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cover the uncertainty in the calibration of the pro-
ton beam polarization. Their data shown for 119'
(lab) were obtained by interpolation of measure-
ments at 117.5' and 120'. In Figs. 2 and 3 the
comparison is made for the same "compound-nuc-
lear" energies by using two energy scales for E„
and E~ that are connected by the relation E„=E~
-1.1 MeV. Clearly the measured values of A,(H)

for these two charge-symmetric reactions are
identical within the accuracy of the experimental
values. This is the first time n+4He data have
been compared to the data of Bacher ef. al. for p
+4He and the first illustration of the equality of
A,(8) for n. +'He and P+'He when they are com-
pared in this way.

In summary, the reaction 'H(d, n)'He can now

be used to provide neutron beams from 20 to 30
MeV with a, polarization known to about + 2%.
Such neutron beams were used to determine the
'He(n, n)'He analyzing power A,(8) at 119' (lab)
which is near the back-angle maximum. The data
show that the phase shifts of Hoop and Barschall
predict A,(119') fa.irly well above 22 MeV, but
not in the immediate region below the 22-MeV
resonance. The angular distribution data at 20.9
MeV favor the phase-shift sets of Lisowski and
Walter' and of Stammbach and Walter" over earl-
ier sets. Comparison to 'He(p, p)'He experiment-
al data at the same "compound-nuclear" energies
shows that the results for the two charge-sym-

metric reactions are identical within the accuracy
of the measurements.
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(n, 'He) Reaction as a Spectroscopic Tool for Investigating High-Spin States*
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A 'He detection system has been developed and used to investigate the (&, He) reaction
at 65 MeV on ' C, C, and 0 targets. Extreme spectroscopic selectivity with preferen-
tial population of final states with (&5&$4+ character was observed Applica. tions of this
experimental technique to the detection of other unbound reaction products are proposed.

Experimental systems capable of detecting nu-
clear reaction products in resonant final states
with good efficiency and energy resolution can
open up a wide range of unexplored nuclear reac-
tions. Although at present such studies are large-
ly confined to the detection of 'Be nuclei, "Rob-
son' has pointed out many other interesting reso-
nant systems which can be detected as reaction
products. Additionally, the well known final-
state interaction in the two-nucleon 'S„T= 1 sys-
tem can be utilized; in particular, this interac-

tion in the 'He system localizes the two breakup
protons into a narrow cone. Thus 'He can readily
be detected with two proton detectors arranged in
an appropriate geometry, and a few results on
single neutron transfer via the ('He, 'He) reaction
have been reported. 4'

A very interesting reaction which can be stud-
ied at r eas onably high bombarding ener gies with
such a detection system is (o, 'He), potentially a
direct 2z transfer reaction very similar to the di-
rect np-transfer reaction (o, d). The demonstrat-
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ed selectivity of the (o,d) reaction' ' makes it a
valuable spectroscopic tool with which to investi-
gate high-spin states in nuclei with T, =T, (tar-
get), and therefore one can anticipate that the
(n, 'He) reaction might selectively populate high
spin states in nuclei with T, =T, (target) + 1. This
reaction is particularly appealing, since because
of the unavailability of high-energy triton beams,
the analogous (t,p) reaction has not been investi-
gated under conditions which favor large angular
momentum transfer —nor have more than a few
2n transfer reactions induced by heavy ions been
reported (cf. Anyas-Weiss et al. '). We report
here the results of this initial observation of the
(a, 'He) reaction on "C, "C, and "0 targets in-
duced by 65-MeV o particles from the Lawrence
Berkeley Laboratory 88-in. cyclotron. These da-
ta indicate the expected high selectivity of this
reaction and its usefulness as an important spec-
troscopic tool.

Although detection of the two protons from in-
flight breakup of 'He is similar to detecting 'Be
decay via its two z particles, a difference arises
in that the disintegration energy of 'He does not
originate from the breakup of a narrow state as
is the case for 'Be, but is rather a distribution
described by the Watson-Migdal formalism. " In
the following discussion of the 'He detector, we
assumed for simplicity that the breakup energy
of the 'He system was given by the "average"
va, lue of this distribution (400 keV).

The two protons arising from the breakup of
He are emitted into a cone in the laboratory,

which is defined by the center-of-mass energy of
the 'He system and by its breakup energy. In or-
der to achieve good detection efficiency, the ac-
ceptance angle of the two coincident proton tele-
scopes has to be similar to the size of the break-
up cone, which is approximately 15 for 40-MeV
'He events. On the other hand, energy resolution
considerations require a small angular accep-
tance to minimize kinematic broadening. An ex-
cellent compromise between efficiency and ener-
gy resolution is obtained by arranging the two
proton telescopes vertically, thus achieving rela-
tively good efficiency as a result of the large ver-
tical acceptance angle, and reasonably good ener-
gy resolution by limiting the horizontal accep-
tance angle.

Figure 1(a) shows the 'He detection system,
consisting of two ~-E counter telescopes. The
AE detectors were phosphorus-diffused Si, 380
pm thick, and the E detectors were Si(Li), 5 mm
thick, all having the same area of 1x 1.4 cm'.
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FIG. &. (a) Schematic diagram of the 'He detection
system. (b) Spectrum of the time-of-flight difference
between the two breakup protons. (c) Comparison of
experimental (dots) and theoretical (solid lines) He de-
tection efficiencies as a function of the distance be-
tween target and collimator. The experimental efficien-
cies have been normalized to the calculations at a dis-
tance of 10 cm; errors lie within data points.

Two collimator slits separated by a post were
employed, so that the system subtended a 15 ver-
tical and a 4' horizontal acceptance angle. The
'He events were identified by using standard par-
ticle identification techniques as well as subnano-
second fast timing between the two ~ counters,
which drastically reduced random events. In ad-
dition, fast pileup rejection was utilized so that
high singles counting rates (30 kHz) could be tol-
erated in the M counters.

Figure 1(b) shows the relative time distribution
of observed proton coincidences from the reac-
tion "C(n, 'He)"C at 13' lab angle. The observed
full width at half-maximum (FWHM) (1.1 nsec) of
the distribution of flight time differences for the
two protons agrees with predictions based on the
as sumption of 400-k eV breakup energy (random
coincidences from a single beam burst would
have spanned up to 12 nsec FWHM). The coinci-
dence counting rate was measured at different
geometries obtained by varying the distance be-
tween the target and the collimator. Figure 1(c)
depicts the relative experimental efficiency ver-
sus the calculated efficiency"" for three differ-
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F&G. 2. He energy spectra obtained from the reac-
tions (a) C(o', He) C, (b) C (&, He) C, and (c) Q(n,
He) 0 at an 0'-particle energy of 65 MeV.

ent 'He energies at three distances. The experi-
mental data, normalized at 10 cm, are well re-
produced by the calculations. The agreement be-
tween the calculated and experimental relative
efficiencies and the narrow peak in the distribu-
tion of flight time differences require that the
majority of the detected pp coincidences come
from the breakup of the unbound 'He system.

Representative spectra from the (o, , 'He) reac-
tion on "C, "C (9(F/0 enriched), and "0 (as SiO, )

at forward angles are presented in Fig. 2. The
experimental energy resolution of 350 keV was
principally deter mined by kinematic broadening
due to the 4 acceptance angle. As can be seen
in the spectra, the (n, 'He) reaction is extremely
selective; only very few states in the residual nu-
clei are populated. In ' C strong transitions were
observed to a 3 level at 6.73 MeV and to a 4'
level at 10.55 MeV with weaker transitions to the
ground state and to a level at 14.67 MeV. The
"C spectrum shows only strong transitions to the
—,"level at 0.74 MeV and to two states at 6, 85 and
7.35 MeV excitation energy, while in "0 only pop-
ulation of the 4+ level at 3.55 MeV was observed
(weak transitions would be obscured because of
the reactions on the Si in the target). It should
be noted that these results on the "C and "0tar-

gets are similar to heavy-ion two-neutron trans-
fer data' and that in particular the 4', 10.55-
MeV state in ' C was originally assigned via
"C("C,"C)"C studies. '

Preferential population of high-spin states has
been observed in the (o,d) reaction induced by
40-53-MeV z particles on many light nuclei' ';
the selectively populated levels [e.g. , of (d»2'), +
or (f»,'),+ character] correspond to particular
kinematically favored transitions in which the +
pair can be simply captured in a relative triplet
state about an undisturbed target core. Since
similar kinematic behavior and Q values occur
in the (n, 'He) reaction, one also expects to ob-
serve predominantly high-spin states, but now
those in which the nn pair is captured in a rela-
tive singlet state. At 65-MeV bombarding ener-
gy, the transferred angular momentum in a sur-
face interaction on these targets is about (4-5)h
and thus transitions to levels formed by captur-
ing the two stripped neutrons into d orbitals with
configurations of (d», '),+ should be enhanced. '
The observed strong population of the 4' states
in '~C (at 10.55 MeV) and in "0 (at 3.55 MeV),
which have substantia, l (d„,'),+ character, " "is
in agreement with this simple picture. Equally
dominant transitions to states with possible con-
figurations involving f orbitals such as (d»g, „),-
or (f,»'), + are expected and appear in reactions
on targets in the 2s-1d shell" but will not be dis-
cussed here.

With regard to Fig. 2(a), except for the weak
population of the "C ground state, transitions to
the other observed states in "C can be explained
as kinematically favored transitions to S= 0 corn-
ponents in the known 6.73-MeV (d», p,&,), state"
and in the 14.67-MeV state [possibly 4+ ' of
(d„,d», ),, character" though without additional
calculations (d»,f„,), cannot be excluded]. "

Figure 3 shows angular distributions of the
"C(a', 'He) "C transitions. As in the (a, d) re-
sults, "' transitions to all the strongly populated
levels show angular distributions which are rela-
tively structureless and forward peaked; also,
as before, the weaker transitions (here to the
'~C ground state) show oscillatory behavior. The
overall cross section is - 100 times smaller than
that observed in the (o. ,d) reaction, which is com-
parable to the difference observed between nn
and np transf er in heavy-ion reactions' —though
not necessarily of the same origin. "

Since the "C and ' C targets only differ by a
p,&, neutron, one expects the (o. , 'He) reaction on
"C to populate preferentially the same two-neu-
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FIG. 3. Absolute differential cross sections for the
reaction C(&, 'He) C at 65 MeV. Statistical error
bars are shown. The solid curves are meant to guide
the eye.

tron configurations originally observed in reac-
tions on "C, but now coupled to the —,

' target
core. Thus the states observed in the "C spec-
trum should be split into two components in the
"C spectrum, as has been observed in the anal-
ogous (o. ,d) reactions on "C and "C. Noting Fig.
2(b), then the doublet observed at 6.85-7.35 MeV
in "C can be interpreted as having a configura-
tion [("C(0")p,/, ]„, (d», ')~+]», - 9/, -. Although
this model does not predict the assignment of
spins to the two components of the split state,
relative enhancement via the (28+ 1) statistical
factor implies that the 7.35-MeV level might have
the higher spin (~9 ) because of its larger cross
section. States at these excitation energies in
"C have been observed in other reactions, "but
definite spin assignments have not been report-
ed. Since the —,+ state at 0.74 MeV has a configu-
ration [("C(0')P»,],/, - Is p,/, d,/, ],/, +, the P,/,
neutron of "C and the transferred pyg2 neutron
must couple to spin 0 and no splitting can arise.
These three "C(n, 'He)"C transitions and the
"O(a, 'He)"0 transition to the 3.55-MeV (d,/, '),,
state all show forward-peaked, structureless
angular distributions. In addition, the observed
cross sections of the transitions to the known 4+

state in "C (10.55 MeV), to the sum of the split
states in "C, and to the 4+ state in "0are all
equal within errors, which is further evidence
for the assumption of a common id», ')~+ configu-
ration for these states.

These results clearly demonstrate the utility of

the (o, 'He) reaction as a new spectroscopic tool
capable of locating many unobserved two-neutron
states of high spin in the 2s-1d and higher shells.
Furthermore, extension of this approach toward
studying resonant final systems as reaction prod-
ucts to other cases seems particularly practical
and fruitful ~ As will be reported elsewhere, "
the present 'He detection system simultaneously
observes (at comparable yields) transitions of
the a particle to its 0' first excited state (n*) at
20.1 MeV (observed via, its P + t decay products)
In addition, though only observed in low yield
with this system, the study of transitions to the
16.7-MeV excited state of 'He ('He*-d+ t) would
be readily permitted with minor geometric mod-
ifications. As one example, future studies of sin-
gle- and two-neutron pickup via such unusual
spectroscopic probes as ('He, o *) and ('He, 'He"),
respectively, might provide new insights into our
knowledge of nuclear reaction mechanisms.

We would like to thank J. Walton for fabricating
the large-area detectors.
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A giant-resonance-like structure at E~„c-32/A MeV is observed in (o.', n'} spectra
in nuclei from Zr to '~ Sm. Analysis of the angular distributions leads to an assign-
ment of J =3 and an energy-weighted sum-rule fraction of 16—22% for this structure.
Comparison with random-phase-approximation calculations shows that -

3 of the expect-
ed Ã~ octupole energy-weighted sum-rule strength is found at -32/A' MeV; the re-
mainder occurs in low-lying 3 states.

The giant dipole resonance and the more recent-
ly discovered giant quadrupole resonance are ex-
cellent examples of collective modes of motion
whose properties are strongly influenced by nu-
clear shell structure. The excitation energies and

large energy-weighted sum-rule (EWSR) strengths
of these resonances are understandable in terms
of a schematic model. '' which has as its basis
the harmonic oscillator shell model. The har-
monic oscillator model may also be used as a
guide for vibrational modes of higher multipolar-
ity. ' In particular, for I.= 3 there are two funda-
mental modes, i.e., degenerate groups of states,
at excitation energies of Ikw and 3hu which carry
25% and 75%%uo, respectively, of the octupole EWSR
strength. Coupling of these modes with an octu-
pole -octupole (O-O) residual interaction results
in two "giant resonances" which we term low-en-
ergy and high-energy octupole resonances (LEOR
and HEOR) that exhaust -35% and -65%, respec-
tively, of the octupole EWSR (the exact partition-
ing depends on the strength of tbe coupling).
Whether or not real nuclei generally exhibit such
octupole giant-resonance-like structures is not
known. The existence of a very collective low-
energy 3 state has been known for many years.
However, with exceptions in the Pb isotopes, only
a few percent (generally less than 10%}of the
EWSR is accounted for by these states. Recent
electron scattering data' indicate that a large por-
tion of the missing E3 strength is between 5 and
10 MeV in "'Sn. We present here evidence from
the inelastic scattering of 96- and 115-MeV e
particles that the isoscalar octupole EWSR strength
in nuclei between A = 90 and A = 154 exhibits a
giant-resonance-like structure in a broad state

(or group of states) at -32/A"' MeV. The EWSR
strength observed in this region is from —,

' to -', of
that expected for the lower state predicted by the
schematic model; thus we will refer to the struc-
ture at 32/A'~' MeV as the LEOR. Combination
of the octupole EWSR observed in the LEOR plus
that from low-lying 3 states accounts for essen-
tially all of the oscillator strength expected to lie
at I:„~1&co in these nuclei.

The experimental apparatus and procedure used
has been throughly described in a recent publica-
tion, ' Spectra from the (o., n') reaction near ex-
pected maxima for I.= 3 are shown in Fig. 1 for
several targets. Also shown for comparison is a
portion of the spectrum of '"Sm at a minimum
angle for I =3, maximum for I = 2. Energy res-
olution varied from 150 keV at forward angles to
240 keV at backward angles. Analysis of the
broad group of states at -32/A'I' MeV was ac-
complished in the following manner. First, im-
purity peaks due to "0 and "C were fitted with
Gaussian peak shapes and subtracted from the
spectra. A multiple-peak fit consisting of a su-
perposition of narrow (- 200 keV) and broad (1-2
MeV) Gaussians plus background was then applied
to the spectra. Backgrounds were chosen by
drawing a line from the minimum just above the
broad peak to one just below. The angular distri-
bution of the subtracted background showed a
monotonic decrease with increasing angle. In
~Zr and '"Nd, states of multipolarity different
from 3 were recognized by their angular distri-
bution and are indicated by shading in Fig. 1. Oc-
tupole strength in ~Zr was found in a multiplet
consisting of at least six levels plus high-energy
tail which was not resolved into separate peaks.


