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Isospin Nonconservation in the Reactions ' O{d, n)' N~+ z 1 and ' {:(d,0.)' g + z z
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The isospin-nonconserving (d, ot) reactions on 0 and C leading to the 0, T=.1 states at
E» = 2.31 MeV in N and E» =1.74 MeV in 8 have been studied in the energy intervals of
E& =14.0 to 18.1 MeV and 26.2 to 29.5 MeV, respectively. Two resonances were observed in
the excitation function for the reaction on ~80 at E& =14.4 and 15.0 MeV followed by a weak
tail with little energy dependence. This behavior is similar to that observed earlier for the
reaction on C in the same energy region. The results for C at the higher bombarding en-
ergies, in conjunction with arguments related to the properties of highly excited states, ap-
pear to favor a direct- or semidirect-reaction mechanism. Consistent with the observed
facts are virtual E1 Coulomb excitation of the deuteron or the preferential spin-flip process
suggested by Noble. No evidence was found for the two-step process involving isospin-mixed
intermediate states, which was also suggested by Noble.

I. INTRODUCTION

Interest in isospin-nonconserving (d, n) reac-
tions has centered in recent years on the possibil-
ity of contributions from direct- or semidirect-
(two-step) reaction mechanisms. Meyer-Schutz-
meister, von Ehrenstein, and Alias' observed a,

pronounced increase in the forward-angle cross
section near E~=11 MeV in thereaction "C(d,n)'OB*

leading to the O', 7=1 state at E„=1.74 MeV. Two
angular distributions measured at E~ =12.1 and
12.5 MeV were strongly forward peaked, which
suggested a direct- or semidirect-reaction mech-
anism. JKnecke et al.2 extended these measure-
ments from 13 MeV up to 21 MeV and established
two broad resonance-like structures in the for-
ward-angle excitation function near E„=12.7 and
14.5 MeV, followed from about E~=15.5MeVon, by
a weak and essentially energy-independent tail of
about 5 gb/sr. Angular distributions measured
from 8»b =6 to 40' remained pra, ctically unchanged
over a range of bombarding energies of about 10
MeV, which again suggested a direct- or semidi-
rect-reaction mechanism, since compound-nucleus
reactions, particularly those involving interfering
resonances, generally do not have these charac-
teristics.

Several direct- or semidirect-reaction mechan-
isms were suggested to explain the data, namely,
(i) a preferential spin-flip mechanism in the deu-
teron'~ due to a combination of the nuclear spin-
orbit and the long-range Coulomb force, (ii) vir-
tual El Coulomb excitation of the deuteron" (po-
larization of the deuteron in the Coulomb field of
the target nucleus), and (iii) a two-step process
consisting of a (d, 'Li) pick-up reaction followed by
a ('Li, a) stripping reaction. ' Here, the 'Li is in
one of two isospin-mixed excited 2' states. Pro-

cesses (i) and (ii) were invoked' to explain the data
at bombarding energies above about 16 MeV, while
process (iii) was invoked' to explain the resonance-
like structures near and below 15 MeV. However,
more recently two experiments were reported"
which seem to contradict at least the assumed pro-
cess (iii). Smith and Richards' remeasured in
greater detail the lower of the two broad resonanc-
es observed near E„=12.7 MeV in the reaction
"C(d, n)"B~(1.74 MeV) and found that it consists
of at least three overlapping resonances. The ang-
ular distributions show strong I =4 components,
and a partial-wave analysis indicated a dominance
of I =4 and 1=5 partial waves from nearby 4' and
5 states in the compound system. (See also Kell-
er' and Smith and Richards. '0)

Richter et al.' investigated the isospin-noncon-
serving reaction "Si(d, o.')28AI*(0.23 MeV) from E~
=12 to 17 MeV. They observed Ericson fluctua-
tions due to compound-nucleus interference effects
and there was no'indication of structure which
might be attributed to the above process (iii).

The present experiment~' was undertaken as an
extension of the measurements of Jobst, Messelt,
and Richards and Jolivette and Richards on the
reaction on "0 into the region where the above
processes might become important, and secondly
as an extension of the various measurements on
"C into a much higher-energy region. The region
from about E„=26 to 30 MeV was chosen for a par-
ticular reason. If Noble'8 two-step process6 in-
volving isospln-IQlxed excited states ln I i does in-
deed contribute to the reaction, one might expect
a similar behavior at higher bombarding energies
when the known isospin-mixed 2' states in ~Be are
involved. A two-step reaction of the type "C+d- 'Be*(16.63-16.93 Me V) +"Li(g.s.)- 'O8*(1.74 Me V)
+ n, which has a threshold near E~ =26 MeV, is a
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natural extension of the mechanism proposed by
Noble' to explain the resonance-like behavior be-
tween E„=12and 15 MeV. The only difference is
that the strongly isospin-mixed 2' states in 88e
are invoked rather than those in 'I i.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A Mylar target of about 550- p, g/cm' (about 4 pm)
thickness and a self-supporting carbon target
about 125 pg/cm' in thickness were bombarded
with deuterons from the University of Michigan 83-
in. cyclotron. While only 3 of the Mylar target
material (clear Mylar without additives) is oxygen,
the remainder being primarily carbon, the reac-
tions on carbon do not interfer with the reaction of
interest. The beam current for the Mylar target
had to be kept below about 30 nA to reduce target
decomposition. A monitor counter was always
used for normalization. The e particles were ob-
served in a position-sensitive detector at the
image surface of an n = —,

' analyzer magnet (see Ref.
2). A few points at backward angles were mea-
sured with a solid-state detector in the scattering
chamber, since such measurements cannot at pres-
ent conveniently be done with the magnetic spectro-
graph.

Figure 1 shows an excitation function for the re-
action "O(d, o)"N*(2.31 MeV) at deuteron bombard-
ing energies from 14.0 to 18.1 MeV. The labora-
tory angle was kept constant at 8»b = 17' (8, ~
20. 1'). Three energies at which angular distribu-
tions were measured are indicated by arrows.
Figure 2 shows the three angular distributions

from about 8, ~ =11 to 47' measured at E„=14.6,
15.0, and 15.8 MeV.

The excitation function shows two pronounced
resonances at E„=14.35 and 14.95 MeV, with peak
diff er ential cross sections of about 28 and 43 pb/sr,
xespectively. The two peaks correspond to excita-
tion energies in the compound nucleus 'SF of about
20.29+ 0.07 and 20.82 + 0.10 MeV, and widths of
about 300 and 550 keV, respectively. The differ-
ential cross section above E„=15.5 MeV is about 8
pb/sr and its energy dependence is very weak.
There is the possibility of broad structures near

E~ = 16.1 MeV (E„=21.9 MeV) and E,=17.6 MeV (E„
=23.3 MeV), but one has to keep in mind that the
error bars represent only the statistical uncertain-
ties of the measurements. The data are therefore
essentially consistent with a constant cross sec-
tion.

The angular distributions measured at the three
energies, namely, in the minimum between the two

peaks and at and above the higher peak, are very
similar except for their magnitudes. The position
of the maximum in the angular distributions ap-
pears to move outward slightly with increasing

ner gy
Figure 3 shows an excitation function for the re-

action "C(d, n)'oB*(1.74 MeV) for deuteron bom-
barding energies from E„=26.1 to 29.6 MeV, taken
at 8&,b

=15' (8, =19.1'). Also shown is an angu-
lar distribution from about 0, ~ =8 to 32', mea-
sured at E„=29.1 MeV. The filled square points
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FIG. 1. Excitation function for the isospin-nonconserv-
ing reaction O{d, 0) N (2.31 MeV) measured at 8~~b =17
(6c m ~ 20,1 ) for deutelon bombarding enelgles from
E„=14.0 to 18.1 MeV. The line is dravm to guide the eye.

FIG. 2. Angular distributions for the isoypin-noncon-
serving reaction ' O(d, e) N {2.31 MeV) measured at
E& = 14.6, 15.0, and 15.8 MeV. The lines are dravrn to
guide the 6+6.
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were measured at ~, =165.4 and 168.9'.
The excitation function exhibits only little struc-

ture and is essentially consistent with a constant
cross section. There are no indications of reso-
nance-like structures attributable to the semidi-
rect process "C+d -'Be*(16.63-16.93 Me V) +

+'Li(g.s.) -"B*(1.74 MeV)+o. . It is worth noting
that the differential cross section of about 7 pb/sr
is practically equal to that observed earlier' at
bombarding energies from E„=16to 21 MeV. The
angular distribution measured at E„=29.1 MeV
has a peak of about 8 pb/sr near 8, ~ =16 . Two
backward-angle measurements gave no detectable
strength for the isospin-nonconserving transition
and an upper limit of about 3 pb/sr can be placed
on the cross section.

III. DISCUSSION
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FIG. 3. Excitation function for the isospin-nonconserv-
ing reaction C(d, n} B (1.74 MeV) measured at 8»b =15
(ec IT,

= 19.1') for deuteron bombarding energies from
E& = 26.1 to 29.6 MeV and angular distribution measured
at 29.1 MeV. The two backward-angle points (filled
squares) were measured at 8c ~ =165.4 and 169.1'. The
lines are drawn to guide the eye.

The shape of the angular distributions at forward
angles obtained for the isospin-nonconserving (d, o)
reaction on oxygen changes very little over the
resonances and beyond. This behavior is very sim-
ilar to that observed earlier'' in the correspond-
ing reaction on carbon. The process involving in-

termediate 'Li states suggested by Noble' cannot
be ruled out yet, but the most likely interpretation
is that given by Smith and Richards' who showed
that the lower of the two broad resonancesintheiso-
spin-nonconserving reaction on carbon can be ex-
plained as a compound-nucleus resonance dominat-
ed by /=4 partial waves, with some l =5 admix-
tures, from 4' (and 5 ) states in the compound nu-

cleus. The shape of the measured angular distribu-
tions for the oxygen reaction again would suggest
high partial waves and therefore high-spin states
in the compound nucleus. It is clear, however,
that a definite confirmation of a compound-nucleus
mechanism for the two resonances can only come
from additional measurements, particularly at
backward angles. The same holds true for the high-
er of the two resonances in the reaction on carbon.
It should be noted that recently Weller' has sug-
gested that the two broad resonances seen in the
isospin-nonconserving reaction on carbon (and ox-
ygen) might come from excited core-threshold
states" based on the cluster configurations 'Be
+'Li* (and "C +'Li").

Whether the reaction mechanism for bombarding
energies beyond E„=16MeV in the reactions on
both oxygen and carbon is of a direct or a com-
pound-nucleus nature is still an open question. We
will give arguments below which seem to favor a
direct or semidirect mechanism at least for the
reaction on carbon at bombarding energies from
E„=26 to 30 MeV. However, no evidence was
found in this energy interval for the special semi-
direct two-step process suggested by Noble' involv-
ing isospin-mixed intermediate states.

All the observed characteristics of the reaction
on carbon at bombarding energies above E„=16
MeV are compatible with two semidirect-reaction
mechanisms. These are virtual E1 Coulomb excita-
tion of the deuteron (polarization of the deuteron
in the Coulomb field of the target nucleus" and
Noble's preferential spin-flip effect." Estimates
for the strength and the angular dependence of
these effects have been made earlier2 and yielded
forward-angle differential cross sections of the
order of 5 pb/sr, and angular distributions re-
sembling those of E1 or M1 Coulomb excitation.

There are additional arguments which can be given
in favor of a direct- or semidirect-reaction mechan-
ism at the higher bombarding energies. These argu-
ments also provide some explanation for the observed
compound-nucleus features of the isospin-noncon-
servingreactionsoncarbon (Refs. 1, 2, and 7), oxy-
gen (Refs. 12, 13, and this paper; see also Tollefs-
rud and Jolivette"), and silicon(Ref. 8), atbombard-
ing energies which are not too low. The important
factor is the average level width I' as was pointed
out by Muller. " Muller predicted two basically
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FIG. 4. Estimated average width I' as a function of ex-
citation energy E„ for the nuclei N, F, and P. The
deuteron bombarding energies E„ for the corresponding
compound-nucleus reactions are shown on the top scale.

different extreme types of behavior in isospin-non-
conserving compound-nucleus reactions, with Eric-
son fluctuations at one extreme and at the other
resonances mostly due to pairs of selected states.

Ericson fluctuations will occur if F»D, where D
is the average level spacing. Strong isospin mix-
ing in excited states will occur in light odd nuclei
typically at excitation energies between E„=6 and
18 MeV, when neither the static criterion D»(H, )
nor the dynamic criterion 8/I" «5/(H, ) for isospin
conservation"" are fulfilled. Here, (H, ) is the
average off-diagonal Coulomb matrix element re-
sponsible for the isospin mixing. The quantity
(H, ) has been estimated" to be -100 keV and" =20
keV for light nuclei. The average level width F
has been measured for many light nuclei and is
found to increase with excitation energy E„and to
decrease with increasing A. Its dependence on
E„and A is well described' by the equation I'
=I', exp[n(E„/2)'"], where I'0 and o. are empiri-
cal constants. Figure 4 shows estimated values
for I' as a function of excitation energy for "N,
&8 F and 3oP

The considerations given above can explain the
differing character of the contributions from com-
pound-nucleus formation to the cross sections for
isospin-nonconserving (d, o) reactions on carbon,
oxygen, and silicon above about E„=10MeV. At
E„=20 MeV, for example (see Fig. 4 for the corre-
sponding bombarding energies E, ), we have F("N)
=300 keV, I'('BF) =170 keV, but I'(~oP) =45 keV.
Therefore, isospin-nonconserving compound-nu-
cleus reactions in the lighter nuclei will require

mostly pairs of states with very small values of I'
and/or large connecting matrix elements (H, ).
Only selected states are likely to contribute. Rel-
atively few isolated or overlapping resonances
have indeed been observed, and it appears that the
resonances seen around E„=15MeV in the reac-
tions on carbon and oxygen are the most energetic
resonances of this type. It is intriguing, of course,
to speculate on the nature of these states. The
bands of cluster states suggested by Baz and
Manko' could be considered, and even the special
cluster states suggested by Weller. ' The states
postulated by Noble' provide another possible ex-
planation. These are pairs of strongly isospin-
mixed natural-parity states (except 0') based on

the cluster configuration of a core plus a triplet
ox singlet deuteron in a state of relative angular
momentum 1.4:0. For these states the charge-de-
pendent perturbation is based on a combination of
the nuclear spin-orbit and the Coulomb interaction
and would indeed be stronger than that induced by
II, alone.

In ' P, on the other hand, the dynamic criterion
is still violated at E„=20 MeV. Since I'»D, one
expects Ericson fluctuations, which have indeed
been observed'' for bombarding energies E„ from
7 to 11 MeV and 12 to 17 MeV, respectively. The
upper energy range corresponds to excitation en-
ergies E„from about 23 to 28 MeV. Here, the esti-
mated coherence width I' increases from about 70
to 110 keV in perfect agreement with the observed
value of 100 keV. The reported decrease in cross
section (=2 pb/sr at E,=16.5 MeV) reflects the ef-
fect of the dynamic criterion, which is satisfied
better at the higher energies.

It should be noted that the discussion given above
could be refined by considering the spins J of the
compound-nucleus states. The region of maximum
isospin violation, for example, depends" on 4
However, the general statements made above are
only little affected.

Similar arguments can now be given in favor of
a direct- or semidirect-reaction mechanism at
least for the reaction "C(d, o.')"B*(1.74 MeV) at
bombarding energies E„from about 26 to 30 MeV.
These bombarding energies correspond to excita-
tion energies E„of about 32.5 to 35.5 MeV in the
compound system '~N. Here, the estimated width
I' is about 700 to 800 keV. The dynamic criterion
should therefore practically exclude any contribu-
tions from isospin-nonconserving compound-nucle-
us reactions even if only states of a special nature
contribute, as appears to be the case below E~=15
Me V.

A direct- or semidirect-reaction mechanism is
also favored by the fact that the forward-angle dif-
ferential cross section remains practically un-
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changed over a range of 14 MeV from about 16-
MeV bombarding energy on. In a compound-nucle-
us reaction one would expec~ a sharp decrease in
cross section due to the dynamic criterion, since
the width of the states in the compound nucleus "N
increases from about 400 keV by a factor of about
2. The shape of the measured angular distribu-
tions and the strength of the transitions are in
agreement with estimates' for two semidirect iso-
spin-nonconserving reaction mechanisms, namely,
for virtual E1 Coulomb excitation of the deuteron
(polarization of the deuteron in the Coulomb field
of the target nucleus"} and for the preferential
spin-flip mechanism in the deuteron suggested by
Noble. l' ~

The situation for the isospin-nonconserving re-
actions on oxygen and silicon is not as. clear. The
experimental evidence for the reaction on oxygen
above E„=16MeV, supported by arguments simi-
lar to those given above, also seems to favor a
direct- or semidirect-reaction mechanism. How-

ever, additional evidence and particularly mea-
surements at higher bombarding energies are de-
sirable. The experimental results for the reac-
tion 'SSi(d, n)26Al*(0. 23 MeV} are in full agreement
with a compound-nucleus mechanism. It should be
noted, however, that the energy correlation coeffi-
cient C(0) measured by Richter et al.s does allow
for interference with direct contributions which
could be as strong as od, „„/a„~„„„=0.5 + 1.0
and would therefore accommodate a direct cross
section of 5 pb/sr at 20'.

IV. CONCLUSIONS

The characteristics of theisospin-nonconse»ing
reaction "C(d, e)"B*(1.74 MeV) measured at bom-
barding energies from about 26 to 30 MeV favor a
direct- or semidirect-reaction mechanism. The
experimental observations are supported by argu-
ments related to the properties of the states in the
compound system. Two semidirect-reaction mech-
anisms appear to be consistent with the observed
facts, namely, virtual E1 Coulomb excitation of the
deuteron' and a preferential spin-flip of one of
the nucleons in the deuteron when it approaches
the target nucleus. '4 No evidence has been ob-
tained for contributions from the isospin-noncon-
serving two-step process suggested by Noble, 6 in-
volving isospin-mixed 2' states in 'Li or 'Be.

Resonances observed in the reactions on oxygen
and carbon' ' at bombarding energies near and be-
low E„=15MeV are probably due to compound-nu-
cleus resonances involving selected states in the
compound nucleus, but definite confirmation for
some of these resonances is still forthcoming.

The A and E„dependence of the width I' of com-
pound-nucleus states, in conjunction with the dy-
namic criterion for isospin conservation, '7'
seems to account (see Muller" ) for the varying
characteristics observed for isospin-nonconserv-
ing (d, o!) reactions on light nuclei. These range
from relatively few resonances apparently due to
selected states in the compound nucleus on the one
hand, to Ericson fluctuations on the other.
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