
REACTION 'Li(P, Pd)'He at 590 MeV. . . 21

+Present address: Deutsche s Elektronen Synchrotron,
Notkestieg 1, 2000 Hamburg-52, Germany.

)Work supported by the Swiss Institute for Nuclear Re-
search (S. I. N.).

f.Research work supported in part by the Atomic Ener-
gy Control Board of Canada.

~The preliminary results of this experiment have been
presented by J. C. Alder, W. Kossler, C. F. Perdrisat,
W. K. Roberts, P. Itching, G. Moss, W. C. Olsen, and
J. R. Priest, Bull. Am. Phys, Soc. 16, 132 (1971).

A value of (do/dQ)pp =0.050+0.002 mb/sr was used;
see J. S. Vincent, W. K. Roberts, E. T. Boschitz, L. S.

Kisslinger, K. Gotow, P. C. Gugelot, C. F. Perdrisat,
L. W. Swenson, and J. R. Priest, Phys. Rev. Letters 24,
236 (1970).

3H. Davies, H. Muirhead, and J. N. Woulds, Nucl.
Phys, 78, 663 (1966).

Yu. A, Kudeyarov, I, V. Kurdyumov, V. G. Neudatchin,
and Yu. F. Smirnov, Nucl. Phys. A163, 316 (1971).

5I. V. Kurdyumov, Ph. D. thesis, Nuclear Research
Institute, Moscow State University, 1971 (unpublished);
and private communication with V. G. Neudatchin.

6Y. C. Tang, K. Wildermuth, and L. D. Pearlstein,
Phys. Rev. 123, 548 (1961).

PHYSICAL REVIEW C VOLUME 6, NUMBER 1 JULY 1972

F(d, p) F and the Nuclear Structure of F~
H. T. Fortune*

Argonne National Laboratory, Argonne, Illinois 60439,
and Physics Department, University of Pennsylvania, Philadelphia, Pennsylvania 19104

and

G. C. Morrison, R. C. Bearse, t and J. L. Yntema
Argonne National Laboratory, Argonne, Illinois 60439

and

B. H. Wildenthal
Physics Department, Michigan State University, East Lansing, Michigan 48823

(Received 6 December 1971)

The reaction ~F(d, p) OF has been studied with 16-MeV deuterons. Outgoing protons were
detected in photographic emulsions in a magnetic spectrograph. Spectroscopic factors were
extracted and combined with previous information and compared with results of shell-model
calculations performed in a complete sd-shell basis. Of the previously known 25 states be-
low E„=4.5 MeV, angular distributions measured at 14 angles were obtained for all but the
5 at E„=1.824, 2.871, 3.761, 4.20, and 4.21 MeV. Strong stripping angular distributions
were observed for 10 states —6 dominated by l =2, and 4 by l =0. These 10 states agree rea-
sonably well in position and strength with the 10 lowest shell-model states predicted to have
appreciable amounts of the configuration [ F{g.s.) 13 1d5&2 or 2s&&2 neutron)].

I. INTRODUCTION

The spectroscopy of ' F is typical of non-self-
conjugate odd-odd nuclei; the knowledge about it
is extremely scant in view of the effort that has
been expended. The most notable early work on
its structure was that of El Bedewi' in 1956. Us-
ing an 8.9-MeV deuteron beam and one of the first
heavy-particle spectrographs, he was able to ob-
tain excitation energies and angular distributions
for a great many of the states in ' F. His analysis
of the angular distributions was limited by the use
of the plane-wave Born approximation (PWBA).
However, as we shall see below, his results for
the few strong states were qualitatively correct.

Accurate excitation energies have been mea-

sured' up to E„=6.043 MeV by use of the reactions
"0('He, P)' F and "F(d, P)20F at low bombarding
energies. Information on the y decay of levels of' F has been obtained in studies of the reactions
18O(3He py)20F 3 7 19F(d py)20p 3I 8 IQF(+ y)20p 9- 12

and "O(t, ny)"F "Furth. er studies include mea-
surements of lifetimes' ' of excited F levels,
angular -distribution measurements of the reac-
tion "F(d, P)20F obtained with a polarized deuteron
beam, "and a, study of the reaction 22Ne(p, 'He)-
'OF." Studies of the reactions "0('He, P)'Op and
"Ne(d, n)"F have also been reported recently. "
The experimental results concerning ' F are ex-
cellently summarized in the review by Ajzenberg-
Selove '0

Directional-correlation measurements' in the re-
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action "0('He, Py)'oF led to limits on the spins of
most states below 3 MeV in excitation. The new
spin assignments were considered unambiguous
for only two states: 3' for the state at 0.656 MeV
and 2' for the 2.044-MeV state. Unique spin as-
signments for the other states are difficult to de-
termine in such correlation experiments because
of the relatively high spin of the ground state of' F, for which J'=2'." The 1.06-MeV state has
been known for some time to have J"=1'." Other
spin-parity assignments made concurrently with
the present work will be discussed further below.

There has not been extensive theoretical study
of the level structure of F, in part because of
the lack of definite experimental information and
in part because the nucleus does not appear to be
amenable to description in terms of the popular
(simplest) nuclear models. Recently, calculations
for all of the sd-shell nuclei with A &22 have been
carried out at Oak Ridge. " The results obtained
for nuclear properties (energies, single-nucleon
spectroscopic factors, and electromagnetic transi-
tion rates) have been in good enough agreement
with existing experimental information in this re-
gion to suggest that an attempt to interpret the ex-
perimental data to be reported here in terms of
these new theoretical results might be of signifi-
cant help in understanding this rather complex nu-
clear system.

Single -nucleon-transfer spectroscopic factors
yield rather specific information about the wave
functions of nuclear states, and hence the compar-
ison of theoretical and experimental S factors is
a very important test of the predictions from nu-
clear models. At the same time, the model re-
sults can often illuminate the experimental picture.
If a strong stripping state can be identified with a
model state that is expected to be strong, a tenta-
tive "assignment" can be made, and this can then
be used to find consistencies between the remain-
ing states and the model.

Since the nuclear model used here is based on
the complete sd shell with 1P-shell hole states
and fP particle states ignored, only states of pos-
itive parity will be predicted. Furthermore, spec-
troscopic factors can be predicted only for s„„
d, &„and d„, transfer; all other transfer strengths
are predicted as identically zero.

Only two targets are available for single-parti-
cle-transfer reactions to ' F: "Fmay be used as
a stripping target, "Ne as a pickup target. Using
"Ne as a target poses some experimental diffi-
culties, since it is available only as a gas and the
abundance of "Ne in natural neon is only 0.26%.
Since "Ne has a ground-state spin of —,", there
will be ambiguities in determining the spins of the
residual states from the orbital angular momen-

turn transfer. Reactions on "F (J'= —,'+) are ob-
viously easier to interpret; and it is easy to make
targets of "F compounds. The reaction "F(d, P)-
'OF with Q = 4.373 MeV remains the most logical
choice for a study of the single-particle strengths
of the states of "F. Since the data of El Bedewi'
were taken at an energy at which the direct reac-
tion may not be dominant, we decided to look
again at the reaction "F(d, P)2OF with 16-MeV deu-
terons from the Argonne tandem Van de Graaff ac-
celerator. At this energy, direct processes
should dominate, so that states having large
cross sections are expected to be populated main-
ly via direct stripping. This was not the case at
the lower energy, where the analysis of the data
was complicated by the presence of nondirect
mechanism s.

II. EXPERIMENTAL

Since it is known' that ' F has at least 13 states
below 3 MeV excitation and that several of these
are less than 100 keV apart, it becomes impor-
tant to choose a fluorine compound that will not
contribute many additional lines to the already
dense spectrum. Of the compounds normally used
to make fluorine targets, LiF appeared to be the
best for our purposes. The difference between
Q = —0.192 MeV for the reaction 'Li(d, P)'Li and
Q =+4.373 MeV for the reaction '~F(d, P)'OF as-
sures at least 4.5 MeV of excitation without inter-
ference from the other major constituent of the
target. Unfortunately, Q is +5.027 MeV for 'Li-
(d, p) Li, so lines from this reaction are a possi-
ble source of interference. Fortunately, the 'Li
concentration in Li is only 7.4/0 and, further, 'Li
has only three final states below 6 MeV to be pop-
ulated by the reaction. The results obtained here
apparently indicate that the LiF used had been de-
pleted in 'Li, since no lines attributable to 'Li-
(d, P) appear in the spectrum (Fig. 1). The LiF
target was evaporated onto a supporting layer of
C about 10 p. g/cm' thick.

The LiF targets deteriorated somewhat under
bombardment, so it was necessary to continuously
monitor the thickness. This was done by using a
surface-barrier detector to count deuterons elas-
tically scattered at 45' to the incident beam. The
(d, P) results were normalized to the monitor
counting rate at each angle.

To obtain absolute cross sections, we prepared
a target of CaF, on a carbon backing and exposed
it to a 12-MeV deuteron beam under the condi-
tions described below for obtaining the (d, P) data.
The elastic scattering counting rate from calcium
at 95, 100, and 105' was determined and com-
pared with the values of do/dQ given by Bassel et



"F(d, P)' F AND THE NUCLEAR STRUCTURE OF ' F

1000

800—
a

O
C3

lO
E&= 16 MeV

e (Iab) =14

CL

KI-
600—

O
aN

U)

X
200-D

O

F
F
N

cu
400 —a

LLI

Q.

Cla
I

lO ~a

0
IO

a
0a

a
OI

a a ~

o

~0-
F

0
I

I,O
I

2,0
Q VALUE (MeV)

1
I

3.0 4.0

FIG. 1. Spectrum of protons from the reaction ~~F(d, p) F, obtained at a deuteron energy of 16.0 MeV and a labora-
tory angle of 14 with a LiF target. Excitation energies are listed in Table I.

Group number ~ Present work b
Literature
. (Ref. 19)

0
1
2

3

5
6
7

8
9

10
11
12
13
14
15
16
17

18
19

20
21

0
0.655+ 1
0.823 + 5
0.983 + 5
1.056 + 3
1.309+ 5
1.82 +1P'
1.845+4
1 97 +10c
2.044 + 1
2.196+ 1
2.871 + 5
2.g66 + 1
3.176 + 5
3.489+ 1
3.531+3
3.590 + 1
3.686+4

d

3.977 ~ 5
4.089 + 3

d
d

4.282+ 5
4.318+5

0
0.655 95
0.8229
0.9838
1.056 93
1.309 22
1.8244
1.8434
1.9706
2.0439
2.1946
2.865
2.9662
3.1746
3.4884
3.5259
3.5871
3.6810
3.761
3.g662
4.0824
4.1989
4.2077
4.2766
4.3115

+0.15
+0.2
+0,2
+0.16
+0.16
+ 1.3
~0.3
+0.3
+ 0.3
+0.5
+1.5
+ 0.4
+1,2
+ 0.2
+ 0.4
+ 0.3
+ 0.4
+2
+ 1.4
gp 4
+2,7
+2.6
+0.5
+2.6

TABLE I. Excitation energies (MeV+keV) in F. a/. '4 The same target was then used at 16 MeV to
obtain a "F(d, p)"F spectrum at 8„„=14'. On the
assumption that there were two fluorine atoms for
each calcium atom, the differential cross section
for the first excited state of ' F at 0&,b=14' was
determined to be do/dQ =5.5+ 0.5 mb/sr. All the
other data points were then normalized to this val-
ue.

Data on the "F(d, P) reaction for 16-MeV deuter-
ons were taken at 14 angles between & and 44' (lab)
with the Argonne Browne-Buechner spectrograph.
The particles were detected with NTB-50 emul-
sions. To increase the sensitivity of these emul-
sions to high-energy protons, they were covered
with 30-mil acetate foil to degrade the incident
proton energy. This increased the stopping power
for protons and increased the track brightness.

The plates were scanned by hand in 0.5-mm
strips from the position of the ground state to the
position of the 4.32-MeV excited state 'in "F at
each angle. The results for 8&,b=14' are shown
in Fig. 1. Excitation energies for 21 excited
states below 4.5 MeV were obtained at each angle.
The averaged results are shown in Table I, along
with the values from the literature. " Angular dis-
tributions are exhibited in Figs. 2 and 3.

~ Group numbers correspond to the labeling in Fig. 1.
"Obtained by averaging the excitation energies ob-

tained at the 14 angles at which measurements were
taken.

Not observed at a sufficient number of angles to ob-
tain accurate excitation energies.

Not observed in the present experiment.

III. ANALYSIS

The experimental angular distributions were
compared with distorted-wave Born-approxima-
tion (DWBA) calculations with the code DWUCK"
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by use of the relation

2J'+1 ~ S„.o„(6)
P 2g +1 ~ 2& +1

& oi

For a (d, P) reaction, the normalization factor is
conventionally taken to be N= 1.65.

The bound-state form factor for the transferred
neutron was taken to be the wave function of a neu-
tron in a Woods-Saxon well, with a binding energy
equal to the difference between the ground-state
separation energy and the excitation energy of the
state in "F. The bound-state parameters are list-
ed in Table O. The optical-model parameters
used in the DWBA calculations were taken from
earlier work in this mass region. ""The optical-
model parameters for the exit channel were ob-
tained by extrapolation from the average parame-
ters of Watson, Singh, and Segel, "who system-
atically analyzed proton elastic scattering data
from a number of light nuclei. Their parameters
are given as a function of target mass and bom-
barding energy for target nuclei in the 1P shell,
but are still expected to be a reasonable repre-
sentation for a nucleus as light as "F. These pa-

rameters for "F are listed in Table II for the pro-
ton energy corresponding to the ground-state tran-
sition at a deuteron energy of 16 MeV. Since the
calculations proved to be relatively insensitive to
small changes in these parameters, this proton
potential was used for all final states observed in
the present experiment.

For the entrance channel, deuteron optical-mod-
el parameters corresponding to a bombarding ener-
gy of 16 MeV are not available. Hence, calcula-
tions were performed for a large number of differ-
ent sets of deuteron optical-model potentials. Even
though several potential sets gave satisfactory fits
to the (d, P) angular distributions, none of them
was successful in reproducing the l= 2 shape ob-
served at extreme forward angles. Furthermore,
absolute spectroscopic factors extracted with the
different potentials differed by as much as 50%.
Similar variations were noted for the ratio of l = O

to l = 2 spectroscopic factors. For fixed l value,
however, the relative spectroscopic factors were
virtually independent of the potential used. The
deuteron potential chosen for the final calculations
is listed in Table D. This potential has been used
for several reactions involving deuterons and nu-
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FIG. 2. Angular distributions of the reaction ~~F (d, p)' F for strong states below 4.5 MeV and for states having ob-
vious shell-model counterparts. The curves are the results of D%BA calculations as described in the text.
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clei in the sd shell. " For the final calculations,
finite-range nonlocal (FRNL) corrections were ap-
plied.

The results of DWBA calculations for all the
states observed in the present work are plotted in
Figs. 2 and 3, along with the data. Spectroscopic
strengths were extracted and are listed in Table
III. For the extremely weak states, the values of
n, l, and j are in parentheses. For these states,
the l values should not be taken as assignments,
the values of (2J+1)S merely reflect the weakness
of the cross section, and the value of J' need not
be consistent with the listed l. Placing the value
of (24+ 1)S also in parentheses indicates that the

presence of the l value listed in the middle column
has not been established -usually because some
other / is dominant in the angular distributions.

Since "F(g.s.) has J'= —,", the observation of
l=2 in the reaction "F(d, P)MF limits the spin to
J= 1—3 with positive parity. An l = 0 angular dis-
tribution implies positive parity and J=0 or 1.
Combining these two, we see that an admixed
i =0+2 angular distribution is possible only if the
final state has J'=1'. Therefore, the present re-
sults (Fig. 2) imply 8"= 1' for the 4.089-MeV
state, and J'=0' or 1' for the 3.489-, 3.531-,
and 4.318-MeV states. The 3.489-MeV state has
recently been assigned" J"=1' and the 3.531-MeV
state J"=O'. The observed angular distribution
for the 1.056-MeV state is consistent with its
known J'= 1'.

The ground state of "Fhas J = 2', but the cross
section for the reaction to this state is extremely
small. States at E„=0.655, 2.044, 2.196, 2.966,
and 4.282 MeV appear to have angular distribu-
tions that are unambiguously characteristic of
1=2. Thus, for these states J'=1', 2', or 3'.
These results are consistent with ear'lier assign-
ments of 3' for the 0.655-MeV state and 2' for
the 2.044-MeV state.

Because of the relatively poor fit to l =2 angular
distributions at extreme forward angles, the evi-
dence for an l = 0 component in the angular distri-
bution of the 3.590-MeV state is not sufficient to
allow an assignment of 1'.

Angular distributions for the weak states are
shown in Fig. 3. None of these are unambiguously
characteristic of a definite l value, even though
the 1.85-MeV state does appear to be reasonably
well fitted by l=2. Earlier assignments' of l=2
in the reaction "F(d, P)"F to states at E„=0.83
and 0.98 MeV are not substantiated by the present
results. Thus the earlier J' limits' of 1', 2', 3'
for these two states no longer hold insofar as they
arose from the l =2 assignments' in the (d, p) re-
action. Furthermore, the previous assignments'
of l = 3 for the 2.87-MeV state and l = 1 for the
2.97-MeV state are not supported by the present
data. El Bedewi's assignment' of l=2 for levels

TABLE II. Qptical-model parameters used in the DWBA analysis of the reaction ~F(d, p) F at Ez ——16.0 MeV.

Channel

ieF+& a

2pF+p b

Bound state

Vp
(MeV)

105

57.07

P SO

(F)

1.02

1.144

1.26

a =aso
(F)

0.86

0.57

0.60

(Me V)

w' =4wD
(MeV)

80

33.92

f p
a'

(F) (F)

1.42 0.65

1.144 0.50

Vso
(MeV)

6.0

5.5

A, =25

c
(F)

1.30

1.144

' Reference 26. Reference 27.
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at 0.65, 2.04, and 2.20 MeV, and of /=0 for lev-
els at 1.06, 3.49, 4.08, and 4.31 MeV are consis-
tent with our results. These states are discussed
further below.

IV. DISCUSSION

TABLE III. Experimental spectroscopic strengths ob-
served in the reaction ~F(d, p) F at E& =16.0 MeV.

(MeV)
nlj

(Ref. a) (2Z+ 1)S

0.0
0.655
0.823
1.056

1.309
1.824
1.840
1.971

2.044
2.196
2.871
2.966
3.176
3.489
3.531
3.590

3.686
3.977
4.089

4.282
4.318

(1d5/2)
1d5/2

(1d5/2)

2s 1./2

(1d3/2)
(1d5/))

(1d5/g)

(2s &/2)

(1d3/2)
1dg/2
1d5/2

(1d5/2)
1d5/2

(1d~/2)

s1/2
2S1/2

(2s„,)
(1d3/~)
(1d5/2)

(1d5/2)
Sg/2

(1d3/2)"
1dg/2
2s (/2

&o.o6
2.59

& 0.03
0.019

&O.O3
& 0.02

& 0.11

&o.oo4
&0.02

2.32
0.50

&O.O2

0.36
& 0.02

1.20
0.29

(&0.09) ~

0.42
& o.a4
&o.o4

0.18
(o.1o) b

0.07
0.27

Anni j value in parentheses is not an assignment,
but merely represents the nl j value for which the DWBA
curves in Figs. 2 and 3 were calculated.

b At the sensitivity of the present experiment, this l
value may not be present.

The results of the present experiment are dis-
played in the first two columns of Fig. 4. The
third column displays the "F energy levels pre-
dicted by a recent shell-model calculation, and
the fourth column indicates the spectroscopic fac-
tors for the reaction "F(d, P)'OF as calculated
from these shell-model wave functions. " The re-
lationships between the experimental data and the
theoretical predictions will be discussed in the fol-
lowing paragraphs.

The shell-model calculations for the levels of
"Fare obtained from a comprehensive study of
nuclei with 18 &A & 22. The basis space of the
model spans the complete set of (1d,&,)(2s„,)(1d„,)
configurations. A closed (1s„,)(1P„,)(1P„,) core
is assumed for "O. The model Hamiltonian is
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4.089%
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3.489-
3. I76~
2.966~
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d=O
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2. I 96
2.'044~
1.97 ~X
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I.82
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FIG. 4. Comparison of experimental (present work)
and theoretical (Ref. 22) excitation energies and spec-
troscopic strengths in ~ F(d, P) F. The experimental
J ~ values are from the literature prox to the present
snore. Dots. represent spectroscopic strengths less than
0.15.

based on the work of Kuo." In the initial calcula-
tions for this region, the 63 two-body matrix ele-
ments of the effective interaction were taken from
Ref. 28 and the three single-particle energies
were taken from the single-particle level scheme
of "O. The results of this calculation are in gen-
erally good agreement with experimental energy-
level information, but there is some evidence that
empirical adjustment of some of the features of
the Hamiltonian would improve agreement between
experiment and theory. To make this adjustment,
nine of the two-body matrix elements between two-
particle states involving the 1d„, and 2sy/2 orbits
and the three single-particle energies were varied
so as to produce an rms minimum between the en-
ergies of 41 selected levels in the region and the
corresponding shell-model eigenvalues. This pro-
cedure made use of the Coulomb-reduced binding
energy of the ground state, but not of any other in-
formation about the ' F levels. With this empir-
ical modification of the Kuo interaction, the pre-
dictions for "F are presented in Fig. 4. (This cal-
culation is designated K+12 FP in Ref. 23.) These
results are quite similar to those for the unmod-
ified interactions and generally resemble the re-
sults obtained with completely different parame-
trizations2s of the (1d„,)(2s,~,)(ld», ) Hamiltonian.
Hence, many of the qualitative features of the the-
oretical results which we shall emphasize in the
ensuing discussion can be considered to be stan-
dard features of the model space itself rather than
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functions of the particular form of the effective
Hamiltonian.

The ground state of the theoretical ' F level
scheme is 2', in agreement with the experimental
assignment for the ground state. Using the nota-
tion (l, )"zr, the theoretical wave function for this
state has probabilities of -40% for (d„,)', „10%
for (d, &,)',&, »,(s», )', and -5% for (doi2) oia. oi2( ii2)
The model wave function for the J"=—,', T = —,

'

ground state of "F contains such components as
(s„,)' with a probability of -10%, (d„,)'(s», )'(d», )'

with -30%, and (d, &,
)' with -15%; hence the calcu-

lated spectroscopic factor for single-nucleon
transfer connecting the two states is quite small.
This prediction is consistent with the experimen-
tal observations.

The next model state is 3', coming at 0.9 MeV
excitation. The largest components of its wave
function resemble a d„, neutron coupled to the
main components of the ground state of "F, and
hence a large l=2 spectroscopic factor is predict-
ed for the "F(d, P)2oF transition to this level. The
first experimentally observed excited state, the
one at 0.655 MeV, has been assigned' ' as either
1' or 3', and the recent (d, P) polarization mea-
surements of Quin and Vigdor" definitely indicate
3'. The spectroscopic strength measured for this
state is the largest measured for l = 2 transfer.
Hence, the model and the data agree on the most
obvious characteristics of the first excited state.

There are two model states between 1- and 2-
MeV excitation energy, one with J'= 1' and one
with 4'. The observation of a very weak l=0
transition to the 1.056-MeV experimental state is
consistent with its 1' assignment. The strength
of the transition and the energy of the state are
consistent only with the characteristics of the
first 1' state predicted by the model. There are
three other experimental levels in the neighbor-
hood of 1 MeV excitation. In all probability, one
of them is the 4' state, since the predicted ener-
gies of high-spin states are, on all previous evi-
dence, quite reliable. "

The most likely candidate for the 4' state is the
state at 0.823 MeV. Correlation studies'" ap-
pear not to discriminate between assignments of
2' and 4'. If correct, the l = 2 assignment of El
Bedewi' in his 8.9-MeV study of the reaction "F-
(d, P)'oF would eliminate the 4' possibility. How-
ever, an l=2 assignment is not required in the
present study. In fact, if l=2 is assumed and
(2J + 1)S is extracted by consistent DWBA analyses
of the 8.9- and 18-MeV "F(d, p)2oF data for this
state, the value obtained at 8.9 MeV is 10 times
that at 16 MeV. This result is rather strong evi-
dence against the previous l = 2 assignment, since

such an order -of-magnitude change in spectro-
scopic strength would be the signature of a non-
direct mechanism (e.g., a two-step process).
Moreover, since the earlier /=2 assignment was
the only strong evidence for positive parity for
this state, even the parity may now be open to
question.

The measured mean lifetimes for the 0.823-MeV
state"'" lead to a weighted 7 = 78+ 10 psec. For
J= 2, the measuredv mixing ratio is 5= 2.1 for the
decay to the ground state. These two results lead
to a very large M1 hindrance factor'" if the 0.823-
MeV state has J'=2'. Further evidence for a 4'
assignment comes from the T= 1 states in "Ne.
The 10.27-MeV level of "Ne has been identified"
as the analog of the "F ground state. A probable
assignment" of (4', T= 1) to a state at 11.08 MeV
in "Ne would require a 4' state near 0.8 MeV in
"F. Finally, if the 1.824-MeV state (discussed
below) has J = 5, then J= 2 can be ruled out for the
0.823-MeV state.

For the remaining two experimental levels in
this region (those at 0.98 and 1.31 MeV), the dom-
inant components in the wave functions could be
configurations involving excitation of particles
from the 1P shell into the sd shell. There is some
evidence" that the 0.983-MeV state may have neg-
ative parity. More definitive evidence on the par-
ities in this region would be very valuable.

Clustered about 2.2 MeV excitation in the K+12
FP model spectrum are states with J"=2', 5',
and 3'. A quintuplet of states occurs around 2

MeV in the experimental spectrum. The next
states in both the model and experimental spectra
occur at about 3 MeV. Hence, we suspect that
two of the five experimental states near 2 MeV
also have their origins outside the sd-shell space,
although this conclusion is more closely tied to
the present K+12 FP Hamiltonian form than is
the previous discussion. The 2' state predicted
by the model has a wave function similar to that
of the first 3', with the main components of the
—,
"ground state of "F and with the d„, neutron
coupled to J=2 instead of J=3. The large l=2
spectroscopic factor measured for the experi-
mental 2.044-MeV level indicates that it should
be identified with this model 2' state. This re-
sult is consistent with the assignment of Ref. 7.

The weak observed l =2 transition to the exper-
imental 2.196-MeV level, suggested to be 3', is
consistent with the second 3' state predicted by
the model, but the association cannot be made as
definitely as for the 2'. One of the remaining
three experimental levels located around 2-MeV
excitation energy should have J'=5', but as in the
case of the 4' state, no assignment has yet been
made. The y decay of the 1.824-MeV state, to-
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gether with its nonobservation in the present re-
action, points to the 1.824-MeV state as the prob-
able 5' state. It decays primarily'4 to the 0.823-
MeV state. If the 0.823-MeV state has J= 2, then
the J for the 1.824-Me V level is' 1, 2, or 3,
whereas if the 0.823-MeV state has J =4, the spin
of the 1.824-MeV state is' 3 or 5. However, if
the reported' weak y-decay branch to the 2' ground
state is confirmed, a 5' assignment is unlikely.
The 1.971-MeV state may have negative parity. '
An earlier assignment" of J' =(3 ) to a state at
1.85 MeV is not definite, since that work did not
resolve the 1.824-1.840-MeV doublet. "

Levels above 3 MeV excitation will be discussed
only if they are predicted to have significant 1=0
stripping strengths. The model calculation puts
a 0' and a 1' level together at 3.3 MeV excitation.
These states may be thought of as the J=O and
J= 1 couplings of a 2sy/g neutron to the —,

"ground
state of "F. Two strong l=0 transitions are ob-
served to levels at 3.5 MeV in the experimental
spectrum. The present data, together with two-
particle-transfer data, "have led to an assign-
ment of 1' for the 3.489-MeV state and 0' for the
3.531-MeV state. It is highly probable that these
experimental levels correspond to the 1' and 0'
model states. The experimental level at 4.09
MeV, which is observed to have an l = 0+ 2 charac-
ter, most likely corresponds to the 1' model
state at 4.1 MeV. The 1' state predicted at 4.69
MeV may be the state observed at 4.32 MeV with
a pure l = 0 (d, P) angular distribution.

Those states with J & 3 below E„=4.5 MeV that
have probable theoretical counterparts are listed
in Table IV, where the experimental and theoreti-

cal excitation energies and spectroscopic strengths
are compared. (Except for the state at 3.686 MeV,
these are the states whose angular distributions
are shown in Fig. 2.) The agreement between ex-
periment and theory appears to be quite good. The
fact that the calculated spectroscopic factors are
generally larger than the experimental ones may
be due to an uncertainty in extraction of absolute
spectroscopic factors and/or to the neglect of
core excitation in the shell-model calculations.

V. CONCLUSION

A considerable portion of the low-energy level
scheme of "F can be understood in terms of a
shell model based upon a closed "0 core. In par-
ticular, the pattern of spectroscopic strengths ob-
served in the reaction "F(d, P)2oF is predicted
quantitatively by the model. States with J'= 3' and
2', formed by coupling a 1d„, neutron to the —,

"
ground state of "F, are identified at 0.66 and 2.1
MeV, respectively. The 1' and 0' states formed
by coupling a 2s», neutron to the same core are
located at 3.49 and 3.53 MeV, respectively.

Of the 11 states experimentally observed below
2.5 MeV, only 7 can be accounted for by the model.
Two of these model states, the 4' and 5', remain
to be positively identified experimentally. The
four extra experimental states presumably have
their origin outside the basis space of the model,
probably in excitations out of the "0 core. Recent
calculations" have predicted four negative-parity
states (J'=2, l, 3, and 2 ) below 2.5 MeV in
"F. The four states below 2.5 MeV not accounted
for by the sd-shell model are those at 0.983, 1.309,

TABLE IV. Comparison of experimental and theoretical spectroscopic factors for ~GF(d, P) F.

(MeV)

Experimental values
(2J +1)S

J7I l =0 l -2a (MeV)

Theoretical values b

(2J +1)S
J'II l=0 l=2

0
0.657
1.058
2.044
2.196
2.967
3.48 9
3.531
{3.590)
3.686
4.089
4.282
4.320

Sum

2+

3+
1+

{2+)
(3+)
(3')
]+
0+

(2+ ) (1+)
(3+)
(1')
(2')

(0+), (1+)

0.02

1.20
0.28

( 0.09)

0.18

0.27

2.05

~0.06
2.59

~0.03
2,32
0.50
0.36

(0.42)
~0.04

0.10
0.07

0
0.92
1.34
2.12
2.41
3.12
3.29
3 ~33

3.56
3.88
4.09
4.17
4.69

2+

3+
1+
2+
3+
3+
1+
0+
2+

3+
1+
2+

1+

0.24

0.96
0.53

0.66

0.18

2.57

0.15
4.48
0.03
3.45
0.56
0.35
0.09

0.05
0.07
0.30
0.05
0.27

9.85

Extracted on the assumption of d&&& for 1+ states and d, &&
for others.

b Theoretical excitation energies and spectroscopic factors are the X+12 FP model results given in Ref. 23.
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1.840, and 1.971 MeV. Proton pickup on "Ne
should easily establish whether these are negative-
parity states.
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