folded in with an ~ Gaussian resolution func-
tion approximating the detector resolution. For the 3.35 —+0
transition the best fit is obtained for a value n/v =1.16.The curve
calculated with a/r differing from this value by 20% is shown to
illustrate the degree to which the line shape depends on the life-
time r relative to the stopping time n.

MeV level, hence the relative intensity of counts in the
stopped peak is greater. Because of the smaller tran-
sition energies the curves are "compressed" towards

EyQo

The 2.10 3feV Level of F'-
The attenuation factor F'= (0.07&0.02) determined

for the 2.10 —+0.94 transition corresponds to a mean
lifetime r= (4.4+16)X10 "sec.The data from which
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TABLE II. Summary of lifetime determinations for bound levels of F

Level in Fis
Fx

(MeV) Line shift

Mean lifetime r (psec)
Present results

Line shape Average

Previous
results Average

0.94
1.045
1.082
1.125
1.70
2.10
2.53
3.06
3.35
3.84

&0.5

0.92+0.28
4.4 ~1.6
0 61-0.is

(0.17
'-0.14+0

(0.073

0.80+0.20
3.8 ~1.5
0.73+0.18

0.40+0.10

&0.5

0.86~0.20
4.1 ~1.6
0.67+0.18

(0.17
0.46&0.10

(0.073

68 +7a
&0.3b
30 +3a

(215 ~10)X10"
2 ~1b
5 3~3a~d
1.1~0.2b

68 +7
&0.3
30 +3

(215 ~10)X10'
0.9 +0.2
4.3 +1.6
0.9 ~0.2

&0.17
0.46+0.12

&0.073

a See Ref. 9. b See Ref. 3. o See Ref. 10. & T. K. Alexander (private communication).
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FIG. 8. Plots showing the Doppler-shift data on the 2.10 -+ 0.94
transition, on an expanded scale with an exponential background
removed. The open circles show the experimental data, while the
solid curves show the (symmetric) detector resolution function.
The extent of the Doppler shift is indicated by the displacement
of the average transition energy iE& relative to the nnshifted
transition energy Eo. Note that the "tails" observed for 8 = 172'
and 8 =8' are in the proper sense to be associated with a nonzero
Doppler shift.

these values were extracted, contained in Fig. 2, are
shown on an expanded scale (with exponential back-
ground removed) in Fig. 8. The positions of the com-
puter determined centroids corresponding to (Zr) are
indicated, as is the transition energy E~o. The solid
curve shows the approximately Gaussian shape which
should be expected if r(2.10)))n. The broadening of the
experimental curves for 8=172' and, 8' on the low and
high energy sides, respectively, is apparent in Fig. 8,
and is furthermore in the proper sense to be associated
with a nonzero attenuation factor, as indicated by the
displacements of (E~) and Ere. Figure 9 shows the sum
of these two spectra, after rejecting the 0=172' data
about E~o. The resultant curve has been Qtted according
to Eq. (10) with 2=4.9 and a/r =0.12, corresponding
to a value r= (3.8+1.5)X10-rs sec. This result is in
quite satisfactory agreement with the value r=(4.4
+1.6)X10 "sec obtained from the measured value of
the centroid shift, and, we adopt the average value
given in column 4 of Table II.

D. Discussion of Lifetime Measurements

The results of the present investigation have been
summarized in Table II, which lists in column 4 the
mean lives determined for the various levels indicated
in column 1. For four of these levels the results of the
line-shape analysis are given in column 3 for comparison
with the results of the line-shift analysis given in
column 2. Since there is good agreement, we have
quoted the average values in column 4, noting, how-

ever, that these determinations are not independent.
The results of other experimenters are collected in
column 5 for comparison. With respect to the 1.045-,
1.70-, and 2.53-MeU levels the present results are in
satisfactory agreement with the previous results of
Litherland et al.' and we adopt the average values
given in column 6.

The present value of (4.1+1.6)X10-rs sec for the
mean life of the 2.10-MeV level is in very good agree-
rnent with the value (5.3+3)X10 " sec reported by
Alexander, Allen, and Healey. ' We note that the life-
time of the 2.10-MeV level is such that it falls near the
Upper limit of the experimental sensitivity of the
method used. by Alexander et ul. ,

' and conversely, at
the lower limit of the present measurement. The life-
time is therefore restricted to lie in the small region of
overlap corresponding to a value near 5)&10—"sec.
Since the values established independ, ently by the two
experiments are in good agreement, we adopt the
average value given in column 6.

The value r=0 7X10 n sec. quoted previously' for
the 2.10-MeV level has caused. some difhculty in the
interpretation of the d,ecay of the 2.10-MeV level,
particularly in regard to the transitions to the 0.937-
MeV level (J~=3+) and to the 1.082-MeV level
(suspected J=O). This will be discussed more fully
in the later presentation of the correlation results. We
note from Fig. 4 that the full-energy peak of the
2.10~ 0 transition is not completely resolved from the

1' T.K. Alexander, K.%.Allen, and D. C. Healey, Phys. Letters
20, 402 (1966),and also T.K.Alexander {private communication).
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full-energy peaks of cascade transitions from the shorter
lived 3.13- and 3.06-MeV levels. These levels were no
doubt populated also in the H'(0",F')rs reaction
studied by Litherland el al.s with Nal(T1) spectroscopy,
in which case the shift measured for the 2.10 —+0
transition would have been in error due to the presence
of these cascade components. This appears to be the
most likely explanation of this previous' value obtained,
which is clearly in error.

As a final consideration of these data, we note that,
to two standard deviations, an upper limit of 3% can
be placed on the branching ratios of the possible cascade
transitions 2.10—+ 1.045 and 2.10~ 1.125, as based on
the absence of the corresponding peaks in the spectrum
of Fig. 2. This limit on a possible 2.10 —+ 1.045 transition
is more restrictive than that imposed previously by
Chasman et cl.'

The lifetimes of the first four excited states of F' as
determined by other authors' ' ' are also summarized
in Table II for convenience. The lifetimes established
for the 0.94- and 1.082-MeV levels by Alexander et al.'
insure that the transitions from these levels have
negligible Doppler shifts, as assumed in the energy
calibrations of the present experiment. As these authors
have pointed out, ' the lifetime established for the 0.94-
MeV level shows that the E2, 3+ —+ 1+ transition from
the 0.94-MeV level is enhanced by a factor of 6 over
the single-particle Weisskopf estimate. " Their results
also place a useful restriction on the amplitude of a
possible M3 component as follows: Assuming an M3
strength corresponding to the most generous sum-rule
limit for electric transitions, " namely ~M~'~&Z', we
find the M3/E2 mixing ratio is restricted to values

~
x~ (0.005, where we have allowed for a variation in r

of 2 standard deviations from its measured' value. This
is sufficiently small so that we may assume @=0 for
this transition in the correlation analyses presented, in
the remainder of the paper.

III. PROTON-GAMMA CORRELATION
MEASUREMENTS

A. Exyerimental Procedure

In the present paper we report on correlation meas-
urements carried out at He' bombarding energies of
3.44 MeV using a singly ionized He'+ beam, and also
at 4.65 and 5.40 MeV using a doubly ionized He'++
beam. These measurements were undertaken to study
in particular the 2.10-, 3.13-, and 3.06-MeV levels of
F"—the bombarding energies were selected on the
basis of yield curve measurements as being most
favorable for the population of the states of interest.

The He' beam from the Brookhaven Van de Graaff

A. R. Poletti and D. B. Fossan, Bull. Am. Phys. Soc. 11,368
(1966)."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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FIG. 9. A comparison of the calculated line shape with the ex-
perimental data for the Doppler-shifted 2.10 —+ 0.94 transition in
F~s. The presentation is analogous to that of Fig. 7. The open
circles show the experimental data, while the solid curve shows the
line shape calculated for a ratio n/r=0. 12, corresponding to a
lifetime v= (3.8+1.5) &(10 " sec. The "fast" and "slow" com-
ponents of the calculated line shape are indicated by the dashed
curves.

accelerator was brought to a focus some 18 ft beyond
the beam-analyzing magnet, where a collimating as-
sembly restricted the beam to a ~33 -in. -diam pencil.
The collimator consisted of 5 equally spaced tantalum
discs, separated by 3.5-in. -long lead cylinders with a
~~-in. central bore, all mounted in a 15-in. section of
tubing. Beam definition was achieved by the first 4
discs with»-in. apertures, while the final disk with a
slightly larger aperture served only to limit small angle
scattering from the first four. The design of the col-
limator reQects the compromise dictated by the desire
to pass as much beam as possible through the system
for those experiments using the-He'-++ beam and the
necessity for achieving a well-defined beam as required
by the close geometry of the scattering chamber.

The scattering chamber itself was located 14 in.
beyond the collimator assembly, and is shown sche-
matically in Fig. 10. A liquid-nitrogen-filled cold trap
located between these components served to reduce
carbon buildup on slits and targets. The main body of
the chamber was a 5-in. -diam brass cylinder to which
were afBxed the beam entrance and exit ports —also
cylindrical. The alignment of their axes, and also the
axis of the target holder, was achieved through the
tolerances held in the machining process. After the
detector was positioned on the detector mount, its
distance from the target could then be varied by sliding
the detector mount within the beam entrance port. A
set of insulated tantalum apertures were used to insure
that small-angle scatters from the primary collimating
system could not possibly reach the detector, while the
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current reading (normally zero) provided a check
against gross misalignment of the beam.

After passing through the target the beam was
stopped on a tantalum beam stop fixed to an aluminum

plug 6tted into the end of the beam exit port. The
anti-back-scatter shield consisted of a 8-in. -diam brass
aperture Gxed to a thin aluminum tube which was then
positioned at a distance from the beam stop such that
it was geometrically impossible for back-scattered
particles to reach the annular detector. The targets
were clamped to a rotatable centerpost projecting from
the base of the chamber. The amount of this projection
could be varied by a screw adjustment —hence it was
practical to 6x as many as 3 different targets at various
distances along the projection axes, and then select the
desired one by varying the projection distance.

The annular detector was obtained commercially and
consisted of a 1.7-mm-thick disk of 12 000 0 cm n-type
silicon of 20 mm o.d. with an 8-mm hole which allowed
the beam to pass. The active area was a ring 2.5 mm
in width and 10 mm inner diameter. At a typical
distance from the target (axial) of 4 cm the detector
therefore subtended a mean angle of 8=171' with a
total spread of htI =3.5'.

Initial tests of the chamber were carried out using a
3X3-in. NaI(Tl) detector to record the photopeak
counting rate from a Mn'4 source placed at the target
center. This permitted proper alignment of the gamma-
detector axis with respect to the target center, and also
permitted a direct check of nonsymmetry of the gamma-
ray absorption eRect due to the beam stop asesmbly.
The results indicated that in this region of —30'&8~
(+30' the counting rate was reduced to 90% of its
value elsewhere. Since the thickness of the beam-
collector assembly was already as small as practicable,

t ~ t

4 5 6
CHES

FIG. 10. Schematic illustration of the target chamber used in
the present experiment for proton-gamma correlation measure-
ments. Components not labeled are as follows: (A) Sliding de-
tector mount. (8) Anti-backscatter shield. (C}Insulated tantalum
apertures. The main body of the chamber was constructed of
brass. However, the beam stop assembly and the antibackscatter
shield were made of aluminum in order to reduce gamma absorp-
tion in the region g~~'.

this eRect was reduced by adding a 1-mm layer of
cadmium to the walls of the chamber corresponding to

~ e„~ )30'. In this manner the absorption correction in
the region 8~ 0' was held to less than 2%. This of
course applies to 847-keV gamma rays —for higher
energy gamma rays the absorption eRect will be smaller.

Targets were prepared by vacuum evaporation of
Sio onto detergent-coated slides. The resultant 6lms
were floated onto water and affixed to thin tantalum
holders with a 4-in. hole, which were they, clamped to
the target post of the scattering chamber. The proton
detector was positioned at an axial distance from the
target of 4 cm, while the gamma detector, a 3&3-in.
NaI(Tl) was placed at 15 cm from the target. The
gamma-ray detector was shielded against general back-
ground radiation by 5 cm or more of lead.

Amplified coincides, ce pulses from the two detectors
were analyzed by a TMC 16384-channel analyzer
operating in a 256(gamma) X 64(proton)-channel mode.
Coincidence conditions were imposed by an external
fast-slow coincidence circuit operating at a resolving
time of 0.06 p,sec. A voltage gate set on an appropriate
region of the proton detector spectrum provided a
convenient monitor for the various correlation measure-
ments, while the proton singles spectrum was simul-
taneously analyzed using a 400-channel RIDI. analyzer.
The results indicated that there were no significant gain
shifts over the duration of the various coincidence
measurements. At each of the selected bombarding
energies measurements were made for 5 gamma-ray
detection angles 0„; an additional measurement re-
peating one or more of these angles was used to check
reproducibility of results. At each angle independent
measurements were made of the proton- and gamma-
singles spectrum, and of the ratio of ran, doms/reals
which applied to the coincidence spectrum of interest.
The results of these measurements were stored on
magnetic tape for later analysis with an IBM 7094
computer. At the conclusion of the measurements for a
given bombarding energy the data recorded at each
angle were added together to obtain a sum spectrum,
with improved statistics, which was useful in the deter-
mination of decay schemes and branching ratios.

The general features of the computer-implemented
data handling procedure have been described pre-
viously. "Data corresponding to a given 2-parameter
run are read from the magnetic tape into a matrix array
corresponding to the original 256(gamma) X64(proton)
channels of data storage, A matrix of randoms is then
constructed from the proton- and gamma-singles
spectra, normalized according to the experimentally
determined ratio of randoms/reals, and then subtracted
from the original data matrix to yield a 2-parameter
spectrum corrected for chance coincidences. The gamma
spectrum in coincidence with a given proton peak is

"See for example: E. K. %arburton and J. W. Olness, Phys.
Rev. 147, 698 i1966l.
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then obtained, for example, by summing over the proton
peak channels, and subtracting oG a normalized "back-
ground" spectrum constructed by summing over near-
lying background regions of the proton spectrum. The
resultant gamma spectrum is then printed and plotted
for inspection.

3. Results
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FIG. 11. Spectrum of protons from the 0"(He3,p)F18* reaction
measured with the annular detector (Fig. 10) at EH, & =3.44 MeV.
Proton groups from the above reaction are identi6ed according
to the level-ordering of Fig. 1. The position of proton groups p1
and p2 from the C'~(He3, p)N'4* reaction are also indicated.

The proton-detector pulse-height spectrum measured
at a He' bombarding energy of 3.44 MeV is shown in
Fig. 11.Proton groups from the 0"(He', p) F'" reaction
are identihed according to the level ordering of Fig. 1,
and in some cases by the F" excitation energy also.
The expected position of groups pt and ps from the
C"(He', p)N"' reaction are also indicated. From their
intensities, we conclude the target was relatively free
of carbon contamination. The gazruna-ray summed
spectrum coincident with protons leading to the 2.10-
MeV level of F' is shown in Fig. 12. These data were
obtained as the sum over all 9 of the individual corre-
lation measurements performed at EH.8=3.44 MeV.
The gamma peaks all arise from de-excitation of the
2.10-MeV level, and are identified according to the
initial and 6nal levels between which each transition
takes place. The inserts of Fig. 12 show portions of the
individual spectra measured at 0~=0 and 8~=90'.
The "negative" peak at 0.511 MeV results from the
randoms subtraction, reQecting the fact that the region
E~(0.55 MeV was excluded from consideratioii in
making this correction. This exclusion was necessary
for the obvious reason that the amount of annihilation
radiation present in any given spectrum did not follow
the monitor counting rate, but depended on such factors
as the initial positron activity at the beginning of each
run and the total running time. We note, however, that
the area of this negative peak is only 15%%uq of the
area of the original 0.511-MeV peak before randorns

IOO

~O kA~o ~

1 I I ~ I I I g I ~~~ ~ i t~ s I t t

20 40 60 . 80 IOO I20 140 I60 I80 200 220 240 260
CHANNEL NUMBER

FIG. 12. Spectrum of gamma rays coincident with proton group
ps (2.10-MeV level) from the 0"(He', py)F" reaction. These data
are the sum of the 9 sets of data obtained at the 5 angles studied
in the correlation measurements. The gamma rays resulting from
de-excitation of the 2.10-MeV level are identi6ed according to the
excitation energies of the levels between which the transitions
occur. The inserts show data taken at 8~=0' and 8 =90'. The
solid curves are the results of a computer fit to these data to
determine the relative intensities of the cascade gamma rays, and
hence the p-7 correlations.

subtraction, thus indicating that the background
counting rate did not change too drastically over the
total time required for the 9 individual spectra com-
prising the sum spectrum of Fig. 12.

The results of similar analyses applied to these 2-
parameter data, for EH, I——3.44 MeV and also for
EH,8= 4.65 and 5.40 MeV, are discussed in the following
presentation of results for the levels of interest. Since
our analysis of the correlation measurements is very
similar to that described iq, detail by Poletti and
Warburton, ' we shall omit a lengthy discussion of the
general procedure, and instead give reference to their
publication. ' In the following, as above, we discuss our
results for the 2.10-MeV level in some detail as an
example. Results for the remaining levels are then
presented in a somewhat more suDUnary form.

The Z.N MeV Level of F-ts

Plots similar to that shown ig, Fig. 12, showing the
gamma spectra in coincidence with group ps (2.10-MeV
level) were constructed from the data for each of the
correlation angles. The angular dependence of the
2.10~0 intensity was easily obtained by summing
over the 2.10-MeV photopeak and normalizing these re-
sults to the monitor proton counts for each angle. These
data were then fitted with an even-order Legendre poly-
nomial expansion of the form W(8)=Ir P, a„P,(cos8).
Solutions for the coeflicients as and a4 (att ——1) are given
in columns 4 and 5 of Table III.

For the cascade transitions a diBerent procedure was
required, since the resolution of the 3X3-in. NaI(T1)
detector was not suRiciently good to resolve the 4
members of the 2.10~0.94 —+0 and 2.10—+ 1.08~0
cascades. Instead we have used a Gaussian fitting
program described previously'3 to fit the data for each

"See for example: J. %. Olness, E. K. %'arburton, D. E.
Alburger, and J. A. Becker, Phys. Rev. 139, 3512 (1965).
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Fxo. 14. Angular-correlation results for the F" 2.10 —+0.94
transition. The solid curve shows a plot of x2 versus arctanx for a
simultaneous Gt to the correlation data on the 2.10 —+ 0.94 and
0.94 —+ 0 cascade transitions. As indicated in the insert, x refers
to the quadrupole/dipole mixing ratio in the 2.10 —+0.94 tran-
sition. The character of the 0.94 —+ 0 transition is taken to be
electively pure quadrupole, as explained in the text. The proba-
bility of x exceeding the value marked as the 0.1% limit is 0.1%.
The dashed curve shows our estimate of the maximum possible
Iinite-size effect (F.S.E.).

P(2) =0.1P(1).The two solutions for the mixing ratio
x, corresponding to the minima of Fig. 14, are
x= (0+0.14), and x= + (6 s+').

Figure 15 shows a similar plot for a simultaneous fit
to the correlation data for the 2.10 —+0.94 —+0 and
2.10~ 1.08 transitions, assuming spins of 0, 1, and 2
for the 1.08-MeV level and with the mixing ratio of
the latter transition variable. The 2.10—+0.94 tran-
sition is here axed as dipole, corresponding to the first
solution evident in Fig. 14. The inclusion of the 2.10 +

0.94 —+ 0 correlation data in the present analysis of the
2.10~ 1.08 correlation ensures that the population
parameters P(0) and P(1) will be restrained in the
fitting procedure to values consistent with the 6rst set
of data. )We note that the ratios P(1)/P(0) corre-
sponding to the two minima of Fig. 14 are (0.57+0.17)
for x=0 and (0.63&0.13) for x=6. Since these ratios
are equal within these errors the procedure described
above is therefore valid regardless of which solution
applies to the mixing in the 2.10~0.94 transition. ]
The results thus obtained for assumed spins of 1 and 2
for the 1.08-MeV level are shown by the curves, while
the value of X2 for J=O is also indicated. The results
indicate an order of preference for possible spins of the
1.08-MeV level of 0, 1, and 2. Although the possibility
J=2 is ruled against with 90% confidence, the data
are not suKciently restrictive to allow its rigorous
exclusion. We note, however, that for either J=1 or
J= 2 the 2.10—+ 1.08 transition must have a signihcant
quadrupole admixture.
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FIG. 15. Angular-correlation results for the F'8 2.10~1.08
transition. The plots show x~ as a function of arctanx for assumed
spins of J=1 and J=2 for the 1.08-MeV level. These results are
obtained from a simultaneous Gt to the correlation data on the
three transitions indicated in the level-diagram insert. In this case
x refers to quadrupole/dipole mixing in the 2.10 -+ 1.08 transition,
with the 2.10 —+ 0.94 transition 6xed as dipole, and the 0.94 ~ 0
transition as pure quadrupole. The dashed curve shows our esti-
mate of the maximum possible F.S.E. for the curve corresponding
to J=2. The value of x' obtained for a J=0 assignment to the
1.08-MeV level is also indicated. The probability that x~ exceeds
the values marked as 10%, 1%,and 0.1%are 10%, 1%,and 0.1%,
respectively.

Following exactly the same procedure, a simultaneous
6t to the 2.10—+0 and 2.10—+0.94 —+0 correlations
was made to determine the mixing in the ground-state
transition. Two solutions are obtained, given by
x=+(0.11 s.i+ ') and x=+(1.8 s +'r). This is un-

fortunately not as restrictive as the results obtained
from a 6t to the 2.10—+ 0 correlation data alone, which
yielded solutions x= + (0.04 s.sr+") or + (1.95+0.35).

Figure 16 shows the results obtained from a simul-
taneous 6t to the 2.10—+ 0 and 2.10 —+ 1.08 correlation
data for the purpose of determining the mixing ratio
for the former transition. We have assumed the most
likely spin, J=O, for the 1.08-MeV level in which case
the 2.10—+ 1.08 transition is pure quadrupole in nature.
The solutions for the amplitude ratio of quadrupole/
dipole radiation in the 2.10—+0 transition then are
x=+(0.04+0.04) and x=+ (1.78&0.35). These results
are somewhat more restrictive than those obtained
from either of the two approaches described just previ-
ously, but hold only if J=0 for the 1.08-MeV level.

Table IV summarizes the information available on
the gamma-branching of the 2.10-MeV level. Column 3
lists the branching ratios determined in the present
work for transitions from the initial state (column 1)
to the Anal states identified in column 2. The results of
other investigators are summarized in column 4 for
comparison. In, view of the excellent agreement between
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FIG. 16. Angular-correlation results for the F" 2.10 —+ 0 tran-
sition. The curve shows x' versus arctanx for a simultaneous Gt
to the 2.10—+ 1.08 and 2.10~0 correlation data to determine,
in this case, the quadrupole/dipole mixing ratio of the latter
transition. The 1.08-MeV level is here assumed to have spin 0
(most probable) in which case the 2.10-+ 1.0g transition is pure
quadrupole. The dashed curve shows our estimate of the maximum
possible F.S.E.

TABLE IV. Summary of branching ratio determinations
for levels of F".

Initial
state

(MeV)

1.70

2.10

2.53

3.06

3.13

3.35

Final
state

(MeV)

0
1.045

0
0.937
1.045
1.082
1.125

0
0.937
1.70

0
0.937

0
1.045

0
0.937
1.70
2.10

Branching ratios
Present work Previous work

28+3
72&3
36+2
32+2

&3
32&2
(3
75a4
21~4
4~1.5

25+2
75+2
32+2
68+2
56+6
7~4

30+4
7~4

35~3
65~3
38+3
30~5b

&6b
32+4b

73+4
23&2
4+2

24~4
76+4
31+3
69~4
53+5
4~4

38+4
5~4

Average

32+3
68w3
37&2
31+2
(3
32+2

&3

74+4
22~4
4+1.5

25~2
75~2
32+2
68+2
54a5
5~3

35~3
6&3

s See Ref. 1
b See Ref. 2.

the present results and those reported previously, we

adopt the average values given in the last column.
The results presented thus far for the 2.10-MeV level,

are all based on the data obtained for EH,3=3.44 MeV.
From similar data obtained for EH.3=4.65 MeV an
analysis of the 2.10—+0 correlation yields a solution
for the mixing ratio of this transition of
x=+(0 04 p r~' ) or a=+(2.7+0.3). This is to be
compared to the results summarized above which gave

s=+(004 s.sr+ ') or a=+(1.95+0.35) and also to
the solution of Poletti and Warburton which was
a=+ (0.04+0.18) or x=+ (3.0+0.5). The weighted
average of these results are x=+(0.04 s.sr+"s) or
x=+ (2.5+0.3).

We now summarize the implications of the lifetime
measurements (Table II) which determine a total width
for the 2.10-MeV level of I'~= (1.5+0.5)X10 ' eV.
Combining this result with the branching ratios sum-
marized in Table IV, we 6nd the partial widths for
transitions to the ground state and to the 0.94- and
1.08-MeV levels are (0.6+0.2)X10 ' eV, (0.5&0.2)
X10 ' eV, and (0.5&0.2) X10 ' eV, respectively. We
now' consider these three transitions in order.

(1) The quadrupole/dipole mixing ratio for the
2.10~0 transition is either x 0 or x 2.5. If x 0,
then the parity of the 2.10-MeV level may be either
even or odd, since the computed dipole strengths are
found to be reasonable in either case. For x= 2.5 an odd
parity assignment would require an M2 component of
11&4Weisskopf units (W.u. )."In view of the expected
inhibition in self-conjugate nuclei of BT=O j/II. tran-
sitions, ""this latter possibility may be rejected as
unreasonably large. Conversely, the strength of the E2
component for an even parity assignment would be

0.5 W.u.
(2) For the 2.10—+ 0.94 transition the dipole

strengths corresponding to the solution x 0 are con-
sistent with either even or odd parity for the 2.10-MeV
level. Again, the solution x 6 excludes an odd parity
assignment, which would require an M2 component
with ~M(M2) ~' 200 W.u. For an even parity assign-
ment, the E2 strength would be 9&3 W.u. for x= 6.

(3) For the 2.10~1.08 transition, these results
show that the 2.10- and 1.08-MeV levels have the same
parity, as follows. If, as expected, the spin of the 1.08-
MeV level is J=O, then the 2.10—& 1.08 transition is
pure E2, having a strength of ~M(E2~s= (20&7) W.u.
It is clear that the transition may not be llf2. '4" If the
spin of the 1.08-MeV level is either 1 or 2, then we have
the restriction on the quadrupole/dipole mixing ratio
(see Fig. 15) of x)0.6. This limit corresponds to a
quadrupole strength of

~
M(E2)

~

s)6 W.u. or
~
M(M2)

~

'
&400 W.u. The latter possibility can be firmly rejected,
and thus we conclude that the 2.10- and 1.08-MeV
levels have the same parity, since the transitions con-
necting them are either pure E2 (most likely) or a
mixture of M1/E2 radiation.

In summary we conclude that the spin of the 2.10-
MeV level is J=2, but the parity is not determined by
these experiments. The 1.08-MeV level is most likely
J=0, in which case the E2 2.10 —+ 1.08 transition has a
strength of (20+7) W.u.

'4 E. K. Warburton, Phys. Rev. Letters 1, 68 (1958)."E.K. Warburton, in Proceedings of the Conference on Iso-
baric Spin in Nuclear Physics, Tallahassee, Florida, 1966 (to be
published).
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FIG. 17. Spectra of gamma rays coincident with protons popu-
lating the 3.06- and 3.13-MeV levels of F'8 via the 0'6(He3, Py)F'
reaction. These spectra were obtained from 2-parameter data
collected at a He' bombarding energy of 4.65 MeV. The extent
to which the 2-parameter analysis has succeeded in separating
the spectra from these two levels can be judged from the relative
intensities of the 0.94- and 1.05-MeV peaks as observed in the
two sets of data.

The 3 06. MeV Level of F'

The gamma-ray spectra in coincidence with groups
ps (3 06-MeV level) and pg (3.13-MeV level) are shown
in Fig. 17. These data were obtained using a 5&(5-in.
NaI(T1) detector at a He' bombarding energy of 4.65
MeV, for which it was found that the relative popu-
lations of the 3.06- and 3.13-MeV levels were
Similar data were also acquired at a bombarding energy
of 5.40 MeV for which the relative populations were
(3.06)/(3. 13)~4/1. Figure 17 demonstrates the prin-
cipal advantage which was gained by 2 parameter
analysis of the p-y coincidence data. Although the 3.06-
and 3.13-MeV levels were not well resolved by the
particle detector, the method of data reduction em-

ployed has provided a fairly clean separation of the
gamma spectra associated with these 2 levels. Further,
the small contribution to the 3.06-MeV spectrum due
to the overlapping 3.13-MeV spectrum could be readily
accounted for in the final analysis by observing, for
example, the intensity of the 1.05-MeV transition due
to the latter.

For these data the angular correlations of the ground-
state and cascade gamma rays were easily extracted.
Since the results of the individual analyses of the data
at the two bombarding energies were in satisfactory
agreement, we have chosen to present in the following
an analysis of the total correlation data obtained for
each transition by summing the correlation counting
rates for each angle of the separate measurements.
This is equivalent to studying the correlations corre-

TABLE V. Results of an even-order Legendre polynomial 6t to
various correlation data from 0"(He', py)F".

Initial
level

{MeV)

0.937

1.082

1.70

2.53

3.06

3.13

3.35

Transition

0.94 —+ 0
1.08 —+ 0
1.70 —+ 0
1.70 —+ 1.05

2.53 ~ 0
2.53 ~ 0.94
0.94 ~ 0
3.06 —+ 0
3.06 ~ 0.94
0.94 ~ 0
3.13~ 0
3.13 ~ 1.05

3.35 —+ 0

(
3.35 ~ 1.70
+ 1.70-+ 0
1.70 ~ 1.05

+0.35~0.12

+0.06+0.13
—0.33+0.05—0.42&0.06
—0.11&0.03—0.37~0.08
+0.11&0.05
—0.33~0.07—0.17+0.05
+0.23&0.03
—0.03&0.06
+0.26~0.03

+0.07&0.07

+0.41&0.09
—0.20&0.07

84 X2

—0.17~0.14 1.0
{+0.14+0.15) 1.0
(+0.05+0.05) 1.2
(+0.03&0.08) 1.0
—0.44~0.03 0.9

(+0.08~0.09) 1.1
(—0.05+0.06) o 9
(—0.04+0.07) 1.0
(—0.06~0.05) 1.0
(—0.05~0.04) 1.3
(—0.05+o.o6) o.8
(+0.02+0.04) 0.8
—0.20&0.07 0.8

(+0.03+0.09) 1.0
(+0.04+0.0'I) 0.6

sponding to the weighted averages of the populations
P (0) and P (1) actually obtained at the two bombarding
energies. Table V summarizes the results of an even-
order Legendre polynomial fit to these data of the form
W(8)=IV P„a„P„(cos8) with v& v,„.The results of
similar analyses for the data on other levels, to be dis-
cussed later, are also included. For each of the levels
identified in column 1 solutions are listed for a~ and
a4 determined by the fitting procedure for the tran-
sitions identified in column 2. For most cases the
coeKcient a4 is statistically insignificant (as dis-
tinguished by the parentheses) and we give the value
of X' and the solution for u2 obtained with v = 2. For
the remainder (3 cases) the results refer to the fit ob-
tained with v, =4.

Our analysis of the correlation data for the 3.06-MeV
level is surrUnarized in Fig. 18.Ana1ysis of the 3.06 —& 0
transition (upper curve of Fig. 18) shows that the
possibility J=3 for the 3.06-MeV level is excluded, in
agreement with earlier work. ' Possible assignments of
J)3 would require L~&3 for the ground-state tran-
sition, which can be ruled out on the basis of the life-
time measurements of Sec. II which yielded r(3.06)
(0.17&(10 ' sec. For L=3, the 3.06~0 transition
(24'Po branch) would have a strength

I
M I') 104 W.u.

which is clearly unreasonable. If J= 2, as will be shown,
then the solutions for x, the ratio of quadrupole/dipole
radiation in the 3.06-+0 transition, are x=+(0.04
+0.11) and x=+(2.6+0.4), ignoring the FSE. In-
cluding our estimate of the possible FSE (the dashed
curves of Fig. 18) results in solutions x=+ (0.04 0 „+")
and x=+ (2.6 0.5+'4).

The lower curve shows the results obtained from a
simultaneous fit to the correlation data for the indicated
cascade transitions for assumed spins of 1 and 2 for
the 3.06-MeV level. The possibility J='1 can now be
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FIG. 18. Angular-correlation results for transitions from. the
3.06-MeV level of F~8. The upper curves show plots of x' versus
arctanx for (5+1)/I mixing in. the 3.06-+ 0 transition for as-
sumed spins of J=2 and J=3 for the 3.06-MeV level. It is thus
clear that the possibility J=3 is ruled out with a con6dence of
better than 99.9%, since the minimum value of x~ for a J=3
assignment exceeds the indicated 0.1%con6dence limit. The lower
curve shows plots of x' versus arctanx for a simultaneous lt to
the 3.06~0.94 and 0.94~ 0 correlation data where s refers to
(1+1)/5 mixing in the former transition. The 0.94 ~ 0 transition
is here 6xed as pure quadrupole. From these results, we see that a
spin assignment J=2 for the 3.06-MeV level is consistent mth
the 3.06 -+ 0.94 transition being pure dipole. For a possible J=&

assignment, the 3.06-+ 0.94 transition must lave an appreciable
octupole component which can be excluded on the basis of the
lifetime measurements as given in the text.

I
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excluded on the basis of the lifetime measurement,
which restricts the octupole/quadrupole mixing ratio
to values

( x( (0.063, corresponding to ( arctanx) &3.6'.
This restriction is based on the sum-rule. limit" for
electric transitions that ~M~'&Zs, and the further
assumption that magnetic transitions cannot be stronger
than clcctllc tI'Rnsltlons of tlM sRIQc order. FroIQ thc
results of Pig. 18 and using this restriction on

~
x~ we

6nd that the possibility J=i is ruled against vnth
better than 99.9% con6dence.

For 7=2 the solution for the quadrupole/dipole
mixing ratio is x= —(0.06+0.06). The second minimum
in X' at x= 10.4 is excluded from further consideration,
since it dips to a conMence limit of only 3%, and.

further, since the lower limit on x for this mirgmum
corresponds to a quadrupole component of ~M~'&30
Wcisskopf ull, its, vrhich we reject as unreasonably
large. ""

In summary, vs conclude that thc 3.06-MCV level
has 7=2 and. the quadrupole/dipole mixing ratio for
the 3.06~ 0.94 transition is x= —(0.06+0.06).

c 6nd that for the remaiIUng levels of P' the results
of our present measurements are in agreement gath
those of Poletti and %arburton, ' and hence serve
primarily to co116rm their conclusions. Accordingly, we
present these results in summary form only. At the
three boIQbarding energies used in the present measure-
ments the levels studied frere as follows: EH, ~ ——3.44
MeV (0.937, 1.082, 1.70, 2.10); EH,~=4.65 MCV (2.10,
2.53, 3.06, 3.13, 3.35) and EH, I =5.40 MCV (2.53, 3.06,
3.13, 3.35). The branching ratios thus determined for
the various levels studied have been sumIQarized in
TRblc IV, whllc thc measured corrclRtlons Rl'c glvcn ln
Table V. Table VI summarizes the information thus
obtained on multipole mixing in the ground-state
transltlons fI'oIQ the varloUS lcvcls studied. Thc ex-
citation energy of the initial state and its spin Rre given
ln colUIQns 2 and 3, %'hilc thc boIQbRI'ding cncrgy Rt
w'hich the measurement was made is given in column i.
Column 4 lists the transitions which were ltted in the
correlation analysis. For the j..70- and 3.13-MCV levels
the cascade transitions (of known multipolarity) to the
0 1.045-MCV level have bccn included ln thc Gtting
procedure to determine the mixing in the ground-state
transitions. Allowed solutions for these mixing ratios
-are summarized in column 5, voile for comparison the
results of Poletti and VVarburton' are given in column
6. It is clear that the quoted uncertainties attached to
the results listed in column 5 are generally larger than
those of column 6; hence, the present results are not as
restrictive as those given previously. Nevertheless,
agreement betvrecIl these two sets of measurements is
good, and wc therefore adopt the freighted average
values summarized in column 7. These results will be
discussed brieQy in the following consideration of the
individual levels.

The I'csults of OUI' analyses of thc two sets of coI'lc-
lation data on the Ps 2.53-MeV level, obtained at He'
bombarding energies of 4.65 and 5.40 MCV, are in
satisfactory agreement, and hence we choose to discuss
thc coIQblned dRtR Rs done previously foI' thc 3.06-
MCV level. %C note tha, t the angular correlations
measured in the present experiment (see Table V) are
very similar to those measured previously by Poletti
and Warburtont at EII,~=4.0 MeV. Hence the present
analysis, which provides a rigorous con6rmation of
their conclusions, is also very similar. From a 6t to the
2.53+0 correlation data possibilities J&2 for the
2.53-MeV level are excluded with better than 99.9%
confidence, in agreement vrith the conclusions of Poletti
Rod Warburton. For J=2 @re determine the quad-
rupole/dipole IIlixing 111 tllc 2.53 ~0 tlaIlslt1011 Is
Ã=+ (3.9 1,0+ ' ). This is In vciy good agrccmcnt wlt11
the result x=+ (3 5—o.vs+I's) obtained previously, ' and
we adopt the average value given by x=+ (3.7~0.7).
From the mean-life and branching ratios given in
Tables II and IV we compute a total width Fr= (0.73
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TA'BLE VI. Mixing ratios for some ground-state transitions in F".

+Hop
(MeV)

Initial
state

(MeV)
Distributions

Spin fitted Present work
x =Mixing ratio of (L+1)/L radiation

Reference 1 Average

3.44
3.44
3.44

3,44
4.65
4.65 +5.40
4.65+5.40
4.65

0.937
1.082
1.704

2.103
2.103
2.53
3.06
3.13

3+
2s
1+

2
2
2+
2
1

0.937
1.082
1.703

+1.703
2.103
2.103
2.53
3.06
3.13

+3 13

~0
-+ p
~p
-+ 1.045
-+ Q~ Q
-+ 0
-+ p
—+p
-+ 1.045

+ (o.o7 a0.15)—(0.27 +0.09),
+(0.58 &0.16),

+(0.04 p p7+P.s)
+(0.04-o ov+ ~ P),
y(3.9 &.o"P s}
+(0.04 &0.11),1(0.13+0.13),

+.(7.6 s.o+s.o)

+(1.7 +0.6)

+(1.95 +0.35)
+ (2.7 &0.3)

+(2.6 +0.4)

+ (0.08 &0.08)—(0.23 +0.07), +(8.1 s.s+o)
+(0.49&0.06), +(2.05&0.3)

+(0.08 &0.07)—(0.25 +0.07), +(8 s,s+o)
+(0.50 &0.06), +(2.0+0.3)

+(3.5-o.7o 1 o}

+(0.03+0.04), tx) &10

+{3.7 +0.7)
+(0.04 &0.11), +(2.6 +0.4)
+(0'.04~0'.04)', ]+) &1o

'

+(0.04&0.18), +(3.0+0.5) +(0.04 p.ps Pi&), +(2.5+0.3)

a Assumed.

+0.16)X10 ' eV and a partial width for the 2.53 ~ 0
transition of (0.54&0.12)&(10 ' eV. The strength of
the 94% quadrupole component is then calculated to
be either (2.1+0.3) or (48&9) Weisskopf units, de-

pending on whether the radiation is E2 or M2 in
character, respectively. The latter possibility we reject,
with a bit more Grmness than was allowed previously, '
and thus confirm the assignment J =2+ for the 2.53-
MeV level.

The correlation data on the 2.53 ~ 0.94 ~ 0 cascade
transitions were also investigated to see what restric-
tions could be placed on the E2/M1 mixing ratios for
the 2.53(J~=2+) ~ 0.94(7~= 3+) transition. The most
dehnitive results were obtained upon inclusion of the
2.53 —+ 0 correlation data, with the mixing ratio of this
latter transition Axed at the value x=+(3.7+0.7)
determined above. Our conclusions on the mixing in
the 2.53 —+ 0.94 transition can be summarized as
follows: (a) To a con6dence of better than 99.9% we

can say that x is negative, with the exception of the
possibility x=+ ~, which is ruled against with only
90% conMence. (b) This transition has a nonzero
quadrupole (E2) component. The lower limits on ~x~,
corresponding to confidence limits of 10%, 1%, and
0.1%, are respectively 0.31, 0.18, and 0.09. The corre-

sponding lower limits on the E2 strength in Weisskopf
units, are 1.0, 0.4, and 0.1, respectively.

is in the range —4.7&x& —0.8. If J=3, then
x=+ (002+005) or x=+ (4 p Ts+ ' ).

Figure 19 shows the results of a 6t to the correlation
data on the stronger cascade transitions from the 3.35-
MeV level. The approach is identical to that discussed
in detail by Poletti and Warburton, in which the angular
variation in intensity of the unresolved 3.35~1.70
and 1.70 —+ 0 transitions and also of the 1.70~ 1.05
transition are 6tted simultaneously to determine the
mixing ratio of the 3.35 —+ 1.70 transition. The results
presented in Fig. 19 show that we are unable to dis-
tinguish between the two allowed' possibilities J=2
and J=3.

We now combine the result of the lifetime deter-

10

The 3.35-Me V Iencl of Ii"

At the bombarding energies used the proton group
populating the 3.35-MeV level of F" was unresolved
from that populating the 5.69-MeV level of N" via the
C"(Hes, P)N"* reaction. This latter reaction, unfor-

tunately, gives rise to a gamma ray of energy 3.38 MeV
which is energetically indistinguishable from the
3.35 —+0 transition in F'. In view of the uncertainty
attached to the unfolding of these two spectra, these
data have not been included in the present analysis.
We note, however, that the term in P4(coso) observed
in the 3.35~0 correlation supports the conclusion

J~&2, and hence is in agreement with the results of
Poletti and Warburton, ' w'ho deduced that J=2 or 3.
Their conclusions on the mixing ratio of the 3.35 —+ 0
transition are summarized as follows: If J=2, then x

O. I -80 -40
t t 1 I

0 40
ARCTAN x

)+
I I

80

FIG. 19. Angular-correlation results for the F» 3.35-+1.70
transition, showing plots of X' versus arctanx for assumed spins
of J=2 and J=3 for the 3.35-MeV level. In this case x refers to
the (1.+1)/I, mixing ratio in the 3.35 ~ 1.70 transition, which is
unresolved from the 1.70~0 transition. These curves were
obtained from a simultaneous fit to the correlation data for the
1.70~1.05 transition and to the net correlation data on the
unresolved members of the 3.35 ~ 1.70 ~ 0 cascade transitions.
The 34% con&dence limit, corresponding to one standard deviation
in arctanx, and also the 0.1/& con6dence limit are indicated. For
both J=2 and J=3 the F.S.E. was found to be negligible.
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mination. (Table II) with the branching ratios (Table
IV) to compute the partial widths for gamma-de-
excitation of the 3.35-MeV level. The results are
I'~ (3.35 ~ 0)= (0.8&0.2 &(10 ' eV and I'7 (3.35 -+ 1.70)
= (0.6&0.1)X10 ' eV. We consider separately the two
possible spin assignments for the 3.35-MeV level.

If J=3 the data are consistent with both the 3.35 —+ 0
and 3.35 —+ 1.70 transitions being pure quadrupole. For
an even-parity assignment to the 3.35-MeV level, the
E2 strengths for transitions to the ground state (1+)
and to the 1.70-MeV level (1+) are computed to be
(0.8+0.2) W.u. and (19&5) W.u. , respectively. Con-
versely, if J =3 for the 3.35-MeV level, the 3.35 (3 ) —&

1.70(1+) transition would be M2 of strength 430 W.u.
which can be firmly rejected. ""Thus the 3.35-MeV
level cannot have J =3 .

If J=2 for the 3.35-MeV level, the restriction on the
mixing ratio for the 3.35~0 transition is' —4.7&x
& —0.8 and for the 3.35 ~ 1.70 transition, from Fig. 19,
we have —0.9&@&—0.38. Thus a 2 assignment for
the 3.35-MeV level would require that the 3.35(2 ) -+
1.70(1+) transition have an M2 component (for
(x()0.38) of strength (M(M2) ~')22 W.u. (to two
standard deviations in I'~), which we reject as being
quite unreasonable. '4 "Conversely, for a J = 2+ assign-
ment to the 3.35-MeV level, the E2 component in the
3.35 —+ 1.70 cascade would have a strength of
(4.8 ~ v+") W.u. , where we have included the uncer-
tainty due to the determination of x, while the strength
of the E2 component in the 3.35 ~ 0 transition would
be less than 1 W.u.

In summary then, we find the present data are in
agreement with a spin-parity assignment of either
J =2+ or J =3+ for the 3.35-MeV level. In either
eventuality, the 3.35~ 1.70 transition has an appre-
ciable E2 component, of strength (4.8 q.9+4') W.u. (if
J=2) or (19+5) W.u. (if J=3).

The 0.94 MeV Level of-F"
Our present results are consistent with the previous

conclusion' that the 0.94-MeV level of F' has J =3+.
The value of the mixing ratio for possible octupole/
quadrupole mixing in the 0.94 ~ 0 transition, based on
these correlation measurements, is x=+ (0.08+0.07)
(see Table VI). This is consistent with, but less re-

strictive than, the limitation
~

x
~

(0.005 obtained from
the lifetime measurement of Alexander et al.' as ex-

plained in Sec. II.

The 1.08 MeU Level ofP'-
The correlation data for the 1.08-MeV level are

consistent with a spin assignment of either 0, 1, or 2

for this level. If J=1 the possible quadrupole/dipole
mixing in the 1.08 —+ 0 transition is not specified by
these measurements, but if J=2 the mixing is restricted
to the solutions for x given in Table VI. We note again

that the most probable spin for the 1.08-MeV level is 0,
as established from our analysis of the 2.10—+1.08
correlation.

The 1.70 MeU -Level of F"
The present measurements confirm the findings of

Poletti and Warburton' that the 1.70-MeV level has
J=1. Solutions for the mixing ratio of the 1.70~0
ground-state transition, summarized in Table VI, are
also in good agreement. We note that the revised
lifetime given in Table II [r= (0.9&0.2)&&10 " sec]
for the 1.70-MeV level is approximately a factor of 2
shorter than that given previously, ' and hence the
possibility of an odd-parity assignment for the 1.70-

eV level is rejected even more firmly than before. '
The strength of the 1.70 —+ 1.045 3E1 cascade transition
is found to be 0.09&0.02 W.u.

The 3.13 MeV Lev-el of F"
We find that the 3.13-MeV level has J=1, in con-

firmation of the earlier conclusions of Poletti and
Warburton. ' The solutions obtained for possible quad-
rupole/dipole mixing in the 3.13 —+ 0 transition (see
Table VI) are not as restrictive as those gotten previ-
ously' but the agreement is nevertheless satisfactory.
(See note added in proof—Sec. IV.)

IV. DISCUSSION OF RESULTS

The present experiment has established uniquely
spin assignments of J=2 for both the 2.10- and 3.06-
MeV levels of F', and has suggested that an assign-
ment of J=0 for the 1.08-MeV level is somewhat more
likely than possible assignments of J=1 or 2. The
parity of the 3.35-MeV level is established as even,
while the 2.10- and 1.08-MeV levels have the same
(but undetermined) parity. For the remaining levels-
in particular the 0.94-, 1.045-, 1.70-, 2.53-, and 3.13-
MeV levels —the present results are found to either
confirm or substantiate previous conclusions on spins
and parities as summarized schematically in Fig. 1.
Branching ratios and multipole-mixing ratios deter-
mined from the present work are found to be in good
agreement with the previous results of Poletti and
Warburton' as summarized in Tables IV and VI.
Similar studies of correlations in the 0"(He',py)F'
reaction have very recently been reported by Chagnon. "
We find the results summarized in the present paper
in good agreement with his conclusions on the mixing
ratios for ground-state transitions from the 2.10-, 2.53-,
3.13-, and 3.35-MeV levels, and also on the mixing in
the 2.53 —+ 0.94 cascade transition. We note also that
his results provide an independent confirmation of the
spin assignments, or restrictions, advanced previously
by Poletti and Warburton. ' Points of disagreement
arise with respect to the mixing ratio of the 3.35 ~ 1.70

"P.R. Chagnon, Nucl. Phys. 78, 193 (1966).



STUD I ES OF F'8

transition. We note that the results of the present
experiment are in agreement with those of Poletti and
Warburton' for either of the possible assignments,
J=2 or 3, for the 3.35 MeV level. For the J=2 possi-
bility, the average of these two measurements yields
a value for the 3.35 ~ 1.70 mixing ratio of x= —(0.44
&0.15). The solution obtained by Chagnon (x(—7)
is in significant disagreement with this result, as men-
tioned previously. " We further note that a possible
objection to a J=O assignment for the 1.08-MeV level
of F", as given therein, " has been removed by later
work'~ in agreement with present results which tend to
favor a J=0 assignment over J= 1 or 2.

In summary, then, we note the following with respect
to the low-lying levels of F': Of the ten levels below
3.4-MeV excitation in F ', seven have received definite
spin assignments, while for an eighth (the 1.125-MeV
level) there is a strong theoretical preference for J'=5.
The possible spins of the remaining two levels have
been restricted as indicated: 3.35-MeV level (7=2, 3)
and 1.08-MeV level (1=0, 1, 2). There does not appear
to be any strong theoretical preference for any of the
alternative spin assignments to these two states.

Parity assignments have been established from
experimental evidence for all but three levels. One of
these, the 3.06-MeV level, is certainly of even parity,
since the present assignment of J=2 to this level
establishes it without doubt as the J =2+, T= 1 analog
of the 2+ 0' first-excited state at 1.98 MeV, as set forth
previously. ' " The parity of the 1.08- and 2.10-MeU
levels are necessarily the same, since the transition
connecting them is either pure E2 or an E2/M1 mixture.
There does not appear to be any experimental evidence
favoring either even or odd parity for these levels. How-
ever, if the 1.08-MeV level has J=0, as is most probable,
then it would be di6icult to reconcile an even-parity
assignment with current theoretical models or system-
atics which do not predict a J =0+, T=O level at so
low an excitation energy.

"P.R. Chagnon, Nucl. Phys. 81, 433 (1966).

Of prime importance to the understanding of the
F' level structure therefore is the determination of the
spin and parity of the 1.08-MeV level. The parity could
be obtained indirectly by determining that of the 2.10-
MeV level. In this respect we note that additional
measurements on the 0"(He', py) F"reaction disclose' "
states of excitation energy 3.4&E p&4.9 MeV which
are observed to de-excite through the 2.10 MeV level-
but not to any appreciable extent through the 1.08-
MeV level. These results suggest that while additional

p~ correlation measurements would be of value, it is
likely that p-p triple correlation or alternately gamma-
polarization experiments would be more suitable for
the investigation of the parity of the 1.08-MeV level.

iVote added in proof Rec.ent experiments have
shown17, 18 that the F'8 1.08-MeV level has J=0 and
that the 2.10-MeV level (and thus also the 1.08-MeV
level) has odd parity. ~s It has also been found" that the
3.13-MeU level decays to both the 1.05- and 1.08-MeV
levels with branching ratios of (41+4)%and (27+4)%,
respectively (instead of 68% to the 1.05-MeV level
alone). This latter result does not affect the analysis
of the 3.13-MeV level as presented in this and previous
work' "since both the 1.05- and 1.08-MeV levels have
J=O.
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