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Cross sections are reported for the O(d, n) 4N transitions to the ground and first excited
state for 2 MeV ~ Ed &14 MeV and 8-18 angles. An 8-matrix analysis of the isospin-forbid-
den reaction to the l4N(2. 31-MeV) T =1 state yields level parameters, spins, and parities for
a large number of F intermediate states. Several of these are analogs of T =1 levels in O.
The mechanisms for the isospin-forbidden reaction is entirely compound nuclear and for the
isospin-allowed transition is predominantly so. The isospin impurity, averaged over 1-MeV
intervals, is 3-10' for 10~E„(~ F) ~ 20 MeV. Analysis by peak counting indicates that I'J'/
Dz -1 at E„=14MeV and that the average coherence width increases from -100 keV at E„
=14 MeV to -500 keV at E„=20 MeV.

I. INTRODUCTION

This paper reports differential and total cross
sections on the "O(d, c.)'4N ground- and first-
excited-state transitions for 2 &E„&14MeV and
average total cross sections to the second excited
state for 7 ~E„~14MeV. The emphasis is on the
isospin-forbidden reaction leading to the 2.31-MeV
(T = 1) state in "N and on an extensive S-matrix
analysis which identifies many isospin-mixed
states in "F. The allowed transitions received a
much less extensive Legrendre polynomial anal-
ysis.

Many authors have reported on the "O(d, o.)'4N

reaction emphasizing either the allowed or for-
bidden reactions. The relevant papers are listed
in Ajzenberg-Selove' supplemented by Jobst. De-
spite these extensive data there remained questions
concerning the reaction mechanism, the spectro-
scopy of "F, and the nature of the F states that
contribute to the isospin- forbidden reaction.

All workers agree that there is a large com-
pound-nuclear contribution to the (d, n) cross sec-
tions in the region studied. However, Cords, Din,
and Hobson' claim the allowed reactions also show
an appreciable direct contribution at E„=6.26 MeV.
Jobst, ' with more extensive data in the same re-
gion, interprets his rapid fluctuations in terms of
compound-nuclear states. The isospin-forbidden
reactions should show no first-order direct con-
tributions. However, Noble" ' has suggested two
semidirect mechanisms which could make some
small contributions.

Analysis of the compound-nucleus contribution
to the isospin-forbidden cross section may test
several assumptions and consequences of the Cou-
lomb mixing mechanism. The present experiment
includes the region, 6-10 & E„("F)& 14-18 MeV,
that Wilkinson' suggested for maximum isospin
mixing in '8F. In this region levels of the same

spin and parity but different isospin should be
dense enough for mixing by the Coulomb force
((II,) -100 keV), ' but still narrow enough that ap-
preciable mixing occurs before decay. The low
density of T = 1 states (inferred from "0data)
limits the lower E„for appreciable isospin mixing.
The upper limit depends upon the width, I'~, and
spacing, D~, of levels the same J' and will thus
be spin-dependent. ' We note that the limits will
also depend upon the fluctuations of (H, ), I'z, and

D~ about their mean values.
An analysis' of some data of Jobst, Messelt,

and Richards' indicated that the forbidden (d, a)
reaction could be a powerful and selective spectro-
scopic tool in the very complex region of "F
studied here. Because of the spin and parity com-
bination (1'+0'- 0'+ 0') only natural-parity states
can contribute. These same spin and parity pro-
perties reduce the S-matrix expansion to man-
ageable proportions. ' An enhanced selectivity
arises because the state must be both isospin
mixed and moderately narrow.

If the isospin mixing is not too large, then iso-
spin is still an approximate quantum number and
one can look for correspondences to the other mem-
bers of the T =1 triad, "0and "Ne. We do in fact
see in "F many of the analog states. If the mixing
is strong, we hoped to see if it arises from mirror
configurations as in the famous 'Be cases or
whether the analog state spreads over many neigh-
boring levels.

II. EXPERIMENTAL PROCEDURES

The deuteron beam from an EN tandem Van de
Graaff entered the differentially pumped scattering
chamber described by Tollefsrud and Jolivette. "
The gas was research grade 0, (99.999% pure).
No impurities other than "0 (0.2%%u&) were detected
The pressure of 10-25 Torr gave a target thick-
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ness of & 6 keV and usually & 2 keV. This thick-

were d
ness varied with angle and energy. The n
were etected in silicon surface-barrier detectors
thin enough to keep deuteron and proton energy
losses below those of the a groups of interest.

n on-line computer (DDP-124) stored the data
and permitted its later reducti tuc ion o cross section.
Peaks were either summed or fitted with a Gauss-
ian line shape using the computer and a light gun-
cathode-ray tube (CRT) interface

Uncertainties are discussed in detail in Ref. 11.
Random errors are -2%. Syste t'ema ~c errors are
~ 1.6'%%uo except for a possible beam-heating effect

cross sections bs by -2~&0. Runs were long enough to
keep the statistical uncertainties for n t th

the aver
p a of most angular distributions to ~S%%u Tho- ~ us

e average statistical uncertainty for the for-
bidden cross section is 4-5%%uII, but it is larger
where the cross section is very small. For the
allowed groups the statistical error is usuall
negligible. To avoid troublesome energy shifts
between running periods we took data simultaneous-
ly at all angles. Deuteron energy stes eps were 10

e at the lower energies and increased succes-
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The data taken at fixed laboratory angles corre-
spond to slowly varying center-of-mass angles as
indicated in the figures. Figures 12-14 show a
few angular distributions for np and n, selected
from the approximately 800 taken for each final
state. The fits are discussed below. The up and

n, cross sections are also available in tabular
form, see Ref. 11.

Where comparisons are possible, our cross sec-
tions agree well with Jobst'; Jobst, Messelt, and

Richards'; Cords, Din, and Hobson'; and Dietzsch
gg a) '2

IV. ANALYSIS

Isospin-Allowed Data

The cross sections for the allowed (d, n, ) and

(d, o.,) reactions were expanded in Legendre poly-

nomials. Thus

do'
a„P„cos0 . (l)

v=o

The highest-order polynomial needed is limited by
the angular momenta involved in the reaction,
i.e., L is at most the minimum of the incoming or
outgoing orbital angular momentum or the highest
spin excited in the compound nucleus. As com-
pound-nuclear states of J = l and l + 1 (the channel
spin is 1) are excited for a given orbital angular
momentum, we can set limits on the spins and

parities of isolated levels in the allowed reactions
by observing the L needed to fit the angular distri-
butions at resonance. Table I shows some of the
prominent resonances seen in the (d, n, ) transi-
tion and gives spin and parity limits. Figures
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Isospin-Forbidden Data

Since the isospin-forbidden channel involves the
spin system 0++1'-0++0', the partial-wave ex-
pansion is very simple as we have reported ear-
lier. ' Such an expansion is of course independent
of reaction mechanism, but the resultant energy
dependences of the partial-wave amplitudes show
strong resonances and hence imply compound-

' 0(d, a) N
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15 and 16 show the coefficients of the Legendre
polynomial expansion in the region where these
resonances are found, while Fig. 14 shows some
sample angular distributions and fits. In Table II
the average total cross sections, (or), for the al-
lowed groups are calculated from the expansion
coefficient a„since cr~ =4mao.

nucleus formation. The expansion is

dc X' ~ 2&+i dP, (cos8) '
dQ 12 ~ [f(i+i)]»~ ' d8 (2)
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where S, is the complex 8 matrix element for the
/th partial wave and L is the maximum partial
wave needed. We note also that l, = l&= J and only
natural parity states of the compound system can
contribute. Furthermore, l e 0 and all cross sec-
tions vanish for 6)=0 and n.

A computer program used Eq. (2) to extract the
energy-dependent S matrix elements from the
cross sections. Figures 17-19 display a set of
the S matrix elements. Because of the squaring
in Eg. (2) there are 2~ ' sets of S matrix elements
with different magnitudes of IS, I that give identical
fits. However, the matrix elements for the highest
partial wave, IS~I, are the same for all solution
sets; hence any resonances in this partial wave
are unambiguously identified. The ambiguity is
worst for /«L, but strong resonances in partial
waves other than L often appear in all sets and
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t00— ' 0(d.a, &~~

hence are unambiguous. The most difficult prob-
lems in the analysis were sorting the degenerate
solutions into consistent energy-dependent sets
and then selecting the "physical" solution.

Earlier reports ' ' outline our procedures.
Briefly, all solution sets were calculated after
first sorting the complex roots of the scattering
amplitude. The simplest solution set we choose
as the "physical" solution (a criterion suggested
by a computer experiment"). Figure 17 shows the
relative complexity of two solutions. In the figure,
arrows mark the energies where there is structure
in the unambiguous highest partial wave. At these
energies the unprimed "physical" solution shows
much less structure in the lower partial waves
than the primed solution. Thus the unprimed solu-
tion will require fewer levels to fit the S matrix
elements.

We next try to parametrize the physical solution

set of S, with a coherent sum of Breit-Wigner
resonances:

a~+ ib~
E Ex' irz

where E~ and I"~ are the energy and total width of
the state A. with J'=)&-~ . The numerator a~+ib~
is identified as (I'~F„,)'~' for narrow levels. For
wide levels, however, the numerator cannot be
associated with a product of partial widths which
are independent of the way in which the state is
formed as decay occurs before isospin mixing is
complete. Thus the measured decay width depends
upon the isospin of the entrance channel. This fit
in terms of Breit-Wigner resonances is also shown
in Figs. 17-19. All (S, ( and cross section data at
four angles were fitted simultaneously for 208 ~E,
~4.2 MeV and the fits to the data are shown in
Figs. 1-3. Because of the difficulties in selecting
the proper set of S matrix elements and the large
number of low spin levels expected, the present
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fits above E, = 6 MeV for the lower partial waves
are of marginal significance. Table EII shows the
levels and parameters used for the fits of Figs.
17-19. The states certainly identified and not
subject to alteration from the ambiguities men-
tioned above are indicated in the footnotes. Un-
certainties in the level parameters are difficult
to assess, but widths of well-defined levels we
estimate are good to +15%%uq. The excitation energy
probably has an uncertainty equal to 15% of the
level width.

V. REACTION MECHANISM
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of a direct contribution to n, and o, However, a
one-step direct reaction for o,, is forbidden by spin
and parity restrictions. In addition the common
view is that the Coulomb force is too weak to in-
troduce much isospin mixing in the short time

TABLE I. Some T =0 states of F seen as prominent
resonances in the ~ O(d, no) ~N reaction.
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FIG. 16. Same as Fig. 15 but for the high-order
coefficients.
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span of a direct reaction.
For the allowed groups our conclusions rest on

the following evidence. First there are significant
fluctuations in the cross sections at all energies
(Figs. 10, 11, and 14). Second, Hauser-Feshbach
(H-F) calculations presented by Dzubay, "for
5 ~E„-9 MeV at 8,. -30' and 9 &E„-12.5 MeV at
0, -168', are in very good agreement with the
magnitude of the cross sections. An extrapolation
of his curves agrees well with our cross sections
to E„=14 MeV. Because the level density is only
moderately high there are significant fluctuations
about the H-F value. Third, the ratio of forbidden
to allowed cross section does not decrease sub-
stantially as E, approaches 14 MeV (Table II).
Since direct effects are negligible for the for-
bidden reaction, this constant ratio precludes any
significant change in the direct contribution to the
allowed reactions. Finally, the total cross sec-
tions (Table II) for n, and o., are nearly equal up
to E~ = 14 MeV if we allow for the expected fluctua-
tions. This result agrees with H-F predictions but
would be surprising for a direct reaction in view
of the very different final-state wave functions.

Cords, Din, and Hobson' argue that the excess
of the (d, o.,) cross section for 4.25 & E, & 8.25 MeV
indicates substantial direct contribution. However,
this excess does not continue at higher energies
and so represents only a fluctuation. Our Legendre
polynomial analysis indicates that high-spin states
are not evenly distributed with energy and do con-
tribute significantly to the total cross section in
this region.

At somewhat higher energies (14.5 «~ & 19.6
MeV) Yanabu et al."report (d, n, ) and (d, o.', ) data
which they and Honda et al."analyze as a sum of
knockout and heavy-ion stripping. Yanabu et al, .
claim their data have four characteristics which

02- o(d.a) N

~ ~

0.0

0.2-
I

~
~ ~

~ ~ ~y ~ + a

~400, I i -r I III I I++ f~ I I~~I I I I I 0 I I I I I I I I I I I J Qll I Fl I I I

5 6

Is',
I

o.i-

~ ~

00
2

0.2-

Is;I o.i

support a direct- interaction interpretation: (1)
The total cross section is greater than expected
from the compound-nuclear concept; (2) there are
both forward and backward angle peaks at almost
all energies; (3) the branching ratios for several
high-energy n groups are about the same for all
energies; and (4) there are resonant-like broad
peaks and dips at some energies. Yanabu et al.
do not document (1) with any calculations. Since
their data join smoothly to ours at lower energy
and our cross sections are consistent with H-F
estimates, we are skeptical of (1). Most of the
other cited characteristics seem to us consistent
with the compound-nuclear mechanism being domi-
nant. However as E~ increases toward 20 MeV,

TABLE II. Average total cross sectiol)s.
Is,l"

0.0

E
(MeV)

( F) O'Z (&1) II2 (&P) &g(&1) O'T (~2) O'P(O'1)

(MeV) (mb) (mb) 0'z(up) (mb) Vz(n2)
Is I

Is, l

Is, l

2 ~ ~3,
3. 4,
4. 5.

6. 7,
7. 8,
8. 9.
9. 10.

10. 11~

11. 12.
12. 13.
13. 14.

9.749
10.638
11.527
12.416
13.305
14.194
15.083
15.987
16.860
17.749
18.637
19.527

0,277
5.18
2.26
1.98
1.53
1.75
0.591
0.814
0.563
0.285
0.174
0.135

100
141
151

89,1
80.6
41.5
49.2
26.8
27, 0
18,4
13.6
9.21

0.0028
0.0368
0.0150
0.0222
0.0189
0.0422
0.0120
0,0304
0.0209
0.0155
0.0128
0.0146

43.0b
38,4

27 9"
19.5
13.3
10.9

0.0407
0.0154
0.0?31
0.0202
0.0146
0,0131
0.0124

Calculated at the center of the interval for E& .
"The o,'2 data for 7~E& ~ 7.2 MeV and for 9.8 ~Ez

«10.2 MeV are missing.

0.04

Ed (MeV)

0.05

FIG. 17. S matrix elements found by fitting the ~60-

(d, &q) N data with Eq. (2). Uncertainties are -5% for
the highest partial wave at each energy and are progres-
sively larger for the lower partial waves. The lines are
the fit to the S matrix elements using the level parame-
ters of Table III. Below E„=5.5 MeV only three partial
waves are usually needed. The "unphysical, "primed,
and the "physical, " unprimed, solutions are both shown.
Arrows mark energies where strong structure in l =3
greatly influences the "unphysical" solutions while the,
"physical" solution is relatively smooth.
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their data do show a net forward-peak asymmetry
which, if not a fluctuation, may indicate that di-
rect contributions become appreciable in the upper
portion of their energy range.

In conclusion, strong compound-nucleus effects
are present for E„&20 MeV. Direct effects are
probably small for E„&14 MeV and reliable quanti-
tative estimates have not yet been made.

As indicated earlier, we do not expect sizable
direct contributions to n, . The n, cross section
also has the rapidly fluctuating character of a
compound-nuclear reaction. These a, Quctuations
are more marked than for the allowed groups be-
cause only one independent cross section" occurs
instead of the possible five for ao and n, . We find
from our S-matrix analysis that the high partial
waves (which are the most reliable ones) are well
fitted at all energies by a few Breit-Wigner reso-
nances. At low energies where we reproduce the
cross sections we see that only sums of Breit-
Wigner resonances are necessary. While no slow-
ly varying background is needed, we cannot ex-
clude a small direct contribution.

If a direct component exists and is forward
peaked, it must be very small in the forbidden

data. Above E„=12MeV the integrated cross sec-
tion in the forward hemisphere is generally larger
than that from 90 to 180'. However, the strength
is concentrated near 60 in the second lobe of the
angular distribution rather than at the more for-
ward angles associated with a stripping peak (Fig.
13). At the point where the total cross section is
smallest (E, = 13.605 MeV) the largest cross sec-
tion is at extreme backward angles. Even above
E„=14 MeV the data of Jhnecke et al ."demon-
strate that compound-nuclear effects are important.
Resonances at E~ =14.4 and 15.1 MeV dominate
their 0, =20' excitation function. In the region
15.5 ~E„&18.1 MeV where JNnecke et al. report
the cross section as flat within their uncertainties,
the tails of the lower-energy resonances must be
still important. Their partial angular distribution
at E~ = 15.8 MeV shows this clearly since the first
peak is at the rather large angle 9, =20-25' where
the /=4 and 5 partial waves are maximum, where-
as at lower energies the first peak is at a smaller
angle. A direct reaction occurring at the surface
will at these energies involve partial waves up to
l ~ 7 which has its first peak forward of (9. = 15'.
For our data a forward-peaked direct contribution
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FIG. 18. The same as Fig. 17 for different energies. FIG. 19. The same as Fig. 17 for different energies.
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TABLE III. Isospin-mixed levels in «8F arranged by j~. Parameters are those used to fit
the 8 matrix elenmnts Isee Eq. (3)],

Strength
Footnotes

10.210
10,350
10.594
10.628
10.910

11.107
11,831
12.313
12.474
13.168

13.443
13.607
13.959
14,481
14.703

15.398
15,744
16.132
16.211
16,849

17.619
18.002
18.786

3.021
3,179
3.454
3.492
3,809

4,031
4,847
5.390
5,571
6.353

6,662
6.847
7.244
7.832
8.082

8.865
9.255
9.692
9,781

10.499

11,367
11.799
12,682

1009
179
100
35

184

0.0063
—0.0105

0.0030
0.0011

-0,0066

0.0121
-0.0102

0.0040
-0.0007
-0.0003

-0.0017
-0.0008
-0.0008

0.0015
-0.0006

-0.0044
0.0067
0.0078
0.0081
0.0016

0.0024
0.0019
0.0104

-0.0107
0.0038
0,0018

-0.0018
-0.0039

0.0013
0.0008

-0,0016
0.0038

-0.0115

-0.0023
0.0040

-0,0039
-0.0027
-0.0003

0.0051
0.0033

-0.0006

.0.132
0.136
0.054
0.036
0.053

0.028
0.108
0.078
0.098
0.038

0.049
0.023
0.046
0.036
0,121

0.056
0.056
0,044
0.084
0.037

0.032
0.033
0.017

9.321
9.854

10.314
10,516

- 10.609

10.677
10.704
10.799
10.945
10.994

11.029
11.069
11.304
11.316
11.505

11.661
11.967
12.136
12.359
12,377

12.626
12.665
12.814
12.989
13.287
13.499

2.020
2,620
3.138
3.366
3.471

3,547
3.578
3.684
3.849
3.904

3.944
3.989
4.253
4.267
4.480

4.655
5.000
5.190
5.441
5,462

5.742
5.786
5.954
6.151
6,487
6.726

62
375

85
402
222

0.0
0,0033
0.0016
0.0011
0.0038

-0.0012
-0.0048
-0.0010
—0.0059

0..0025

-0.0011
-0.0036
-0.0235

0,0025
0.0054

-0.0029
-0.0036

0.0006
0.0051

-0.0140

0.0112
0.0106
0.0278
0.0135
0.0006
0.0052

0.0
0.0023

-0.0108
-0.0025
-0.0036

-0.0008
0.0352

-0.0013
-0.0124
-0.0072

-0,0078
0.0023
0.0007

-0.0036
0.0002

-0.0071
—0.0037

0.0107
—0.0030

0.0103

0.0023
0.0100

-0.0032
-0.0155
-0.0043
—0.0036

0.0
0.037
'0.034
0.105
0.062

0.041
0,168
0.034
0.061
0,061

0.3:79
0.149
0,088
0,083
0.076

0.057
0,074
0.08V

0,135
0.266

0.088
0.090
0.113
0.056
0.078
0.07 7
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(iSF)
(MeV) (MeV)

TABLE QI (Continued)

(keV)
Strength

Footnotes

27
28
29
30
31
32
33
34
35
36
37
38

13.702
13.808
14.098
14.833
14,906
15.828
16.089
16.325
16.844
17.796
19.025
19.393

6.954
7.074
7.400
8.228
8.310
9.349
9.643
9.909

10.494
11.567
12.951
13.366

78
263
166
124

1201
20

103
292

47
78

1894
483

-0.0016
-0.0034

0.0149
0.0048

-0..0206
0..0004
0..0021
0.0046
0.0010
0.0009
0.0043

-0.0017

0.0014
-0.0140
-0.0043
-0.0004
-0.0311

0.0002
—0.0006
-0.0024

0,0
0..0006

-0.0245
0.0104

0,048
0.097
0.166
0.069
0.055
0.040
0.038
0.032
0.038
0.025
0.023
0.039

ccl

ccl

cd
cd
cd
cd
cd
ccl
cd
cd
cd
cd

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

9.259
9.701

10.303
10.417
10.642
10.690
10.983
11.140
11.264
11.324
11.561
11.961
12.122
12.335
12.505
12 ~ 737
12.898
13.031
13.432
13.765
15,101
15.177
15.435
15.876
16.202
16.701
16.879
17.214
17.819

1.950
2.448
3.126
3,254
3.508
3.562
3.892
4.069
4.208
4.276
4.543
4.993
5.175
5.414
5,606
5.867
6,048
6.198
6.650
7.025
8,530
8.616
8.906
9.403
9.771

10.333
10.533
10.911
11,592

30
372
179

48
236

75
119
35

238
65
67
32
36

187
88
63

120
248
233
206
115
299
123
272

77
296
251
112
273

0.0
-0.0026
-0.0045

a -0.0018
0.0156

-0.0037
0.0002

-0,0002
0.0117

-0.0060
0.0008
0.0011

—0.0002
0.0036
0.0039

-0.0005
-0.0035

0.0085
0.0128
0.0099

—0.0029
0.0012
0.0018
0.0110
0.0009
0.0048
0.0047
0.0004
0,0016

0.0
0.0029
0.0047
0,0016

-0.0101
0.0036

-0.0013
—0.0020
-0.0008

0.0035
-0.0009

0.0007
-0.0007

0.0027
—0.0012

0.0019
—0.0034

0.0148
0,0059

-0.0008
-0.0032

0.0074
-0.0014
—0.0061

0.0004
0.0031

-0.0036
-0.0014
-0.0019

0,0
0.019
0.065
0.089
0.140
0.122
0.020
0.102
0.088
0.190
0.032
0.072
0.036
0.043
0.082
0.055
0,072
0.122
0.107
0.086
0.067
0.045
0.033
0.082
0.023
0.034
0.042
0.023
0.016

aef

a
a
a

af
a
af

a
a
a
ah
ah
fcd
cd
ccI

cd
cd
cd
Gd

cd
cd
cd
cd
cd
cd

1
2
3
4
5
6
7
8
9

10
11
12
13
14

11.314
12,515
13.064
13,204
13.264
13.600
13..686
13.802
14.103
14.487
14.904
15.136
15.546
15.715

4.264
5.617
6.235
6.393
6.461
6.839
6.936
7.067
7,406
7.839
8.308
8.570
9.032
9,223

38
47
IO

254
359

41
61

132
73
76

304
156
319
237

-0.0003
-0.0016

0.0
-0.0182

0.0234
0.0006
0.0025
0,0027
0.0013
0,0011
0.0044
0.0032
0.0051
0.0041

-0.0008
0.0015
0.0
0.0157

-0.0117
0.0002

-0.0005
—0.0020

0.0007
-0.0019

0.0088
-0.0013

0.0015
—0.0008

0.040
0.083
0.0
0.168
0.129
0.027
0.074
0.045
0.036
0.051
0.057
0.039
0.030
0.031

af
afh

cd
Gd
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TABLE III (Continued)
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15
16
17
18
19
20
21

1
2

3
4

6
7
8
9

10
11
12
13
14
15
16
17

E (18F)

(MeV)

15.941
16.182
16.449
16.766
17.095
17.588
19.059

12.664
12.676
13.195
13.853
13.495
13.633
13,997
14.101
14.941
14.972
15.583
15.810
16.723
16.788
17,052
18.300
18,674

(MeV)

9.476
9.748

10.049
10.406
10.777
11.332
12.990

5.785
5.799
6.383
6.561
6.721
6.877
7.286
7.404
8.350
8.385
9.073
9.329

10.357
10.431
10.728
12.135
12,556

(keV)

153
149

52
135

86
208
416

379
46
94
33
75

313
177
250
126
491
174

1044
212
209
180
554
208

0.0024
0.0026
0.0006
0.0015
0.0008
0.0030
0.0040

J=5
0.0011
0.0003

-0.0022
0.0010

-0.0010
0.0021
0.0026
0.0064

—0.0023
0.0089
0,0012
0.0159
0.0058
0.0033

-0.0019
0.0068
0.0012

0.0009
-0.0029
-0.0002

0.0022
0.0001
0.0044
0.0059

0.0055
-0.0039
-0.0018

0.0003
-0.0009

0.0046
0.0028

—0.0001
-0.0002

0.0082
0.0039

-0.0126
0.0049

-0.0051
-0.0004

0.0011
0.0005

Strength
I s&z„& I

0.030
0.046
0.022
0.035
0.017
0.045
0.030

0.026
0.151
0.054
0.056
0.032
0.029
0.038
0.045
0.033
0.044
0.042
0.035
0,064
0.052
0.019
0.022
0.011

Footnotes

cd
cd
cd
cd
cd
ac
cd

afh
ah
afh
a
a
ah
ah

a
a
ab

a

14.822
15.310
15.696
16.811
17.194
17.918
19,841

18.064
18.620
19.139

8.216
8.766
9.200

10.457
10.888
11.704
13.307

11.869
12.495
13.080

91
100
174

86
88

155
911

223
395
477

0.0009
0,0001
0,0002
0.0011
0.0007

-0.0019
-0.0055

J=7
0.0009
0.0021
0.0028

0.0006
-0.0010
-0.0014

0.0002
0.0003
0.0010

-0.0039

-0.0019
0.0002

—0.0022

0.021
0.018
0.014
0.023
0,015
0.025
0.013

0.017
0.009
0.012

This level is unambiguous in the S matrix elements and the uncertainties in E„and F are
estimated to be -15% of I'.

May be several narrower levels.
Possibly an Ericson fluctuation.
Uncertain because of ambiguities in the S-matrix analysis.

~ This level was not used in fitting the 8 matrix elements.
An 0 state of same J~, has been identified near the corresponding E„( Q).

g Main components of the 2+ structure near E& =3.7 MeV. The structure may possibly be re-
produced by another set of levels.

"A level of the same J~, approximate width, and E„( F) occurs in ~ N(e, n&) 'N.

is probably less than 5 pb/sr. Such a value is
consistent with the upper limits calculated for
various direct mechanisms, "Coulomb excitation
of incoming ' and outgoing particles, "preferential
spin-flip, or the impurities in the reaction parti-
cles themselves. " Evidence for the semidirect

mechanism of Noble'(which envisions isospin mix-
ing in one cluster of the compound nucleus followed
by a stripping reaction and which results in a large
forward-peaked resonant cross section) we find
lacking in our data.

Isospin mixing by Coulomb forces in the com-'
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pound nucleus will yield for an isospin-forbidden
reaction different results for three regions of
excitation. ' At low energies levels are well sepa-
rated and (H, ) «D» for levels of the same spin and

parity. Consequently, states have nearly pure iso-
spin and the (d, n, ) cross section will be small. At
higher energies the yield may be substantial be-
cause (H, ) -D~ and the states will have large ad-
mixtures of different isospin. As the energy fur-
ther increases the states become thoroughly mixed
as (H, ) &D~. However, in the incident channel the
initial superposition of states will have pure iso-
spin. Other isospin states then mix into the super-
position with a time constant ~(H, ) . If Fz»(H, ),
the states will decay before appreciable mixing
takes place.

This mechanism suffices for our forbidden cross
sections. They are very low below E„("F)-10
MeV, (Es -3 MeV), but do show small resonances
where T= 1 states are expected. There is an
abrupt increase in these cross sections above

E~ = 3 MeV. This result should imply a sudden in-
crease in the density of natural parity T = 1 states
in "F that mix with the abundant T=O states. In-
deed, the "C(o., a)"C cross section" shows a
sudden increase at the corresponding excitation in
"O. Our ratio of forbidden to allowed cross sec-
tions averages about 2% for 3 ~E~ & 14 MeV (see
Table II). Fluctuations about this value result al-
most equally from effects in the allowed and for-
bidden channels.

Although our data go to E, ("F)-20 MeV (which
is 2 to 6 MeV above the energy where Wilkinson'
estimated the dynamic criterion would be valid),
we find no evidence that isospin conservation re-
asserts itself. The width of reliably identified
levels above Es = 12 MeV [E„("F)-18 MeV)] is 200
to 500 keV which is about the average coherence
width found for allowed groups. No estimates of
the effective isospin mixing are available for this
intermediate region where I'-(H, ). However, for
(H, ) -100 keV the values of

~ S, ~-0.02 (Fig. 19) do
not appear unreasonable. In addition, larger (H, )
have been suggested in 'Be (see Barker'4) and per-
haps "C (see Braithwaite, Bussoletti, and Cecii2').

Data of Janeke ef al ."indicate that the (d, o.,)
cross section remains appreciable to E~-15 MeV
(E,= 20.8) and then becomes quite small: &10 ttb/sr
at 8, = 20'. Chesterfield and Parker" extended
the "N(n, n, )"N data to E„("F)-24 MeV but found
no marked diminution in the yield. Preliminary
indications" are that "C('Li, n, )"N also has a
measurable compound-nucleus cross section above
E„("F)=20 MeV, i.e., o(2.31)/cr(g. s.) -1-2%.
Since (I') increases slowly with energy and one
expects fluctuations about (F) and (H,), the small
(d, u, ) cross section of Ref. 18 appears anomalous.

If this (d, o.,) cross section indeed remains very
small [the data of Ref. 18 are very limited above
E,, = 16 MeV (E„=21.7 MeV)], the explanation in-
volves the deuteron channel and not the reassertion
of isospin conservation. Perhaps at higher ener-
gies much deuteron flux diverts to direct reactions,
e.g. to the (d, p) and (d, n) channels.

Lane and Thomas' point out that isospin conserva-
tion should reappear in the low partial waves be-
fore restoration in the high partial waves, since
high-spin states are narrower than low-spin states.
Examination of the S matrix elements for the
higher energies, Fig. 19, does not confirm this
expectation, since the magnitudes are about the
same for all partial waves. However, the contri-
bution to the total cross section is weighted by
(2l+1) so the high-spin states do dominate the
cross section. Thus the uncertainties in the IS, ~

values for low E are large. Also the ambiguities
in the analysis are largest for the low partial
waves. Nonetheless, there remains a detectable
contribution from the low partial waves. Several
explanations are possible. First, the contributions
from moderately wide levels, I s 10(H,), may be
important and/or perhaps the low-spin levels may
be only slightly wider than those of high spin. "

IOO—

IO—

I I I I I I i I i i

5 IO

E (MeV)

FIG. 20. Comparison of the cumulative number of
T =0 levels in F and T =1 levels in 0 to the integrat-
ed density, Eq. (4), defined by N (E) =Qz v fsodE
xp(E„,J, 7r). The solid lines are computed using 4( I )
= 0 Mev and n( 80) = 2.25 Mev. The dashed lines are ex-
ponential extrapolations of the experimental N(E).
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Secondly, there are a very large number of low-
spin states that may contribute. Thus the fluctu-
ating sum of their contributions to the cross sec-
tion could be large, especially in cases where the
fluctuations in 1.' and (H, ) result in narrow levels
or particularly strong mixing. Finally, for the
l =1 partial wave there should be contributions
from the strong 1, T = 1 giant dipole resonance
which is expected at about E„("F)= 20 MeV.

VI. SPECTROSCOPY OF F

This discussion emphasizes the isospin-mixed
levels because the spin-parity restrictions on this
particular isospin-forbidden reaction simplify the
analysis and allow us to extract level parameters
in the rather complex region of 10 & E„("F)& 20
MeV (see Sec. IV). The levels are characterized
by mixed isospin, moderately narrow widths,
natural parity, and JW 0. No such restrictions
exist for our allowed transitions, and so we have
not been able to identify individual levels except
for a few at the lower energies. Having identified
many isospin-mixed levels, we also wish to de-
termine whether they are primarily T = I with
T = 0 admixture (or vice versa), and the degree of
mixing. Ef strongly mixed, we would like to deter-
mine the configurations involved, e.g. mirror
cluster states,

Level Density and Statistical Fluctuations

The level density expected for 9 &E„("F)&20
MeV is quite large, and we will estimate the value
using the Fermi-gas model, The density is then"

p(E„, Z, v) = 0.0295a '"u '"o ' exp[2(au)'"]

x (2g+ 1)exp[-J(J + I)/2o'], (4)

where o=g (m')t; g=(6/v')a, t =(u/a)'"; (m')
= 0.24A'"; and u =E„-h. Marcazzan and Colli"
give empirical values of a that fit the data for
E„&20 MeV and 25 «A ~ 60. Schier and Reber"
use a=A/8 for "F. They also take the pairing
energy, ~, of "F as 0 and b, of "0as -3 MeV.
We find a("0)= 2.25 MeV gives a better match to
the known number of low-lying levels of "0, see
Fig. 20. The use of this statistically based formula
may not be justified for so light a nucleus. How-
ever, Fig. 20 shows that it matches an exponential
extrapolation of the cumulative number of 7= 0
levels in "F and T = 1 levels in "O. (We have as-
sumed that the first 30 levels have been identified
in each nucleus). The number of T= 1 levels in
xsF should be equal to the number of levels in xsO

at E,("0)=E„("F)—1.04 MeV. We will tentatively
adopt the values calculated from Eq. (4) as being
correct to at least a factor of 2.

Indirect support for the validity of Eq. (4) may
come from an examination of our cross sections
in terms of statistical fluctuations. However, the
smallness of I'~/D~ for most of the "F data sig-
nals caution in drawing conclusions from fluctua-
tion analyses. Earlier such analyses~ ' reported
an average correlation width I' = 200 keV, but ex-
amination of our excitation function reveals that
the low-energy structure is noticeably narrower
than that at high energies. To display this vari-
ation with energy we adopt a peak-counting method
of fluctuation analysis since this technique is less
sensitive to finite range of data effects, "is very
simple to apply, and hopefully will indicate where
fluctuation analysis is applicable.

Figure 21 shows the results of peak counting in
intervals of I-MeV bombarding energy. Plotted
are the coherent widths, I' = 0.55/k where k is the
number of peaks per MeV." The points are
averages over all angles and we saw nc systematic
angle dependence. Because of the small intervals,
the errors on individual points are too large to
determine the functional form of I"(E) but the trend
of the data is obvious. Below E„-12MeV the points
probably reflect the spacing of prominent narrow
levels, and at higher energies the local coherence
width. The break occurs at the energy where Eq.
(4) predicts that levels of O'= I, 2, 3 (which consti-
tute -75% of the levels at E„-12MeV) all reach
p(Z, v) = 6-8/MeV, i.e., I'~/D~ -1 and statistical
effects should become more noticeable. The gyp

and n, results are similar, but I'(n, ) is usually
smaller for E„&14MeV. There are several pos-
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FIG. 21. Average coherence widths 1 =0.55/k obtained
by counting peaks in 1-MeV intervals where k is the num-
ber of peaks/MeV. The lower o.'2 points are from the
data of Ref. 2. The analysis of Dzubay, Ref. 30, is a
standard autocorrelation analysis averaged over several
final states.
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Analog States

The "0 levels excited via "C(n, o.)"C, except
the 0' states, are the analogs to the T = 1 (T = 0)
states of "F involved in the isospin- forbidden re-
action. Such a elastic scattering populates only
natural parity states of "O which have appreciable

TABLE IV. Comparison of the number of i F levels
found in the isospin-forbidden analysis and the number
expected from Eq. (4).

Energy range
l Z„(MeV) E„(MeV)

Levels expected Levels found
T =0 T =1 (with T impurities)

la
2a
3
4
5
6
7

1.8-5.4
1,8—5.4
1.8-5.4
3,2—5.6
4.5-8.0
7;.0'-ll. 5

11.0-14.0

9.2—12.3
9 2-12.3
9.2-12.3

10.4-12.6
11.6-14.8
13.7-17.8
17.3—19,8

17
18
14

7
10
13

8

7
18
13

2
8
5
3

Not the highest / needed in this region.

sible explanations for the smaller 1" of the (d, n, )
channel. Bizzeti" predicts that at the same exci-
tation energy an isospin-forbidden reaction will
show a smaller correlation width than an isospin-
allowed reaction. Alternately, the (d, o.,) results
of Fig. 21 for E„&14MeV may reflect mainly the
contribution of individual high-spin states since
the cross sections have (2l +1)= (2J+ 1) weighting
factors" but low penetrability factors keep the
width small.

The evidence described above for the validity of
Eq. (4) is only suggestive. However, let us com-
pare the number of isospin-mixed levels found in
specific intervals with the predictions of Eq. (4).
For this purpose we use intervals of excitation
energy for each partial wave selected to correspond
to the regions where we believe our data and anal-
ysis to be most reliable. For each l, the lower-
energy limit comes from the Legendre polynomial
analysis of the (d, c.,) data and corresponds to the
energy where the coefficient a2i or a2l-I first
becomes appreciable indicating that the (limiting)
incoming lth partial wave channel has opened up.
The upper limit is the energy where the (1+1)
partial wave is needed in the analysis of the iso-
spin-forbidden reaction. In this manner we guar-
antee uniqueness of the ~S, ~

in the region used.
Table IV shows that the number of levels used to
fit the (d, n, ) data falls somewhere between the
number of predicted T = 0 and T = 1 levels. Al-
though the number of levels is small, the results
indicate that most of the 3 and 5 states in "F
at these excitation energies have measurable iso-
spin impurity independent of whether they are
basically T=O with a T= 1 impurity or T=1 (T=0).

n decay widths to the ground state of "C. The lat-
ter is the analog of the "N(2.31-MeV, T = 1) state.
Weinman and Silverstein" find such levels at
E„("0)= 8.212 and 8.282 MeV with J' = 2' and 3,
respectively, and then no structure for about 1
MeV. We also find 2' and 3 levels near the cor-
responding energies, E„("F)= 9.32 and 9.26 MeV.
At these excitation energies, states in "0are
well separated. Thus these "F levels are the
analogs, and hence T= 1 (T=O). Experimental dif-
ficulties at these low energies make it difficult
to exclude the possibility of other weak states.

Morgan etaf. -" studied "C(a,a)"C for 9 ~E,("0)
~ 19 MeV and identify a number of levels below
E„("0)=13 MeV. They assign spine and parities
to 13 relatively strong but narrow resonances.
However, their list is not complete as they also
see several wide and/or weak resonances for which
they make no assignments. In Table III we indi-
cate which "F levels appear to be the analogs. The
criteria used are similarities of spin and parity,
energy, Bnd approximate width.

Besides the analogs listed in Table III there are
candidates for all the other levels Morgan eg al.
identify except for the 6' states at E„("0)= 11.69
and 12.53 MeV. The 6' states definitely do not
appear in our (d, n, ) data. The second 6' state
is present" in "N(o., o.,)"N and we attribute the
absences in our experiment to the small l =6
penetrabilities in the incoming deuteron channel.
This interpretation is supported by the lack of
measurable any and a» in the Legendre polynomial
expansion for (d, c.,) at or below the appropriate
energy, E~& 7 MeV. Since the J' =6'(T=O) level
density is still small at these energies, the lower
6'(T = 1) state may show very little mixing.

We next consider the region 9.7 &E„("F)~ 11.7
MeV which has l,„=3 (except for the single 4'
level at E, =4.26 MeV) and in which we have a good
fit of the cross sections as well as the ~S, ~'s.
Thus the parameters in this region are the best
we have. We find that 10 levels are needed to fit
the unambiguous l =3 partial wave, whereas Mor-
gan et al. list only two 3 states in "O. However,
other unidentified structure is present in their
data. Equation (4) predicts approximately nine
T=O and three T= 1 states for l=3. Our 10 levels
are in remarkably good agreement if we assume
that all of the predicted T = 0 states have a mea-
surable T=1 component. For this to be reasonable
we need at least one more T= 1 state below the
two analogs which we associate with the large (S, j

centered at E~ =3.4 MeV. In the data of Morgan
et al. there is a broad anomaly at E -4.1 MeV
that appears to have a 3 component. Perhaps
our 3 level at 8~=3.56 MeV is the analog. We
reiterate our confidence that the 3 partial wave
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(Fig. I'I) here requires 10 states in "F for its de-
scription. Thus unless this is an atypical cluster-
ing of 3 levels, all (or nearly all) the 3 states,
both T = 0 and T = 1, are contributing to the for-
bidden reaction in this region.

U we examine the 1 and 2' levels (where we

expect about 12 T=O and 5 T=1 levels in each
case), we find 6 I= 1 and 13 I=2 states. Both
partial waves show much structure and we feel
that 6 and 13 states are the minimum required to
fit the data.

Two other 1sospin-fox'bidden 1eRctions»
"N(n, n, )"N and "C('Li, n, )"N go through "F in-
termediate states and have the same exit channel

as our data. Furthermore, they involve the same
spin-. parity combinations and so permit the same
set of '8F states.

The "C('Li, n, }"N reaction is the least thorough-

ly studied. '~" " The low-energy data cover
15.25 ~E,("F)~17.25 MeV. The cross sections
are small probably because of the large Coulomb
barrier for 'Li. Only partial waves /= 1, 2, 3

appear important. The high-spin states of "F in
this region apparently do not contribute because
of the small penetrability for high partial waves
in the incoming channel. Both at the low energies
of Refs. 30 and 35 and for E~, &9 MeV .[E„("F)
-20 MeV)J the yield of the forbidden reaction is
& 1%; of that for the allowed reactions. "

Tollefsrud and Jolivette" reported R partial-
wave analysis for "N(n, n, )"N for 12.5 ~E„("F)
«14.5 MeV. Their analysis predated our recent .

methods" for choosing between ambiguous con-
sistent sets of solutions, and so results for the
low partial waves may not be meaningful. How-

ever, a number of resonances in high partial
waves were clearly identified and probably are
the same as those seen in the present experiment,
Table III, The excitation energies and level widths

do not rnatch exactly, possibly because of uncer-
tainties in the a energy loss in the target or the
larger E steps, but more likely because the 5
matrix elements of the (n, n, ) data were not pa-
rametrized by coherent Breit-Wigner amplitudes
to remove the interference effects in each partial
wave. The only important discrepancy is for the
4" state at E„("F)= 12.5 MeV which is well isolated
in both experiments. " Levels seen in (d, u, }ap-
pear in (n, n, ); but some high-spin states, notably
the 6' states at E,("F)= 13.405 and 13.601 MeV,
are not seen in (d, n, ) As noted .by Tollefsrud,
generally I & I'„, for high-spin states. Pene-
trabilities may explain this difference, or it may
reflect an n cluster structure of "F. Chesterfield
and Parker26 also find thRt for high excitRtion ener-
gies o(n, n, ) & o(d, n, ) which is consistent with

I"cf & X'~

Isosyin Mixing

Estimates of the isospin impurity, a» have often
been made using the ratio of the total cross sec-
tions for isospin-forbidden and -allowed reactions.
The simplest formulation sets n' =E =o(T='-)/
o(T = 0). The underlying assumption is that the par-
tial widths are proportional to the isospin. impux i-,
ties, i.e., if y =u~r= 1)+(I-u')'"~T=0) t en o(T =I)
~I'; I', ~u'(1 —u') and o(T =0) ~(1-n')'. Because
the contribution of the individual "F levels to our
allowed data cannot be separated out, the above
procedures are inapplicable for individual "F
states. However, a meaningful average impurity,
(n'), can be calculated from a more sophisticated
formulation,

where now 8, is the ratio expected from statistical
theory in the absence of any isospin inhibition, and

p~ is the density of states in "F of isospin T.
Hauser-Feshbach calculations provide A, and for
E„=12MeV in "F give -0.14 for the dn, channels";
=0.35 at E,= 14 MeV for the "N(n, u, ) channels";
and =0.16 at E„=15MeV for the "C('Li, n, )chan-.
nels. " For the same E„("F)penetrabilities affect
the incoming n channel less than the deuteron
channel and much less than the 'Li channel. At

sufficiently high E„all channels should give the
same R, = —,

' which is the ratio of the number of in-
dependent amplitudes that contribute. The factor
f(pr) arises because the forbidden cross section
has contributions from T = 1 components of T = 0
levels as mell as from primarily T = 1 levels. "
Tollefsrud" calculates for the present case that

f(p„)= 2. Thus, (n') = 5 E/2 and from Table H

(n'} varies between 3 and 10% for the intervals
used. The presence of direct contributions to the
allowed reactions would make this a lower limit,
and the presence of wide levels in the compound
nucleus means that the (u') measured is less than

the actual mixing.
There is enough information from the (n, u, )

data of Ref. 10 and the present work to bypass the
ratio method and calculate the partial widths of
the E„=12.50 MeV (4') and narrow 12.VO-MeV (5 )
states if we adopt the lower limit of I" &g I',. and

assume that the only channels open are d„n„
and n, . Penetrabilities indicate that the latter as-
sumption might be a good approximation for these
relatively high- spin states. Then using the level
parameters from Table III and Ref. 10 and noting
that the Legendre polynomial expansion for (d, n, )
has small a, and a» at the appropriate energies
(see Fig. 15) we conclude that I „,is 0.96I' and

0.981 for the 4' and 5 levels, respectively. The
dominance of the 0., decay confirms that these are
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FIG. 22. Plots of the complex amplitudes of the first
bvelve 3 levels of Table III.

T= 1(T=O) analogs. If we assume that u'/(1 —u')
= Fr, /Fr „ then we need small isospin mixing,
-4 and 2% T= 0 intensities, respectively, for the
4' and 5 levels, even though the cross sections
are among the largest observed in either isospin-
forbidden reaction. The assumptions made un-
doubtedly cause I', to be overestimated. While
apparently we see the same two "F levels via the
(d, u, ) and the (u, u, ) channels, the possibility re-
mains that each level could be a T doublet with
one member of each pair having a large 1 and a

0
small I ~ and vice versa.

0
In general we do not have enough information

about the partial widths to estimate the isospin
impurities of individual levels in the manner de-
scribed above. More detailed information about
the strength of the isospin mixing and possibly
about which states are mixed should be available
in the Breit-Wigner amplitudes used to fit the
data. In the simple case where only two levels
mix the normalized wave functions would be

P. = u I0&+0 I
1&,

PI 0) + u -I 1) .

Then the amplitudes for an isospin-forbidden re-
action through the two states of the isospin doub1et
are A, ccaP and A~~- nP, i.e., the amplitudes are
equal and of opposite sign. This would be one sig-
nature of mirror cluster states. Figures 22 and
23 show the plots of the complex amplitudes for
the best-determined 3 and 5 levels. The figures
show that there is a tendency for neighboring
states to be near a line through the origin, but the
simple relationship described above is not in gen-
eral a good description. The first two 5 levels
are perhaps closest to the simple case. There is a

~ 2

—0.005--

FIG. 23. Plots of the complex amplitudes of the first
ten 5 levels of Table III.

greater tendency for several levels to add up to
approximately zero total amplitude, for example
the 5 levels 2-6. Friedman" finds that correct-
ing for penetrabilities improves the sum rule.
Apparently mirror cluster doublets are not com-
mon, but fragments of a mirror configuration may
spread over a number of nearby states. Analysis
in terms of fragmented bridge states seems prom-
ising. "

VII. SUMMARY

The allowed transitions studied are predominant-
ly compound nuclear and the isospin-forbidden
transition appears exclusively so. The average
isospin impurity in "F for 10 &8„&20 MeV is
3-10% and estimates for two individual levels are
also small. Of the many isospin-mixed levels
found in the forbidden reaction some can be identi-
fied as analogs of T = I states in "O. However,
there are enough resonances seen to indicate that
a large proportion of the primarily T = 0 levels
also contribute. The level densities appear to be
consistent with predictions of the Fermi-gas model
and the average coherence width is found to in-
crease rapidly with energy.
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