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Isospin Mixing in '°F

H. T. RICHARDS

University & Wisconsin, Madison

1. Introduction

In 1932, shortly after the discovery of the neutron, Heisenberg' introduced
an isotopic spin notation for bookkeeping purposes on neutron and
protons. However, the formalism lacked any other physca content.

In 1936, analyses of p-p scattering showed a striking agreement of the'S
statepp forcewith the 'S statenp force and Breit and Feenberg? emphasized
the possihility that all interactions between nucleons were the same, except
for the Coulomb effects and the Pauli excluson principle.

Soon afterward (1937), Wigner® adapted this suggestion o complete
charge independence to his supermultiplet theory and introduced a total
isospin quantum number T to labdl different states d isobaric multiplets.

Although the isospin quantum number had a few immediately ussful
applications, there was 0 little reliable experimenta information about
nuclear levels in isobars that the great beauty and usefulness of Wigner's
isospin lay largely dormant until wdl after World War 1L In 1952, Bob
Adair* at the University of Wisconsinrevived interest in theisospin concept
by hisnow classic paper where he explicitly pointed out many experimenta
consequences of isospin conservation. In fact Bob Adair’s paper was in
part prompted by some peculiar experimental results which some o my
studentsobserved (or rather failed to observe). They were using a spherical
electrostatic analyzer to measure reaction energies and energy leves to
a high precision. Earlier we had measured the 1°0(d, x}**N ground state
reaction, but we puzzled over our inability to detect the sar1e reaction
going to the first excited state of *N. Bob Adair recognized immediately
that the forbiddenesswas in some way connected with this excited state
being the analog of #C and 40 ground states, i.e., a member of the lowest
T =1 multiplet for A = 14.
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Figure 1, which shows the current level information for these isobars,
will make the picture more clear.
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Fig. 1 - Energy levels for the mass 14 isobars.
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The middle nucleus 4N is self-conjugate in that it containsequal numbers
o neutronsand protons. 14C and 40 are mirror nuclel since We can go
fromoneto theother by converting all protonsto neutronsand all neutrons
to protons. Clearly, if nuclear forces are charge independent, then 4C
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and %0 should have the same level structure. The sdf-conjugate N
however has moren-p pairs and so the exclusion principle permitsnumerous
states in N which are forbidden to the *#C -0 mirror pair. These
exdusively *N levelswe label T = 0. Those levels permitted for all three
isobars we label T =1 and o wurse the charge multiplicity of these
states is given by S_ZT + 1) in the same manner that the ordinary spin
multiplicity is (21T 1).

Now, if nuclear forces are charge independent, then this isospin quantum
number T must be conserved in a nuclear reaction®.

For our case, '°0(d,®)**N, all the nuclei are sdf conjugate and hence
T =0 in their ground states. However, when we try to prepare N in
its first excited state (T = 1) we face the impossible task d combining
T =0 systems to give the necessary T = 1 state and hence the reaction
is isospin forbidden.

Although then we wuld set only a limit that the isospin-forbidden cross
section was less than 1400 pbarns/sr, | urged one of my former students,
C. P. Browne, who went as a post-doctorate to M. I. T. to use the magnetic
analyzer and the higher deuteron bombarding energy available there to
search more carefully for the forbidden reaction. With long exposures
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Fig. 2 - Excitation function obtained by C. P. Browne for the reaction *0(d, «)'*N*
(2.313 MeV).
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and much scanning o photographic plates, he did indeed see the reaction.
What is more, he obtained a crude excitation curve at one angle. Fig. 2
shows his 1966 results®. Note the resonant character of the reaction. These
resonances tell us immediately that the states of the compound nucleus
are important for understanding the cross section. The compound nucleus
in this case is *8F which is o course also a salf-conjugate nucleus. Let
us therefore turn our attention to '8F.

Figure 3 shows Fay Ajzenberg’s most recent but yet unpublished” level
diagram of '8F. Firdt, | call your attention to the fact that when we form
18F viathe !0 + d channel, wearein a region of excitationabove7.5 MeV.
Here the level density is obvioudly becoming high. Secondly, | cali your
attention to Ajzenberg's note about 158 states with 11 < E, < 208 MeV.
Most o these (and many others between 9 and 11 MeV) are the isospin
mixed States of '8F which we & Wisconsin have recently located and for
which we extracted the varametrs J", the total width I' and the product
of the partial widths, T';T",.
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Fig. 3 - Energy levelsfor the mass 18 isobars.
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| devote the next part of thisreport to tell how we obtain thisinformation,
and then finally we will look at any systematics in the results and what
we learn about nuclear structure and reactions.

Before so doing, let me mention briefly several technological devel opments
which made possible this information explosion about 8F states. First
was the development of the tandem accelerator, which in tum depended
upon Prof. Herb's development of a practical source o negative hydrogen
ions>; second was the develoment o the silicon surface barrier detector
which gave resolutions sufficient to negate the need for the expensive
(but small solid angle) magnetic (or electrostatic) particle anayzers and
the tedious scanning o photographic plates. The third development was
the electronic data processing equipment which culminated in high speed
computers for both on-line data handling from detectors at many angles
and for off-line analysis of the fina cross sections. A fourth development
important to this particular program was the development at Wisconsin
in 1966 of an abundant sourced H e ions which let us prepare the same
18F statesviaadifferent entrancechannel, namely 1N + “He.

Beside the technologica developments, the theoretical analysisdf the data
was in a large part dependent on the procedures worked out by one of
my gifted graduate students, Peter Jolivette, now at the University of
Notre Dame. In fact most of the work | will report here comprised the
Ph. D. theses of two students, Philip Tollefsrud!® and Peter Jolivette'®.

2. Experimental Arrangements

Figure 4 shows top and side views o the scattering chamber® used for
all our measurements. The chamber contains oxygen gas when we prepare
18F viathe 150 + d channel and contains nitrogen gas when the 4N + «
channdl is inaolved. The pressureis ~ 10-20 Torr. Instead of a foil to
separate the gas from the high vacuum beam tube, we use a series of small
apertures between which we have fast pumps. The advantages of such
awindowlessgas target, asdemonstrated by Prof. Herb many yearsago, are
hard to overstate. The main ones are 1) freedom from contamination
buildup because o the continuous flushing, 2) the thin uniform targets
wi0se thickness can be optimally and easily adjusted, and 3 the accurate
knowledge o the target nucle per cm? so that precise absolute cross
seotions result. The beam enters from the left and after passing through
the chamber stops in a Faraday cup which is isolated from the gas
the chamber by a thin foil.
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Fig. 4 = Top and side views of the scattenng chamber used for the present measurements.

The surface barrier type detectors view a target volume which is defined
by the dit system shown in the top of the figure. A kinematic design
reproducibly locates the dit systems and detectors at angles determined
by circumferential and radial V-grooves milled in the chamber bottom
We have at times employed simultaneously detectors at up to 14 angles.

By choosing detectors with thin enough depletion layers we avoid pulses
from weakly ionizing protons or deuterons which otherwisewould obscure
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Fig. 5 - Spectra from the 60 + d reactions.
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the region where our isospin forbidden alphas must appear. Figure 5
shows several sample spectra”™® for the 60 + 4 data. The top spectrum
is typical as regards the ratio of the forbidden group, a,, to background
and to the adlowed groups. The middle spectrum corresponds to our
largest measured forbidden cross section (~ 3000 gb/sr), and the bottom
spectrum to a near zero cross section. The background for this particular
case would obscure a cross section less than ~ 0.5 ub/st.
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Fig. 6 - Lowest energy excitation functionsfor the middle angles,
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3. Results

We have measured the differential cross sections for the forbidden group
from 160(d, )!*N from deuteron energies as low as 2 MeV to 14 MeV
which is the maximum deuteron energy o our tandem accelerator. The
corresponding range of excitation in the compound nucleus *®F is from
9.3t0 20 MeV.

Figure 6 shows a sampling o the lowest energy excitation curves at the
middle angles™™. Cross sections are reasonably large, backgrounds were
low and hence statistics are generally less that the point sze In fact, for
all the data subsequently shown, error bars will appear only if they are
larger than the point Sze. Note the relativesimplicity of thed,,, ~ 90° data
compared to the other angles. As we will see later, this smplicity arises
because at thisangleonly J* = 17, 37, 57, etc resonances can contribute.
In fact, our analysis showsonly one 5~ state below 6 MeV and this one
occursa 5.8 MeV. The rest of the peaks arise from 1~ and 3~ levels. The
solid lineisthetheoretical crosssection which our extractedlevel parameters
generate. More about thislater.

Figure 7 samples the forward angle data"® at middle deuteron energies.
Notice the one high point at 6.24 MeV a severd angles. This turns out
to bean unresolved sharp 4* resonance to which I'll refer later. In general,
sharp resonance behavior still persists but as the deuteron energy increases
the cross sections decreases. The increase in width of the resonances .
results partially from the superposition of contributions from overlapping
levels. For example, analysis shows the intense broad structure at ~ 103
MeV to result from a strong pair o 5 states plus contributions from
weaker 37, 4%, and 6* states.

Figure 8 samples oor highest energy data™* but at back angles The trend
to smaller cross sections and wider more complex resonances continues
but even herewe can analyze thedata in termsof a relatively few compound
nuclear levds

Figure 9 shows a sample of our data at forward angles for the isospin
forbidden 4N(a, a,)'*N (T = 1)1%15, Here we have the same isospin
forbiddenfina system but weenter the !®F cornpoundstates by the '*N + a
channel. The indicated alpha energies correspond to the '*F excitation
energies shown on the top scales of the figures. The intense resonance
at E =127 MeV (E, ~ 10,7) is the same 5~ state in *8F which we noted
earlier on Fig. 6 o the %0 * d data
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Fig. 7 - Medium energy excitation functionsat forward angles.

222"



160(d. o )N

50
~ 8,7 +124.6°
F S
P . O..‘Q‘“....QN, o .o. Soee
O hen I %’m‘.{"l” IR TS S S R N T r“f:';:.'?'.v:.".ﬁ .‘| 1.'2 M‘l
I 2 13 ' 14
00 - .
- (]
¢ ,“ "5’
" ¢ . ®c,m’ 146.8°
r “O.O'.' ..0 ’
0 IR R O SUDUNUYY ar PTPURIOT S S
1 12 13 14
00F i,
j %+, #
b ¢ L)
- @,021553°
X % L v, " .
o|C B ¢ .. 0‘“‘ 3 ooto,
helhel - 4 . o . L™
O N T L\ AR Iwh:!.,m!m' i * h...l Opiboiteget, |
I 12 13 14
200 '
100 t-"'. 'w.. . '. : ®c.m.”59.5°
F ..o... .o. .. .'.. '.’.‘..0. .....'.
O R lng.l i1 L‘h‘* . i n_l.i..141 M—- ]
i 12 13 14
200
o : Al
100 |- ot 8. 1677°
" o ’ .o. % .
5 o "‘-..' . ., e ..‘..“%
O ot 4";“1 L1 3 L'f’w.gq’ o ! S egnoatonl
. . 13 i4
Eq(MeV)

Fig. 8 - Highest energy excitation functions a badk angles.

223



O,

e =" ¥
o £ 2
. . £

L o
- e 5l )

=TT o
I O of

N " 3 <
J——Y 3 L 3

= £ 3 5
2 i o 5

i 4
K - &)
® & of
i . o

I el o)
=T 8
- ® o

] _ ¢
o m o X
T ¢ g 3

g & g
i ee—at b
uﬁ et =
T e -
——
F oot e
- == e
S ®
s JEwin o) 2
] g T =
g —t
e i
- ~ 2
2 v e e 2 oL 5
7 e e 3 Be,
B T — 3
e — e K
o~ Y»'.I.«Ql.
5 = ;
2lg =
loa ¥ ot
k4 =1 0
nmm\'\“.up’l\;l- - N @
o A o
| o=
L =
{ me————
ol =TT s p4
p = e . m
ffF § § & < *

Fig. 9 - Forward angleexcitation functions for the **N(a, «;)'*N (T = 1) reaction.

224



4. Analysis
A. Genera Remarks

An attractive feature of these reactions is the simplicity!?-13 that results
fromthefact that three of thefour particlesinvolved are spin-parity 0* and
the fourth has spin parity 1* (This holds for both the 160 + d entrance
channel and the **N + a channdl.) As consequences d this spin-parity
combination, angular momentum and parity conservation require that
the incident and outgoing orbital angular momentum be the same, that
the I =0 wave be rigoroudy forbidden, and that the only permitted
compound nuclear states be those with natural panty, i. e, J* =1
where / > 1 | remind you that these restrictions have nothing to do
with isospin, that they are rigorous, and that they already reduce by several
fold the expected cross sections.

The differentia cross section for such a smple spin-parity sysem aso
has an unusualy smple form!3:

2 o

Z% = % | ,; Q1+ )i +1)]~ Y25, dP,(cos 8)/d0 > ,

where [ is the orbital angular momentum, S, = re' is the wmplex S
matrix element for the J* = I partia wave, and dP(cos 8)/d6 is the
derivative of the ordinary Legendre polynomial. Let me also emphasize
that this expansion is independent of reaction mechanism However,
where we have resonances and hence compound nucleus formation,
the S, will involve a coherent sum of the resonant contributions from
J = ldates. If we haveasingleisolated resonance, (or only one! contribut-
ing) the angular distribution is Smple and unique.

In Fg. 10 we plot such angular distributions for different J =1 vadues
These distributions are of course symmetric about 90°. Please note first
that all cross sections vanish at 0° (and o coursealso at 180°). AlsD notice
that all even i's havezerointensity at 90°, whileall odd i's have a maximum
there. Finaly, we observe that the number o maxima from 0°-180°
just equalsthe I( = J) value of the resonant state. Hence, for isolated levels
the analysisfor J' is trivia. For our case, isolated levels rarely occur and
even a very smdl amplitude of another partial wave will, by interference,
produce large departuresfrom these smple curves. However, some usgful
qualitative features persst, namely the number of lobes remaining usudly
corresponds well to the presence of a dominant partia wave
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Fig. 10 - Calculated partial wave angular distributions.

B. Application to the '°O(d, a,) !*N Data

Figure 11 displays a few o our experimental angular distributions™*.
One o these (E; = 3820 MeV) shows very weak interference effects.
The two symetric lobes signal a dominant | = 2 resonance (ie., J* =2*

for the ‘8F state) but for the quality o fit shown by the solid curve, we
dtill need a small amplitude of 1= 3. We will discuss these theoretical

curves shortly but first let us note several other interesting distributions
on Fig. 11 The three lobed distributions & E; = 4077 and 7.043 MeV
arise from strong 1= 3 resonances but with a little interference from

nearby states Of opposite parity to give the asymmetry.
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TheE, = 5.797 MeV digtribution contains the 3000 ubarn/sr cross section
which | earlier indicated 1s the larges isospin-forbidden cross section
that we have seen via this channel. Mogt of the intensity here is from a
narrov J = 5~ date but tails from nearby 2%, 3- and 4% Sates make
significant contributions. However . the characteristicfive lobesstill remain.
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The three distributions at the lower left of Fig. 11 wrrespond to energies
immediately below, right on, and immediately above the single high
point at E;, = 6.22 MeV which | caled your attention to on the earlier
figure showing the excitation curves. This sequence dramatizes the effect
o this narrow (unresolved)4* resonance on the broad strong 3~ level.
On dther side o the one high point the distribution is three lobed but
in between, the unresolved resonance has enough effet to produce four
lobes and by interference first to raise the forward cross section from
400 to 600 ub/sr and then to drop it precipitously to 200 ub/sr while at
90° (where the even I's can make no contribution) the cross section stays
approximately steady at a little less than 100 ub/sr.

To separate out quantitatively the interference effects which the last figure
shows to be large, we will expand the cross section in partial waves. Such
a parametrization with the help of a computer is easy and efficient with
thepartial waveexpansiongivenearlier. Infact,for E < 5.5MeV, Jolivette' !
seldom needed more than three partial waves, i. e, I, < 3. At our highest
energies (E, ~ 14 MeV), ... sometimes included seven partial waves.
The program would converge to a solution rapidly even with random
numbers for the starting parameters.

Unfortunately such a parametrization turnsout not to be unique!3, except
for the |, wave This intrinsic ambiguity is similar to the wdl known
Minami and Fermi-Yang ambiguities for elastic scattering of spin 1/2
by spin zero particles. For our case, we have 2'™#* ~* arnbiguous sol utions
which give different setsof | S; I's Not only are there ambiguous solutions
but at times different sets of solutions may converge and then separate
or they may crossasafunctiond energy. In such cases, onecan unknowingly
Jjump from onesol ution set to another. Whileweve not found any completely
foolproof way to guarantee staying with one solution set, Jolivette has
worked out procedures and tests (described elsewhere!!-14) which give
us considerable confidence that we can achieve continuous solutions. Even
more important, he has developed a rationale for choosing the physica
solution from an ambiguous set!4. A computer experiment led him to
this selection method. He started by postulating a simple system described
by two Breit-Wigner resonances in different partial waves, and then he
generated all the other ambiguous solutions. These non-physical solutions
turned out to require many more resonant states of the system than the
two originally postulated in the physical solution. So we conclude that
the correct physical solution is always the ssimplest. Thiscriterion of course
really originated with William of Occam in the Middle Ages and is known
as Occam's razor for choosing between hypotheses.
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Since Jolivette describes this computer experiment in a recent Phys. Rev.
Letter'?, | will not report thedetails. Instead, let us useit to select a physical
solution for the '°0(, «,)'*N data

Figure 12 displays as individual points the computer extracted |S,|
elements at low deuteron energies'!** where the ,,, needed is mainly
< 3. For such a case there are only 2™ = 2 ambiguous solution sets.
For one o these sets we use prime labels, e.g. | S5 | Our task will be to
decide whether the primed or unprimed set is the correct physical solution.
| remindyou that | S, _, | is unique, so we show only one{ S, | and weassume
that we can stay with this same solution even after | S, | and | S5 | become
non zero (see last line d figure). Now, for the unique | S5 | elements, let
us focus our attention on the energies where there are relatively sharp
resonances (as shown by the arrows). At energies near these resonances,
consider the behavior of st |S, | and | S, | compared to the ambiguous
st | §7 |and | S, | Both of the primed setsqualitatively show more structure
than the unprimed set. Hence, by Occam's razor the unprimed set should
be the physically correct set. Although these considerations are somewhat
qualitative and subjective, when one fits the separate sets of }S,l with
resonant states on can demonstrate that many fewer states are needed
for the unprimed solution set.

The line through the S matrix elements of the unprimed solution is indeed
such a theoretical fit based upon acoherent sum of Breit-Wigner resonances
and with no background assumed. Thus

ib,
|S’l—z—__+—E E, ¥ T,

where E, and I'; are the resonant energy and width respectively and
a, + ib, =(I;T,),"2, the partial widths for the incoming and outgoing
channels. In such a coherent sum, interference effects from other levds
of the same spin-parity are very important.

We thus complete our parametrization of the data in terms of a set of
level parameters. Fig. 13 summarizes the location, strength |S,|,..x and
the width of the necessary states. Numerical values of the parameters
are available in Jolivette's thesis™™ and will be listed in Ajzenberg’s forth-
coming energy level summary’ for A = 18.

In discussing any systematics in the levels, let us start with the high spin
statesfirgt, since the (21+ 1) weighting factor for the crosssectionsand the
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lack of ambiguity in the highest partial wave means these are the mogt
accurate. The 6* and 7~ dHtates first appear a E, ~ 15 and 18 MeV,
which is not surprising snce the penetrability of the centripetal barrier
by the outgoing alphas becomes small a much lower excitation.energies.
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But thedensity of such high spin states may also be small at lower excitation
energies. Thefirst 57 leve E(*®F) = 12.7 MeV is sharp probably because
on the penetrability considerations, since the outgoing 1 = 5 alphas have
only 6 MeV in the c.m. system and, as we will see later, the outgoing width
dominates the total width for this case. Note that while this level stands
adone (isolated by many hadf widths), all the other 5~ states have close
enough neighbors that overlap and interference will be very important.

The lower spin states, 4*, 37, 2*, are similar in showing a region o
maximum strength and density o levels. Both strength and density drop
off at high and at low excitation energies. This behavior at low energies
is consonant with penetrability and level density arguments. At the higher
energies the naive explanation might be that isospin conservation starts
to reassert itself. However, there are objections to this conclusion which
I will discuss later. The 1™ states (whose existence and parameters are
least certain) show lessvariation with energy. If thisstrength at high energy
be a redl €ffect, the probable explanation is that we are wel into the giant
dipole resonance,so /¥ =17, T = 1 states may be substantially enhanced.

C. Application to the *N(a, a,) **N(T = 1) Data

So far we have discussed mainly Jolivette's analysis o '®F seen in his
forbidden '°0(d,«;)**N data As | indicated earlier, we may populate
the same region of excitation in **F by using the **N + o channel. The
analogous isospin-forbidden reaction is inelastic alpha scattering leaving
14N initsfirg excited state which is T = 1 Since the spin-parity combinat-
ions are exactly the same, all our analysis techniques apply equally well
to #N(a, )!*N(T = 1). Unfortunately our analysis of the inelastic
alpha scattering occurred before we were as clever in developing good
proceduresfor staying with the same solution set and in picking a physica
solution from the ambiguous sets. Of course, our analysis is unique for
the 1,,, wave. Furthermore, a strong resonance in a lower partial wave
will often appear in all solution sets, so our earlier analysis ill reveds
much ussful information about the ®F states involved.

Figure 14 shows a three-dimensional plot of fitted angular distributions'?
over incident alphaenergy range from about 10-13 MeV. The corresponding
E,(*8F) is about 12-15 MeV. There is of course no ambiguity in the fits
since all solutions predict identical cross sections. The vertica scale is
such that the maximum cross section is 3500 ub/sr which is somewhat
larger than we saw via the *¢0 + d channel. Note that four and five lobed
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distributionsdominate thisregion though thereis a strong enough J" = 6*
level at E, ~ 11.9 MeV that the distribution becomes six lobed there

Fig. 14 - Three dimensional plot of angular distnbutions for the '*N(e, «,)"*N (T = 1)
reactions.
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The solution st which Tollefsrud selected!®!® gives the partial wave
cross sections shown in Fg. 15. The number and generd character of
the high | resonancesis the sarne in all solutions, but we cannot defend
all the structurein the! =1 or 1= 2 waves since we may be on a wrong
solution set. Note the doublet structurein thel =6 wave (J'= 6* states)
when it first appears and notefor the odd I's how thel =5 wave (J" = 5~
states) dominate the cross section.
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Fig. 15 - Partial wave cross sections for the “N(a,«,)**N (T = 1) reaction calculated
by ‘Tollefsrud.

An interesting question occurs as to whether we see the same isospin
mixed Statesin '¥F when we enter by the two different channels. Fg. 16
indicates that we certainly do part of the time at least, but of course the
relative strengths may be quite different. For example, comparethe 1 =4
resonancein the two channels, but noteal so the approximateequal strength
o the 5~ state seen by either channel I'll comment on this later.
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5. Discussion of Results

Thus far we have ignored the question as to why isospin is not conserved
in these reactions. The explanation could of course be that nuclear forces
are indeed not charge independent, but before thus concluding we should
explore whether the known Coulomb force (which is certainly charge
dependent) can account for our observations. Theorists calculate that
the Coulomb matrix elements H. are at most only = 100 keV so that
the ground and low lying states o the light nuclei should be nearly pure
isospin states. Thefirst excited state o the samespin and parity, but different
isospin, always lies many millions of electron volts away, so the impurity
estimatesproduced by the Coulomb matrix elementsare generaly predicted
to be <« 1%. Furthermore, we have seen, in our case at least, that the
forbidden cross section show no appreciable direct interaction; in fact
all the the data parametrizes in terms of compound nuclear resonances
without even the need of any background contribution. Therefore we
must look to the compound state as the primary sourced isospin violation.
At these excitation energies and level densities, there is no longer always
a large energy gap between states of the same spin-parity but different
isospin. In fact, for our odd-odd sdf conjugate nucleus '®F, the T =1
statesstart withinan MeV of the T = 0 ground state. By 10 MeV excitation
energy, thedensity of T =0 and T =1 leveds may wdl be high enough
enough that occasionaly some states d the same spin-parity may be
close enough and the state may live long enough that the Coulomb matrix
element can introduce appreciable isospin impurities into the state. This
prediction Wilkinson'® made soon after Adair’s classic paper. However,
the wholesale mixing that we see in 8F is surprising if the levels o the
same spin-parity but different isospin were redly randomly distributed.
There is, in fact, some evidence in light sdf conjugate nuclel that often
theremay berelatively closedoubletsof the same spin-parity but of different
isospin. These isospin doubl ets arise because these states have appreciable
cluster components which mirror each other. Best publicized are the
8Be doublets (2%, 1%, 3*) where for the 2* pair, Marion et al'” have
shown the states to be primarily the mirror clusters Li” + p and "Be + n
and consequently the isospin-mixing is near maximum. The mirror cluster
components explain why energetically the states lie close together and
have large isospin impurity.

We suspect that in *8F this is a rather common phenomenon. In fact,
Marion*® has reported in '®F such a pair even a very low excitation
energy: the 1~ isospin doublet at 559 and 566 MeV.
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If in 1F such doublets with appreciable mirror cluster configurations
are common, we should often see both membersin our forbidden reactions.
We could label these as mirror or intnnsic doublets, in contrast to those
from unrelated configurations which accidenrally lie close enough that
the Coulomb forces can mix the isospins. In the latter case, we would
not necessarily expect theyie dsfrom thedoubl et membersto becomparable.
In fact, one state may wel have too small a partial width to observe. The
result would be a single isolated resonance. We probably have examples
of both though as the level density increases the mirror configurations
may be spread over many levels, so doublets become multiplets. For
example, consider the 5~ states in Fig, 13. The strong 5~ resonance at
E, = 12.7 MeV, which we have mentioned several times, stands isolated
many haf widthsaway from any other 5~ level. All our other 5~ resonances
however lie within a haf-width of one or more smilar levels. We cannot
exclude the possibility that the apparently isolated 5~ levd is in fact a
very closedoublet. The| S | curvefor this resonanceis dlightly asymmetric.
A close doublet would help account for the high yidd.

Wilkinson'¢ also predicted that, as the excitation energy increased, isospin
conservation should reestablish itsdf because as more channels open,
the total width increases until the lifetime finally becomes shorter than
the characteristic Coulomb mixing ti me%. So, if the systern starts with
a well defined isospin, the final sysem must have the same isospin. He
expected the threshold for this region to be between 14 and 18 MeV
excitation in 8F. Our data already extends to 20 MeV excitation and
we still see resonances although it is true that the cross sections are much
reduced. However, the allowed cross sections are also decreasing, so the
relevant quantity is the ratio of forbidden to alowed cross sections as
a function of energy. When these are plotted, there is no indication that .
isospin conservation reassertsitself Carol Chesterfield and P. D. Parker?®
at Yae have recently extended our forbidden **N(x,«,)**N data to the
higher energies available on the Yde MP Tandem and even at 25 MeV
excitationenergy in '*F they see strong resonancesfor theisospin-forbidden
alphas. Apparently, there are still large numbers of long lived '®F states
even at these excitation energies.

In general, for our isospin mixed states we cannot distinguish between
apredominantly T = O statewith small T = 1 admixtureand a predomin-
antly T =1 state with some T =0 admixture. There are exceptions.
Thestrong 5~ stateat E, = 12.7 MeV cones a precisay theright energy to
be theanalog of a 5~ statein 80 which has been identified at the TUNL??
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Laboratories by elastic scattering of alphas by '*C. Fig. 17 shows such
80 levels and some of the analogues in 8F from our work. With few
exceptions. wherever they see a strong level in 180 via 4C + a scattering,
we iind the analog state in *8F. One exception is the analog to the low
energy 6* state of ‘80 (marked with “?”). This absence is consistent with
the small penetrability associated with the low energy outgoing 1= 6
alpha particle. We suspect that these analog states are primarily T =1
states with some T = 0 mixing. Many o the other states probably are
T =0 with some T = 1 admixture. Of course, leva shifts could lead us
astray and some '20 states may remain undiscovered.

However, in the case of the 57 levd at E, = 12.7 MeV, we have further
coniirmation of our T = 1 assgnment. By luck the angular distribution
o the allowed reactions, (d, a), requires’™ no coefficient for P,,(cos 6)
although such is necessary at higner and lower energies. Hence, we nfer
that no T =0, J* =5 state contributes significantly at this energy
to the allowed (d,a,) cross section. ThereforeT,, < T for this resonance.
But [§ [ = 4 Lul, —[2 > S0 to obtain the nearly equal |S;| for both
the deuteron and alpha channel requires T'; ® T',,. Hence, both must
be <« I. The only other allowed channels that have appreciable yield
do not show this resonance. Hencewe assumeI’ * T'; + T, AT,
where T,, is the partial width to the forbidden T'=1 sfate T'hus the
forbidden exit channel accountsfor most of the total width. If the 18F state
were predominantly T =1, we should expect this since a this energy
the «; channel would be the only effective mode o decay.
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