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pheric neutrino experiments conducted in a South Afri-
can gold mine. The ratio of the observed to the ex-
pected horizontal Qux of product muons was determined

to be 0.62 0'.q2. F. Reines, in Proceedings of the Six-
teenth International Cosmic Ray Conference, Kyoto,
August 1979 (unpublished).
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It is shown that massive transfer reactions emitting energetic light particles can be
described in terms of two-step processes, in which breakup of the projectile takes place
first, followed by an absorption of the massive partner of the broken-up pair by the tar-
get.

PACS numbers: 25.70.Bc, 24.10.-i, 24.50.+g

Twenty years ago, Britt and Quinton' noticed
that very energetic n particles are emitted rath-
er copiously, in reactions induced by heavy ions.
They are energetic in that their velocities exceed
that of the projectile. More recent experiments, "
which measured the coincidence of light fast par-
ticles (having z = 1 and 2) with y rays emitted from
targetlike residues, seem to have revealed the
fact that the emission of these fast particles is
almost always accompanied by the fusion of the
rest of the projectile into the target. Other types
of coincidence experiments' also seem to lead to
the same conclusion.

Take, as an example, the emission of fast a' s
observed in a bombardment of '"Tb by "N.' lf
"B, the projectile minus a, is fused into "'Tb, a
highly excited compound nucleus "'Yb is formed.
This "'Yb will first emit x number of neutrons,
and the resultant "' "Yb nuclei will then emit y
rays characteristic of each value of x. By meas-
uring these y rays in coincidence with the fast
n's, one can extract the cross section of the re-
action "'Tb('~N, a)"'Yb. It was found that this
cross section is rather large, ' being of the same
order of magnitude as are the fast-a singles
cross sections. ' The authors of Ref. 3 called
these reactions massive transfer. The above ex-
perimental fact shows that if once the massive
transfer reaction is understood, so will be (the
large part of) the emission of fast light particles. '

The purpose of the present Letter is to show
that we can fit the data of the above experiments,
based on a concept which may be termed a break-
up-fusion (BF) mechanism. The name signifies

A =Pt/Isil', (2)

in place of A, =P,/4 of KM. Thus our A, is 4/
ls, l

times that of KM. This difference originates

that we describe the massive transfer reaction
as a two-step process. Take again the above ex-
ample. The first step is then the breakup of "N
into cy+ "B. This is then followed by the second
step, in which "Bis fused into "'Tb.

A general formulation of BF processes was
made recently by Kerman and McVoy (KM). ' The
expression for the cross section [Etl. (2V) of KM]
may be written, with a slightly modified notation,
as

d'a/dE d&„=[m,m„/(2nlt')']

x0 /&.)PtA)g IP, (~.)l'

Here a (="N) denotes the projectile, which is
broken up into o. +x. Thus P,„(ka) is the ampli-
tude of the breakup process in which a is emitted
with a momentum k„, and x (="B)with an angu-
lar momentum (Em) relative to the target A. The
singles-a cross section associated with this
(elastic) breakup process is given by (1), if we
set A, =1 (all l). If we set A. , =P,/4, onthe other
hand, (1) gives the additional contribution to the
singles-n cross section due to the BF process. '
It can also be interpreted as the cross section of
the massive transfer reaction. Here P, denotes
the penetrability between x and A, and describes
the absorption of x by A.

We have reformulated the KM work and found it
desirable to use
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from the difference in the way we manipulate the
Green's function that describes the propagation
of x, between its creation (via breakup) and ab-
sorption (into the target). In obtaining A, =P,/4,
KM took only the on-shell part of this Green's
function, while we found that the off-shell part
gives almost exactly the same amplitude (when
the breakup is described as it was by Udagawa
and co-workers'') as does the on-shell part.
This is the origin of our extra factor of 4.

In manipulating the Green's function, one also
needs to introduce a complete set of states, one
way or another. If the relative motion between x
and A is described, as we do it, through intro-
duction of an optical potential, this comp1ete set
must be biorthogonal. Then a factor 1/~s, ~'

emerges inevitably. " (KM appear to have ig-
nored this fact. ) Since s, is the S-matrix element
for the elastic scattering between x and A, 1/
~s, ~' can be rather large (for smaller l). We show
below that the presence of this factor 1/~ s, ~' is
vital in making our BF cross section sufficiently
large.

Previously"' we showed that, if the breakup is
described as an inelastic excitation of a into its
continuum a' (=a+x), its amplitude T can be cal-
culated rather easily. With this description, T
is most naturally obtained as a function of two
relative momenta k, ' and k„', which are, respec-
tively, between a' and A, and between n and x.
The relative momenta more convenient to de-
scribe the BF process, on the other hand, are
k„, introduced in (1), and k„between x and A (or
more precisely k and k„, because of energy con-
servation). Nevertheless, the pairs (k.', k„') and
(k„,k„) are simply related, and thus there is not
much difficulty in obtaining the P, (k ) of (1) as

P,„(k)= J T(k. ,k„)I,.+(r „)d$„. (3)

The quantities P, and s, are evaluated easily,
once an optical potential, U„~, is introduced ex-
plicitly between x and A. In evaluating P, via
(3), however, U„„was not used. Yet in (1), P,
and s, appear in a combination of the form ~P, ~'/

~s, ~'. This causes a subtle problem in the evalua-
tion of P, and s„ in particular of the latter.

Physically, the appearance of the factor ~P, „~'/
~s, ~' in (1) is very reasonable. The P, describes
the amplitude with which both cv and x survive the
absorption (by A). Because of the presence' ~ ' of
the strong absorption between a and A (and a' and

A), P, is small for lower I. However, a large
fraction of this absorption is caused by the cap-
ture of x by A, the cross section for which we in-
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tend to calculate. Therefore, we must have first
a breakup amplitude before this absorption (to be
described later via the factor P, ) takes place.
The new amplitude P, /s„replacing P, , is pre-
cisely this amplitude.

The above argument shows that it is desirable
to obtain P, and s, on an equal footing, possibly
based on the use of a common U„„. In principle
it is possible to do this, by describing the break-
up as a stripping of x (from a) onto A (to form x
+A in continuum). In practice, however, such a
calculation is almost impossible to carry out. It
means performing an EFR-DWBA (exact-finite-
range, distorted-wave Born approximation) cal-
culation, in which an angular momentum l as
large as 30 is transferred. " Faced with this sit-
uation, we decided to proceed as follows.

It is well known that ~s, ~
can be very well rep-

resented analytically as

~s, ~
=s, +(I —s,)(1+exp[- (I -I,)/a]]

Here s, =~s,-J. It is also well known that s,«1,
but spw 0. The fact that spc 0 is very important,
because ~P, ~

%0 even for I =0.
We extracted first the parameters sp and 6 of

(4), by introducing an U„„, with a reasonable set
of parameters, and carrying out elastic-scatter-
ing calculations between x and A. The parameter
l, was also extracted in the course of the calcula-
tion, but it was found that it did not necessarily
agree with l&, which is the value of l at which

~P, J takes a maximum value. If an I, that differs
from l 8 were used, it can happen that several of
the (P, ~'/~s, ~' factors get very large, making the
cross section of (1) behave rather erratically.
We thus decided to use I, =l 8 in (4). There is
every reason to believe that we mould get l, =l &,
had P,„and s, been calculated consistently, as
described above. Also the choice of parameters
in U„„is not unambiguous.

Equation (1) depends much less sensitively on
P„ than it does on s, . We used for P, the follow-
ing analytic form; P, = 1/(1+ exp[(l —l )/b, ]],
where l„ is the critical angular momentum asso-
ciated with fusion, and is calculated by using the
formula given by Lefort. "

Numerical calculations based on the theory de-
veloped above have been carried out to analyze
the data of two reactions, '59Tb('4N, axn) (Ref. 3)
and '"Ta('~N, a), '~ both with E~('4N) = 115 MeV,
and the results are presented in Figs. 1 and 2. In
obtaining these results, we used s, =0.01 and 6
= 1.9, obtained in the way described above. Fur-
ther, we used 18 Me V for I ~, which is the width
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FIG. 1. Fit to data of the reaction ~~9Tb(~4N, nxn).
Theoretical cross sections are represented by solid
lines, vrhile the data of Ref. 3 are by full circles.

of the Q window embodied by the breakup ampli-
tude T that appears in the integrand of (3). We
first obtained I'~ = 12 MeV, calculating T in the
way as described earlier, ' ' by further assuming
that the a+ "8 system lies in an L =0 relative
state. Had the Lg 0 states been considered as
well, a larger I ~ should have resulted. The
choice of 1 = 18 MeV, which was made somewhat
arbitrarily, is thus more reasonable than that of
12 MeV. The lack of knowledge of spectroscopic
factors for splitting "N into a + "Bwith Lt 0 (and
with "B in excited states) makes it all but mean-
ingless to try to obtain I' more accurately, at
least at this stage.

As seen in Fig. 1, the theoretical prediction of
both ang~Aar and energy distributions of the n
particles in the reaction '"Tb(' N, own) agrees
almost perfectly with experiment. ' Unfortunate-

ly, the absolute magnitude of the experimental
cross sections is not known very accurately yet,
except that it is rather large. ' Nevertheless, ex-
cellent fits to relative cross sections in Fig. 1

FIG. 2. Same as in Fig. 1, expect that it is for reac-
tion Ta(' N 0'. ) of Ref. 12.

may allow us to conclude that the mechanism of
the massive transfer reaction is now well under-
stood.

The absolute cross section of the reaction
"'Ta('~N, a) is known, "and in plotting the theo-
retical cross sections in Fig. 2, we multiplied
the calc~~&~ted values with an overall factor of N,
=6.4. Note that we have considered only L=0
state for a+' B. Had the Lg 0 states also been
taken into account, we might have obtained No

very close to unity. Thus the good fit to data ob-
tained in Fig. 2 may be considered to include that
of the absolute magnitude. We remark that we
would have obtained No exceeding 100, had we
used A, =P,/4, instead of A, of (2).

The theoretical spectra in Fig. 2 disagree some-
what with the experiment for E &25 MeV. This
may be due to the fact that our method obtaining
the p, by using (3) did not take into account suffi-
ciently well the Coulomb repulsion between n and
A. Also experiment may include the evaporation
n's, which we do not include in our calculations.

In conclusion, it is gratifying to see that a rea-
sonable answer to the long-standing question, ' of
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how to explain the large cross section of fast light
particles in heavy-ion-induced reactions, has now
been given. It, at the same time, explains the
massive-transfer reactions. [We may further re-
mark here that the factor P, ~P, ~'/(s, (' in (l) is
peaked, in the above examples, at l =26, and has
a full width at half maximum (FWHM) equal to
about 7. The smallness of the FWHM explains
the absence of side feeding which has been noticed
experimentally. '] Of course, our theory involves,
as explained above, a few steps which need fur-
ther refinements. Part of the needed refinement
is presently underway.

Extension of the present work to the emission
of fast z =1 particles (p, d, and f) would be very
interesting. We emphasize here, however, that
the theoretical framework presented above is not
limited to BF processes. The BF is only an ex-
ample of a much wider variety of processes,
which might be called DRF (direct reaction fol-
lowed by fusion). Here DR means a direct-reac-
tion process which ends up with a three-body sys-
tem. This first step is to be followed by a fusion
of one of the pairs together. It will not be diffi-
cult to think of an almost inexhaustible number of
examples that fall under the category of DRF.
One may even think of its application to transi-
tions leading to discrete states.
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