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The (a, He) and (a, t) reactions on ' ""0 were studied at E =65 MeV. Measured cross sections
for the states up to 15 MeV in the residual nuclei were analyzed with the distorted wave Born approxi-
mation theory. Many spin-parity and isospin assignments were proposed based on the strengths, angular
distributions, and excitation energies. Nearly equal spectroscopic factors were obtained for bound and
unbound analog pairs except for the 2~+, T= 1 states in "0and "F. Almost full strengths were observed
for the Od, /2, 1s&/2, and Od3/2 transfers. The obtained spectroscopic factors for the Ods/& and 1s~/2

transfers were in good agreement with shell-model calculations, while the agreement was unsatisfactory
for the Od3/2 transfer in many respects. The d3/2 strengths in ' 0 and "Fwere more fragmented than
the shell-model prediction, while only half of the expected Od3/p strength was found in "0and ' O. The
strength to the first excited —,

'+, T= —,
' state in ' F was twice that predicted. Spectroscopic factors for

many of Of7/I transitions were also deduced. The 14.1 and 14.3 MCV states in "0, in particular, pro-
posed to be the stretched 6 states in a recent (e,e') experiment, were found to be excited by pure 1=3
transfer with spectroscopic factors 0.16 and 0.05, respectively.

PACS number(s): 25.55.Hp, 27.20.+n

I. INTRODUCTION

Recent shell-model calculations for sd-shell nuclei [1]
very well describe not only the level schemes but also
dynamical properties, such as E2 transition probabilities
[2] and spectroscopic factors [3]. However, unsatisfacto-
ry agreement between the experimental and theoretical
spectroscopic factors for Od3/2 transfer was noticed in a
previous study [3] on A =26 nuclei. Problelns are also
reported for the matrix elements related to the Od3&2 shell
orbit. Jlallg et Ql. [4] dcllvcd all sd-sllcll effective ltltcfac-
tion from the Bonn NN potential, and found its matrix
elements in overall good agreement with the empirical
matrix elements of Wildenthal [1]except for those involv-
ing the Od&/2 orbit. The shell-model calculations [1] for
early sd-shell nuclei are based on an assumption of an ' 0
inert core with Od3/2 orbit lying about 5 MeV above the
Odz/z and 1s, /2 orbits. A comparison of experimental
and theoretical spectroscopic factors for the Od 3 /2
transfer near ' 0 therefore requires information on high-
lying states, but previous single-nucleon transfer studies

on early sd-shell nuclei were restricted to low-lying states
[5].

Recent observation of stretched states and M 1 states in
proton and electron inelastic scattering on early sd-shell
nuclei promoted further interest in looking at high-lying
states. A 1+ state was found in ' 0 at 8.82 MeV in pro-
ton scattering [6]. The shell-model calculation predicts a
lowest 1+ state in ' 0 at 10.8 MeV which should be
several times stronger in (p,p') than was observed. Addi-
tional information on such 1+ states is clearly needed for
the discussion of missing M1 strengths. A recent elec-
tron scattering experiment [7] on ' 0 has located candi-
dates for the 6 states with the (d5/1 f7/2) structure at
14.1 and 14.3 Mev. Spectroscopic factors for these states,
together with those for the f7/2 single-particle strengths
in A = 17 and 19 nuclei, should give quantitative infor-
mation on the fragmentation of such stretched states.

We have studied the (a, He) and (a, t) reactions on
' 0, ' 0, and ' 0 around E =65 MeV, and compared
the obtained spectroscopic factors with shell-model pre-
dictions. The present measurements cover wide ranges of
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excitation energies (E„&10 MeV for A =17, E„&15
MeV for A =1&, and E„(14MeV for A =19) in order
to obtain information on the Od3/2 and Of7/2 transfers.
Measurements of both the (a, 3He) and (a, t ) reactions un-

der identical experimental conditions allow us direct
comparisons of the neutron and proton strengths in the
analog states.

II. EXPERIMENTAL PROCEDURE

Measurements were carried out with a beams from the
sector-focusing cyclotron at the Institute for Nuclear

Study of the University of Tokyo. Incident energies were
64.9 MeV for ' 0 and 64.3 MeV for ' 0 and ' O. Reac-
tion products were analyzed by a magnetic spectrometer
[8] and detected with a drift-type single wire proportional
counter [9] backed up by two b,E counters and an E
counter. Self-supporting tantalum foil oxidized to Ta205
in the atmosphere of natural oxygen gas or of 98.7% en-
riched ' 0 gas was used as a target. The oxygen content
was measured to be 0.32 mg/cm in the ' 0 target and
0.25 mg/cm in the ' 0 target by comparing the yields of
elastically scattered a particles with previous data [10].
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A gas target cell [10] was used for ' 0, with 51.2% en-
riched ' 02 gas at a pressure of 0.5 atm. Further details
of the experiment are described in Ref. [10].

Typical momentum spectra are displayed in Figs. 1 —3.
The 5.0 MeV —,

'+ state in ' F and the 5 ~ 33 MeV —,
'+ state

in ' 0 are known to have widths of 1.5 and 0.3 MeV, re-
spectively [5]. Peaks corresponding to these states are
too broad to be noticed in the spectra of Figs. 1 and 2,
but appear clearly in packed spectra. Overall ambiguity
in absolute values of cross sections for these broad states
is about 30%%uo, and that for other narrow states is about
15%%uo. Relative errors in the cross sections are much

smaller. Obtained cross sections are shown in Figs. 4
through 15, where error bars include statistical errors
and errors in the peak analyses and background subtrac-
tion.

III. DWBA ANALYSES

Cross sections for the (a, He) and (a, t) reactions were
analyzed with the exact-finite-range (EFR) DWBA code
TwoFNR [11]. The calculated cross sections o Two are re-
lated to the experimental value O.,„by 0.,„=C sSo.Two,
where S is a spectroscopic factor, s (=2) is the light parti-
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cle spectroscopic factor, and C is an isospin Clebsch-
Gordan coeScient. Several transferred j values can be
mixed in the stripping reaction on ' O. Since we cannot
distinguish experimentally Od~/z and Od3/g transfers to
the states in ' 0 and ' F, D%'BA cross sections weighted
by the shell-model spectroscopic factors and summed
over the transferred j are compared with the experimen-
tal cross sections. We used the zero-range (ZR) DWBA
code DwUcK4 [12] with resonance form factors to calcu-
late cross sections for unbound states. A finite range pa-
rameter of 0.7 fm and a nonlocality parameter of 0.2 fm

were used in the local energy approximation of ZR
DWBA calculations [12]. The Do values for ZR calcula-

tions were determined by comparing the cross sections
calculated by T%'OFNR and 0%UCK4 for bound states.
They were 8.2X104 MeV fm for the (a, He) reaction,
and 8.4X10 MeV2fm for the (a, t) reaction. It was

found that the calculated cross sections did not change
smoothly with excitation energies for the states unbound

by more than 4 MeV for I =2 transfer and more than 7

MeV for /=3 transfer. Hence we fixed the energies

above the threshold to be 4 and 7 MeV for I =2 and 3
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TABLE I. Potential parameters used in the present DWBA analyses.

Potential
set (MeV) (fm) (fm)

Wv Ws rw
(MeV) (MeV) (fm)

~ w VI. rc Jz /A1A2
(fm) (MeV) (fm) (MeV fm')

AO'

A1
Hl'
HB'
Bound states

205.9
200
145.1

149

1.47 0.556
1.19 0.706
1.38 0.631
1.20 0.72
1.25 0.65

34.7
21
0

29.4

0
0

18.73
0

1.35 0.49
1.44 0.649
1.40 0.631
1.4 0.88

0
0
4.53
2.5
6.0

1.4
1.4
1.25
1.3
1.25

837
546
702
553

'Reference [10].
Parameters fitted to the data in Ref. [10].

'Reference [13].
dReference [14].

transfers, respectively, for higher excited states.
Potential parameters used in the DWBA calculations

were obtained from Refs. 10, 13, and 14, and listed in
Table I. The parameter set AO was used for a, and the
set H1 for He and t in the EFR DWBA calculations. In
the ZR DWBA calculations, the parameter sets A1 and
HB were used for the incoming and outgoing channels,
respectively. The volume integrals of the real part of the
A1 and HB potentials are similar to each other. Such a
similarity was preferred for the ZR DWBA calculations.
The EFR calculations with the parameter sets AO and H1
gave better fit to angular distribution shapes for the —,',+
and —,'&+ states of ' 0 than those with the sets A1-HB.
Thus di6'erent sets of potential parameters were used for
the EFR and ZR calculations in the present analyses.

IV. RESULTS AND DISCUSSION

Measured angular distributions are displayed in Figs.
4—15 together with DWBA calculations. Deduced spec-
troscopic factors are listed in Tables II—IV, and com-
pared with the shell-model predictions [1] and with the
results of previous experiments [15—20]. Here we present
only the data relevant to the direct transfer to the Od5&2,
Is, /z, Od 3/g and Of 7/p shell orbits.

A. (a, He) and (a, t ) reactions on ' 0 with I =2 transfer

The cross sections for the ' O(a, He)' 0 reaction lead-
ing to the —,

'+ and —,
'+ states are displayed in Fig. 4, where

the solid and dashed curves show EFR and ZR DWBA
calculations, respectively. Those for the ' O(a, t)' F re-
action are shown in Fig. 5. The angular distributions for
the —,

' ground states in ' 0 and ' F are well reproduced
at forward angles. Obtained spectroscopic factors for
these states are considerably larger than unity (Table II),
while the calculations with the parameter sets A1-HB
give C S of 1.0 for the —', ,

+ states of ' 0 and ' F with
poorer fits to the angular distributions.

Two more —,
' states at 7.379 and 8.402 MeV are

known [5] in ' O. The 7.379 MeV state lies close to the
7.382 MeV —,

' state. A peak is seen at E =7.38 MeV in
the present spectra [Fig. 1(a)], but this was a contaminant
peak due to the 7.55 MeV ( —,

'
) state in ' C. The corre-

sponding 6.'70 MeV —,
'+ and 7.02 MeV —,

' states in the
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mirror nucleus ' F were both very weakly excited. The
(a, t) yields for the 6.70 MeV —,

'+ state of ' F are only
0.2% of those for the —,

'+ ground state. On the other
hand, the third —', + state of ' 0 at 8.40 MeV is clearly
seen in Fig. 1(a), and has (a, He) yields about 1% of
those for the —,

'+ ground state at forward angles. Its an-

gular distribution is somewhat different from that for the
ground state, and does not show a steep rise at small an-
gles. Our DWBA calculation reproduces overall the
slope of the measured angular distribution, although it
shows a minimum around 30' which is missing in the
data. The third —,

'+ state in ' F has not been known yet.
We propose a known level at 8.43 MeV to be the

p 3 state
in ' F based on its strength and angular distribution. Ob-
tained S factors for the —,'3+ states of ' 0 and ' F are

10' s I s I ~ I s I s I ~ I s I s

about 0.15. Thus most d5&2 strength is concentrated in
the ground states in agreement with the shell model.

All the known —,
'+ states in ' 0 and ' F are unbound.

Their angular distributions are compared with the ZR
DWBA calculations with resonance form factors in Figs.
4 and 5. An EFR DWBA calculation with a loosely
bound form factor is also shown for the 5.00 MeV —,',+
state in ' F. The 6.97 MeV state in ' 0 and a new level at
9.41 MeV in ' F are proposed to be —,'+, corresponding to
the 6.77 MeV —', + state of ' F and to the 9.78 MeV —,

'+
state of ' 0, respectively, based on the similarity of the
excitation energies, strengths, and angular distributions,
although the fits to the DWBA shapes are poor.
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The summed spectroscopic factors for the Od 3/2
transfer are 0.97 and 0.91 in ' 0 and ' F, respectively.
The third —,

'+ state is not included in the sum because of
the nonstripping pattern of the angular distribution. The
strengths for the Od3/2 transfer are distributed between 5

and 9 MeV in ' 0 and ' F, showing a clear difference
from a simple shell model picture.

B. (a, He) and (a, t) reactions on ' O with1=2 transfer

Figures 6 and 7 show the cross sections for the —,
'+ and

—,
'+ states in ' 0 and ' F, respectively. Obtained strength

distributions are in good agreement with the shell-model

predictions. The summed C S values for the d ~/z
transfer are 1.0 and 1.08 for ' 0 and ' F, respectively and
30% larger than the theoretical values [I] (see Table II).

The strongest d3/2 transitions show different behaviors
between the T= —,

' and T= —', states. The spectroscopic
factor for the T=—,', —,',+ state at 1.55 MeV in ' F is two
times as large as the shell-model value, while that for the
T=—,', —,

'+ state at 5.33 MeV in ' 0 is only a half of the
prediction. The d3/2 strengths reported in previous pa-
pers [18,19] for ' 0 and ' F are consistent with the shell
model. In these papers, however, the data were taken at
lower incident energies, and loosely bound form factors
were used in the analyses for the unbound states resulting
in larger spectroscopic factors. They also reported the
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spectroscopic factors for the T= —,', —,',+ states in ' 0 and
' F differing by a factor of 1.7. In the present analysis, al-
most equal C S values are obtained for this analog pair.

Shell-model calculations [1] predict that most of the
—', + strength in ' 0 is concentrated in the third —,

'+ state
and very small fractions are distributed among the 0.29,
3.75, and 8.21 MeV states. More strengths are found ex-
perimentally in low-lying states with an additional —,

'+
state at 3.07 MeV. The spectroscopic factor for the
lowest T=—,', —,

'+ state in ' F is considerably larger than
the shell-model value.

C. ~ states in A =17 and 19nuclei

Figure 8 shows the (a, He) and (a, t ) angular distribu-
tions leading to the —,

'+ states in ' 0, ' F, ' 0, and ' F.
Those for low-lying states are very well reproduced by
the EFR DWBA calculations. Only one —,

'+ state was ob-
served in each of ' 0, ' F, and ' 0, and its spectroscopic
factor is consistent with the shell-model prediction.

A small but well-isolated peak corresponding to the
8.79 MeV —,'+, T= ', state —in ' F is seen in Fig. 2(b). The
angular distribution for this state, which is unbound by
0.8 MeV, is less diffractive than that for the bound analog
in ' 0, and agrees with the l =0 DWBA curve. The 5.34
MeV state in ' F has been assigned [7] as J=

—,'. The mea-

sured angular distribution for this state is compared with
calculated I =0 (solid) and I = 1 (dot-dashed) curves in
Fig. 8. The present data cannot give an unambiguous l
assignment.

There are three known —,'+, T= —,
' states in ' F at 5.94,

6.26, and 7.36 MeV. Their cross sections for the (a, t ) re-
action are displayed in Fig. 9. These states are excited

0
10 I I I I I I e I I I ~

10 I I I I I I i I I I I I e I
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g2+

very weakly in the (a, t ) reaction, and do not appear as
clear peaks in Fig. 2(b). The 6.26 MeV state is located
close to the 6.28 MeV —,

'+ state, and the cross sections for
these states were obtained from peak fitting with fixed
peak positions. The angular distribution for the 6.26
MeV —,

'+ state is reproduced by the DWBA calculation,
and the deduced spectroscopic factor is in good agree-
ment with the calculated value for the third —,'+, T= —,

'

state. Those for the 5.94 and 7.36 MeV states are less
diffractive and different from the DWBA curves, prob-
ably due to multistep processes via inelastic channels.
The spectroscopic factors for these states are an order of
magnitude larger than the shell-model values if we identi-
fy them as the second and the fourth —,'+, T= —,

' states.
The summed C S values for the —,

'+ states in ' F is
1.05, if the 5.94 and 7.36 MeV are not included because
of their nonstripping characters, in good agreement with
the theoretical value of 0.96.
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and ZR (dashed) DWBA calculations using the shell-model
spectroscopic factors in Table III.
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D. Positive-parity states in ' G and ' F

The cross sections for (a, He) and (a, t ) reactions lead-
ing to positive-parity states in ' 0 and ' F are displayed
in Figs. 10 and 11, respectively. The angular distribu-
tions for most of the states are well reproduced by the
calculated curves at forward angles. The shell model also
gives good accounts of the (a, t ) strengths for most of the
positive parity states in ' F as shown in Table III and in
Fig. 11. Exceptions are the 2,+ state at 2.52 MeV in ' F,
and the 42+ state at 7.12 MeV and the 1,+ state at 8.82
MeV in ' 0, for which measured cross sections are much
smaller than those predicted (Table III).

Larger d3/2 and smaller 1s»z components than the
shell model prediction are required for the 2.52 MeV 2,+,
T =0 state of ' F to explain the angular distribution and

the strength. The shell model predicts both the 4&+ and

1,+ states in ' 0 to be excited mainly by the d3/2 transfer.
Hence the discrepancy between the experimental and cal-
culated cross sections for these states suggests a poor
description of the Od3/2 single particle component in the
shell model wave functions for ' O. The theory also
poorly describes the excitation energies. The calculated
excitation energies for the 42+ and 1&+ states are 1.63 MeV
lower and 2.0 MeV higher, respectively, than the experi-
mental energies, while most of the other states in ' 0 are
predicted within a few hundred keV of the experimental
values.

Compared with the T = l, I+ state in ' 0, the (a, t )

cross sections for the T =0, 1+ states in ' F at 0 MeV
and 3.72 MeV show better agreement with the theory.

10'

10
0

10 1

10
0

10
0

e I ) I I I a I a I r I a I I

p 1+

eV, 1+

10

10
0

10
0

vl 10

~ 106

I I I I I I I I I ~ I I I I I a

017(7.58 geQ 7/2-)

tyyoy

10
1

10
0

10
0

10 1

10
0

p2+p1

eVr &+

5 MeV ~

4+ 1

10
b

10
0

10
0

10

017(7.69 QeV, 7I 2-)
Arg

~II
II

eVp7/2-. )

F17 (7.55 geQ p 7/2-)

D

10

10
eV ~ 2+ 10' F17(B.98 geV, 712-)

~ I ~ I I I ~ I ~ I ~

0 10 20 30 40 50 60 70 80

(deg)

10
~ I ~ I ~ I ~ I ~ I ~ I I I

I
I

~

0 10 20 30 40 50 60 70 80 SO

e, (deg)

FIG. 11. Cross sections for the "O(n, t) reaction leading to
the positive-parity states in "F. See caption for Fig. 10.

FIG. 12. Cross sections for the (a, He) and (a, t) reactions
on ' 0 leading to the — states in ' Q and ' F. The curves are
EFR (solid) and ZR (dashed) DWBA calculations.
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E. ~ states in A = 17 and 19 nuclei

Cross sections for the (a, He) and (a, t ) reactions lead-

ing to the —,'states of ' 0 and ' F are shown in Fig. 12,
and those of ' 0 and ' F in Fig. 13. The solid (dashed)
curves in these figures are EFR (ZR) DWBA calculations
for the Of7&~ transfer to the bound (unbound) states. In
order to illustrate the difference between the EFR and

10 ~ I ~ I ~ I ~ I I I I I I I I

019(5.70 MeV r7/2 )
10 e~

Q
a

10

o19(6-27MeV r7/2 )

The main components of these transitions are d5&2 as
seen in Table III. However the ratio cr,„,/o„~, for the
1
+ ground state of ' F is slightly larger than unity. The

results for the 1,+, T =0, state in ' F and the 1,+, T = 1

state in ' 0 seem to suggest that the former requires
more, and the latter requires less, d 3/2 strength than the
shell model predicts.

ZR DWBA calculations, both are shown for the
states in ' 0 and ' F which are unbound by 1 .55 and 5.07
MeV, respectively. Both calculations give similar angu-
lar distribution shapes and similar spectroscopic factors
for the —',

&
state in ' 0. The difference between EFR and

ZR calculations is larger for the —,
'

&
state in ' F which is

more unbound. The spectroscopic factors for this analog
pair are reasonably close to each other. It is notable that
ZR DWBA calculations with resonance form factors give
similar spectroscopic factors for the analog pair at 6.27
MeV in ' 0 and 13.73 MeV in ' F despite a large
difference in the binding energies.

Another —', , T=
—,
' state is known [5] at 13.32 MeV in

' F. The analog of this state is executed around 5.78
MeV in ' 0. As seen in Fig. 2(a), a peak was observed at
E„=5.70 MeV in the ' 0(a, He)' 0 reaction. Its angu-
lar distribution is well described by an f7/2 transfer (Fig.
13). Furthermore, the 5.70 MeV state has a spectroscop-
ic factor almost the same as that for the 1 3.32 MeV —,

'
state in ' F. Thus the present results confirm a previous
assignment of J =

—,
' to the 5.70 MeV in the ' 0 state

based on polarization measurements [18] in the
' 0(d,p)' 0 reaction, and suggest this state to be the
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FIG. 1 3. Cross sections for the (a, He ) and ( a, t ) reactions
on ' 0 leading to the — states on ' 0 and ' F. See caption for
Fig. 12.

FIG. 14. Cross sections for the ' O(a, He) reaction leading
to the 5 and possible 6 states in ' 0. The curves are ZR
DWBA calculations for the Of7/p transfer.
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analog of the 13.32 MeV state in ' F.
The lowest —,

' state has the largest strength in ' 0 and
' F, while the second —,

' state is the stronger of the two
T= —', states in ' 0 and ' F. A more complicated distri-

bution of the strength is seen for the —,', T =
—,
' states in

' F. The known lowest four —', , T= —,
' states in ' F at

4.00, 5.42, 6.16, and 6.93 MeV are populated with small S
factors. These —', states are known [5, 22 —24] to have a

y-decay branch to the core-polarized —,
' state at 1.35

MeV in addition to the decay to the —,
'+ single-particle

state at 0.20 MeV. These results, combined with the
present data, indicate that these states are primarily
core-coupled states with a small fraction of single-particle
component. The summed f7/2 spectroscopic factor for
' F is 0.14, nearly the same as that for ' 0, but smaller
than those for ' 0 and ' F.

F. 6 and 5 states in "0and "F

A Of7/2 nucleon transfer on ' 0(g. s. , —', +) can excite

states with J from 1 to 6 . The 6 and 5 states are
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FKJ. 15. Cross sections for the ' 0(a, t ) reaction with an an-
gular momentum transfer I =3 or 4. See text and caption for
Fig. 14.

excited by pure l =3, while l = 1 mixtures are possible for
states with J =1 to 4 . In this section we discuss only
the states which show pure l =3 angular distributions in
the ' 0(a, He)' 0 and ' 0(a, t)' F reactions shown in
Figs. 14 and 15.

There are two well-established 5 states in ' 0, one at
7.86 MeV and the other at 8.12 MeV [5]. The 7.86 MeV
state indeed shows a characteristic l =3 angular distribu-
tion. On the other hand, the cross section for the 8.12
MeV state is an order of magnitude smaller with a flat
angular distribution, suggesting very small single-particie
component in this state.

The 14.1 and 14.3 MeV states in ' 0 were proposed to
be 6 in an (e, e') experiment [7]. The observed 1 =3
(a, 'He) angular distributions to these states (Fig. 14) are
consistent with the 6 assignments. Then the analog of
these states in ' F are expected around 15 MeV. The
(a, t) angular distribution for the 15.8 MeV state of '"F
shows an l = 3 pattern, and is tentatively assigned as 6
T= 1. No evidence for another nearby 6 state was
found. The 14.65 MeV state of ' F, whose cross sections
are comparable to those for the 15.8 MeV state, seems to
show an 1 =4 angular distribution rather than 1 =3 (Fig.
15).

A 6, T =0 state of ' F is expected around 8 —9 MeV.
Three states at 9.58, 9.02, and 7.44 MeV have angular
distributions characteristic of l =3. The 9.02 MeV state
seems to be the analog to the 7.86 MeV 5 state of ' 0
from its energy and the spectroscopic factor. The 7.44
MeV state was not observed in the ' 0(a, d)' F reaction
[10]. The (a,d) cross section for a 5 state with the

(d5/2f7/2) configuration is suppressed by two orders of
magnitude or more compared with that for the stretched
6 state because of the 9j symbol. Thus the strong exci-
tation of the 7.44 MeV state in the (a, He) reaction to-
gether with the (a, d) result makes a 5 assignment very
likely to this state. It has an isospin T =0, since no cor-
responding state was observed in ' 0 with comparable
strength. These arguments leave the 9.58 MeV state as
the only candidate for the 6, T =0 state. This state has
been assigned [6] as 6+, which would require 1=4 in sin-

gle proton in single proton transfers. On the other hand,
a 6 assignment was given in a study of [10] of the
' 0(a, d)' F reaction based on the angular distribution
shape and the cross section strength. (The energy of this
state was mistakenly labeled 9.49 MeV in Ref. [10].) The
present data prefer J of 6 for the 9.58 MeV state of
' 0 in agreement with the (a, d) result.

The 11.06 MeV state in ' 0 and the 12.75 MeV state in
' F seem to be an analog pair from their energies, cross
section strengths, and angular distributions. We tenta-
tively give 6, T = 1 assignment to these states since the
lowest 6, T =1 states would be expected in this region,
about 2 —3 MeV above the 6, T =0 state. Although we
could not exclude a possibility of l =4, from their angu-
lar distributions, it is unlikely that states with a consider-
able l =4 strength appear so low in energy.

The states discussed above are listed in Table IV with
the deduced spectroscopic factors. The summed C 's

values in ' 0 and ' F are similar and about 10—15 % of
the sum-rule limit.
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TABLE II. Spectroscopic factors for the (a, He) and (a, t ) reactions on ' 0 and ' O. The E„and J
values are cited from Ref. [S]. Those with a dollar sign are proposed in the present work. Spectroscop-
ic factors with an asterisk are obtained from EFR DWBA calculations. Those without are from ZR
DWBA calculations. The summed spectroscopic strength gC S for each NLJ transfer is given in an-

gular brackets. A double asterisk means EFR calculations with potential parameter sets A1-HB in

Table I.

Nuclei
Final states

E,
(MeV) (mb) Present

Spectroscopic factors
Expt.

Previous
Calc.'

17O g.s.

8.40

0.87

5.09

5.87

6.97

9.78

5.70

7.58

7.69

7.75

5+
2

5+
2

1+
2

3 +
2

3+
2

3+
2

3+
2

7
2

7
2

11—
2

12.1

0.29

0.23

0.77

0.08

0.15

0.15

1.42

0.07

0.45

0.62

OD5

OD5

1S1

OD3

OF7

(1.0**)
0.15

&l. s&

0.90*

(0.90)
0.67

0.06

(0.08)

0.24

(0.97)
0.17

(0.18')
0.01

0.10

(0.30)

-09

-09

1.2'

0.15'

&l)
1

&l)
1

17F g.s.

8.43

0.50

5.82

6.77

7.36
7.48

9.41

5.67

7.55

8.92

5+
2

5+$
2

1+
2

3+
2

3+
2

3 +
2

3+
23+
2

( —'+)
2

7
2

7
2

7
2

7.2

0.22

0.11

0.36

0.12

0.13

0.06
0.14

0.04

0.82

0.14

0.12

OD5

1S1

OD3

OF7

Og Q)

0.13

( l.4&

0.75*

&o.7s &

0.54

(0.55*)
0.17

(0.06)

0.03
0.13

0.04

(0.91)
0.14

(0.21*)
0.03

0.06

& o.23)

093

0.84"
&l)

1

1

19O g.s.

3.15

5+
2

5+
2

2.60

0.06

OD5 0.90*

0.03

0 57' 0.685

0.021
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TABLE II. (Continued).

Nuclei
Final states

(MeV)
+INT M, 2J

Spectroscopic factors
Expt. Calc.'

Present Previous

19F

4.70

1.47

0.10

3.07

3.24

5.33

5.70
6.27

0.20

5.53

6.28

7.54

8.02

g.s.

5.34

5.94
6.26

7.36

8.79

1.55

5.5

6.5
7.66

4.00

5.42
6.16

6.93

13.32

13.73

5+
2

3+
2

3+
2

3+
2

3+
2

5+
2

5+
2

T——
2 ' 2

5 +
2

+
2

1(+)$
2

1+
2
1+
2

1+
2

1+ T 3
2 7 2

3+
2

3+
2

3+
2

T——
2 ) 2

7
2
7
2
7
2

7 — T 3$
2 7 2

7 T=3
2 7 2

0.09

0.08

0.19

0.03

O.OS

0.18

0.14

0.31

4.84

0.27

0.09

0.64

0.13

0.13

0.05

0.03
0.03

0.03

0.02

1.22

0.17

0.11

0.09

0.20

0.18
0.23

0.56

0.04

1S1

OD3

OF7

ODS

1S1

1S1

(1P1)
1S1

OD3

OF7

0.07

( l.o)
0.86*

(o.86)
0.09*

0.03*

0.05*

0.43

(o.6o)
0.05

0.13

(0.18)

1.0*

(0.97)
0.11

0.07*

0.88*

(0.1)

(1.08)
0.38*

0

(0.01 )

(0.2)

0.45

(0.5)

0.9

(1.0')
( l.os)
0.62*

0.07*

0.09
0.13*

(o.s6)
0.02*

0.02*
0.03*
0.07*

0.04

0.11

(o.14)

1.0'

0.85'

0.51'

0.33'

0.32'

0.38'

0.05'

0.03'

0.006

(0.71)
0.83

(0.83 )
0.013

0.009

0.920

(0.94)

0.730

0.121

0.042

0.685

0.078

(0.88)
0.577

0.014
0.420

0.016

0.831

(0.96)
0.303

O.OS4

0.013
0.013

(o.38)

'Shell-model calculations with the code tNs [21] using the Wildenthal interaction [1].
Reference [1S].

'Reference [16].
Reference [17].

'Reference [18].
'Reference [19].
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TABLE III. Spectroscopic information for the ' O(a, He) and (a, t ) reactions leading to the positive-parity states in "0and ' F.

Nuclei
Final states'

(MeV'
~INT
(mb) D5

Calculated
spectroscopic factor

1S1 D3
~expt ~+calc

Present Previous'

18O g.s.
1.98
3.55
5.38
7.12
8.82

0+
2+
4+
3+
4+
(1+)

0.22
0.64
1.59
0.12
0.09
0.04

1.58
1.21
1.87

0.13

0.33

0.98

0.01
0.07
0.02
0.93
0.85

0.86 (0.82*)
0.79
0.84
1.04
0.31
0.55*

0.77

0.82
1.01

18F g.s.
0.93
1.04
1.12
2.52
3.06
3.72
4.11
4.65

1+

31
0+, T=1

5+
2+

2+, T=1
1+
3+

4+, T=1

0.26
0.41

1.92
0.02
0.32
0.15
0.43
0.61

0.57
0.64
1.58
2

1.21
1.06
1.22'
1.87

0.63

0.89
0.33

0.36'

0.38
0.05

0
0.01
0.003
0.02'
0.07

1.38
0.78

1.04 (1.02*)
0.36
1.11
1.04
0.96
0.94

'Reference [5].
References [1]and [21].

'Values of S„1,for the second 3+ state.
"Deduced from the EFR DWBA calculations. Those with an asterisk are from the ZR DWBA calculations.
'Reference [20].

V. SUMMARY

Cross sections for the (a, He) and (a, t) reactions in

oxygen isotopes were measured over a wide range of exci-
tation energies. Many spin-parity and isospin assign-
ments were proposed from comparisons of the strengths,
angular distributions, and excitation energies.

The exact-finite-range DWBA analyses of these reac-
tions leading to bound states reproduced the angular dis-
tribution shapes for the Od 5&2 and 1s,&2 transfers. Nearly
full Ods&z, ls&&z, and Od3&z strengths were observed in the

present measurement. Almost identical strengths were
obtained for all the analog pairs in spite of an about 4

TABLE IV. Spectroscopic facors for the 6 and 5 states in "0 and "F. Values in brackets are
summed spectroscopic factors.

Final states

Nuclei

18O

E„
(MeV)

11.06
14.1

14.3

(6 )'
(6 )

(6 )

~INT

(mb)

0.18
0.02
0.01

NL2J

OF7

Spectroscopic factor

0.27
0.16
0.05

&0.48)

7.86
8.12

5 c

5 c
0.14
0.06

OF7
(OF7)

0.09

18F 9.58
12.75
15.8

7.44
9.02

14.65

(6 )'
(6,T=1)
(6,T=1)'

(5 )'
(5,T= 1)'

(7+ )8

0.19
0.03
0.03

0.09
0.09

0.07

OF7

OF7

OG9

0.29
0.12
0.02

&o.3i)
0.13
0.13

&o. is&
0.10

'A J value assumed in the present analysis.
bReference [7].
'Reference [5].
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MeV difference in the binding energies, except for the 2&,
T=1 states on ' 0 and ' F. DWBA calculations with
resonance form factors were required for unbound states
to give similar spectroscopic factors for the analog pairs.

The present data and analysis have led to a detailed
comparison of the spectroscopic factors with the shell-

model calculations by Wildenthal. An excellent agree-
ment between the experiment and the theory was found
for the Od5/2 and 1s, /2 strength distributions, while con-
siderable deviations from the theory were observed for
the Od3/p transfers. The d3/2 strengths are more frag-
mented in ' 0 and ' F than the shell-model calculations.
The energy gap between the centroids of the d5/2 and

d 3/2 shell orbits is 5.43 MeV in ' 0 and 5.05 MeV in ' F,
somewhat smaller than 5.59 MeV assumed in the shell-
model calculation. The deduced spectroscopic factors for
the —', + states in A =19 nuclei were larger for the T= —,

'

states, and smaller for the T=—', states, than the predicted

values. The ratio of the experimental to the calculated
cross sections o., pt/o. „&, were almost unity for the
positive-parity states in ' 0 and ' F with major d5/2 and

1s, /2 components, while the ratios deviate from unity for
states with a large d3/2 component.

The summed strengths of the C S values for the 6
states in ' 0 and ' F were consistent with those for the

states in ' 0 and ' F. The observed Of7&2 strength
was 10—30%%uo of the sum-rule limit in all cases.
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