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The correlations between alpha particles and various ejectiles were investigated in the
reaction **Nb+ N at E},,=208 MeV. The ejectiles were measured at a fixed angle
0,=+22°, which was slightly more backward than the grazing angle, and the alpha parti-
cles were measured at various angles 6, in and out of the reaction plane. The experimen-
tal results were analyzed in terms of various aspects of the correlations such as the energy
and angular correlations, the projected energy spectra, and differential multiplicities. An
analysis based on the three body kinematics was also made to study the features associat-
ed with the sequential ejectile breakup process. It was found that two processes contri-
bute to the coincident alpha particles. The first process was ascribed to the sequential
breakup of the excited ejectiles and was found to be dominant in the angular region of 6,
close to the ejectile detector. The coincidence cross section of the sequential breakup
component can be approximately factorized as a product of the singles cross section of
excited ejectiles before breakup and the excitation spectrum of the ejectiles. The other
process, ascribed to a nonsequential mechanism, was dominant for the alpha particles
detected on the opposite side of the ejectile detector with respect to the beam direction.
This process is characterized by the following properties: (i) The energy spectra of the
coincident alpha particles have shapes which are almost identical to those of the singles
spectra taken at the same angles. (ii) The same is true to a lesser extent for the ejectile
spectra except for the higher-energy region. (iii) In this angular region of 0, the differen-
tial coincidence cross section can be approximately expressed in the factorization form,
d*o/dQ,d 0dE dE, =K (d*0 /dQdE,)d*0 /dQ,dE,). The relative contribution of the
two processes was found to be roughly comparable.

NUCLEAR REACTIONS %’Nb(!*N,Hla), E =208 MeV; measured
two-dimensional HI-a coincident energy and angular correlations; de-
duced reaction mechanisms.
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I. INTRODUCTION heavier systems A >40) it is less significant

Extensive studies! =23 of particle-particle correla-
p p

tions have been made recently for heavy-ion
damped reactions. It has been shown widely that
large fractions of projectilelike fragments (ejectiles)
are accompanied by emissions of light particles
such as alpha particles and nucleons. Such coin-
cident particles are often characterized by large ki-
netic energies and strongly focused angular correla-
tions relative to the ejectiles. These features are
particularly dominant for reactions induced by rel-
atively light projectiles' =7 (4 <20), whereas in

and coincident light particles are usually attributed
simply to equilibrium emissions from reaction resi-
dues. A variety of theoretical studies®* 2% have
sought emission mechanisms that could explain
these features of the coincident particles. These
theories have been sometimes successful in ac-
counting for observed correlations, but no overall
understanding of the phenomena has been so far
achieved. It appears that several different mechan-
isms may coexist in a reaction and their relative
importance may differ between different reaction
systems. It would thus be important to study a
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variety of reactions with different energies and
projectiles so as to gain further insight into the
three body process. In this paper we present the
results on the correlations between alpha particles
and ejectiles in the reaction *>Nb+ ¥N at
E,,;,=208 MeV.

It is rather surprising that a large number of dif-
ferent mechanisms have been conjectured to ac-
count for the origin of the coincident light parti-
cles, which often exhibit seemingly common
features. For one thing this may be related to the
versatile nature of the damped reactions, in which
the light particles can conceivably be emitted at
any stage of the multistep scattering process and
from a variety of sites of colliding nuclei. On the
other hand, it also appears possible that insuffi-
cient experimental data and lack of analysis of
the inherently complex three body final channels
have allowed ambiguous interpretations and even
incorrect conclusions. Thus in the present work a
strong effort was made to obtain data with suffi-
cient statistics and then to carry out the three body
kinematic analysis as thoroughly as possible.

A list of plausible emission mechanisms so far
proposed for the coincident light particles includes:
(i) sequential breakup of the excited ejectiles (Refs.
5, 10, 12, 13, 15, 16), (ii) preequilibrium emission
from a locally heated zone (hot spot) in the target-
like fragments,>*2>26 (iii) prompt emission caused
by radial friction (piston model),** (iv) emission in
neck rupture of the dinuclear systems, which is
analogous to the ternary fission process accom-
panying a long-range alpha particle, and (v) fast
particle emission to be associated with the projec-
tile fragmentation process.>!>!7 Mechanism (iii)

has been also discussed in terms of “Fermi jet”?"2% -

or the “promptly emitted particle” process.?3

These mechanisms may be classified according to
the stage of the damped reactions when the light
particles are emitted. Mechanisms (iii) and (v) are
supposed to occur prior to or in a very early stage
of the reactions, while (i) and (ii) occur after the
damped reactions are completed, (iv) being at the
last stage of the damped reactions. The emission
mechanisms may also be classified according to the
species emitting the particles. Mechanisms (i) and
(v) are relevant to the projectile or projectilelike
fragments, (ii) mainly to the targetlike fragments,
and the rest to the neck region of the dinuclear
composite systems.

It has been shown recently that preequilibrium
emission of light particles is an important aspect of
inclusive spectra of heavy-ion reactions.’! ~46

These light particles have characteristics similar to
the coincident light particles, favoring high ener-
gies and forward peaked angular distributions.
Naturally, the link between the singles and coin-
cidence phenomena has been sought; the ap-
proaches in terms of mechanisms (if),25,26,47:48
(iii),>#?’ =% and (v) emphasize this aspect.

Among the various proposed mechanisms, only
two have achieved accumulating evidence to sup-
port their significance, whereas most of the others
still lack solid experimental verification. One im-
portant mechanism is the sequential breakup of the
ejectiles. The first evidence for this mechanism
was reported for the reaction “>Nb+ “N at
Ej,;=90 and 110 MeV.? It was found that most
of the coincident alpha particles can be attributed
to the sequential process on the basis of three body
kinematic analysis. Similar conclusions were ob-
tained about the coincident alpha particles from
160 induced reactions such as '“’Au+ !0 at 310
MeV,!? #Nb+ 190 at 204 MeV,!? and 7’Al+ %0
at 88 MeV.!6

The other important mechanism appears to be
the “fragmentationlike” mechanism of category (v)
which was discussed by Bhowmik et al.®!7 for the
reaction ®*Ni+ !*N at 148 MeV. They pointed out
that the cross section for coincidences between al-
pha particles and ejectiles may be factorized as a
product of singles cross sections for the two coin-
cident particles as given by

d40/d91d92dE1dE2 =K'(d20/d9«1dE1 )singles
X(dzo'/dﬂszz)singles’ (M

where K is a constant. Based on this observation
they inferred that the reaction proceeds in two
stages: First the alpha particle is emitted in a
fragmentationlike process, and then the rest of the
projectile undergoes the reaction with the target
nucleus.

Towards the end of this paper we shall show
that the above two mechanisms coexist in the
presently studied reaction. However, the process,
which we symbolically refer to as the fragmenta-
tionlike mechanism, showed only partial resem-
blance to the process characterized by the factori-
zation formula of Eq. (1).

In Sec. II the experimental procedures are
described. The experimental results are presented
in Sec. III. Various aspects of the data are found
to support the coexistence of two reaction mechan-
isms. In Sec. IV we perform three body kinematic
analysis, which is used to study the features of the
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sequential breakup mechanism. In Sec. V, an at-
tempt is made to isolate the contributions from the
two mechanisms in order to see their relative im-
portance. A similar attempt was made recently'®
for the *Tb+ !N reaction, but the conclusions
are somewhat different. The summary and discus-
sion are given in Sec. VI.

II. EXPERIMENTAL PROCEDURES

The experiment was performed at the 230-cm
AVF cyclotron of the Research Center for Nuclear
Physics at Osaka University. A °*Nb metallic foil
of 4.8-mg/cm? thickness was bombarded by a
208-MeV !N beam. Projectilelike fragments were
identified by a conventional 30-um E and 5000-um
E Si telescope, which distinguished individual iso-
topes of elements from Z =3 to Z =6. This tele-
scope subtended a solid angle of Q=3.6 msr and
an angle of AG=+1.6" in the reaction plane. The
telescope was placed at an angle of ;= +22°,
which was slightly more backward than the graz-
ing angle (6,,~11°). This choice was made partly
because the fully damped (deep inelastic) com-
ponents were almost as significant as the quasielas-
tic components at that angle. Four identical triplet
telescopes, which consisted of 30-um AE, 300-um
AE,, and 5000 (or 3000)-um E Si detectors, were
used to detect coincident alpha particles with ener-
gies from 6 to 100 MeV. The angular correlations
were measured by placing these detectors at angles
0, between —50° and +60° and at — 160° in the re-
action plane, which was defined by the beam axis
and the direction of the fixed telescope. Out of
plane correlations were measured on meridians
which cut the reaction plane at 6,= 4 11° and
—15° These telescopes typically subtended solid
angles of 2.0 and 6.4 msr and angles of +1.2° and
+2.2° at the forward and backward angles 6,,
respectively. For the measurement at 6,= +8° and
—8°, an aluminum absorber of 0.5-mm thickness
was placed in front of the telescope to eliminate
the huge disturbance from elastically scattered par-
ticles, resulting in the cutoff of the alpha particles
below 35 MeV. Distortion of the energy spectra
due to the absorber was corrected by using the
range-energy relation of Ref. 49.

A set of six signals consisting of (AE,E) of pro-
jectilelike fragments, (AE,AE,,E) of alpha parti-
cles, and the timing, time-to-amplitude converter
(TAC) between two telescopes was stored event by
event on magnetic tape and was analyzed off line.

Random coincident events were subtracted.

The amounts of carbon and oxygen contam-
inants in the target were estimated to be less than 3
and 5 ug/cm? based on a measurement on the elas-
tic scattering of 120-MeV alpha particles. The
coincidence cross sections were measured for car-
bon and Mylar targets in order to evaluate the con-
tributions from the carbon and oxygen contam-
inants. They were found to be less than 5% of the
total coincident events for most of the different
coincidence settings and no correction was made
for simplicity.

The absolute magnitude of the cross section was
determined within 10%; the error bars drawn in
figures are due to statistical errors.

III. EXPERIMENTAL RESULTS

In this section we present experimental results.
Various aspects of the correlations are discussed in
separate subsections. Some other aspects are also
described in Secs. IV B and IV C, where the data
were analyzed in terms of three body kinematics.
Throughout these aspects one persistent feature is
apparent, i.e., the behavior of the correlations is
distinctively different between two angular regions
of the alpha particle detection, one (region I) being
closer to the angle 6, of the ejectile, and the other
(region II) further towards the opposite side of the
beam axis. Though the boundary of the two re-
gions is somewhat uncertain, it may be roughly set
at 0,=0°, i.e., the beam direction. The particles in-
volved in the three body final channels are labeled
by numbers: 1, for the projectilelike fragments
(detected ejectiles), 2, for the alpha particles, and 3,
for the targetlike fragments (unobserved recoil nu-
clei). The singles cross section is distinguished by
the subscript “singles.” Otherwise o refers to the
coincidence cross section.

A. The velocity plot of the coincident alpha particles

The overall feature of the energy and angular
correlations may be best seen in a plot of the
Galilei invariant coincidence cross section on the
velocity plane with coordinates of longitudinal (v)))
and transverse (v, ) components of the velocity V,
of the coincident alpha particles. A typical exam-
ple of such a plot is shown in Fig. 1 for the '>C
channel. The plotted cross section
d’0/dQ,d Q,dv,? is integrated over the energy of
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FIG. 1. The contour plot of the Galilei invariant
coincidence cross section d>o /d Q,dQ,dv,* on the velo-
city plane with coordinates of longitudinal (v)) and
transverse (v;) components of the velocity v, of alpha
particles coincident with '2C ions. The dotted lines indi-
cate smooth continuations of the data points. Reference
vectors are shown together to represent the velocities of
the beam (V), the coincident '2C and the corresponding
recoil nucleus with their mean kinetic energies (V. and
Vg, respectively), and the center of mass of the total
system (V.. ). The contours are expressed in units of
b/sr?c?, where c is the velocity of the light. The dashed
line centered around the top of Vi represents the most
probable velocity expected for the equilibrium evapora-
tion from the targetlike fragment (see text).

the ejectile (*>C). Some reference vectors are
shown together to represent the velocities of the
beam (V,), the coincident '>C and the correspond-
ing recoil nucleus with their mean kinetic energies
(V. and Vg, respectively), and the center of mass
of the total system (V_ , ).

The following observations are made: (i) Most
of the coincidence events are distributed in the re-
gion of velocity much larger than that expected for
the equilibrium evaporation from the targetlike
fragment. The typical velocity for the equilibrium
evaporation is depicted in Fig. 1 by a dashed line
centered around Vz. The corresponding energy is
given by the temperature of 3 MeV (deduced from
the data at 0,= — 160°) plus Coulomb barrier ener-
gy between the alpha particle and targetlike frag-
ment. The above feature imples that the equilibri-
um alpha emission from the heavy residue is not as
important in the present reaction as in the reaction
systems between heavier ions (4 >40)."® (i) The
favored direction of the coincidence cross section
does not coincide with either the direction of the
12C or of the recoil nucleus. In some of the earlier
papers,®* the enhanced yield of fast alpha particles
in the direction of the recoil nucleus was reported
and was interpreted as a strong indication of the
hot spot formation in the recoil nucleus. This

feature is absent in the present system. (iii) The
pattern of the yield distribution is distinctively dif-
ferent between regions I and II. For instance,
several local peaks are observed in region I, which
do not have any correspondent peaks on the oppo-
site side with respect to the beam direction. This
observation clearly conflicts with the simple factor-
ization formula of Eq. (1), which implies that the
coincidence cross section should be symmetric with
respect to the beam direction. However we will
show later that the data of region II (6, <0°) are
generally consistent with the features of Eq. (1),
and that the structured distribution of region I
(6, >0°) is indicative of the sequential breakup of
the projectilelike fragment.

B. Angular distributions

The energy integrated in-plane angular distribu-
tions of the alpha particles in coincidence with dif-
ferent ejectiles are shown in Fig. 2. The distribu-
tions are all peaked around angles rather close to
the beam direction. Strictly speaking, the distribu-
tions are not necessarily symmetric with respect to
the beam direction and the peak angles vary for
different ejectiles. Correspondingly, the ratios
o1/o7; of the coincidence cross section of region I
to that of region II vary rather strongly with the
coincident ejectiles; they increase from ~0.6 to
~2 as the ejectile varies from carbon to lithium.
This variation may be related to the balance be-
tween the two competing mechanisms which are,
respectively, dominant in regions I and II.
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FIG. 2. The energy integrated in-plane angular distri-
bution of the alpha particles coincident with various
ejectiles as a function of lab angle 0,. The ejectiles were
detected at a fixed angle ;= +22°. The solid lines
represent the angular dependence of the singles cross
section of the alpha particles. The dashed lines are
drawn to guide the eye.
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In Sec. V C, we attempt to decompose the angu-
lar distributions into two components correspond-
ing to two different reaction mechanisms. A simi-
lar analysis was made recently for the data of the
59Tb+ N reaction.!’® In that analysis they as-
sumed a component due to the ejectile breakup
contributed along with a fragmentationlike com-
ponent, which followed the dependency expressed
by Eq. (1). We note, however, that this assumption
is not appropriate for the present reaction, since
the observed ratio o1/o7; is often below unity,
while o1/o;> 1 would result from this assumption.

The solid lines in Fig. 2 represent the angular
dependence of the singles cross section of the alpha
particles. They follow the coincidence data of re-
gion II rather well irrespective of the final chan-
nels, i.e., the factorization formula of Eq. (1) ap-
proximately holds at least for region II. A related
discussion is made in Sec. IIID.

C. Energy correlations

The energy correlations between the alpha parti-
cles and ejectiles may be seen in the plot of the
coincidence yield for a given set of (6;,08,) over the
plane of ejectile energy (E) vs alpha particle ener-
gy (E,). Figure 3 shows such plots for data of the
a+ '2C channel taken at 6, = +22° and
0,=415°, +32°, and —20°. For the case of
6,=+15° and + 32° (region I), two local maxima
are observed, whereas a smooth distribution is seen
for 6,= —20° (region II). It is apparent that the
two humped structure in region I is not expected
from the simple factorization formula of Eq. (1).
On the other hand, such structure was observed ex-
perimentally in an earlier study® of the
PNb(*N,HlIa) reaction at lower incident energies
of 90 and 110 MeV, where the result was interpret-
ed as due to the ejectile breakup process on the
basis of the three body kinematic analysis. In the
present paper we have also performed the three
body kinematic analysis as described in detail in
Sec. IV. Below we only quote some qualitative
conclusions drawn on the significance of the two
humped structure.

The dashed lines and solid lines shown in Fig. 3
represent, respectively, the loci of the relative
kinetic energy E_, between the alpha particle and
12C and of the relative kinetic energy E,_3 be-
tween the center of mass of the composite system
(a+ 2C= 190 in this case) and its recoil nucleus,
respectively. It can be seen that the cross section
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FIG. 3. The energy correlations between alpha parti-
cle and '2C depicted in the plane of 2C laboratory ener-
gy (E,) vs alpha laboratory energy (E,) for 6= +22°
and 6, =+15°, +32°, and —20°. Count in each chan-
nel is indicated by the size of the dot. The dashed and
solid lines represent the loci of the relative kinetic ener-
gy E;_, between the alpha particle and '>C and of the
relative kinetic energy E,_3 between the center of mass
of the composite system (a+ >)C= %0) and its recoil
nucleus, respectively.

distributed is peaked in two separate regions both
corresponding to the same values of E;_, (2—10
MeV) and E,_; (60— 140 MeV). This observation
is consistent with the assumption of a sequential
breakup mechanism, i.e., the assumption that the
excited '®0 with the kinetic energy of 60— 140
MeV and the excitation energy of 2—10 MeV in
excess of the alpha threshold is produced strongly
in the damped reaction, and subsequently breaks
into the alpha particle and '>)C. Under this as-
sumption two maxima should appear for a com-
mon intermediate state corresponding to the for-
ward and backward emissions of the alpha particle
with respect to the rest frame of the composite nu-
cleus (10).
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D. Projected energy spectra of the
coincident alpha particles and ejectiles

A projected energy spectrum of the coincident
particle i, d°0/dQ;dQ;dE;, may be obtained for
each set of (6;,6;) by integrating the coincidence
cross section over E;. Typical projected spectra of
alpha particles in coincidence with various ejectiles
are shown in Fig. 4. The shapes of the spectra
depend very strongly on the detection angle 6, of
the alpha particles. For the alpha particles detect-
ed in region II [Fig. 4(a)], the energy spectra show
smooth distributions. They are approximately pro-
portional to the singles spectra taken at the same
angles, as shown by solid lines. This proportionali-
ty is generally observed for the data of region II
over the different final channels as shown in Fig.
4(a). For the alpha particles detected in region I,
energy spectra do not show such proportionality
but show somewhat distorted shapes [see Fig. 4(b)]
corresponding to the two hump structure observed
for the energy correlation (Fig. 3).

Examples of projected energy spectra of the ejec-
tiles may be seen in Fig. 5, which shows the results
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FIG. 4. The projected energy spectra of the alpha
particles in coincidence with ’Li, "'B, and '2C for the
various angles 6,. The solid lines in Fig. 4(a) represent
the spectral shapes of the singles alpha particles for
0=28, 15°, 20°, 28°, and 38°, respectively. The solid
lines in Fig. 4(b) only connect the data points.

of 12C obtained for various 6,’s. Qualitative con-
clusions drawn from these spectra are similar to
those extracted from the projected alpha particle
spectra. The energy spectra corresponding to re-
gion I show a two humped structure reflecting the
nature of the energy correlation (Fig. 3). On the
other hand, a smooth distribution of the ejectile en-
ergy spectrum is observed for the alpha particles
detected in region II. The singles spectrum of >C
detected at the same angle 6, = 422° is shown for
comparison. Note that the shapes of the projected
spectra of 2C are generally different from that of
the singles spectrum, though the difference is less
significant for the region II spectrum.

According to Eq. (1) the shape of the projected
spectrum of the ejectile should always be identical
to that of the singles spectrum independent of 6,
when 0, is fixed. This is obviously not the case for
the present reaction particularly for data of region
I which shows the double humped structure. A
similar comparison with singles spectra can be
made for the alpha particles. For the data of re-
gion I, the projected spectra (Fig. 4) hardly resem-
ble the corresponding singles spectra. On the other
hand, the spectral shapes are rather similar be-
tween singles and coincidence spectra for the data
of region II. This last feature is in accord with the
expression in Eq. (1).
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FIG. 5. The projected energy spectra for the '>C ejec-
tile detected at 6;= +22° in coincidence with the alpha
particles at 6,=—20°, +32°, and +15°. The singles
spectrum of 12C detected at the same angle ;= +22° is
shown for comparison. The solid lines only connect the
data points.
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E. Alpha multiplicity

The relation between the singles and coincidence
spectra as discussed in the previous subsection may
be better depicted by the quantity R, which is de-
fined as the ratio of the differential coincidence
cross section d3o/dQ,dQ,dE,
to the singles cross section (d%0/dQ,dE, )singles for
the same ejectile detected at the same angle
6,= +22° as for the coincidence measurement. If
the relation of Eq. (1) is applicable, the ratio R
should be constant with respect to E; and for dif-
ferent ejectiles. The differential alpha multiplicity
M,(E,6,) may be obtained by integrating R over
the solid angle 0, of the alpha particle. This
quantity represents the number of the alpha parti-
cle emitted per one event of an ejectile production
with specific energy E; and angle ;.

The ratios R for various ejectiles are plotted to-
gether in Figs. 6(a) and 6(b) as a function of E;.
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FIG. 6. The ratios of the differential coincidence
cross section d >0 /dQ,dQ,dE, integrated over the alpha
particle energy E, to the singles differential cross section
(d%0 /dQdE | )singies Of the ejectiles detected at the same
angle 6;= +22° as for the coincidence measurement,
plotted as a function of the ejectile laboratory energy E;.
In Fig. 6(b) the estimated alpha multiplicity M,, which
is defined as the number of the alpha particles emitted
per one event of an ejectile production with the specific
energy E; and angle Q,, for region II is shown on the
right hand side.

The results are again very different for region I
[6,= +32°, Fig. 6(a)] and region II [6,= —20°, Fig.
6(b)]. For region I, the ratios R fluctuate strongly
from ejectile to ejectile as well as with varied E;.
They also show a gross trend of decreasing rather
sharply with increasing E;. These features clearly
conflict with the expectation of the fragmentation-
like mechanism.

On the other hand the ratios R for region II
show fairly simple behavior; they exhibit a nearly
constant value (within +20%) in a wide region of
E | and their dependence on type of ejectile is
small. Only for the highest energies of E; they
drop significantly. The fairly universal constancy
of R implies that the coincidence cross section
d30/dQ,dQ,dE, is roughly proportional to the
singles cross section of the corresponding ejectile
and that the multiplication factor of alpha parti-
cles is similar for different ejectiles. As a matter
of fact these features are the main implications of
Eq. (1).

The multiplicity M, is obtained by integrating R
over ,. M, is shown on the right hand side of
Fig. 6(b). Here we assumed that the out of plane
correlation has the same distribution at different 6,
as at 0,= —15°, where the out of plane correlation
was detected. The integration over 6, was limited
to the region of 6, < 0", i.e., region II, since the
events of region I may be more relevant to a dif-
ferent type of emission mechanism. Thus this
multiplicity should be distinguished from the total
multiplicity. It is seen in Fig. 6 that the multipli-
cities M, are in the range of 0.3—0.6 in a wide
low-energy region of E;.

For region I we do not discuss M, as defined in
this way, because the sequential breakup may be
dominant. In such a case, the alpha multiplicity
defined with respect to the parent nucleus may
have more significance than that to the detected
ejectile as defined here. This will be discussed in
Sec. IVC.

IV. THREE BODY KINEMATIC ANALYSIS

In the previous section, we have seen strong in-
dications for the sequential ejectile breakup process
particularly for data of region I. This process may
be described as a two-step process consisting of the
formation of an excited parent ejectile and its sub-
sequent breakup into the observed alpha particle
and ejectile. Such a process, which proceeds via an
intermediate state, may be better described by
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transforming the coordinate system from the labo-
ratory frame into the rest frame of the parent frag-
ment.”® In the following, we first discuss the gen-
eral properties characteristic of the transformation
and then present the results of such three body
kinematic analysis on the present data.

A. General remarks

We consider a reaction with three particles in
the final channel. For the rest frame of the parti-
cles i and j, the coincidence cross section can be
expressed as a function of E; _;, E;; _, Q;_j, and
Q;;_k. Here E;_; is the relative kinetic energy of
the particles i and j, E;; _y is the relative kinetic
energy of the center of the mass of the composite
system (i +j) and its recoil nucleus k, and ; _ j
and (;; _ are the corresponding solid angles.
E;_; corresponds to the excitation energy of the
composite system (i + ;) that is in excess of the
breakup threshold energy, whereas E;; _j is related
to the kinetic energy E;  ; of the parent fragment
(i +) in the center of mass of the three body sys-
tem by

mg

_— (2)
m;+m;+my

Eiyp= Ej_x,

where m, represents the mass of the particle x.
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The three body Q value Q5 is given as
Q3;=E, —(E;_j+E;;_i), where E, is the center of
mass energy of the projectile.

The coincidence cross section in the rest frame
of (i +j) and in the laboratory frame is related by

d40'/dﬂ,-j_kdﬂ,~_jdE,'j__kdE,'_j
=J‘d40/dQ,dQJdE,dE] ’ (3)

where the Jacobian J is obtained by comparing the
phase volumes between the two coordinate systems.
The energy and angular variables for the rest
frame of (i +) are related to the corresponding
variables for the laboratory frame. Typical proper-
ties of these relations are graphically illustrated in
Fig. 7, where contour lines of Ej,_3, E;_,, 615_3,
and 0,_, are drawn in the plane of E; and E, for
the case where 6;= +22° and 6,= +32°. The
directions of 6,,_3; and 68,_, are also illustrated in
Fig. 7.

The following remarks are made about the
behavior of these contour lines:

(i) E,_, has a low energy threshold E{" ,, which
is determined by E{,_3 and the opening angle be-
tween 0; and 6,. Therefore, the events with small-
er E,_,, if any, will be observed only when a suffi-
ciently small opening angle | 6,—6,| is chosen.
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FIG. 7. The calculated loci of constant E,_3 (a), E;_, (b), 615_3 (c), and 68, _, (d) based on the three body kinematics
(Ref. 50) in the energy plane of '2C vs alpha for ;= +22° and 6,=+32". Here E,_, and E,_; are same as in Fig. 3,
and 6,_, and 6y,_; are corresponding angles, whose directions are also illustrated in the figure.
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The simple average of E|_, over the events taken
at a given set of angles is generally affected by this
threshold. In some of the earlier papers the aver-
age E,_, value, which was strongly dependent on
6,,i.e., on |6,—0,|, was wrongly used as evidence
to rule out the sequential ejectile breakup mechan-
ism.

(i1) A given set of (E|_,,E,_3) generally ap-
pears at two points in the (E,E,) plane unless the
corresponding value of 6;_, is 90°. These two
points are located on opposite sides of the
6,_,=90° line (thick solid line). Thus, if the cross
section is primarily dependent on E{_, and E;_3
and less on 6;_, and 6,_3, the contour plot of the
cross section in the (E;, E,) plane should show a
twofold pattern which is approximately symmetric
with respect to the line with 6;_,=90°. Such a
feature was indeed observed in the present data as
shown in Fig. 3 (6,=+15° and +32°). By project-
ing the cross section over the (E;, E,) plane on ei-
ther the E; or E, axis, one obtains the projected
energy spectrum of the particle 1 or 2. Because of
the twofold nature of the (E,E,) plane, even the
single peaked cross section in the plane of
(E{_7,E5_3) can result in a double humped struc-
ture of the projected spectrum on the E, or E,
axis. The projected spectra of the alpha particles
and ejectiles observed for the angular region I
indeed show two peaks as described in Sec. IIID
[Figs. 4(b) and 5].

(iii) The value of 8,_, varies significantly over
the (E, E,) plane. 6,_, is larger than 90° in the
(backward) domain between the E; axis and the
line of 6, _,=90°, whereas it is smaller in the op-
posite (forward) domain. Two points of given
values of (E,,E,) usually appear in the (E,E,)
plane, one in the forward domain and one in the
backward domain. The angle 6;,_;, which
represents the emission angle of the parent frag-
ment, varies slightly towards more forward angles
as E, (E,) increases (decreases). In the sequential
breakup process, the coincidence cross section in
the (E,,E,) plane should be affected through 6,_3
by the angular dependence of the production yield
of the parent nucleus. It is likely that the angular
distribution of the primary excited fragment is
similar to that of the same isotope detected in the
singles measurement, which usually shows forward
peaked behavior. Thus the cross sections
d40'/d012_3d01_2dE12_3dE1 _p at the two pOintS
of the same (E{,E,) may differ from each other,
the one for the forward domain being larger than
the one for the backward domain.

B. E,;_, spectra

The El -2 spectrum dSO'/dQn_:;dQl_szl_z
was obtained for data of a given (6,, 8,) by in-
tegrating the differential cross section
d40'/d912_3d01_2dE12_3dE1 -2 with reSpeCt to
E{,_5;. There the dependence of the cross section
on 0;_, was assumed to be constant. For a given
set of (0,,0,) the angle 6;,_; may be regarded as a
constant. Examples of E_, spectra are shown in
Fig. 8. It is important to remember that the E;_,
spectrum is always affected by E th , which causes
the suppression of the observed coincidence cross
section in the lowest region of E;_,; E'" , varies
with the coincident ejectile and 8,. Here we again
note a distinct difference in the spectral shapes be-
tween the results for regions I and II.

The spectra of region I (6,=+15° and +32°)
generally show fine structures of sharp spikes of
peaks and dips. Many of the peaks appear at the
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FIG. 8. The E,_, spectra obtained by integrating the
coincidence cross section
dﬂ)’/dﬂ]z__gdﬂ]_2dE12_.3dE1_2 with respect to E12_3
for the various settings (6,,6,). The lines with “2a,”
“n,” and “p” represent the threshold energies of the
two-alpha particles, neutrons, and proton emission,
respectively. The dashed lines are drawn using the form
of exp( —E|_,/T.y), where the values of T are 2.8,
3.8, and 7 MeV for 'Li, 'Be, and !°B, respectively.
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same excitation energies, i.e., the same E;_, when
the angle set is varied for a given final channel.
These peaks may correspond to excitations of
discrete alpha decaying states of the parent nuclei.
An attempt to identify these states with better en-
ergy resolution was discussed in a recent paper.'
Because of the relatively poor energy resolution of
the present data, we discuss only the gross features
of the spectra. We observe that the spectra, after
smoothing the fine structure, show fairly monoto-
nous behavior of falling off towards larger E,_, as
depicted in Fig. 8 by the dashed lines which are
proportional to exp(—E_,/T.). It is important
to note that these smoothed shapes are similar for
spectra of the same final channel for different 6,;
T is nearly independent of 6,. This approximate
independence of the spectral shape on 6, is a
strong indication of the sequential breakup
mechanism. The absolute magnitude of the cross
section may depend on 0,, since 8,,_3 varies with
6, and the production yield of the parent nucleus
may vary with 6;,_;. Based on these observations
we try to formulate in Sec. V A a factorized ex-
pression of the coincidence cross section for the
sequential breakup process.

The T value depends significantly on the final
channel, and increases with heavier ejectiles (2.8
MeV for "Li and 7 MeV for !°B). This trend
might be related to the variation in the threshold
energies of the parent nuclei for emission of two
alpha particles, neutrons, and protons. If the exci-
tation energy of the primary fragment exceeds
these energies, which are usually larger than the
threshold energy of single alpha-particle emission,
either a four-particle final state or a competing nu-
cleon emission can become dominant. These thres-
hold energies are indicated in Fig. 8.

At the lowest energies of E,_, we observe a fal-
ling off of the cross section. This is mainly due to
the effect of E' ,, but may partly result from the
Coulomb barrier between the alpha particle and the
breakup partner.

In Fig. 9 we compare two E;_, spectra of the
a+ "Li channel obtained for lower and higher
E,,_;. The gross similarity observed in the high
energy region of E;_, may imply that the excita-
tion pattern of the parent nucleus is not strongly
dependent on the inelasticity of the primary reac-
tion.

The E|_, spectra (Fig. 8) for region II show
some features which do not collaborate with those
for region I. First, the cross section is absent in a
wide low-energy region of the spectra. This is,
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FIG. 9. The E,_, spectra of the @+ "Li channel ob-
tained for the lower (25 MeV <E;;_3 <75 MeV, open
circles) and higher (E,_3 > 75 MeV, closed circles) ener-
gy region of E,_; for 6,=+22° and 6,=+32°.

however, simply due to the geometrical effect asso-
ciated with E{* ,. Besides that, one aspect remains
clear: The cross section at higher E_, is extreme-
ly enhanced for region II. At E,_, =16 MeV, for
instance, the cross section of the a+ "Li channel at
6,=—20° (region II) is a factor of 50 larger than
that at 6,= + 15° (region I).

This large difference in the cross section is hard
to explain if we assume the same sequential break-
up mechanism is important in region II as well as
region I. Under such an assumption, the cross sec-
tion difference should be primarily associated with
the difference in the yield of the parent nucleus be-
tween emission angles 0;,_3 corresponding to the
angular sets (6;, 6,) of the observed particles. The
angle 6,,_; is typically 8 for (6,,0,)=
(+422° —20°) and 24° for (+22°, +15°). It is likely
that the angular dependence of the parent nucleus
yield is similar to that for the same isotope ob-
served in the inclusive singles measurement. The
singles angular distribution obtained for !'B was
forward peaked, showing an enhancement of a fac-
tor of 8 at 8° as compared to 24°. This enhance-
ment is, however, hardly sufficient to account for
the enhancement of the factor of 50 observed for
the coincidence yield for region II. Thus it is rea-
sonable to assume there is an additional mechan-
ism attributing to the events in region II.

C. The E,,_; spectra

The E12_3 spectrum dsa/d912_3d01_2dE12_3
was obtained by integrating the coincidence cross
Section d40'/d912_3dﬂl_2dE12_3dE1 -2 With
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respect to E;_, for specific (6,,60,) settings. Typi-
cal examples of the E,_; spectra are shown in
Fig. 10 for the case of a+ "Li detected for
0,=+22° and 0,=+11°, +15° and +32°. The
mean 0y,_; angles are, respectively, 21°, 24°, and
31°.

For the ejectile breakup mechanism, the Ey,_;
spectrum represents the kinetic energy spectrum of
the parent fragment which is excited and eventual-
ly breaks up. Then it may be expected that the
E,,_; spectrum resembles the singles energy spec-
trum of the corresponding fragment (1 + 2) since
the difference between the two spectra simply ar-
ises from whether or not the fragment is excited
above the threshold of alpha particle breakup. To
examine this aspect, we plot in Fig. 11 the ratios R
of the coincidence cross sections
f(dso'/dﬂu_:;dﬂl_szlz_j, )dﬂ] -2
=41-d?0/dQy,_sdE,_5 to the singles cross sec-
tions (d?0/dQ;_3dE;_3)singles taken at the same
angle as 0;,_; for the cases of @+’ Li (!'B), «

+ 1B (15N), and a+ '2C (1%0). This coincidence
cross section was taken to represent the total pro-
bability of the alpha decay of the parent nucleus
emitted at the given 6, 3 with given E;,_3. The
factor 47 was taken to represent the angular in-
tegration over Q;_,. However, this factor might
be too large because of the expected enhancement
of the in plane correlation as compared to the out
of plane correlation.

In this plot, the constancy of the ratio will imply
that the coincidence cross section is proportional to
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FIG. 10. The E,_; spectra of the @+ 'Li channel
obtained by integrating the coincidence cross section
d40'/d012_3d01_2dE12_3dE1_2 with respect to E1_2 for
6,=+22° and 6,=+11°, +15°, and +32°. The
corresponding angles 6;,_3 are 21°, 24°, and 31°, respec-
tively.
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FIG. 11. The ratios of the coincidence cross section
[ (@0 /dQ,_3dQ,_dE 2_3)d Q1 _,; to the singles cross
section (d%0/dQ;_3dE 153 )singles taken at the same an-
gles as 6y,_; for a+ "Li, a+ ''B, and a+ 'C channels
as a function of E,_3. The dashed line represents the
ratio for the @+ "Li channel at 6,= —20° for compar-
ison.

the singles cross section. This ratio is to be dis-
tinguished from that discussed in Sec. III E; here,
the cross section is compared to the parent frag-
ment, i.e., the particle (1 + 2) rather than to the
observed ejectile 1 in the case in Sec. IIIE. Ina
fairly wide energy region of E,_3, the ratios are
indeed nearly constant (within +25%) for the data
of region I. For comparison, this ratio for
6,=—20° (region II) is also shown for the a+ "Li
channel. In contrast the ratio for this angle varies
significantly as a function of Eq;_3.

From the ratio discussed above, we can deter-
mine the fraction f of the parent nucleus which
decays by the alpha particle emission using the re-
lation f =R /(1—R). Note this fractional ratio f
is much larger for the @+ '2C channel than for
any other channels. This enhancement may indi-
cate particular concentration in '%0 of alpha clus-
ter states near the particle threshold that favorably
decay into a+ '2C. This feature may be related to
the observation'®!>¢ that in the '°0 induced reac-
tions, the @+ '2C final channel usually has an
enhanced coincidence yield and the primary pro-
cess can be ascribed to the sequential breakup
mechanism.

The dependence of the coincidence cross section
on the three body reaction Q value Q3 is inferred
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from the spectra of d30'/d012_3d91_2dE12_3.
Since Q; is related to E,_; through the equation
Q3=E,—(E _,+E;_3) as described in Sec.

IV A, and since E_, is usually negligibly small as
compared to E,_3, the cross sections do/d(—Q3)
and do/dE,_; are almost identical. As inferred
from Fig. 10 as well as Fig. 11, the cross sections
do/d(—Q3) are generally peaked at the larger
(—@Q5) values, indicating that the coincidence
events are associated with highly inelastic process-
es. This feature is even the case for the a+ '°B
channel which can be affected by the elastic projec-
tile breakup. This particular breakup process,
which leaves the target as a spectator, was found
to have a significant cross section in the case of
20Ne and '°0 induced reactions.'>! In contrast, it
appears that the projectile breakup process is con-
siderably weaker in the present reaction system of
3Nb+ N, at least for the observed angle (,,6,)
settings.

V. PROPERTIES OF TWO COMPETING
MECHANISMS OF ALPHA EMISSION

In the previous sections, we have seen several
features which consistently indicate that two signi-
ficantly different mechanisms participate in the
emission of the coincident alpha particles, one be-
ing dominant in the angular region I and the other
in region II. In this section, we first summarize
the properties of these two mechanisms separately.
We then discuss the relative strength of these com-
ponents.

A. The mechanism relevant to region I

The characteristic properties of the coincidence
events detected for the geometry, where 6, is close

|

to 6, (region I) are summarized as follows:

(i) Energy-energy correlations of the alpha parti-
cles and ejectiles show two humped patterns (Fig.
3). The projected energy spectra of both alpha
particles and ejectiles show the double humped
spectral shapes, which are significantly different
from the singles energy spectra [Figs. 4(b) and 5].

(ii) The E,_, spectra show peaks of fine struc-
ture which may be ascribed to the alpha decay of
isolated excited states of the (1 + 2) nucleus (Fig.
8).

(iii) The global shape of the E_, spectra, which
is roughly expressed in the form of
exp( —E_, /Ty), is almost independent of the
detection angles of the coincident alpha particles
(Fig. 8). Its dependence on E,_; seems also to be
weak (Fig. 9).

(iv) The ratio of the coincidence cross section
d*c/dQ;_3dQ,_,dE,_; to the singles cross sec-
tion of the parent fragment (1 + 2) is roughly con-
stant for a wide region of E,_; and for different
0,’s (Fig. 11), whereas the ratio to the observed
ejectiles 1 fluctuates significantly [Fig. 6(a)]. As
discussed in the previous sections, all these features
are consistent with the assumption that the reac-
tion proceeds via a sequential ejectile breakup
mechanism.

The features described in (iii) and (iv) lead us to
formulate a semiquantitative expression for the
coincidence cross section for this reaction mechan-
ism. The feature of (iii) may imply that the cross
section is simply a function of E;_, and is in-
dependent of 6;,_3; and E,_;, whereas the feature
of (iv) may imply that the dependence of the cross
section on 6,,_3; and E,_j; is given by the singles
differential cross section (d’0/dQ,_3dE 15 _3)gingies
of the nucleus corresponding to the composite sys-
tem of the alpha particle plus ejectile. Thus, we
obtain an approximate relation

d*0/dQy;_3dQ_dE,_3dE,_,=N-f(E,_,)d%/dQy,_;dE ,_, Dsingles » 4

where N is supposed to be a constant. In this ar-
gument, it is implicitly assumed that the angular
distribution of the breakup process is isotropic in
the reaction plane in the rest frame of the (1 4-2)
system, i.e., do/d)_, is constant. It is indeed
likely that the angular distribution is isotropic at
least in the reaction plane, because the spin align-
ment (or polarization) of the ejectiles is expected to
be perpendicular to the reaction plane in view of

[
the classical nature of the heavy-ion damped reac-
tions.

B. The mechanism for region II
The coincidence events which were recorded

with the alpha detector on the opposite side of the
beam axis from the ejectile detector (region II) re-
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vealed properties very different from those for the
region I. These events do not show any of the
features characteristic of the sequential breakup
process, which are summarized in the preceding
subsection. Instead, they show the following
features: (i) The projected energy spectra of coin-
cident alpha particles, d’0 /d Q,d Q,dE,, have
shapes almost identical to those of the singles spec-
tra (d20/dQ,dE, )singles taken at the same angles.
(ii) This feature is even the case for projected spec-
tra obtained in coincidence with particles with dif-
ferent energies E;. In Fig. 12, the energy spectra
of the alpha particles at ,= —20° in coincidence
with '2C particles with energies above and below
E®=77.5 MeV are compared. The spectral
shapes are similar to each other and to the singles
spectrum. (iii) The same is true to a lesser extent
for the projected spectra of ejectiles except for
higher-energy regions.

These features are all consistent with the expres-
sion of Eq. (1). The values obtained from the
present data for K in Eq. (1) are 0.31—0.48/b for
various ejectiles. A similar value of K=0.5/b was
obtained for the **Ni+ !N reaction in Ref. 8.
Here it should be stressed again that the above ex-
pression is only valid for the data of region II and
not over the entire angular region as in the case of
Ref. 8. The contribution of this reaction mechan-
ism to region I will be examined in the subsequent
subsection.

In the present stage of understanding, it appears
difficult to specify the detailed nature of the reac-
tion process (fragmentationlike process) in region
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FIG. 12. The projected energy spectra of the alpha
particles at 8,= —20° in coincidence with the lower
(E'™ <77.5 MeV, open circles) and higher (E* >77.5
MeV, closed circles) energy 'C particles. The solid line
represents the spectral shape of the singles alpha parti-
cles for 6=20°.

II. Based on the features characterized by Eq. (1),
the authors of Ref. 8 inferred that the reaction
may proceed in two steps in which the alpha parti-
cle is emitted at an early stage of the reaction in
the projectile fragmentation process and the rest of
the projectile subsequently undergoes damped reac-
tion with the target. The feature of (ii) is in ac-
cord with this conjecture because the alpha-particle
spectrum may be unaffected by the subsequent
damped reaction, which controls the final energy
of the emitted ejectile. This conjecture is also in
harmony with the spirit of the recent theoretical
attempts®>>* to describe various breakup processes
and massive transfer reactions in a unified frame-
work. However, it is not obvious that such a two
step reaction process will simply lead to the factor-
ization formula in Eq. (1), which implies the “un-
correlated” emissions of the alpha particles and the
gjectiles. It may be possible that the alpha parti-
cles and the ejectiles are emitted rather in a corre-
lated manner via a recoil effect in the fragmenta-
tion process; the alpha particle may tend to be em-
itted on the opposite side of the beam from the
ejectile as was observed in this experiment.

C. The relative strength of two competing mechanisms

As summarized in the previous subsections,
coincident alpha particles may be associated with
two different mechanisms, i.e., the ejectile breakup
mechanism and the fragmentationlike mechanism.
These two components are, respectively, dominant
in the angular regions I and II, but their fractions
may well extend to the opposite regions. In this
subsection we attempt to estimate the angular dis-
tribution of each of the two components, and ex-
amine their relative strength over the entire angu-
lar range.

Division of the total angular distribution into
two components was recently discussed for the re-
action 'Tb+ *N at 140 MeV in Ref. 15. These
authors first assumed the angular distribution of
the fragmentationlike process following the form
of Eq. (1), which is symmetric with respect to the
beam direction. The total angular distribution was
then assumed to be the superposition of an ejectile
breakup distribution and a symmetric distribution.
According to these assumptions the peak of the to-
tal angular distribution should shift from the beam
direction towards the side of the angular region
where the ejectile breakup becomes important.
This conclusion, however, did not always hold for
the present data, as mentioned in Sec. III B. For
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instance, in several final channels such as a+ *C
and a+ C, the peak of the distribution appeared
at a negative angle of 6, although the ejectile
breakup component was found to be more intense
at positive angles. This observation implies that
the fragmentationlike component by itself peaks on
the side with negative angles; this is different from
the predictions of Eq. (1). Thus, the following we
start by evaluating the ejectile breakup distribution,
in contrast to the procedure used in Ref. 15.

In principle, the component of the ejectile break-
up may be distinguished by inspecting the E;_,
spectrum obtained with sufficient energy resolu-
tion, where the relevant events manifest themselves
as discrete lines on the continuous spectrum which
in turn represents the other types of mechanisms.
Such an analysis was indeed reported for the
159Th 4140 MeV N reaction,'® where coin-
cidences were observed between alpha particles at
30.5° and ejectiles at 20°. For this specific back-
ward angle of 6,, most events were ascribed to
discrete lines and consequently to the ejectile
breakup mechanism.

In the present measurement the angular resolu-
tion was relatively poor so that the energy resolu-
tion in the resultant E_, spectrum was insuffi-
cient to reliably perform the above type of analysis.
Instead we make use of the relation in Eq. (4) dis-
cussed in Sec. V A to calculate the angular distri-
bution of the ejectile breakup. In Sec. V A Eq. (4)
was only applied to events of region I. However,
the same relation may be applicable to events over
the entire angular region as far as the ejectile
breakup component is concerned.

In Fig. 13 the angular distribution of the ejectile

breakup component calculated for the a+ "Li
channel is indicated by a solid line. In the calcula-
tion the E;_, spectrum obtained for 8,= +32° and
the inclusive differential cross sections of !'B ob-
tained from a separate measurement>* were, respec-
tively, used for f(E;_,) and
(d%0/dQ3_3dE13_3)singles in Eq. (4). The normali-
zation was made at 6,= + 32° assuming that the
gjectile breakup mechanism is totally responsible
for the coincidence cross section at this angle. The
comparison with the experimental result as indicat-
ed by open circles shows that the calculated line
only accounts for a part of the observed cross sec-
tion particularly in region II. One may attribute a
tiny fraction of the remaining part to the sequen-
tial decay of the equilibrated targetlike fragment as
indicated by the dotted-dashed line. This line was
obtained by extrapolation of the coincidence cross

d20/dQydQ, (mbysr2)

0,

FIG. 13. The angular distribution of alpha particles
in coincidence with "Li ejectiles (open circles) and the
calculated angular distribution of the ejectile breakup
component (solid line) obtained from Eq. (4) for the
a+ "Li channel (see text). The dotted-dashed line
represents the sequential decay from the equilibrated
targetlike fragment. The remaining part of the experi-
mental data as deduced by subtracting the above two
components is indicated by the dashed line.

section at a far backward angle of 6,= —160°
where the sequential decay from the targetlike
fragment may only be available. By subtracting
the contributions from the ejectile breakup and the
decay of the targetlike fragment we are left with
the contribution of the fragmentationlike mechan-
ism, which has about the same strength as the ejec-
tile breakup mechanism.

The quantitative accuracy of the calculation is
somewhat dubious because of the simplifications
involved in the formulation of Eq. (4). In particu-
lar the assumption that the function f(E,_,) has
no dependence on E,_; may be an extreme sim-
plification since population of the unbound excited
states of the parent nucleus may tend to be reduced
as E,,_3 increases, i.e., as the inelasticity decreases.
The f(E,_,) spectrum used in the calculation was
taken from the data at 6,= +32°, where the coin-
cidence events were mainly associated with the ful-
ly damped component of the ejectile. Thus, the
calculated results can be an overestimation for the
negative angular region of 8, (region II), where the
corresponding angles of 6;,_; become more for-
ward so that a larger contribution from the quasie-
lastic component is expected. If this argument is
correct, the angular distribution of the ejectile
breakup component becomes narrower than the
calculated distribution by being further suppressed
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in region II. Accordingly, the strength of the oth-
er component becomes larger than indicated by the
dashed line.

We have made similar analyses on several other
channels. In spite of the uncertainties involved we
make the following observations based on these
analyses: (i) The angular distribution of the frag-
mentationlike component tends to be peaked at a
negative angle of 6, instead of 6,=0° as expected
from Eq. (1). (ii) The relative strength between the
two components varies within a factor of about 2
depending upon the final channel.

VI. SUMMARY AND DISCUSSION

In the previous sections it was shown that there
are two types of important emission mechanisms
contributing to the coincident alpha particles ob-
served in the *>Nb+ N reaction at 208 MeV.

The first mechanism was ascribed to the sequential
breakup of the ejectiles which were produced in
their unbound excited states in the primary binary
reactions. The alpha particles due to this mechan-
ism were most strongly populated in the angular
region in the vicinity of the ejectile detector (region
D). The second component of the alpha particles
may be classified as the analog to the fragmenta-
tionlike process as denoted by the authors of Ref.
8. The alpha particles of this category were most
significant at angles on the opposite side of the
ejectile detector with respect to the beam direction
(region II). At these angles the coincident alpha
particles exhibited the differential cross sections
which approximately followed the form of Eq. (1)
as in the case of Ref. 8.

The relative contribution of the two mechanisms
was examined and found to be roughly compar-
able, though it was slightly dependent on the final
channel. The variation of the relative strength
with final channel is not surprising in view of the
following consideration: For a given final channel
a+b the strength of the ejectile breakup com-
ponent is governed by the production yield of the
composite nucleus (a+b) in its excited states,
while that for the other component is associated
with the yield of the nucleus b. Since the yields of
b and (a+b)* are not generally correlated, the
competition between the two types of alpha parti-
cles can easily fluctuate with the choice of b.

In the recent correlation studies on the reactions
17Au+1%0 at 310 MeV (Ref. 13) and **Nb+ %0

at 204 MeV,!° the coincident alpha particles were
totally ascribed to the sequential ejectile breakup.
On the other hand the coincident alpha particles in
the *®Ni+ N reaction at 148 MeV (Ref. 8) were
mainly associated with the fragmentationlike
mechanism. In a more recent study of another “N
induced reaction'® on °Tb, the coexistence of the
two components was reported in agreement with
the present conclusion. Comparing these data we
find that the competition between the two different
mechanisms is strongly dependent on projectile and
that the ejectile breakup process is particularly in-
tense for the reactions with the 10 projectile. For
160 induced reactions the coincidence cross section
is much larger for the a+ '2C channel than the
other channels so that the data were usually
analyzed only for that particular channel; the cross
section for @+ '2C in the '°0 induced reactions is
also extremely enhanced as compared to the vari-
ous final channels in the N induced reactions.
The enhancement of the a+ '*C cross section for
the '°0 projectile and its origin being ejectile
breakup appears to comply with an observation
made on the present data. As discussed in Sec.

IV C, we found that the probability of ejectile
breakup is significantly higher for the °0 product
than for any other product nucleus. This feature
may be almost independent of the projectile used
to produce the resultant nuclei. In the case of the
160 induced reaction the production yield of °O in
the primary binary reaction may be very large
since it is associated with the inelastic channel.
Thus one can expect a large yield of a+ '2C aris-
ing from the sequential breakup of 0.

In the N induced reactions the contribution
from the fragmentationlike process is also signifi-
cant. The authors of Ref. 8 inferred that this pro-
cess proceeds in two steps, i.e., through the projec-
tile fragmentation followed by the “deep inelastic”
reaction between the fragment and the target.
Their inference was primarily based on the obser-
vation that the coincidence cross sections can be
factorized with the singles cross sections of the al-
pha particle and ejectile; this indicates that the
processes of producing the two coincident partners
are isolated from each other, i.e., are uncorrelated.
In the present study, we found that the behavior of
the fragmentationlike component deviated slightly
from the expectation of Eq. (1); the cross section is
somewhat suppressed on the same side of the beam
as the ejectile detector and peaking on the opposite
side. This feature of correlation, however, may not
necessarily conflict with the idea of the two step
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process as suggested in Ref. 8; it is rather unlikely
that the initial correlation in momentum between
the fragments embedded in the projectile can be to-
tally wiped out during the succeeding fragmenta-
tion and deep inelastic processes.

In the argument of the fragmentationlike
mechanism in Ref. 8, no explanation was offered
for the fragmentationlike mechanism. The
theory> of the “breakup fusion” mechanism may
have some relevance to such a mechanism. In this
theory, which was recently proposed to account for
the fast alpha particles observed in the singles
measurement, the alpha particles were supposed to
arise from a two-step process in which the projec-
tile is first broken up into the alpha particle and its
counterpart and then the former comes out as an
ejectile while the latter fuses into the target. The
natural extension of this theory may be to ascribe
the fragmentationlike process to the projectile
breakup followed by the “deep inelastic” reaction
between the target and the counterpart of the alpha
particle. If such a process is relevant to the
present '“N induced reaction studies, the cross sec-
tion may be significantly enhanced in the a+ °B
channel as compared to, say, a+ '*C; the breakup
fragment !B may undergo the inelastic reaction
more favorably than the pickup reaction in the
second step deep inelastic process as expected from
the systematic trend of the cross section observed
for the relatively light projectile (4 <20) induced
deep inelastic reactions. The observed result, how-
ever, was rather contradictory with this expecta-
tion; there is no particular enhancement of the
cross section in the a+ '°B channel. Thus it ap-
pears that the naive picture of the “breakup” in-
duced mechanism is too simple.

The importance of the breakup induced mechan-
ism may also be inferred on the basis of the
strength of the component of the elastic projectile
breakup. This component may be identified as the
event with the three body Q value Q3 =0Qg,, where
Qgee is the ground state Q value of the three body
final channel. For the present data on a+ !°B,
most coincidence events were associated with
(—Q3) larger than 30 MeV, and the fraction of
Q3 ~ Qg was found to be at most 10%. This re-
sult indicates the projectile breakup process and
also the various mechanisms associated with that
process are not significant.

The coincident alpha particles so far discussed in
terms of the fragmentationlike mechanism might
be related to the emission from the “hot spot”
created in the target nucleus via the primary reac-

tion. Such an idea was postulated to account for
the correlation data from the reaction of

58Ni+ !°0 at 96 MeV. In order to examine this
aspect we have calculated the energy and angular
correlations from the hot spot model as discussed
in Ref. 25. We find, as described below, that such
a calculation indeed can give rise to a reasonable
fit to the present data of region II. This observa-
tion is rather surprising in view of the difference in
nature between the hot spot mechanism and the
fragmentationlike mechanism: The alpha particle
emission is supposed to arise from the target nu-
cleus for the hot spot mechanism, but from the
projectile for the fragmentationlike mechanism.
Moreover, the emission for the former mechanism
occurs in the latter stage of the presumed two step
reaction, while that for the latter in the primary
stage.

For our calculations the hot spot model in Ref.
25 was somewhat modified. The main modifica-
tion was concerned with the assumption as to how
the angular momentum is carried after the forma-
tion of the hot spot; we assumed that it is carried
by the hot spot alone instead of the total target
system as assumed in the original paper. Conse-
quently, a smaller moment of inertia was used in
the present calculation giving rise to a faster rota-
tional speed for the center of mass of the hot spot.
Because of this fast motion of the hot spot the
backward emission of the alpha particle was highly
suppressed as viewed from the laboratory system
essentially yielding the single peaked angular distri-
bution of the coincident alpha particle as observed
experimentally. This result is in contrast to the
double peaked angular distribution which was
predicted by the original calculation in Ref. 25 and
was sometimes referred to as the characteristic pro-
perty of the hot spot mechanism. The projected
energy spectra of the coincident alpha particles at
various angles were also reproduced fairly well in
the present calculation. Aside from these positive
aspects, the calculation also involved some incon-
veniences. In particular, we had to assume the po-
sitive deflection angle of the primary “deep inelas-
tic” scattering to achieve a reasonable fit to the
data. Apparently this assumption conflicts with
the usual prescription that the deep inelastic pro-
cess favorably proceeds through the negative angle
deflection.

Under the present maturity of the theories it is
difficult to conclude either the fragmentationlike
or the hot spot approach is more adequate to
describe the nonsequential component of the alpha
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particles. It is even probable that both types of
mechanisms participate in the reaction. In order
answer these questions, further elaboration of the
theories is obviously important. At the same time
it may be desirable to accumulate more systematic
data on the correlation over a broader variety of
the reaction systems and experimental conditions.
Such studies would hopefully yield new types of
information which may help to distinguish the
underlying reaction mechanisms.
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