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Observation of the Direct and Sequential Breakup of 7Li from '2C and 20sPb
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A study has been made of the breakup of 70-MeV Li into the 0.'+ t channel. For reac-
tions on a C target the Li breakup proceeds sequentially through its 4.63-MeV, p
state. For reactions on a Pb target, there is evidence both for sequential breakup and
for an additional breakup process which does not proceed through an excited state of Li.
This latter process is attributed to direct projectile breakup in the nuclear field of the
target.

PACS numbers: 25.70.-z

The subject of projectile dissociation in the
field of a target nucleus encompasses a variety
of phenomena and is currently attracting substan-
tial interest. ' ' For projectile energies below the
Coulomb barrier, the projectile may be excited
by the electromagnetic field between the incident
channel nuclei. If the excited states are above
the threshold for particle emission, and have
small energy widths, the projectile will in most
instances sequentially breakup beyond the influ-
ence of the target's nuclear field. ' In contrast,
at high energies (- 100 MeV/A) a projectile inci-
dent on the peripheral region of the target nucle-
us might be expected to undergo a rapid fragmen-
tation in the surface field of the nucleus. '

For a projectile with an intermediate energy it
should be possible to identify a transition from
sequential breakup to a rapid nonsequential proc-
ess, i.e. , a direct breakup mode. A recent study'
of the breakup of 75-MeV 'Li projectiles into z
+d fragments has revealed evidence for two pos-
sible mechanisms. The first was identified as
sequential breakup through the 2.18-MeV 'Li
state, while the second could not be correlated
with transitions through any specific state. How-

ever, this lack of correlation could also have
been due to transitions through the higher 'Li
states which all have large energy widths. For
the observation of a possible direct projectile
breakup a projectile should be used with a large
energy separation between the breakup threshold
and the next excited state. A suitable projectile
is 7Li, in which the first e decaying state is at
4.63 MeV, 2.16 MeV above the a+/ breakup
threshold. By an appropriate choice of detector
geometry, direct 'Li breakup events with an +-t
relative energy smaller than -2.1 MeV can be
clearly distinguished from all possible sequential-
breakup events.

We present here results of an investigation of

70-MeV 'Li- Q +t breakup on "C and "'I'b tar-
gets. For those breakup events in which the rela-
tive energy between the fragments is below 3
MeV, it is found that the breakup of 'Li on the "C
target is predominantly sequential —proceeding
through the 4.63-MeV state of 'Li. In contrast,
the breakup of 'Li on. the ' Pb target has two
components, this sequential component involving
excitation to the 4.63-MeV state as well as a di-
rect component.

The experiment was performed with use of a
70-MeV 'I i beam produced by the Lawrence
Berkeley Laboratory 88-in. cyclotron. The
breakup fragments from the decay of 'Li~ are
confined to a cone of angular width that is deter-
mined by their relative energy e, and the labora-
tory energy of the 'Li*. For the detection of
those events in which e is small, it is essential
to have the fragment detectors in close proximity.
This was achieved by constructing two particle
telescopes in close vertical geometry, with one
telescope above and the other below the reaction
plane. The telescopes consisted of pairs of ~
(200 p, m) and Z (5 mm) detectors manufactured
on the same silicon wafer such that the vertical
angular acceptance of the telescopes was 1.5' to
9.9' and the horizontal angular acceptance was 3'.
Reject detectors placed behind the E detectors
were employed to veto high-energy events.

Figure l(a) presents coincidence data for the
'Li+ "C reaction at 15 in the laboratory, in
which the summed energy of coincident events in
the two telescopes is displayed, with the require-
ment that an n particle be recorded in one and a
triton in the other. The three peaks correspond
to those breakup events which leave the "C tar-
get in the ground state or excited to the 4.4-MeV,
2' or 9.6-MeV, 3 states. The angular distribu-
tion of the production of 'Li* (4.63 MeV) for the
"C remaining in the ground state is shown in Fig.
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FIG. l. (a) Summed energy spectrum for coincident
n + t particles from the breakup of Li on C target
nuclei. (b) As for (a), but for a Pb target.

2(a). (The angular distribution has been correct-
ed for the n+t detection efficiency. This efficien-
cy was determined by a Monte Carlo simulation
technique that assumed an isotropic distribution
of the a-t fragments in the 'Li* center-of-mass
system and a decay energy of e =2.16 MeV. )

Further interpretation of the character of these
breakup events can be obtained from the e or t
projected energy spectra for coincident e +t
events that yield a total energy corresponding to
one of the peak energies in Fig. 1(a). Such a pro-
jected spectrum for the t corresponding to the
"C ground-state transition is shown in Fig. 3(a).
The two peaks of Fig. 3(a) correspond to the two
kinematically allowed t energies from the break-
up of 'Li* (4.63 MeV). The shape of these peaks
is determined by the geometry of the two tele-
scopes as well as by the center-of-mass breakup
energy, e, and the energy of the recoiling 'Li*
projectile. Calculated energy windows in this
projected spectrum for breakup from the 4.63-
MeV state (e =2.16 MeV) are indicated in Fig.
3(a) by arrows. It is seen that most of the events
are located within these narrow limits.

If direct breakup had occurred in the field of
the target nucleus the relative energy, e, be-
tween the n and t would no longer be restricted
to a definite value corresponding to the decay of

FIG. 2. (a) The differential cross section for the 0,'+ 4

breakup of 70-MeV Li from the ground state of C.
l. The dashed lines in (a), (b), and (c) are to guide the
eye. ] (b) The differential cross section for the sequen-
tial &+ t breakup of 70-MeV Li from the ground state
of Pb, following excitation to the 4.63-MeV state of
Li. (c) The yield of direct-breakup events as a function

of Li*c.m. angle for Li scattering from the Pb tar-
get.

an excited state of 'Li, but rather the value of e

could vary over some continuous distribution re-
lated to the momentum distribution of the frag-
ments in the projectile ground state. ' From Fig.
3(a) there is little, or no, evidence of such a dis-
tribution of e, since the projected spectrum is
consistent with a single value of r = 2.16 MeV
arising from the decay of the 4.63-MeV state of
'Li. In fact, for all detector angles between 13
and 33' the shapes of the projected spectra for
the "C ground-state transition are similar.

The corresponding experimental results for the
"'Pb target are shown in Figs. 1(b), 2(b), 2(c),
3(b), and 3(c). The summed energy of coincident
cI +f events is shown in Fig. 1(b), in which it is
seen that the majority of breakup events into the
n +t channel leave the target in its ground state.
The projected energy spectrum for the t fragment
corresponding to this transition, and for the de-
tector system set at 32' in the laboratory, is
shown in Fig. 3(b); arrows indicate the triton en-
ergy limits for a sequential breakup of 'Li* (4.63
MeV). A projected energy spectrum of the f frag-
ment when the detectors are located at 18' is
shown in Fig. 3(c) [the arrows have the same sig-
nificance as in Fig. 3(b)].
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It is apparent that Figs. 3(a) and 3(b) are simi-
lar, showing little evidence for direct breakup.
In contrast, data taken on '"Pb at the more for-
ward angles, presented in Fig. 3(c), include
events with a continuous distribution of c which
cannot arise from discrete states of 'I.i. This is
taken as evidence of direct breakup.

The angular distribution of the sequential com-
ponent involving excitation of the 4.63 MeV (e
=2.16 MeV) state is shown in Fig. 2(b). This an-
gular distribution is corrected for the change of
n +t detection efficiency as a function of angle.
The yield of the direct component corresponding
to e s 2.0 MeV is shown in Fig. 2(c), but is not
corrected for detection efficiency changes, since
this would require specific assumptions to be
made about the momentum distribution of the n
and t in the 'I.i* center-of-mass system.

The events occurring with e ~ 2.0 MeV have
been attributed to a direct breakup of 'I i. Such
events might be thought of as arising (a) by a
rapid reemission of a transferred projectile frag-
ment and/or (b) by inelastic scattering of the pro-
jectile to the continuum of the at +t system. For

process (a), the fragment reemission would have
to occur within the nuclear transit time; other-
wise the momentum correlation between the a
and t fragments would be lost. The distribution
of relative energies between the fragments for a
direct-breakup process is determined by the
phase space of the final-state particles, by their
mutual Coulomb interaction, and by their momen-
tum distribution in the bound 'I.i system. Since
the outgoing fragments have different Z/A ratios,
the target-fragment Coulomb interaction will dis-
tort the initial momentum distribution. " In Fig.
3(c) it can be seen that the yield of tritons with
lower laboratory energies is enhanced. This
asymmetry is observed at all angles measured
and may be due to this Coulomb distortion.

There is a distinct difference between the angu-
lar distribution for the direct component e ~ 2.0
MeV, and the sequential component e =2.1'6 MeV.
It is possible to speculate that the direct compo-
nent originates from a greater overlap between
the incident nuclei than that needed for simple
projectile excitation, which might result in a nu-
clear deflection to smaller angles than the graz-
ing angle of - 30'. One could also argue that both
the direct- and sequential-breakup processes
have enhanced yield at forward angles due to
strong Coulomb effects. However, an investiga-
tion of the breakup of 32-MeV 'I i projectiles
from '"Au gave a very small cross section for
Coulomb breakup. "

Whatever the precise reaction mechanisms are,
it will be of great interest to determine how the
direct- and sequential-breakup components vary
with incident energy, especially in the region 10-
100 MeV/A, since this could lead to a much great-
er understanding of fragmentation processes in
general.
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Differential cross sections and vector analyzing powers for the deuteron elastic and
inelastic scattering from Mg and Si have been measured at 56 MeV. The coupled-
channels analysis has been. performed to obtain the simultaneous fits to the elastic- and
inelastic-scattering data. The dependence of the coupled-channels calculations on the
shape of nuclei has been investigated in comparison with the proton inelastic scattering.

PACS numbers: 25.50.Dt, 21.10.Ft, 24.70.+ s

In recent years, there have been many studies
for the determination of the shape of nuclei. It
has been pointed out that the coupled-channels
(CC) analysis of the elastic and inelastic scatter-
ing of polarized protons or deuterons is sensitive
to the shape of nuclear deformation. ' ' For a
0'-2' rotational excitation, for example, there
are two nuclear matrix elements: one between 0'
and 2'; another between two 2' functions. They
are related to the E2 transition probability and
quadrupole moments of the excited state, respec-
tively. The sign of the quadrupole moment is re-
lated to the sign of the nuclear matrix element
and will affect the results of the calculation. ' A
coupled-channels analysis of the proton inelastic
scattering at 65 MeV was recently performed and
it was found that the diffraction pattern of the an-
gular dependence of the asymmetry showed shifts
in different directions whether prolate or oblate
static deformation was present. ' The larger
shifts were reported for the vector analyzing pow-
er of the deuteron elastic and inelastic scattering
around 10 MeV. ' Although the strong dependence
of the deuteron scattering on the nuclear deforma-
tion has been suggested by some authors, '" the
experiments were concentrated at low energies.

It is interesting to investigate this problem at
higher energies where the reaction mechanism is
considered to be direct and almost free from the
compound nucleus effects. In this Letter we re-
port the measurements and CC analysis of the
deuteron inelastic scattering to the first 2' states
of Mg and 28Sj. at 56 MeV.

The experiments were performed with 56 MeV
vector polarized deuterons from the AVF cyclo-
tron at the Research Center for Nuclear Physics,
Osaka University. Polarized deuterons were pro-
duced by the atomic-beam-type ion source. " The
beam current was 5-20 nA on target. The beam
polarization was monitored continuously during
the measurements by a "C polarimeter and was
('10-80)lo of the ideal value. The sign of the beam
polarization was changed every second. The scat-
tered deuterons were detected by a pair of coun-
ter telescopes placed at symmetric angles to the
beam direction. Each telescope consisted of a
400-pm-thick transmission-type Si detector and
a 15-mm-thick high-purity Ge detector cooled by
liquid nitrogen. The particle identification was
made with 4E and E signals. The enriched '4Mg

and natural "Si targets were self-supporting me-
tallic foils with thickness of about 8 mg/cm'.
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