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to a group of electrons from a limited portion
of the Fermi surface, the range of tempera-
tures for which lep/d varies from 1 to»1 may
be much smaller than that for the entire sur-
face. The validity of Matthiessen's rule for
these specimens provides another indication
that the additional resistance due to boundary
scattering is caused by a small fraction of the
conduction electrons.

The assertion that the nonlinear part of the
graph of O'T versus T' is due to boundary scat-
tering is further supported by the fact that an
identical curve for an A-axis specimen of 99.99%
gallium with d = 3.175 mm shows no deviation
from a straight line (see top curve in Fig. 1).
If we multiply the intercept obtained from the
dotted line in Fig. 1 with the I orentz number,
we obtain a value of p which agrees reasonab-
ly well with the bulk residual resistivity val-
ue of Yaqub and Cochran. ' This provides fur-
ther evidence that the straight line for T) T,
represents the bulk behavior.

The authors would like to acknowledge with
thanks many helpful comments by Dr. Sung.
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FIG. 1. Plot of W1" against T3 for A-axis crystals of
different sizes. The top curve, which is for a less
pure specimen, shows no boundary-scattering effects.
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SPECTROSCOPY OF ODD-ODD NUCLEI WITH DIRECT (d, o) REACTIONS*
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Until recently, two major obstacles imped-
ed the successful investigation of heavier odd-
odd nuclei by direct nuclear reactions: the
need for very good experimental resolution,
due to the high level densities of odd-odd nu-

clei, and the reduced usefulness of single-nu-
cleon transfer reactions. The resolution nec-
essary for medium-weight nuclei and the first
20 to 40 excited states is now easily obtained.
The combination of tandem Van de Graaffs and

modern magnetic spectrometers allows total
resolving powers of 2000 and better'~' without
the excessive loss in counting rate that used
to restrict earlier high-resolution work. Gen-
erally, however, there remains a large am-
biguity in the assignment of total angular mo-
mentum (Jf) for the final states if the target
nucleus has nonzero Jz. Hence quantum num-
bers of odd-odd nuclei are most uniquely as-
signed in deuteron-transfer reactions on ev-
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en-even targets, since Jfinal = j tra„sfer = l+ 1,
provided that l or j transfers can be recognized
experimentally. Previous studiess ' indicate
that the dominant / value in a deuteron-trans-
fer transition can possibly be identified from
the angular distribution; and as long as at least
one contributing / value is recognized, Jf for
odd-odd residual nuclei is immediately restrict-
ed to no more than three values. The impor-
tant possibility of obtaining detailed structure
information for the nuclear wave function from
two-nucleon transfers between states of known
quantum numbers has been discussed in detail
previously. s '

This note focuses on the question of the ex-
tent to which direct deuteron-transfer reactions,
in particular of the type (d, n. ) and (0., d), can
uniquely determine J, 71, and T of unknown
levels in odd-odd nuclei. Since T =0 for deu-
terons and alpha particles, we expect AT =0
for all one-step (d, n) reactions. Hence Tfinal
is known immediately, provided the transitions
in question are not too weak, have differential
cross sections which resemble those of other
direct deuteron transfers, and do not fluctu-
ate with bombarding energy. These conditions
eliminate most two-step and more complicat-
ed (d, o. ) transitions that can excite forbidden
isospin (and parity) states. Two-step reactions
cannot be ruled out if a given cross section
is more than an order of magnitude lower than
those of typical direct transitions. For low
energies and light elements, even strong (d,
0.) transitions may be nondirect and have im-
portant compound contributions. ' Empirical-
ly, in (d, o) studies for elements lighter than
Ca ', alpha energies should be well above 20
MeV. For heavier targets the bombarding en-
ergy may be lowered safely. For instance,
for Cu" (d, o)Ni" we find no significant fluc-
tuations, even at back angles, for alpha ener-
gies from 16 to 20 MeV.

The parity assignment ~f =II2(-1) follows
from zero-range distorted-wave Born-approx-
imation (DWBA) calculations; however, it is
not necessarily correct for complex projectiles.
As is shown for finite-range calculations, "
it holds only if the transferred particles are
in a relative s state with regard to the complex
projectiles. The latter condition is well met
for the deuteron transfer in one-step (d, a)
and (P, He') reactions. This leads to a great
simplification in the interpretation of (d, a)
and (o., d) reactions on Z"=0+ targets. Since

j = l+ 1, we have either l =j or l =j+ 1. Hence
(dodd) and (eleven) states can only be excit-
ed by pure-$ deuteron transfers, and we expect
regularly structured angular distributions that
can be fitted by empirical curves or calcula-
tions for l =j=Jf. On the other hand, (Jodd)+
and (Jeven) states in odd-odd nuclei may be
excited by exactly two l contributions which
generally differ in magnitude, according to
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FIG. 1. Differential cross sections for Cue (d, n)Ni6
transitions to well-resolved final states. All random
errors are included in the error bars. The absolute
cross-section scale is accurate to about 20Vo.
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the structure of the initial and final states.
Hence the latter angular distributions will tend
to be atypical and less structured. If both con-
tributing E transfers can be identified or if one
contribution in (d, o') reactions is l =0 (1+ state),
(J')~ can be assigned with certainty. At pre-
sent some ambiguity remains if for nuclear
structure reasons only one of two allowed l
values contributes noticeably. One might then
be tempted to assign Jj'=j=I, while possibly
j=~+ 1.

Experience to date with about forty Zn" (d,
a) and Zn" (d, a) angular distributions" shows
that pure l transfers result in characteristic
angular distributions and that two ) values con-
tribute visibly in about half of all observed tran-
sitions. Hence the pure l transfers for the oth-
er half are strongly suggestive of l =j. This
interpretation is supported by the angular dis-
tributions for Cu" (d, o.)Ni shown in Fig. l.
Since (J'")I = —', for Cu", two or more I contri-
butions are allowed. Known values of J" and
the permitted $ transfers are listed in Fig. 1.
In the Cu" (d, o')Ni" transitions no pure I trans-
fer is seen, although all final states are well
resolved. (Total experimental resolution for
the data reported in this Letter is 12 keV. )
This should be compared with angular distri-
butions for the transitions to well-resolved
low-lying states in the odd-odd isotope Cu '
shown in Fig. 2. Three different and distinct-
ly structured types of angular distributions
are immediately apparent.

Except for the 1+ ground state, no confirmed
J" assignments for Cu" were available. A
high-resolution Cu" (d, p)Cu" experiment was
performed" in order to check and supplement
4" limits (listed in Fig. 2) of earlier experi-
ments of marginal resolution. " The use of
a (d, P) sum rule" for f,@ spectroscopic fac-
tors allowed fairly unambiguous (d, P) spin as-
signments of 2+, 4+, and 3+ for the states at
0.183, 0.272, and 0.589 MeV, respectively.
Thus, four "known" J~ assignments could be
used to identify 3 = 0, l = 2, and / = 4 angular
distributions empirically. Zero-range DWBA
calculations based on a deuteron transfer mod-
el were made with the Oak Ridge code OUI,IE,

FIG. 2. Differential cross sections and new J" as-
signments for Zue (d, a. )Cu 6 transitions. Note that in
contrast to Fig. 1 all angular distributions show a pro-
nounced structure. The dotted curves and the curves
for E =2 are DWBA predictions. The solid curves are
explained in the text.
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and are shown in Fig. 2. The calculations gave
good qualitative agreement with experiment
for /=0 and / = 4 (dotted curves) and very good
agreement for l =2, without the use of cutoffs
or finite-range corrections. This agreement
is taken as an affirmation of the empirical choice
of three typical curves (l=0, 2, and 4), which
are then used unchanged (solid lines) to iden-
tify the dominant / value and a possible l ad-
mixture for the transitions shown. Transitions
with l =0 contributions can only go to J"= 1+

states, and the corresponding assignments
are considered very reliable. The pure & =2
transitions are tentatively assigned as leading
to 2+ states, but (1+, 3 ) are not firmly exclud-
ed. The one 4+ assignment seems well justi-
fied, and the 3+ assignments are considered
reliable on the basis of significant $ =2, 4 mix-
ing, and the good agreement with Jd * limits.
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PARTICLE-CORE COUPLING IN THE LEAD NUCLEI*
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The particle-core weak-coupling model has
been used to describe certain states of odd-
mass nuclei by relating them to excited states
of adjacent even-even nuclei. ' According to
this model, the extra particle or hole in an
odd-mass nucleus may couple to excitations
of the even core to form multiplets at about
the same energy as the excitation in the even
nucleus, and with very similar properties.
This description is expected to be valid pro-
vided that the coupling does not alter signifi-
cantly the nature of the core state. A good
example of such a state is the collective elec-
tric octupole excitation in the lead region, oc-
curring as single states in Pb~ and Pb
a doublet in Pbm", and a complex multiplet
in Bi, all in the vicinity of 2.6 MeV. Among

the interesting questions relevant to this mod-
el are (1) the extent to which it is valid as the
excitation energies of both the particle and

core increase, (2) the nature of the core states
to which it may be applied, and (3) the nature
of the particle-core interaction. In addition,
information pertaining to these questions is
also important for the "doorway theory" of
nuclear reactions because particle-plus- core
excitations may occupy the crucial position
of doorway states, and hence constitute the
first step toward bridging the gap between broad
single-particle excitations and narrow states
in the compound nucleus. s The purpose of this
Letter is to present experimental results which
indicate the existence, at intermediate ener-
gies in the lead nuclei, of particles in excit-
ed states coupled to various excitations of the
core, and to show how the isobaric analogs
of these states are selectively excited by pro-
ton scattering. The experiments are part of
a study of isobaric analog resonances current-
ly in progress at this laboratory using the Em-

113


