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The ~ O(P, yo &)~ F reaction was studied in the region of previously reported low-lying T =2
states in "F. Resonances were observed at E& =11.275+0.006, 12.711+0,006, 13.255+0.006,
14.435+ 0.010, and 14.583+ 0.006 MeV with (2J& +1)I+ I'& /I = 1.2+ 0.4, 13.6+ 3.5, 2.5+ 1.5,
13.0+5.9, and 11.8+5.3 eV, respectively. Using reported values for i2Js+1)1'r /I', radiative
widths I'&=8.0+2.5, 11.3+3.4, 2.8+1.8, 81+54, and 13.4+7.0 eV were deduced or the respec-
tive resonances. Shell model. 2p-1h calculations using realistic Kuo-Brown interaction matrix
elements were performed. The computed excitation energies and B(E1) values were found
to agree with the experimental results.

NUCLEAR STRUCTURE F; measured 60(P, y); deduced E„, r,
(2J~+1)I'p I" /I' of 7F(T=2) levels. 2p-1h calculations performed for'yi7
negative parity ' F(T =2) levels; compared theoretical B(E1) matrix

elements to experimentally deduced values.

I. INTRODUCTION

It is well known that electric dipole (El) transi-
tions between low-lying single-particle (s.p. ) states
are systematically hindered compared to the s.p.
estimates. This can be phenomenologically ex-
pressed by an effective &1 charge in analogy to
the well-established E2 effective charges. ' These
effective charges are believed to arise from the
coupling of the s.p. excitation to collective core ex-
citations. While in the case of low-lying &2 tran-
sitions the isoscalar collective E2 state enhances
the s.p. transition, the isovector collective &1 ex-
citations are thought to deplete the strength of the
low-lying E1 transitions. This model can be ac-
curately tested in the case of E1 transitions be-
cause the collective core effects are mainly due to
the giant dipole resonance (GDR) which is well un-
derstood both experimentally and theoretically. In

simple nuclei (those neighboring closed-shell
nuclei) collective effects can be included explicitly.
For instance, in case of one extra nucleon 2p-1h
excitations have to be included in addition to the
1p excitations. This has been done in nuclei near
A =90 with quantitative success for the collective
dipole states as well as the E1 transitions from
low-lying states. ' However, because of the many
excitations that often have to be included in heavy
nuclei the collective effects have mostly been
treated in a phenomenological model, with good
systematic success.

In light nuclei a comprehensive microscopic
theoretical treatment is in principle quite feasible

but has not previously been attempted partially be-
cause few data on isospin-allowed &1 transitions
from low-lying states were available and also be-
cause the localization of collective dipole strength
in the T =-,'- and T = 2 isospin components was not
well understood.

The nucleus "F is a good case for such a study.
Recently detailed studies of the first few T = ~

states in "Fwere published. '' Figure 1 shows the
level diagram of the reported states with their as-
signed spins and parities. Obviously most of these
states can decay by an &1 transition to the ground
and/or first excited state. Since the pertinent par-
ticle parameters are known for those states from
elastic proton scattering, radiative widths may be
obtained from a study of the radiative capture re-
action "O(P, y)"F. These measurements are dis-
cussed in Secs. II and III.

Even in the lowest order these states have 2p-1h
character and are thus not strictly s.p. states.
Nevertheless, the coupling to the collective mode
should be present and have the same effect as dis-
cussed for s.p. states at the beginning. The appro-
priate collective excitation should be the T = 2 com-
ponent of the GDR. To explore this quantitatively,
theoretical predictions for the E1 widths are de-
rived in Sec. IV of this paper in a 2p-1h micro-
scopic model using various Kuo-Brown realistic
interactions in a basis of good isospin. It will be
shown that the widths so calculated are in agree-
ment with the data for the low-lying T = 2 transi-
tions. At the same time, these calculations in-
clude predictions for the collective T = —,

' and T = 2-
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dipole states, and these will be compared with re-
sults from radiative capture studies at higher en-
ergies in a second paper (see following paper).

II. EXPERIMENTAL PROCEDURE

Because the widths of the resonances under study
ranged from 1 to 40 keV, thin self-supporting oxy-
gen targets were needed. These were obtained by
complete oxidation of thin Ni foils in an oxygen at-
mosphere using a focused light beam. After oxi-
dation the foils became semitransparent with a
uniform bluish-green color. Different thicknesses
were produced by starting with different Ni foils.
The thickness of the thickest target used was mea-
sured before and after oxidation by determining
the equivalent amount of air needed to stop 5.5-
MeV n particles from an "'Am source. This ef-
fective thickness changed from 722 + 16 pg/cm' be-
fore to 919a 16 pg/cm' after oxidation. The 197
+22 p, g/cm' of oxygen added to the target are in
correct proportion to the original number of Ni

atoms required for the complete formation of NiO.
The thickness of thinner targets was then obtained
by comparing the yields from the Ni(P, y) and
"O(p, p')"O*(6.13 MeV) reactions to the same
yields from the "thick" target. In this way, a

"medium" thick target gave 228+ 5 p, g/cm' of Ni

and 62+ 7 p.g/cm' of 0, and a "thin" target 120+ 3
pg/cm' of Ni to 32.6+3.6 pg/cm' of 0. All of the
ratios are consistent with full oxidation.

In order to evaluate background effects SiO foils
were also used but all absolute cross section de-
terminations were made with NiO targets.

The proton beam of the Stony Brook tandem was
used to cover a bombarding energy range from 11.0
to 14.8 MeV. The energy resolution of the beam
was obtained by tracing out the very narrow' (0.9
keV) resonance' at E~ =14.231 MeV in the ' C(P, y, )-
"N reaction, and was measured to be about 2.7
keV. Beam currents were limited by the detector
counting rates to between 50 and 200 nA.

y rays of energy between 11 and 14 MeV were de-
tected in a 25-cm&&25-cm NaI crystal with antico-
incidence shield' and the electronically accepted
and rejected y spectra were recorded in two halves
of a multichannel analyzer. The detector resolu-
tion for a 15.1-MeV y ray was -5%, worse than the
values of which the detector was capable but ade-
quate for the experiment. The ratio of accepted to
total pulses in the region of interest was -0.65.

The main detection problem comes from the low

Q value of the "OQ, y)"F reaction (0.60 MeV)
which means that almost any suitable target back-
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ing material will produce y rays of higher energy.
However, a run on unoxidized Ni showed the y
spectrum to be quite flat where the "F y rays
would be expected. Figure 2 shows two spectra,
taken on top of the &~ = 12.711 MeV resonance and
21 keV below. The high energy parts of both spec-
tra indicate the radiative capture peaks on the var-
ious Ni isotopes from the backing. On resonance,
the unresolved transitions to the ground state and/
or first excited state at 500 keV in "Fare clearly
seen. Although separation of both transitions was
beyond the capability of the Stony Brook y spec-
trometer at its best, a careful energy calibration
enabled us to establish which transition was domi-
nant at each of the resonances. The transition
strength was, however, always extracted from the
entire observed peak, thus summing both transi-
tions.

The capture cross sections were obtained from
an absolute calibration of the detector and checked
against the "C(P, y)"N reaction at the 14.231-MeV
resonance whose integrated cross section is given
by' I'~ 1"z/1" = 5.5 + 0.8 eV. We find that the extrap-
olation of line shapes from 15.1 MeV to the lower
y-ray energies, extrapolation of line shapes tails,
beam current integration, and the uncertainty in
attenuation of y rays between target and NaI crystal

(MeV) (MeV)
I

(ke V)

11.275+ 0.006
(11.267+ 0.007)

11.204+ 0.006 ~1.6
(0.5)

12.711+ 0.006
(12.713+ 0.007)
(12.708+ 0.004)

13.255+ 0.006
(13.250 + 0.004)

Not observed
(13.271 + 0.004)

Not observed
(14.017+ 0.004) b

12.554 + 0.006

13.065+ 0'. 006

1.8 + 0.5
(1.8) '
(3 + 1)"

5.0+ 1.5
(2 + 1)

(2 + 1)

(12 + 5)

3~
2

14.435+ 0.010
(14.438 + 0.006)

14.583+ 0.006
(14.579~ 0.010) '
' From Ref. 4.

From Ref. 3.

14.174+ 0.010 41 + 10
(27 + 5)

14.313+0.006 28 + 5
(20 + 5)

3 (1 )
2 2

7

2

TABLE I. Location and width of T=
&

resonances in

F observed in 60(P, y) F and (in parentheses)
60(P, P). The spin and parity assignments are from

elastic scattering (Refs. 3 and 4).
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introduce a maximal systematic error of +15%.
The errors arising from target thickness, total
width determination, statistics, and angular dis-
tributions will be considered separately for each
resonance.

III. EXPERIMENTAL RESULTS
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FIG. 2. p-ray spectra obtained in the proton bombard-
ment of a thin NiO target at the 12.711-MeV resonance
(top) and just below (bottom). The resonant p transition
from 60(P, y) F and the energies of various expected
background peaks from the Ni isotopes are indicated.
The resul. ts of a fitting procedure using a standard line
shape for the ~YF transition and a smooth background are
drawn into the spectra,

Table I lists the energies and widths of proton
capture resonances in "Fwhich have been ob-
served in the present work from thin and thick tar-
get excitation functions. For comparison, the T = 2

resonances in "Fobtained from elastic proton
scattering' ' over the same range of bombarding
energies are listed with the given widths and J"
assignments. With the exception of the resonances
reported at 13.271 and 14.017 MeV which were not

observed in the proton capture reaction, there is
general agreement in the widths and resonance en-
ergies between the present work and the elastic
scattering results. Table I lists also the excitation
energies in "Fwhich were derived from the reso-
nance energies by use of the relativistically cor-
rected (to first order) formula:

D2
E„=Q+D—

2(m, +m, )
'

where D= [m, /(m, +m, )]E~, and Q is the reaction
Q value, ~, and m, are target and projectile mass-
es, respectively, and E~ is the lab energy of the
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FIG. 3. Excitation function of the '60(P, y) F reaction
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l.ine shape analysis shows that the sum peak of go+a&
(top) really resonates only in the y& transition (center).
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FIG. 4. Summed &0+pI yield function over the 1.8-keV
wide resonance at 12.711 MeV.

projectile. For a comparison of these excitation
energies with those of other members of the A. =17
isobaric multiplet, we refer to the detailed discus-
sion in Ref. 3. We note that all resonances which
are observed in radiative capture have previously
assigned' ' negative parity and spin assignments
which permit decay by an E1 transition to the
ground state (—,")or the first excited state (—,''),
and that those known resonances not observed in
radiative capture would involve ~1 or F2 decay.
The data obtained for each resonance will now

briefly be discussed case by case, with a general
discussion of the extraction of resonance strengths
following at the end of this section.

11.275 Me V. The Q, y) excitation curve over this
resonance obtained with the thinnest target is
shown in Fig. 3. As detailed analysis of the y
spectra, shows, the resonance decays only to the
first excited state, consistent with &1 y emission
and the J' = —,

' assignment reported'' for the
resonance.

12. 721 MeV. This is the strongest of all ob-
served resonances and results are shown in Fig.
4 for a thick and a thin target. Runs were also
taken here with a large Ge(Li) detector to help es-
tablish the branching ratio of the ground and first
excited states; however, the 500-keV energy dif-
ference between y, and y, and the consequent over-
lap of peaks in the Ge(Li) spectrum limited the ac-
curacy of this measurement. The result for the
relative resonant yield is Y(y, )/Y(y, +y, ) = 0.20
~ 0.05.

Measured angular distributions on and just below
resonance are shown in Fig. 5. Good fits were ob-
tained with a Lengendre polynomial expansion using
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O
O
~ 2000-
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/ii
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E&= I2.696 MeV

0 30 60 90 I20 I50
Q (deg)

FIG. 5. Angular distributions of the go+a& yield at and

just below the 12.711-MeV resonance. Solid curves are
fits corresponding to W(0) =1—(0.67+ 0.09)P2(coso) on
resonance, and W(0) = 1-(0.56+ 0.36)P&(cos~) below
resonance.

even terms up to order 2 and gave the values
W(6, on res. ) =1 —(0.67 + 0.09)P,(cos6), W(6, below
res. ) =1 —(0.56 +0.36)P,(cos 6). A subtraction of
these angular distributions normalized to the yields
on and below resonance gives the angular distribu-
tion of the resonant contribution W(6, res. ) =1
—(0.70 a 0.23)P,. Assuming an isolated resonance
with the reported' ' assignments 4' =

& the pre-
dicted a, coefficient is a, = -0.1 for the y, transi-
tion and a, = -0.5 for the y, transition, which is
clearly incompatible with the measured angular
distributions and the y, jy, branching ratio given
above. Since the spin assignment appears to be
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quite reliable, the most likely explanation lies in
interference with the background. -For example,
if the background is produced by capture of an

f, /a wave, then both the on and off resonance angu-
lar distributions can be reproduced with a relative
phase factor of cosQ =0.78 between the resonance
and the background amplitudes. The resulting res-
onant amplitude A~ would then be reduced by 24%
below the value inferred from the 90' data without
interference. If, on the other hand, the resonant
amplitude is extracted from the total cross section,
i.e. , using the measured angular distribution
W(8, res. ), neglecting interference, one obtains a
value within 5/o of A~. Arbitrarily then, an error
of +10%%uo was included for the strength of this reso-
nance to cover this uncertainty.

At the other resonances the yields were too low
to measure angular distributions with meaningful
accuracy. Thus the theoretical angular distribu-
tions were used for these cases in the extraction
of radiative widths, from the 90' data, and an un-
certainty of +25%%uo was used to account for possible
interference effects.

13.250 and 23.271 Me V. Data taken over these
two reported resonances are shown in Fig. 6. The
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FIG. 7. Summed y()+y& yield curve over the resonance
reported at 14.438 MeV (see arrow). The present ob-
served width of 41 keV is somewhat larger than the re-
ported value (27 keV).

arrows indicate the locations reported in Ref. 3.
The location observed in capture is clearly higher
by 5 keV, in agreement with the position reported
by Van Bree. ' The resonance decay connects pre-
dominantly (& 50%) to the ground state, compatible
with the J"=-;'assignment.
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published uncertainties. A single resonance, observed
at 13.255 MeV, is associated with the negative-parity
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FIG. 8. y yieM over the region of the reported reso-
nances at E& =14.017 MeV (top) and 14.579 MeV (bottom)
indicated by arrows. While the first resonance (positive
parity) is not seen in the y yield, the second one (negative
parity) is strong.
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TABLE II. Resonance strengths and radiative widths
of T =

23 resonances observed in the O(p, yp+y~) F
reaction, J" assignments and r& /r ratios which enter&p
into the extraction of r& are generally taken from Ref. 3.
The branching ratios for yp and y~ are discussed in the
text.

(MeV)

(2J +1) Po 'Y

r
(ev) r»/r

r
(ev)

11.275

12.711

13.255

13..271

14.017

14.435

14.583

2

(-,")
5+

2

(I ) 3

2

1.2 + 0.4

13.6+ 3.5

2.5+ 1.5
—0.56

1.42

13.0+ 5.9

11.8+ 5.3

0.1 + 0.02 6.0+ 2.5

0.30+ 0.05 11,3+ 3.4

(0.26+ 0.04)

0.15+ 0.4

0.04+ 0.02

2.8+ 1.8

0.02+ 0.01 —11.8

0.04+ 0.02

0.11+0.03

81 + 54

13.4+ 7.0

~ From Ref. 4.

The second reported resonance is not observed
in radiative capture. It has a very small reported
value for I'~ /I =0.04, and could only decay by
M1/&2 radiation.

14.435 Me V. This resonance which is rather
wide (42 keV) is shown in Fig. 7. A smooth back-
ground was subtracted to obtain the resonance
strength. The dominant part of the decay strength
at this energy goes to the ground state. However,
because of the very large background under the
resonance, it was impossible to ascertain whether
the resonance itself decays to the ground state,
which would have differentiated between the —,

' and
assignments which are presently compatible

with elastic proton scattering. ' This resonance has
a value of I',,/I'=0. 04 which is as small as that of
the unobserved 13.271-MeV resonance and yet is
observed strongly.

14.017 and 14. 583 MeV. Arrows in Fig. 8 indi-
cate the reported locations of these two reso-
nances. ' The lower one which has I", /I' =0.02 and

could decay by an Ml/E2 transition is again not ob-
served in radiative capture. The higher one is
very prominant and decays predominantly by y0
emission. The background shown in the figure was
subtracted to obtain the resonance yield.

From the 90 yields the resonance capture
strengths were computed using the relations'

1 2
(2)

7t 1
'((/I') 1 /2 '

IV. CALCULATION OF E1 TRANSITION
STRENGTHS IN F

In "F, odd-parity states with T =
& can, of

course, only be constructed by involving excita-
tions of the "0core, thus involving in lowest or-

where & is the stopping power, m, and ~2 are tar-
get and projectile masses, $ is the target thick-
ness, and I' is the total resonance width; a, is the
computed or measured coefficient in the angular
distribution. The observed yield at 90' 1'(90 ) can
be obtained from the number of counts & in the ap-
propriate figures by using I'(90 ) =3.5&&10 "
(X/Q)(p, C), where the numerical factor contains
the total detector efficiency. The resulting capture
strengths are given in Table II. Using reported
values'' for I'~ /I (and for consistency I' values
from the same references from which I'~ /I' were

0
taken) and accepting the published spin assignments
radiative widths I'& are finally extracted and are
listed in the last column. The over-all errors on
these values are of the order of 50%. Table III
presents a breakdown of the various error contri-
butions which were added quadratically to yield
the total error quoted in Table II for I'&.

TABLE III. Percentage errors entering into the total percent error on r for observed
capture resonances in O(p, y) F. The various quantities are defined in Eqs. (2) and (3) in
the text. Errors on rpp/r are taken from Refs. 3 and 4. The final percentage error is ob-
tained from o =P„o;2.

jV

(Me V) Systematic e J W(0)ds y(90 ) r tan-'(~/r) & r r»/r r

11.275
12,711
13.255
14.435
14.583

15
15
j 5
15
15

10
10
10
10
10

25
10
25
25
25

13.3
7.5

25
25
18.6

10 20
10 15
10 50
10 18.5
10 25

15,2
14.4
41.7
21
26.6

37
26
58
45
45

20 42
15 30
26 7b 63
50 67
27 52

' From Ref. 4.
From Ref. 3.



1004 M. N. HARAKEH, P. PAUL, AND K. A. SNOVER

TABLE IV. Single-particle energies (in MeV) relative
to the 60 ground state which were used in the 2p-lh
states calculation.

trix elements" for the particle-particle and the
particle-hole interaction. In this basis the Hamil-
tonian for the problem can be written as:

1P3/2

-21.74 -15.60 4 15

2 S(/o

—3.28 0.93

H = Q c„(a~a„+b b )+ g Vg~~&~atilt&asa&
0! a8y6

der 2p-1h states. In fact, A=17 has been a favored
test case for many particle-many hole (p-h) calcu-
lations. As far back as 1954' and more recent-
ly" ' "the predominant 4p-3h nature of the lowest

level was established. Several calculations have
been performed since then on the low-lying (T = —,')
states, but only two"'" included the lowest T = —,

states and are therefore of interest here.
Margolis and de Takacsy" computed all 2p-1h

odd-parity states with the full (1p) and (2s, 1d)
shells active. They used a Gillet type interaction
and allowed for separate adjustment of the p-p and
the p-h interaction. Soga" used an effective inter-
action but considered only the p1/g shell active for
holes and the 1d,/„2sg, shell for particles, and

only in restricted combinations so that & states
were not included. Exclusion of the P, /, shell is
clearly too severe a restriction if one wishes to
calculate y transition strengths and in fact prevents
the buildup of a coherent state, i.e. , the GDR.

We have computed the spectrum of negative-
parity T =

& states in "F up to J = '; in a 2p-1h basis
with the entire (lg) and (2s, 1d) shells active and

using a consistent set of realistic Kuo-Brown ma-

+ Q V~'g qa~b~sbsay,
nsy&

(4)

where at (b~) and a„(b ) are the usual creation and
annihilation operators for particles (holes), e~ is
the single-particle (hole) energy, V~" and V'" are
the particle-particle and particle-hole interaction,
respectively.

The basis states are constructed in the following
way in j-j coupling:

',j sj «(J, T,)TZ) = [b [o.sr ]~ r ] r, (5)

where the wave functions of the two particles (Py)
in the (sd) shell are coupled and antisymmetrized
to a state of total angular momentum J, and iso-
spin T„and the hole (o.) is added to form the 2p-1h
state of total angular momentum J and isospin T.
These basis states are then mixed by the residual
interaction.

The s.p. and s.h. energies were taken from the
experimental level spectrum" of "0and "0, and

are listed in Table IV.
The particle-hole matrix elements were derived

from Kuo-Brown particle-particle matrix elements

using the relation

&i.i'„T~IV"Ii, 'i~, TJ) = (-I)'" Q TD~OVV(kkza, TTO)lV(i.i,i~i., J~o)&i.ia To~o I
V'"Ii,i ~ To~o&,

&p ~o

where j =j,+j, +j, +jg Tp 2Tp+1 and J'p:2Jp+i.
Two sets of matrix elements were considered;

one obtained from a soft-core Reid potential, the
other from the Hamada- Johnston potential. Both
gave very similar results which will be labeled as
case I in the following discussion.

In a second approach (case II), p-h matrix ele-
ments identical to case I, but the renormalized
particle-particle matrix elements" in the (sd)
shell were chosen so as to correctly fit the low-
lying spectrum of ' O and "F.

Coulomb effects were neglected in the calcula-
tion; their effect would be to move the entire spec-
trum down by 200 —300 keV. To minimize this ef-
fect the spectrum was calculated for "O. We note
that the problem of spurious states does not arise
for the T = —, states (i.e. , states of maximum iso-
spin).

The level spectra of the T =
& odd-parity states

up to 4=,'- and 16 MeV excitation which result from
these calculations are shown in Fig. 9 together with

the experimental spectrum for negative-parity
states in "O. Case II gives better agreement than
case I on an absolute energy scale. It also yields
the correct spin sequence for the first five ob-
served negative-parity states. However, it pre-
dicts (and so do all other calculations a —,

' level
near 14 MeV, which has not been found experi-
mentally. This discrepancy will be discussed lat-
er.

The 2p-1h calculation of Margolis et al. gives
predictions very similar to our case II. In their
paper these authors renormalized the energies of
their spectrum so as to put the first theoretical

T = —', state at 3.10 MeV. However, it has
been demonstrated since then" that the lowest T = —,

'
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TABLE V. Wave function of the lowest 2, T= 2 state
in VF obtained from various calculations described in
the text. All amplitudes have positive signs.

16 Configuration
lh2p(J, T)

Kuo- Brown
interaction

Case I Case II Soga
Mar golis

et al.

15

14

13

12

0.715 0.811 0.860

0.603 0.442 0.510

1P3/g 1d5/2 (2, 1) 0,216 0.203

1p3/g 1d5/22 sf/2(2, 1) 0.135 0.094

1pi/2 1d5/2 (0, 1)

1pi/2 2sf/2 (0, 1)

1Pf/2 (31d3/2 (0, 1)

0.249

0.899

0.353

Exp t Case I Case II Soga Margolis

FIG. 9. Experimental and computed spectra of odd-
parity T=2 levels in 0 with spins up to &. Levels are
labeled by 2J. Case I and II are the predictions of the
present work, Soga and Margolis et at. are previous
calculations, all described in the text.

states in "F contain sizable 4p-Sh components.
With their renormalization, Margolis et al. obtain
the first 2, T= & state at 8.7V MeV as compared to
the observed value of 11.1 MeV. In Fig. 9 this ar-
bitrary downward shift has been disregarded. De-
spite the very limited basis used by Soga (Pg, holes
and d, /2 sy/2 particles only, with the two particles
coupled to J =0, 2), his results for the level order-
ing are surprisingly good in this energy region.

As a measure of the difference in wave functions
produced in these various approaches, Table V

lists the components for the lowest 2=-,' (T = —,)

state. Soga did not publish his wave functions for
the states he predicts, so the p-p and p-h matrix
elements given in his paper were used to construct
these wave functions for the present y-width cal-
culations.

It is obvious that the different wave functions may
yield very different E1 y-transition strengths be-
cause of sensitive cancellations between the dif-
ferent components. It is this cancellation in the
matrix elements of the low-lying states which leads
to the retardation of their &1 decay, while the E1
strength of the high-lying collective states should
be built up by mainly coherent contributions.

The B(&1) values were computed from the equa-
tion,

TABLE VI. Experimental and computed B(E1) values (in 10 3e fm ) for the observed
resonant yo+yf transitions in F.

(MeV) Experiment Case I Case II Soga s.p. value

11.204

12.554

13.065

(14.200)

14,174

14.313

(15.500) b

(15.900)

2 f

2 1
5
2 f

2 2

3~'r
2

2 1
5~
2 2

2 2

4.7~ 2.0

5.4+ 1.6
1.2+ 0.8

27 +18

4.4 + 2.3

6.5

5.2; 3.3

0.84

13.4

0,64, 0,72

4.6

2.1

6.2

3.6

1.9; 2.0

0.61

17.2

2.8; 0.9

6.5

17

16; 0

10

50

30; 0

17

68

27

68

27

46

' Computed from 2si/2 —lpf/2 particle-hole transitions.
Predicted excitation energies (case II).
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where Q, is the initial state with angular momen-
tum and isospin 4,. and T, , respectively, gz is the
final state with angular momentum and isospin J&
and Tf, respectively, and E1 represents the elec-
tric dipole operator 2Q, T,r Y, . Harmonic oscilla-
tor radial wave functions with @co =41A. ' ' MeV
were used. The final states, i.e. , the ground state
and first excited state were assumed to be good
single-particle 1d, y, and 2sy/g states. Transfer re-
actions" and neutron scattering data" show that
these states indeed contain most of the respective
s.p. strength.

In Table VI the results of the present calculation
for the transition strengths are compared with the
experimental B(E1) values. These were obtained
from the expression B(E1)(e'fm') = 1"~(eV)/1.05E&'
(MeV). For comparison, the simplest "single-
particle" transition strengths are also included.
These were computed by assuming a (lp, y, '2s,y, )
excitation coupled with a. Id, y, particle (for the y,
transition) or a 2s,y, (for the y, transition) particle
to the appropriate initial state spins. While the ex-
perimental values represent the sums of y, and y,
transitions the theoretical values for y, and y, are
listed separately where possible (in the sequence
y„y,), and should be added for a comparison. On
the other hand, the assumed simple structure of
the single-particle transitions allows only y, tran-
sition for the —, (T = —,) single-particle state; there-
fore, all s.p. estimates are unique.

The first point to be made from Table VI is that
the observed B(E1) values are indeed hindered in
the average tenfold with respect to the s.p. esti-
mates. Secondly, both full-scale calculations re-
produce this retardation and agree with experi-
ment, except for the 14.174-MeV level. It should
be remembered that the experimental error is
generally about 50%%uo, so that no real distinction
can be made between cases I and II. Thirdly, the
computed B(E1)values for Soga's wave functions
although reduced from the s.p. estimates do not
reproduce the observed retardation. In Soga's
wave function only one component can make an E1
transition so that the apparent reduction in the
B(E1) estimates from these wave functions is due
to the renormalization of the wave functions for
the different configurations included in them and
not due to destructive interference from the dif-
ferent configurations that can form these states.

It has long been recognized and was first sys-
tematically investigated by Ejiri" that first-for-
bidden decay matrix elements which involve the
operator x Y, are hindered by the same effects as
the analogous &1 matrix element. In calculations
which reproduce the experimental value for the
"N-"0 P-decay rate, Towner and Hardy" and
Zuker et al. (quoted in Ref. 20) obtain values which

correspond to B(E1)= 14.0 and 11.0 (&&10 3 e2fm'),
respectively, as compar ed with the present experi-
mental value of 4.7+2.0 (XIO ' e'fm').

For the first —,
' level, we note that case I and

case II give branching ratios of 36 and 48%%uo to the
first excited state, respectively, compared to the
measured value of (20+ 5)lo.

As mentioned earlier, the single exception for
agreement between theory and experiment is the
transition from the state at &, =14.174 MeV which
has been labeled 4"= 2 . Its transition strength is
only slightly smaller than the s.p. value and is to-
tally missed by our calculation. Soga fits the
strength well. It was pointed out before that the
effective interaction calculations predict a J= —,

state very near the observed level, while the near-
est predicted 2 state lies about 1 MeV higher. If
the spin is —„ then the corrections in the integrated
elastic proton scattering and radiative proton cap-
ture cross sections due to the spin effect lead to a
B(E1) value of (42 +28) &&10 ' e'fm' which overlaps
with the theoretical prediction of 13-17 (&&10 '
e'fm') for the second —,

' state (see Table IV). The
spin assignment from a comparison with the mir-
ror nucleus "N is either —,

' or 2 . Either assign-
ment is compatible with the elastic scattering re-
sults, ' although J' = 2 is favored at some angles. "
Although the radiative capture reaction in this re-
gion of excitation goes primarily by y, emission it
should be noted from Fig. 7 that the resonance is
superimposed on a'very large background. It is
impossible from the present data to differentiate
between a resonant y, or y, transition. Thus the
over-all evidence for a & assignment is quite
weak, and the evidence from the transition strength
appears to favor the —,

' spin assignment as this
could make all transitions and the energy level
spectrum consistent with theory.

V. CONCLUSIONS

The measured radiative E1 widths for the first
five negative-parity T = 2 states in "Fdemonstrate
the systematic strong hindrance of these transi-
tions with respect to single-particle estimates,
This is in agreement with the general character of
known E1 transitions from low-lying levels.

Microscopic 2p-1h calculations performed in a
basis of good isospin reproduce the observed hin-
drance within the experimental errors for all tran-
sitions except one. The same calculation also
gives a rather good account for the excitation en-
ergies, again with one exception. The single dis-
crepancy would be removed by changing the spin
assignment for the 14.174-MeV level from —, to —,'.
This new assignment which is quite compatible
with the elastic proton scattering data, would fit
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this level into the general systematics.
As stated in the Introduction, the intent of this

work is a consistent treatment of E1 transitions
from both the low-lying and the collective states.
The present calculations which fit the low-lying &1
strength distribution predicts collective states near
22 MeV, the region of the giant dipole resonance in
"O. The experimental and detailed theoretical

results concerning the collective E1 strength
distribution will be presented in the subsequent
paper.
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