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Sequential reaction processes in the12C112C system at an energy of 28.7 MeV/nucleon

A. Magiera, J. Hebenstreit, L. Jarczyk, B. Kamys, A. Strzałkowski, and B. Styczen´
Institute of Physics, Jagellonian University, PL-30059 Cracow, Poland
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~Received 15 May 1997!

Inclusive spectra of different ejectiles and coincidence spectra ofa particles with various nuclides emerging
from the collisions of12C ions of energy 344.5 MeV with a12C target have been measured. A large fraction
of the observed cross section is contained in the continuous part of the inclusive spectra. In the coincidence
data the excitation of states of intermediate nuclei is observed which indicates the sequential mechanism of the
reaction. Calculations performed with a simple phenomenological model of such processes reproduce well the
shape and magnitude of both inclusive and coincidence spectra. The contribution of various reaction mecha-
nisms to the total reaction cross section is estimated.@S0556-2813~98!04002-3#

PACS number~s!: 25.70.Mn, 25.70.Pq
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I. INTRODUCTION

In the investigations of nucleus-nucleus collisions at
termediate energies large effort is concentrated on studie
the reaction mechanism leading to many-body final state
is expected that in the beam energy range from 20 to
MeV/nucleon new phenomena may occur. This energy ra
is transitional between the low-energy regime where m
field determines the interaction process and the high-en
region where collisions of individual nucleons dominate.
the intermediate energy region a strong competition betw
low and high energy reaction mechanisms should app
Therefore, besides the reaction mechanisms dominatin
low energies~compound nucleus and direct reactions!, other
processes responsible for production of many particles in
exit channel should be regarded. Two basic, extreme mo
of reactions leading to a multiparticle final state are cons
ered: the first one is a sequential binary decay—similar
that observed at low energies; the second one—predicte
large energies—corresponds to simultaneous disintegra
~prompt fragmentation!. A classification of various reaction
mechanisms proposed for the intermediate energy regio
well as a review of experimental data and different mod
are presented in Refs.@1# and @2#. In spite of numerous ex
perimental investigations and a variety of proposed mod
for the reaction mechanism the situation is still unresolv
because the performed experiments were not able to di
tangle well different processes such as sequential fragme
tion processes and prompt fragmentation. Moreover
models of sequential and prompt fragmentation predic
very similar behavior of different experimental observabl
since their general features are governed mainly by the a
able phase space. While in most investigations it was fo
that sequential processes dominate, some authors claim
servation of nonsequential processes@3–14#.

In the present work measurements were performed
light system of heavy ions12C112C at an incident energy o
28.7 MeV/nucleon. This beam energy is high enough to
duce processes different from those expected at low ener
The specific choice of entrance channel nuclei in the pre
570556-2813/98/57~2!/749~15!/$15.00
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experiment allows for considerable simplification of th
analysis. First the study of reactions in light system of hea
ions limits the number of possible partitions in the observ
final state. Secondly the identity of interacting nuclei in t
entrance channel and therefore fore-aft symmetry in the c
ter of mass frame puts very stringent constraints on the d
In such a case identical processes are responsible for pro
tion of projectilelike and targetlike nuclei. Therefore, the r
actions with a many body exit channel might be measured
the observation of fragmentation products of projectile li
nuclei and owing to the fore-aft symmetry by the observat
of associated target like nuclei. The additional experimen
advantage of using light nuclei in the entrance channel is
the reaction products are also light, what enables their de
tion with a low energy threshold, good mass and cha
separation of ejectiles and good energy resolution. The in
sive measurements of the energy spectra and angular d
butions for various ejectiles~from 4He up to 15N) as well as
coincidence measurements in different angular configu
tions were performed. The differential inclusive cross s
tions and coincidence cross sections were extracted. T
results in a large set of experimental data containing tra
tions to discrete bound or unbound states of ejectiles,
continuous spectra that correspond to the excitation of hig
excited states of ejectiles or to many body reactions, and
correlation of two particles emitted in many body process
The experimental data were analyzed by means of var
methods. Partial analysis of the inclusive data was perform
earlier and published elsewhere@15–19#. In the present pape
more attention is paid to the coincidence data and simu
neous description of coincidence and inclusive distributio
The coincidence data were analyzed basing on kinema
considerations, enabling one to obtain model independen
formation about the reaction mechanism leading to ma
particles in the exit channel. The phenomenological
proach was applied in the analysis of sequential decay
cesses initiated by the inelastic excitation and transfer re
tions. More details of this analysis may be found in R
@20#.

The experimental procedure will be presented in Sec
together with a discussion of characteristic features of
749 © 1998 The American Physical Society
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750 57A. MAGIERA et al.
experimental data. The model independent qualitative
cussion of the coincidence data based on the kinema
signatures of the sequential fragmentation is presente
Sec. III. The model used for the analysis of the sequen
processes initiated by direct reactions is presented in Sec
together with the results of the phenomenological analysi
sequential fragmentation processes. In Sec. V the contr
tion of various reaction mechanisms is discussed and fi
conclusions are presented.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The experiments were performed using the12C ion beam
of 344.5 MeV energy from the JULIC cyclotron of the Fo
schungszentrum Ju¨lich. The experiments contained measu
ments of the inclusive energy spectra and coincidences.
beam was focused on a12C target of 1.1 mg/cm2 thickness.
The detection system consisted of three counter telesc
assembled of 50mm, 400 mm, 2 mm, and 6 mm thick S
surface barrier detectors cooled down to220 °C. The solid
angle covered by the detectors was 0.04 msr in inclus
experiments and 0.2 msr in coincidence measurements.
detection system is capable to separate the reaction prod
from 4He up to 15N according to their mass and charge
the energy range starting from threshold about 3
MeV/nucleon~see Ref.@16#!. The energy resolution was 70
keV and the accuracy of the absolute energy scale was a
0.8%. The time differences of the pulses from the telesc
pairs in coincidence were measured with the resolution
about 1 ns, which allowed a good discrimination against r
dom coincidence events.

The absolute values of cross section were evaluated f
the measured counting rates, target thickness, solid angl
the detecting system and integrated beam charge. The u
tainty in absolute normalization of the cross section was
timated to be 7% mainly due to the uncertainty in targ
thickness.

In the inclusive measurements the energy spectra o
stable ejectiles from4He up to 15N were measured at labo
ratory angles covering the range from 4° to 11.5° in 0
steps and then up to 36° in 1° steps. This range cove
large part of the angular distributions. It follows from th
identity of particles in the entrance channel that the cr
section is symmetrical around 90° in the center of mass
tem ~this corresponds to about 45° in the laboratory syste!.

The coincidences of various ejectiles were measured
angular configurations in a ‘‘close geometry’’ (16°,26°),
(16°,111°) and in a ‘‘wide geometry’’ (16°,220°),
(16°,230°). All telescopes were placed in the plane
cluding the beam direction. The same sign of the angles
fers to telescopes placed on the same side of the beam
different signs correspond to telescopes placed on oppo
sides of the beam. In the angular settings chosen for
coincidence measurements one of the telescopes was al
placed at small angle16°. This telescope enables to dete
the ejectiles produced in processes which are peaked at
ward angles. Positions of the second detector cover the l
part of the angular range.

The high energy part of the spectra where discrete pe
were observed was additionally measured using the Big K
spectrometer. This allowed a better resolution of the tra
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tions to discrete states~with energy resolution of about 20
keV! and a measurement at small angles down to 2°. T
spectrometer was used also for the measurement of the
therford elastic scattering at small angles on a197Au target to
verify the absolute normalization of the cross section.

More details about the experimental procedure, part
identification and results for inclusive measurements may
found in Refs.@16# and @20#. Typical measured inclusive
energy spectra could be found also there. The spectra at
ward angles are dominated by the broad maximum locate
energies close to those corresponding to the beam velo
This maximum is asymmetric with a tail extending to sm
ejectile energies. At larger angles this maximum practica
disappears and spectra decrease strongly with the ejectile
ergy. At small energies where the contribution from the co
pound nucleus reaction may be expected the observed c
section is small. The transitions to discrete states with d
nite excitation energies are observed for some ejectiles@18#.
They appear distinctly at small detection angles only. Su
transitions to discrete states correspond to inelastic scatte
and one- and two-nucleon transfer reactions.

The typical coincidence patterns are shown in Fig. 1 a
two dimensional scatter plot of the intensity in function
the energies of the coincident fragments for a given ang
configuration. The coincidence spectra presented in F
1~a! and 1~b! are for ‘‘close geometry,’’ i.e., angle setting
(16°,111°) and coincidences ofa 29Be anda 26Li, re-
spectively, that in Fig. 1~c! is for ‘‘wide geometry’’ angular
setting, i.e., (16°,230°) for coincidences ofa 26Li. The
kinematical curves calculated from energy and moment
conservation for the corresponding three body react
12C(12C,a9Be)11C for a 29Be and 12C(12C,a6Li) 14N for
a 26Li coincidences are also plotted. These curves de
the limits for the kinetic energy of particles in coincidenc
The events situated on the kinematical curve correspon
the three body reaction with all particles in the ground sta
Events lying inside the region enclosed by this curve may
accounted to the excitation of ejectiles or to more than th
body reactions. Events above this region correspond to
dom coincidences only.

As it is seen from Fig. 1 qualitatively different coinc
dence patterns are observed in these three cases. In Fig~a!
the majority of the coincidence events is concentrated cl
to the kinematical curve calculated for th
12C(12C,a9Be)11C three-body reaction with all ejectiles i
the ground states. Beyond the vicinity of kinematical cur
some events are observed at ejectile energies smaller
those on the kinematical curve. This type of coincidence p
tern is dominating fora19Be anda110B coincidences in
‘‘close geometry.’’ The second type of observed coinciden
pattern is presented in Fig. 1~b!. It is characterized by ma
jority of coincidence events with ejectile energies mu
smaller than those corresponding to the kinematical cu
These coincidence events are, however, not distributed
domly but they are correlated to some curves. Similar beh
ior of the coincidence cross section is observed also
a 27Be,a 27Li, a 26Li, anda 2a coincidences in ‘‘close
geometry.’’ The third type of coincidence pattern appears
‘‘wide geometry.’’ As may be seen in Fig. 1~c! the coinci-
dence events are concentrated at small energies of both
tected ejectiles. They do not group close to the kinemat



’’

vy
y

-
und
g to
se
n

tion
con-

re-
of

er-
-
ula

rt-

for

n an

n the

to

n-

tion
he

tion

tal
ross
e-
eri-

all
um
mes
at

b-
gs.

a
ne
ta

57 751SEQUENTIAL REACTION PROCESSES IN THE . . .
FIG. 1. Two-dimensional spectrum fora 29Be ~a! anda 26Li
~b! coincidences for an angular configuration (16°,111°) and for
a 26Li ~c! for angular configuration (16°,230°). The density of
the points corresponds to the magnitude of the cross section
varies logarithmically. The solid curve represents the ejectile e
gies that correspond to a three body reaction with all final s
particles in their ground states~kinematical curve!. The kinematical
curves for various values of missing energyQ3 ~dotted lines! and
some selected values of excitation energyE12* ~dashed lines! are
also shown. Numbers labeling the curves correspond toQ3 andE12*
values in MeV.
curves as for ‘‘close geometry.’’ For the ‘‘wide geometry
the patterns for all coincidences ofa particle with heavier
ejectile are very similar.

III. ANALYSIS OF COMPOUND NUCLEUS, INELASTIC
EXCITATION, AND TRANSFER REACTIONS

At small incident energies for the light systems of hea
ions ~e.g., 12C112C system! reactions are dominated b
compound nucleus and direct processes~i.e., inelastic scat-
tering and transfer reactions!. Both these processes contrib
ute also to the continuous part of the spectra. The compo
nucleus contribution is expected at energies correspondin
the center of mass velocity, while for direct reactions—clo
to the beam velocity. The contributions of these well know
mechanisms have to be regarded before other reac
mechanisms that may appear at intermediate energy are
sidered.

A. Compound nucleus reactions

To evaluate the contribution of the compound nucleus
action to the spectra of various ejectiles the calculations
particle evaporation from the compound nucleus were p
formed using the PACE code@21#. The resulting cross sec
tion depends on the parameters in the level density form
and on the maximum angular momentuml f for fusion.

For the calculations of the level density the Gilbe
Cameron parameterization@22# was used. It contains two
basic parameters: the level density parametera and the pair-
ing energy. The level density parameter used usually
light nuclei a5A/5 (A is the nucleus mass number! and the
pairing energy parameterization proposed in Ref.@23# were
applied. The same parameters were successfully used i
extended analysis of9Be112C fusion atEc.m.511.4 MeV
@24# and 11B112C fusion atEc.m.536.5 and 41.7 MeV@25#,
where the same nuclei as in the present analysis appear i
compound nucleus decay.

The potential model~Refs.@26,27#! was used to estimate
the maximum angular momentum for fusion. According
this modell f corresponds to the angular momentuml crit for
which the ‘‘pocket’’ in the total potential~Coulomb, nuclear,
and centrifugal! disappears. Using the optical model pote
tial determined for12C112C system@15# value of l f5 l crit
517 was obtained. This value leads to a fusion cross sec
of 200 mb in good agreement with the predictions of t
Porto-Sambataro phenomenological model@28# resulting in a
fusion cross section value equal to 180 mb. The total reac
cross section amounts to 1290 mb.

As an example the results of these calculations for10B
anda particle ejectiles are compared with the experimen
energy spectra in Fig. 2 for some angles. The obtained c
section for the outgoing10B produced as an evaporation r
siduum accounts for a considerable portion of the exp
mental cross section at small ejectile energies and sm
angles only. The contribution of the evaporation residu
cross section decreases with increasing angle and beco
very small in respect to the experimental cross section
laboratory angles larger than 25°. A similar behavior is o
served for all other evaporation residua. As shown in Fi
2~c! and 2~d! the cross section fora particles evaporated in

nd
r-
te
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FIG. 2. Energy distributions~histograms! of outgoing 10B nuclei anda particles for selected angles compared with statistical mo
calculations~continuous solid line!.
ar
in
n

g
at
-
-
ta
p
re
n

im

the
the

ini-

be
ess.
ron
in

ce
olds

the
oss
-
r-

ec-
ple

an-

al
c

eac-
x-
the decay of the compound nucleus is very small in comp
son to the experimental data at small angles, while it
creases to about 20% of the experimental cross sectio
larger angles.

B. Direct reaction processes

For the investigated system the direct reactions leadin
bound and a continuum of unbound states were calcul
@15,18,19#. The inelastic excitation@15# and transfer reac
tions to discrete states@18# were analyzed within the stan
dard DWBA. Very good reproduction of the experimen
angular distributions was obtained, and the values of the
tential deformation length and spectroscopic factors ag
very well with those from the other studies at low incide
energies for various systems. The inelastic excitations
higher excited states were calculated@19# with the multistep
direct reaction~MSDR! model~see Fig. 3!. It was shown that
inelastic scattering and transfer reactions are still quite

FIG. 3. Energy distributions of outgoing12C nuclei at a labora-
tory angle of 10°. The thick solid line corresponds to MSDR c
culations of inelastic processes. The peak at the largest energy
responds to the elastic scattering~figure from @19#!.
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portant at intermediate beam energy. They account for
observed transitions to discrete states and for a part of
continuum spectra for12C nuclei ~inelastic excitation! and
11C and 11B ejectiles~transfer reactions! at large outgoing
energies. Such direct reactions leading to unbound states
tialize the sequential processes.

The excitation of the 8.96 MeV state of14N in deuteron
transfer reaction and its subsequent proton decay may
regarded as a good example of such a sequential proc
This process is shown schematically in Fig. 4. The deute
transfer to the14N 8.96 MeV state leads to a strong peak
10B spectrum presented in Fig. 2~a!. This state is unbound
and decays by proton emission with 100% probability sin
other decay channels are closed as their energy thresh
are larger than 9 MeV. Because of identical particles in
entrance channel it is possible to obtain directly the cr
section for both10B and 14N* outgoing particles by detect
ing 10B ejectiles only. The identity of entrance channel pa
ticles results also in the fore-aft symmetry of the cross s
tion in the center of mass system. Thus in the exam
shown in Fig. 4 the cross sections for the production of10B
and 14N* ejectiles are equal for given c.m. angle:

ds10B ~uc.m.!

dVc.m.
5

ds10B ~p2uc.m.!

dVc.m.
5

ds14N* ~uc.m.!

dVc.m.
.

Therefore the angular distribution measured for the tr

-
or-

FIG. 4. Schematic representation of the deuteron transfer r
tion 12C112C→10B114N* with a subsequent proton decay of e
cited state of14N*→p113C.
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FIG. 5. The experimental energy spectra for outgoing13C compared with sequential process calculations~solid line! as described in the
text.
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sitions corresponding to the peak in10B spectra could be
used to obtain the formation probability of14N* nucleus
emitted in the forward hemisphere in the first stage of
reaction. Assuming that the decay is isotropic in the r
frame of the14N* nucleus the cross section for outgoing13C
nuclei produced in a sequential decay process can be c
lated without free parameters. The results of these calc
tions with intermediate 8.96 MeV state of14N* nucleus are
presented in Fig. 5. In the kinematically allowed region t
contribution of the sequential process, described above
the continuous part of13C spectra is significant. That indi
cates the importance of the sequential processes initiate
direct reactions leading to unbound states. At larger an
the calculated cross section accounts only for a small pa
the experimental cross section for the13C nucleus. This sug-
gests that transitions to higher excited states of the14N
nucleus have to be considered. Higher excited levels de
in the laboratory system into a larger angular cone. There
they contribute significantly at larger emission angles, a
consequently their decay leads to a broader laboratory en
distributions of ejectiles.

IV. KINEMATICAL SIGNATURES OF THE SEQUENTIAL
FRAGMENTATION REACTIONS

As shown in the previous section various processes
compound nucleus formation and decay as well as direct
sequential reactions lead to continuous distributions in
inclusive spectra. They can be only distinguished by app
priate model calculations. Since the coincidence data con
more information than the inclusive ones it may be expec
that some model independent conclusions about the rea
mechanism may be drawn from their analysis. For this p
pose the characteristic features of the measured coincid
patterns will be discussed based only on kinematical con
erations.
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The energies of the two outgoing particles detected
coincidence at given emission angles were measured in
present experiment. The distribution of points in the sca
plot ~energy of the first particle versus energy of the seco
one! is determined just by the phase space factor in cas
uncorrelated particles. Deviation from the resulting smo
distribution indicates the presence of some dynamical co
lations, thus it should contain information on the reacti
mechanism. This will be most clearly visible when represe
ing the coincidence cross section as a function of two v
ables: excitation energyE12* of the subsystem consisting o
two observed particles, and the missing energyQ3, i.e., the
energy of unobserved particles.

For the coincidences of ejectiles 1 and 2~with known
massesm1 andm2 and four momentap1 andp2) emerging
from the interaction of beam particles ‘‘a’’ with target nuclei
‘‘ b,’’ these variables have the following definition:

E12* 5A~p11p2!22m12,

wherem12 is the ground state mass of the nucleus formed
nucleons of particle 1 and 2:

Q35Apx
22mx5A~pa1pb2p12p2!22mx ,

wherepx is the four momentum of all unobserved particl
(px5p31•••1pn) andmx is the mass of the particular sys
tem of unobserved particles.

When particles 1 and 2 form a resonant state of the co
posed system, a peak should be visible in the coincide
cross section at the excitation energyE12* corresponding to
this resonant state. The missing energyQ3 corresponds to the
excitation energy of the third, unobserved particle in a th
body reaction while it corresponds to kinetic energies a
excitation energies of unobserved ejectiles in case of m
than three body processes. In Fig. 1 the example of con
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FIG. 6. Experimental coincidence cross section fora 29Be coincidences presented as a function ofQ3 ~a! and as a function of excitation
energyE12* ~b!. Arrows in ~b! mark the peaks corresponding to the excited states of13C nucleus, the labels above arrows indicate the val
of excitation energy.
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lines of excitation energyE12* and missing energyQ3 is pre-
sented for the detection of9Be or 6Li and a particle in
coincidence at the angular configuration (16°,111°).

Comparison of contour lines ofE12* andQ3 with experi-
mental coincidence patterns leads to straightforward inter
tation of the correlated structures visible in the experimen
plots presented in Figs. 1~a! and 1~b!. Groups of points lying
on the kinematical curve of the three body reaction presen
in Fig. 1~a! correspond to a missing energy equal to ze
i.e., to a three body reaction in which all ejectiles are in
ground state. These groups of points correspond, howeve
well defined values of the excitation energy of a system co
posed of two observed particles. Thus the studied three b
reaction proceeds via a sequential mechanism with excita
of states of intermediate13C system. Figure 1~b! displays
another correlation pattern. The events are grouped a
contour lines of constant excitation energiesE12* of 10B. Oc-
currence of different missing energy is an indication of
sequential process with more than three ejectiles in the
channel.

It should be emphasized that the distribution of points
the scatter plot is significantly modified by the efficiency
the detection system. The efficiency is determined by
angular configuration and the solid angles of the detect
relative velocity and the sum of the velocities of the partic
detected in coincidence, hence it depends onE12* . The effi-
ciency was calculated for each analyzed angular config
tion using the Monte Carlo method. The efficiency strong
decreases with increasingE12* value and for various angula
configurations the maximum of the efficiency corresponds
differentE12* values. The efficiency does not depend stron
on the missing energyQ3 and is practically constant in th
whole available Q3 range. Coincidence spectra of th
a 29Be anda 26Li will be discussed as typical examples
a kinematical analysis.

a 29Be coincidences. Figure 1~a! shows that most of the
coincidence events are concentrated on the kinematical c
corresponding toa19Be111C final state with all outgoing
particles in the ground state (Q350). This is well visible
e-
l

d
,
e
to
-

dy
n

ng

it

e
s,
s

a-

o
y

ve

when the coincidence spectra are presented as functio
missing energyE12* @Fig. 6~a!#. The presence of groups o
points corresponding to well defined excitation energies
nucleus13C, decaying to9Be anda, indicates that the reac
tion proceeds sequentially with excitation of13C to several
unbound states. This is illustrated in Fig. 6~b! where the
projection ontoE12* excitation energy of coincidence even
corresponding to the peak atQ350 in Fig. 6~a! is presented.
The excitation of the following unbound states: 11.1, 11
12.3, 12.6, 13.2, 13.9, and 14.4 MeV is visible well abo
the random coincidences. The continuous part of the miss
energy spectrum@Fig. 6~a!# may be attributed to more tha
three body reactions, e.g., a four body reaction leading
a19Be1p110B final state.

According to the discussion presented above, the de
tion efficiency causes that only a small range of13C excita-
tion energy may be observed for each angular configura
of detectors. Thus, to determine the excitation probability
13C nucleus in a broad energy range one has to combine
information from several angular configurations and corr
it for the detection efficiency. Such an excitation probabil
is shown in Fig. 7. It is seen that the cross section depe
exponentially on the excitation energyE12* . This dependence
as well as the magnitude of the excitation probability is ve
similar for different angular configurations. It should b
noted that these coincidence spectra contain information
only on the formation of intermediate excited states but a
on the probability of their decay intoa19Be channel.

a 26Li coincidences. Another type of coincidence pat
tern is shown in Fig. 1~b!. The events are grouped on curv
of constantE12* , corresponding however, to a broad range
missing energy. Therefore, it may be concluded that ot
reactions with more than three bodies in exit channel w
excitation of intermediate10B nuclei are responsible fo
these coincidences. The reaction may proceed via inela
excitation of 12C and its subsequent decay with emission
deuteron~or n1p sequences! and a particle. Another type
of the reaction mechanism leading toa 26Li coincidences
corresponds to alpha particle decay of excited12C with for-
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57 755SEQUENTIAL REACTION PROCESSES IN THE . . .
mation of 8Be and its successive decay into a deuteron
6Li. In this reaction thea particle and6Li are not correlated
to some particular relative energy since they do not form
intermediate state. Therefore in this case the coincide
events should have a continuous distribution.

The excitation of10B levels is well visible in Fig. 8 where
the a 26Li coincidence cross section is presented as fu
tion of E12* . The observed peaks may be identified as co
sponding to the following known10B excited states: 4.774
MeV, three unresolved states at about 5.15 MeV and a gr
of three states at about 6 MeV. No significant continuo
contribution is observed which should appear in case of
a-deuteron decay sequence. Suppression of the reactio
volving thea-deuteron sequence is due to the8Be structure
which favoursa 2a decay of this nucleus.

In order to obtain the excitation energy distribution of10B
nuclei produced in the12C decay, the experimentala 26Li

FIG. 7. Experimental coincidence spectra corrected for the
tection efficiency fora 29Be coincidences in different angular con
figurations presented as a function of the excitation energyE12* .
Dashed line corresponds to an exponential function fitted using
least square method.

FIG. 8. Experimental coincidence cross section fora 26Li co-
incidences as a function of excitation energyE12* . Arrows mark the
peaks corresponding to the excited states of10B nucleus, the labels
above arrows indicate the excitation energy.
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coincidence distributions were corrected for detection e
ciency. The corrected coincidence cross sections are sh
in Fig. 9 for the (16°,26°) and the (16°,111°) angular
configuration as a function ofE12* . It is seen that the prob
ability distributions of excitation energy of10B nuclei ~de-
caying subsequently viaa particle emission! are exponen-
tially decreasing functions, similar in shape and magnitu
for both angular configurations.

Since the coincidence patterns ofa 27Be anda 27Li are
analogous to those ofa 26Li coincidences, it may be con
cluded that the mechanism responsible for populating th
three channels is very similar. The occupation of7Li and
7Be channels is caused by sequential reactions consistin
the excitation of12C nucleus to unbound states, followed b
nucleon emission populating unbound states of11C or 11B,
and subsequenta-particle emission. The exponential depe
dence onE12* of the probability of production anda particle
decay of intermediate11C and 11B nuclei was found from
experimental coincidence spectra corrected for detection
ficiency. The slope of these correcteda 27Be anda 27Li
spectra, represented as function ofE12* , is the same as tha
observed fora 26Li coincidences.

V. SIMPLE MODEL FOR SEQUENTIAL PROCESS
CALCULATIONS

As it was shown in the previous chapter the direct re
tions lead frequently to unbound states which subseque
decay by particle emission. It follows from the analysis
the coincidence data, that most of the observed coinciden
may originate from such sequential reactions. In this chap
it will be shown how the observed spectra may be descri
by a simple phenomenological model based on this reac
mechanism.

In general, the inclusive and coincidence differential cro
sections are calculated by integrating the product of the tr
sition probabilityP and the phase space density factor ov
all allowed values of momenta of unobserved particles. T

e-

e

FIG. 9. Experimental coincidence spectra corrected for the
tection efficiency fora 26Li coincidences in different angular con
figurations as a function of excitation energyE12* . Dashed line cor-
responds to the exponential function fitted using the least sq
method.
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TABLE I. The decay channels taken into account in the calculations of the sequential processes sta
inelastic excitation and one and two nucleon transfer processes. The total cross section resulting f
comparison of the calculations with experimental data is also shown for each regarded process.

Primary Decay channel s tot @mb#

nucleus

12C→n111C 37
12C→p111B 52
12C→d110B 55

12C→H n111C→n1p110B

p111B→p1n110B
38

12C 12C→3He19Be 16
12C→n111C→n1a17Be 44
12C→p111B→p1a17Li 50
12C→d110B→d1a16Li 53

12C→H n111C→n1p110B

p111B→p1n110BJ→n1p1a16Li 43

12C→a18Be→a1a1a 392

13C→n112C
13N→p112C

73

13C→n112C→n1n111C
13N→p112C→p1n111C

26

13C 13C→n112C→n1p111B
13N→p112C→p1p111B

43

13N 13C→a19Be 3
13C→n1n111C→n1n1a17Be
13N→n1p111C→n1p1a17Be

16

13C→n1p111B→n1p1a17Li
13N→p1p111B→p1p1a17Li

23

14N→a110B 3
14N 14N→p113C→p1a19Be 17
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transition probability contains full information concernin
the dynamics of the reaction while the phase space den
factor corresponds to the number of available states in
exit channel while ensuring conservation of total energy a
momentum. The inclusive cross section for the observed
ticle ‘‘1’’ may be represented as

2E1

d3sn

d3p1

5
1

FE )
i 52

n
d3pi

2Ei
d4S pa1pb2p12(

j 52

n

pj D
3P~p1

W ,p2
W , . . . ,pn

W !

and the coincidence cross section for the observed part
‘‘1’’ and ‘‘2’’ as

4E1E2

d6sn

d3p1d3p2

5
1

FE )
i 53

n
d3pi

2Ei

3d4S pa1pb2p12p22(
j 53

n

pj D
3P~p1

W ,p2
W , . . . ,pn

W !,
ity
e
d
r-
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where Ei , pi
W , pi denote the total energy, momentum a

four momentum of particlei ( i 5a,b,1,2, . . . ,n for beam,
target, and outgoing particles 1,2, . . . ,n, respectively!, F is
the normalization factor corresponding to the flux of the
cident particles,d3pi /2Ei is the phase space density for pa
ticle i , andP corresponds to the transition probability to th
exit channel with outgoing particles 1,2, . . . ,n.

It is assumed that the formation of excited nuclei and th
subsequent decays are separated in time well enough to
sure that formation and decay processes are indepen
Then the transition probability may be represented as a p
uct of formation probability of excited intermediate nucl
and the probability of their successive decays. The forma
probability depends on the emission angle and excitation
ergy of the first step reaction products while the decay pr
ability is determined by excitation energies of the decay
nuclei and decay products. The decay probability may
pend also on the emission angles when the decaying nu
are polarized. It is, however, justified to assume that the
erage polarization of intermediate nuclei vanishes si
many unbound states are excited in the energy region u
consideration. This averaging leads to isotropic emission
the decay products in the rest frame of the decaying nuc

The exponential angular dependence of the transi
probability on the center of mass angleuc.m. of a projectile-
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FIG. 10. Experimentala 29Be coincidence spectra compared with a sequential processes calculation (a19Be111C, thick dashed lines;
a19Be1p110B, thin solid lines!, compound nucleus calculations~thin dashed lines!, and sum of all these processes~thick solid lines!.
rv
a
a
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ob-
like fragment was assumed in accordance with the obse
shape of angular distributions for inelastic and transfer re
tions. The identity of particles in the entrance channel w
taken into account by representing the transition probab
ed
c-
s
y

as a sum of contributions for center of mass anglesuc.m. and
p 2uc.m..

It follows from the kinematical analysis of the coinc
dence data for three body reactions that the formation pr
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FIG. 11. Experimentala 26Li coincidence spectra compared with calculations of various processes. Thick dashed lines: seq
process leading toa16Li1d112C; thin solid lines: sequential process leading toa16Li1n1p112C; thin dashed lines: compound nucleu
calculations; thick solid lines: the sum of all these processes.
tio

lity

tion.
ility
ed.
ability is an exponential function of the excitation energyE1*
of the unstable nucleus formed in the first step of the reac
~see Fig. 7!. The analysis of four body reactions~presented in
Fig. 9! leads to the conclusion that the transition probabi
n
also depends exponentially on excitation energyE2* of the
intermediate states formed in the second step of the reac
Thus the exponential dependence of the transition probab
on excitation energies of all intermediate states was assum
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FIG. 12. Experimental6Li inclusive spectra for various laboratory angles compared with calculations. Thick dashed lines: seq
process leading toa16Li1d112C; thin solid lines: processes leading toa16Li1n1p112C; thin dashed lines: compound nucleus calc
lations. Thick solid lines represent a sum of all these processes.
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Then the transition probabilityP may be written as

P5N•@exp~2buc.m.!1exp„2b~p2uc.m.!…#•exp~2gE1*

2dE2* . . . 2eEn21* 2zEn* !,

whereN is the normalization factor~different for each reac-
tion channel!, b parameter determines the slope of the an
lar distributions, and the parametersg, d, . . . ,e andz con-
tain both probabilities of formation and decay of the excit
states.

The value of the parameterb varying in the range of
0.120.2 deg21 was deduced from experimental and theor
ical angular distributions for direct processes discussed
-

-
in

Sec. III B. The reproduction of experimental data was
similar quality for all values ofb in this range. Therefore
the parameterb was kept constant at a value of 0.15 deg21

for all calculations in the present analysis.
It was found that transfer and inelastic excitation pr

cesses exhibit a different dependence on the excitation
ergy of the intermediate nuclei formed in the first step of t
reaction. Therefore theg parameter was fixed at differen
values for sequential processes initiated by transfer and th
initiated by inelastic excitation. The parameterg trans.
50.13 MeV21 was obtained from the analysis of the expe
mental coincidence spectra for three body reactions lead
to a 29Be anda 210B coincidences. The parameterg inel.
50.04 MeV21 was determined in the analysis of inclusiv
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FIG. 13. Experimentala 2a coincidence spectra compared with results of calculations for various processes. Thin solid lines: se
process leading to three or sixa particles in the final state; thin dashed lines:a particles evaporated from compound nucleus; thick so
lines: sum of these processes.
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a particle and12C ejectile distributions. The values of th
parametersd5e5•••50.06 MeV21 were used for pro-
cesses in which decay occurs in two or more steps. T
were fixed according to the dependence of the experime
coincidence cross section on the excitation energy for f
body reactions leading toa 27Be, a 27Li, and a 26Li co-
incidences. To obtain absolute values of the cross sect
the normalization factorN was adjusted separately for ea
reaction channel. Then the total cross section for each
lyzed sequential process may be calculated by integratio
the calculated distributions over solid angle and over
energy of the outgoing particle. The choice of the values
the parametersb, g, d, . . . was not very critical for the
results of the analysis. For example, variation ofg inel. param-
eter ~for sequential processes started by inelastic excitat!
in 0.03 – 0.05 MeV21 range as well asb parameter in
0.120.2 deg21 range leads to a very similar description
the experimental data. These uncertainties of parameter
termination cause that the cross sections for various seq
tial processes were estimated with an error of about 15%

The kinematical considerations taking into account all
perimental data enabled to determine which reaction p
cesses are significant and should be taken into account
y
tal
r

ns

a-
of
e
f

n

de-
n-

-
-
a

detailed quantitative analysis. They are listed in Table I. T
quality of data description may be judged using as examp
the coincidence cross sections fora 29Be, a 26Li, a 2a
and the inclusive cross sections for all the channels.

a 29Be coincidences. The main contribution to these co
incidences is due to the three body reacti
12C(12C,a9Be)11C and to the deuteron transfer reaction fo
lowed by proton anda particle emission 12C112C→a
19Be1p110B. Coincidence cross sections were evalua
for these two sequential reactions in the frame of our p
nomenological model. The only free parameters were
normalization factors for both reactions determined from
simultaneous analysis of coincidence and inclusive data.
contributions of different processes are compared with
perimental coincidence spectra in Fig. 10. The sum of cr
sections for both these sequential mechanisms together
a contribution from compound nucleus reactions reprodu
the experimental coincidence data very well, with except
of small angle ofa particle emission.

a 26Li coincidences. Kinematical considerations pre
sented in the previous chapter lead to the conclusion that6Li
nuclei are produced mainly in the following sequential pr
cesses: Inelastic excitation of12C nucleus followed by the
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FIG. 14. Experimental inclusive spectra for laboratory angleu lab55° for 11C, 11B, 10B, 9Be, 7Be, 7Li, anda ejectiles. The thick dashed
lines represent the sum of the cross sections for corresponding sequential processes given in Table I, thin dashed lines cor
compound nucleus calculations, and thick solid lines represent the sum of cross sections for these reactions.
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decay chain 12C*→d110B*→d16Li1a or 12C*→p
111B*→p1n110B*→n1p16Li1a or 12C*→n111C*
→n1p110B*→p1n16Li1a. Contribution of the first
mechanism to the experimental coincidence cross sectio
shown in Fig. 11 as thick dashed line while the contributi
from the other ones is presented as thin solid line.
mechanisms contribute significantly to the reaction un
consideration. The normalization factors can be determi
unambigously by taking into account also inclusive spec
From the inclusive spectra presented in Fig. 12 it is obvio
that contribution of four body reactions decreases quic
with the scattering angle. Therefore the normalization for
five body reactions can be obtained from fitting the inclus
spectra at large scattering angles. As can be seen from
is

ll
r
d
.
s
y
e
e
ig.

11 the sum of the contributions from the sequential and co
pound nucleus reactions reproduces well the experime
coincidence data.

a 2a coincidences. It may be stated from inspection o
Table I that thea particle inclusive cross section is the mo
important contribution to the total reaction cross sectio
Therefore it is essential to obtain a good model descript
of the reactions in whicha particles emerge. From the se
quential processes listed in Table I only the inelastic exc
tion of 12C nucleus followed by decay into threea particles
may lead toa 2a coincidences. The kinematical analysis
a 2a coincidences allows the conclusion that the decay
12C nucleus into threea particles proceeds sequentially wit
the production of the intermediate8Be nucleus. It was as
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sumed in the analysis that the8Be nucleus is produced in th
ground state and the first excited state only. The comp
analysis ofa particle spectra anda 2a coincidences allows
the determination of the normalization factorN and relative
strength of the production of8Be nuclei in the ground and
first excited states. It was found that8Be nuclei are produced
in both these states with the same probability. The quality
the model description ofa 2a coincidences is illustrated b
Fig. 13 where the experimental spectra~histograms! for two
angular configurations are compared with model res
~thick solid line!.

The inclusive spectra. They are very well reproduced b
model calculations in the whole measured angular range
all ejectiles. This is shown in Fig. 12 for6Li energy spectra
for several angles and in Fig. 14 where energy spectra
other ejectiles measured atu lab55° has been collected. It i
seen that sequential fragmentation processes account
large part of the experimental cross section and together
the cross section for the compound nucleus describe
well the experimental spectra~solid line in Fig. 14!. Part of
the 11C and 11B spectra at high energies not reproduced
sequential processes corresponds to one nucleon transf
actions analyzed separately in Refs.@15,18,19#. Total cross
sections for each sequential process derived from the an
sis are given in Table I.

The very good description of experimental data obtain
in the quantitative analysis permits to accomplish a bala
of the total reaction cross section. The obtained total inela
excitation cross section followed by the decay was found
be 800 mb. In the inelastic excitation process both intera
ing nuclei are mutually excited to energies larger than
decay threshold. The mutual excitation accounts for ab
75% of the inelastic excitation cross section. The sequen
processes started by transfer give 200 mb. Therefore,
total cross section for the sequential fragmentation proce
ci
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was estimated to be 1000 mb. The cross section for c
pound nucleus reaction was found to be 200 mb. The exp
mental cross section corresponding to two body proces
~integrated cross section for measured discrete state tra
tions! is equal to about 40 mb. All these processes combi
give the total cross section value of 1240 mb with an e
mated error of about 200 mb which agrees very well with
total reaction cross section of 1290 mb obtained from
optical model calculations. Thus the sequential proces
started by direct reactions may account for about 80% of
total reaction cross section, 5% have to be attributed to
direct processes with ejectiles being in bound states whe
fusion is responsible for about 15%.

VI. CONCLUSIONS

The reaction mechanism for the12C112C system was
studied at an intermediate energy of 28.7 MeV/nucleon. T
performed experiment containing measurements of both
clusive as well as coincidence spectra with good~Z,A! iden-
tification enabled a detailed analysis of the data.

The analysis of the experimental coincidence spec
based on kinematical considerations indicates that the r
tion mechanism is dominated by sequential three, four,
five body processes. A phenomenological model for a qu
titative description of the data was formulated. The appli
tion of this model led to very good reproduction of the c
incidence and inclusive data and thus delivered informat
on absolute values of cross sections.

The accomplished balance of cross sections shows th
the energy region under investigation the sequential p
cesses started by direct reactions together with the contr
tion from the compound nucleus reaction mechanism
direct reactions exhaust almost completely the total reac
cross section.
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