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The 0{+, He) Og.8, reaction has been observed at E~ = 58 MeV. The measured cross
section is 40+15 nb/sr at ~~b=8 . The mass excess of He was determined to be
31600 + 25 keV. Possible reaction mechanisms are discussed.

NUCLEAR REACTIONS ~ 0( He He), E = 58 MeV. Measured 0 (E~, 8'), Deduced

g, and mass excess for "He. Magnetic spectrometer.

The (u, 'He) reaction is the simplest of the few
four-neutron transfer reactions which are experi-
mentally feasible. " Its usefulness for measuring
masses and energies of excited states of proton-
rich nuclei, however, requires an accurate mass
value for He and further information on cross-
section systematics.

We have studied the "O(u, 'He)"0 reaction at
E~ = 58 MeV. In addition, data for the related
two-neutron transfer reactions "O(u, 'He)"0
and "O(u, 'He)'~O were also obtained and have
been discussed elsewhere. ' The experiment was
performed with an a-particle beam from The
University of Michigan 2 m variable energy cy-
clotron. ' Targets consisted of oxidized nickel
foils (140 p, g/cm' ' 0 and 450 pg/cm~ Ni). The
reaction products were detected and identified in
the focal plane of a high dispersion (8 keV/mm)
analyzing magnet using a special position-sensi-
tive &E-E counter telescope. The solid angle of
the magnet was 1.9 msr and the angular accep-
tance O'. The focal-plane detection system' con-
sisted of two gas-proportional 4E counters pro-
viding the signals &E, (or alternately x, ), and
~E, backed by a 20 mm high by 50 mm long sol.id-
state position-sensitive detector (PSD) of 350 l..m
thickness which generates the signals E and xE.
The system thus provides two energy loss signals
(bE„and bE, ), the magnetic rigidity Bp (from x)
and the total energy (bE, +bE, +E) The signa. l E
is another energy loss signal if the particles are
not stopped. Discrimination for stopped particles
(such as 'He', He', 'He', 'He", etc. ) presented
no probl. em since mass identification is then very
good. At E =58 MeV, however, the stopped 'He
particles (Q = —38 MeV) have a relatively low mag-
netic rigidity and must be identified amongst back-
ground arising from energy straggling and pileup
of energetic He" and 'He' particles which are
not stopped. A ratio of typically 10' He+ and
'He" particles per 'He" particle was observed.

Most but not al. l of this background could be sup-
pressed by requiring multiple coincidences and
employing pileup rejection.

The data were accumulated event by event onto
magnetic tape and analyzed off-line. Data from
several. other reactions such as (u, u'), (u, 'He),
and (u, 'He) were also obtained. These were used
to calibrate the energy and position signals from
the focal plane counters. The beam analyzing
magnets were calibrated by means of the momen-
tum crossover technique. '

An (u, 'He) spectrum from "0 at 8 „b = 8 is shown
in Fig. 1. It was obtained by setting gates on the
&E„&E„and E signals at values determined for
'He particl. es based on He'+, 'He', 'He +, and
'He" data. The spectrum is a composite of sev-
eral runs at slightly different magnet settings ap-
propriately combined. The spectrum shown in the
lower part of Fig. 1 includes background subtrac-
tion based on the number of events in neighboring
regions of &E„&E„andE. The background is
not uniform due to the nonlinear response of the
PSD. The usable length covered by the PSD was
chosen to span a region of approximately 350 keV
centered at the predicted position of the ground-
state transition based on the previously accepted
SHe mass. " The (u, 'He) reactions on the dominant
Ni isotopes in the target cannot interfere, as the
Q values are more negative. A group of 'He events
is observed close to the calculated position of the' 0 g, s. as displayed in the figure. The centroid
for this group, including corrections for target
thickness etc. , corresponds to a mass excess'
for 'He of 31600+25 keV. This value is in good
agreement with the earl. ier value' of 31650+ 120
keV and the recent remeasurements' of 31 570
+30 keV and 31611+18keV, respectively. The
cross section (lab) for "O(u, 'He) is 40+15 nb/sr
at 8' (lab) and may be compared with other data
(target, energy, angle): -20 nb/sr ("C, 156 MeV,
2', Ref. 2); -7 nb/sr ('4Mg, 156 MeV, 2, Ref. 2);
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-35 nb/sr ("Mg, 80 MeV, 14', Ref. 1); -10 nb/sr
('6Mg, 110 MeV, 10', Ref. 7); 50+20 nb/sr (' Ni,
58 MeV, 8', Ref. 8).

The small cross sections and the relative inde-
pendence on target mass observed for the various
(o., He) four-neutron transfer reactions are in con-
trast to those observed for u-particle transfer re-
actions such as (d, Li) and (u, SBe)."0 Further-
more, the cross sections for u-particle transfer
reactions, as expected for a direct reaction, gen-
erally decrease rapidly with increasing target
mass approximately' as A ', whereas the (o.', 'He)
cross sections apparently do not. Thus, the
(o.', 'He) data do not appear to exhibit characteris-
tics similar to those found for known direct four-
nucleon transfer reactions. It should be noted,
however, that the "O(o., 'He)"0 and "O(o., 'He)"0
reactions, ' although apparently direct, also have
rather small cross sections (=50 p.b/sr and &0.5
p, b/sr, respectively). A possible mechanism for
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FIG. 1. A spectrum of SHe particl, es observed at
~&8b= 8 from the bombardment of 0 with 17 mC of 58
MeV G.' particles ~ The upper part shows the uncorrected
spectrum. The lower part shows the spectrum corrected
for background (see text) with the peak position deter-
mined in this experiment (1 bin=20 channel. s =—25 keV).

(n, 'He) might be the two-step process (o., 'He)
('He, 'He). Simple semiclassical calculations using
available "' "O(n, 'He) data' yield estimates of
0.1 to 10 nb/sr for such a process with a relative-
ly weak dependence on target mass (~A ') for
A.& VO. Coherence effects could increase the cross
sections for such two-step processes sufficiently
to explain the magnitude and mass dependence of
existing (n, 'He) data.

Another possible mechanism is evaporation of
He subsequent to compound nucleus formation.

Hauser-Feshbach cross sections were calculated
for the (o., 'He) reaction on "0, "Mg, and "Ni at
bombarding energies of 58 MeV, 80 MeV, and 58
MeV, respectively. The Fermi-gas level density
expression and parameters of Cameron el; aI."
were used, together with the analytic expressions
for the compound nucleus level width and the sum
over the transmission coefficients for all decay
channels of Eberhard eI; al." Compound nucleus
level widths I' were also calculated and compared
to experimental l.evel width extrapolations" to test
the reliability of the estimated level densities at
the rather high excitation energies. The agree-
ment for "F and ' Zn is very good. A discrepancy
observed for "Si (factor of about 5) yields an un-
certainty in the estimated cross section by a fac-
tor of about 10. The calculated cross section at
8 in the reaction on "0 is about 30 nb/sr, which
could explain all or an appreciable fraction of the
observed cross section. The calculated cross
sections for the reactions" on "Mg at 14' and
"Ni at 8' are about 5X10 ' nb/sr and 8X10 '
nb/sr, respectively. This result essentially ex-
cludes any compound nucleus contributions.

It is concluded that the observed (o., 'He) cross
sections (Refs. 1, 2, 7, 8, and this work) appear
to be incompatible with a direct four-nucleon
transfer and, except for the reaction on "O, also
incompatible with a statistical compound nucleus
mechanism. Two-step mechanisms or preequilib-
rium compound nucleus decay may be important.
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