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1. Introduction

In the investigations of nucleus—nucleus collisions at intermediate energies large effort is
concentrated on studies of the reaction mechanism leading to many body final state. It is expected
that in the beam energy range from 20 to 100 MeV/nucleon a new phenomena may occur. This
energy range is transitional between low energy regime where mean field determines the interaction
process and high energy region where collisions of individual nucleons dominate. In intermediate
energy region a strong competition between low and high energy reaction mechanisms should
appear. Therefore besides the reaction mechanisms (compound nucleus and direct reactions)
dominating at low energies, other models responsible for production of many particles in exit channel
are regarded. Two basic, extreme models of reactions leading to multiparticle final state are
considered: the first one similar to that observed at low energies — sequential binary decay, the
second one predicted for large energies — simultaneous disassembly (prompt fragmentation). The
analysis of the reaction mechanism may provide informations about properties and decay modes of
highly excited nuclei. Very intensive searching for prompt fragmentation process is related to
possibility of observation of the liquid—gas phase transition in the nuclear matter.

The goal of this work was to investigate the interaction between light heavy nuclei by studying
various outgoing channels atintermediate energies. A special attention was devoted to the processes
leading to a few particles in the exit channel. Such processes dominate the reaction cross section.
The interpretation of results of analysis for a few body final states is difficult and many controversies
exist about the reaction mechanism leading to many body final states.

A classification of various reaction mechanisms proposed for intermediate energy region as well
as review of experimental data and different theories and models are presented in ref. 1. In spite of
numerous experimental investigations®™° and variety of proposed models3®2 for the reaction
mechanism the situation is still unclear. This is caused by the fact that the performed experiments
are not able to distinguish well between different processes such as sequential fragmentation
processes and prompt fragmentation. Moreover the models of sequential and prompt fragmentation
predict very similar results for different experimental observables, since their general features are
governed mainly by the available phase space.

The experimental investigations cover inclusive and coincidence measurements. They were
performed usually for light beam and heavy target or both heavy beam and target nuclei. In such a
case the analysis of the experimental data is complicated due to large number of nucleons in the
investigated system. For heavy and especially for very asymmetric systems the high probability of
the target excitation (due to the large density of states) strongly influences the projectile fragmenta-
tion process. Only a few measurements were done for both light beam and target nuclei combina-
tions*38:394849 1 the inclusive experiments the energy and angular distributions of various ejectiles
were measured normally with their mass and charge separation. The coincidence experiments were
usually performed with muitidetector arrays which allow the detection of many outgoing particles in
coincidence, however only the charge separation of heavy ejectiles is possible. This enables the
reconstruction of properties of decaying system but some corrections are necessary to take into
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account finite detection threshold and emission of neutrons not detected by such systems. The large
detection threshold causes that only fragments emitted from projectile like particles are detected,
while those from target like nuclei fall below detection threshold. in some cases single detectors
allowing also mass separation were inciuded to such detection systems.

The inclusive data were analysed in the frames of different models. Some of them based on
simple parameterization3*3%48:63.84 or moving source approximation”3%47 allowing general over-
view of the experimental data only. More advanced models like the Cole model®®®® including
evaporation of particles after excitation of interacting nuclei, elastic break-up and transfer®” or an
extended Serber model®® may account for particular features of the observed data. The measured
observables (mass and charge distributions, fragment energy distributions, angular distributions) are
not sufficient to disentangle prompt and sequential fragmentation. Thus the exciusive measurements
are necessary in order to shed more light on the reaction mechanism at intermediate energies. From
the coincidence measurements some quantities may be obtained directly. They include measure-
ments of: projectile like fragment velocity, excitation energy of the source of observed particles, the
energy sharing between projectile and target like fragments. This is however done under assumption
of observation of all final state fragments, what was not fulfilled in any of performed experiments. In
order to find more clear experimental signature distinguishing prompt and sequential fragmentation
it was proposed69 to look for some kinematic difference between these two processes. Some of the
data for a specific outgoing channels were analysed using this method 3333670 jeading to the
conclusion that experimental data better agree with the sequential fragmentation mechanism'3-36,
however observation of prompt fragmentation cannot be excluded®>70, Following the idea of ref. 69
the influence of the Coulomb interaction on trajectories of fragments emitted from a hot nuclear
system was investigated”. It was found that pronounced differences in angular distribution of the
velocity vectors of fragments appear for prompt and sequential fragmentation. The comparison of
these prediction with the experimental data”? may suggest the observation of prompt fragmentation.
Very promising are the investigations of excitation functions of various observables, performed in
order to find the dramatic changes in their behaviour with increasing beam energy indicating
appearance of new reaction mechanism. Unfortunately such studies led to completely inconsistent
conclusions. Only sequential processes are observed in the range of incident energy form 25 to 95
MeV/nucleon for various systemsz'4'1°’13'16'73, or the smooth evolution to prompt fragmentation is
d3747 while some dramatic changes are found for Dalitz plot at 52 MeV/nucleon®, for charge
distributions for central collisions at 35 MeV/nucleon'® and for mean emission lifetimes at 55
MeV/nucleon'®. Most of the interpretations of coincidence results base on the Monte-Carlo simula-
tions performed assuming some angular and excitation energy distributions of the primary fragments
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and requesting statistical equilibrium in each stage before particle emission. Most frequently it is
shown that sequential decay may account for observed coincidences (only qualitative comparison
is done), however some authors claim the observation of nonsequential processes®927:4044 ¢
should be pointed out that even such simple analysis leads to contradictory conclusions (e.g.
complete isotropy of the decay in ¢.m. system of decaying nucleus®? in contrary to the strong

alignment of the decaying nuclei’s).



In the present work measurements were performed for system of light heavy ions 12C+'2C at
incident energy of 28.7 MeV/nucleon. The beam energy is above the energy where the appearance
of the processes different from that at low energies is expected. The choice of entrance channel
nuclei in the present experiment allows for considerable simplification of the analysis. Firstly the
study of the interaction of light heavy ions limits the number of possible partitions in the observed
final state. Secondly the identity of interacting nuclei in the entrance channet and therefore fore—aft
symmetry in the center of mass frame puts very stringent constraints on the data. In such a case the
identical processes of production and fragmentation of projectile and target like nuclei appear.
Therefore the reactions with many body exit channel might be measured by the observation of
fragmentation products of projectile like nuclei and owing to the symmetry by the observation of
associated target like nuclei. In the present case the projectile and target like nuclei could not be
distinguished by their masses. They differ only by their velocities in the laboratory reference frame.
Projectile like nuclei i.e. fragments of the projectile will have large velocities in the laboratory system,
while target like nuclei rather small ones. The additional experimental advantage of using light nuclei
in entrance channel is that the reaction products are also light, what makes possible their detection
with low energy threshold, with good mass and charge separation of ejectiles and good energy
resolution. The inclusive measurements of the energy spectra and angular distributions for various
ejectiles (from “He up to 15N) as well as coincidence measurements in different angular configura-
tions were performed. The differential inclusive and coincidence cross sections were extracted. That
leadsto large set of the experimental data containing transitions leading to discrete bound or unbound
states of ejectiles, the continuous spectra that correspond to the excitation of highly excited states
of ejectiles or to many body reactions, and the correlation of two particles emitted in many body
processes. The experimental data were analysed by means of various methods. The coincidence
data were analysed basing on the kinematical considerations. That allowed to obtain model
independent information about the reaction mechanism leading to many particles in the exit channel.
The inelastic excitation’* and transfer reactions to discrete states’™ were analysed within the
standard DWBA. The inelastic excitations to higher excited states were calculated”®’” with Multistep
Direct Reaction (MSDR) model, the one nucleon transfer reactions leading to unbound states were
analysed77 using DWBA and strength functions calculated microscopically. The compound nucleus
reactions were analysed with the standard Hauser-Feshbach statistical model. The phenomenologi-
cal approach was applied in the analysis of sequential decay processes initiated by the inelastic
excitation and transfer reactions.

The experimental procedure will be presented in chapter 2 together with the discussion of
characteristic features of the experimental data. In chapter 3 results of the analysis in the frame of
compound nucleus and direct (MSDR and DWBA) reaction models are given. The model inde-
pendent qualitative discussion of the coincidence data based on the kinematical signatures of the
sequential fragmentation is presented in chapter 4. The model used for the analysis of the sequential
processes initiated by direct reactions is presented in chapter 5. The results of the phenomenological
analysis of sequential fragmentation processes are compared with experimental data in chapter 6
for inclusive and coincidence distributions. In chapter 7 the contribution of various reaction
mechanisms is discussed and final conclusions are presented.



2. Experimental procedure and results

2.1. Experimental set-up and procedure

The experiments were performed using 2C ion beam of 344.5 MeV energy from the JULIC
cyclotron of the Forschungszentrum Jiilich. The experiments included the inclusive energy spectra
and coincidence measurements. The beam was focused on *2C target of 1.1 mg/cm2 thickness. The
detection system contained three counter telescopes consisted of 50 um, 400 um, 2 mm and 6 mm
thick Si surface barrier detectors. The solid angle covered by the detectors was 0.04 msr in inclusive
experiments in order to have a good angular resolution. In case of coincidence measurements solid
angle was 0.2 msrin order to increase the detection efficiency and true to random coincidences ratio.
The detectors were cooled down to the temperature of —20°C. This detection system allowed to
separate the reaction products from “He up to BN according to their mass and charge in the energy
range starting from about 3—4 MeV/nucleon threshold. The energy resolution was 0.2%. The time
differences of the pulses from the telescope pairs in coincidence were measured in the exclusive
experiments with the resolution of about 1 ns. This allowed the subtraction of the random coincidence
events in the further off-line analysis.

The absolute calibration of the energy was performed by proper adjustment of the relative
amplification of electronics and by comparing the known energies of different outgoing particles with
the position of the corresponding peaks observed experimentally. The achieved accuracy of the
absolute energy scale was about 0.8%.

For separation of different ejectiles, the identification parameter was calculated according to
formuta’®:

p = (AE + E)° - E®

using pulses AE and E from the transmission and stopping detectors, respectively. In the above

c 'DAE, B =1.7943, C = 4.2162 - 1072 #Aieiv and D denotes the thickness of the

transmission detector in um. The parameters B and C were adjusted to obtain identification
parameter p practically energy independent. A typical identification spectrum obtained for '2C+'2C
system at beam energy of 344.5 MeV is presented in Fig. 1. Very good separation of the charge and
mass of the ejectiles was obtained in the whole energy range covered by measurements.

formulab =B -

The absolute values of cross section were evaluated from the measured counting rates, target
thickness, solid angles of detecting system and integrated beam charge. The uncertainty in absolute
normalization of the cross section was estimated to be 7% mainly due to the target thickness
inaccuracy.

in the inclusive measurements the energy spectra of all stable ejectiles from “He up to SN were
measured at laboratory angles covering the range from 4° to 11.5° in 0.5° steps and then to 36° in
1° steps. This range covers large part of the angular distributions. It follows from the identity of
particles in the entrance channel that the cross section is symmetrical around 90° in centre of mass
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Fig. 1. An example of the identification spectrum for higher (a) and lower (b) mass ejectiles obtained for 2c+'%C
system at 344.5 MeV.

system (what corresponds to about 45° in laboratory system). Therefore the whole angular distribu-
tion may be obtained by measurements in laboratory angular range from 0° to about 45°.

The coincidences of various ejectiles were measured for angular configurations in a “close
geometry” (+6°, —6°), (+6°, +11°) and in a “wide geometry” (+6°, —20°), (+6°, —~30°). All telescopes
were placed in the plane including the beam direction. The same sign of the angles refers to
telescopes placed on the same side of the beam and different signs correspond to telescopes placed
on the opposite side of the beam.



in the angular settings chosen for the coincidence measurements one of the telescopes was
placed at small angle +6°. This telescope allows to detect the ejectiles produced in processes which
are peaked at forward angles. Positions of the second detector cover the large part of the angular
range. The coincidences observed in the “close geometry” will correspond mainly to the small relative
energy of particles in coincidence, while the coincidences in the “wide geometry” correspond to larger
relative energy of detected particles.

The high energy part of the spectra where peaks were observed was additionally measured
using Big Karl spectrometer. This allowed better resolution of the discrete state transitions (with
energy resolution of about 200 keV) and measurement at small angles down to 2°. The spectrometer
was used also for the measurements of the Rutherford elastic scattering at small angles on '¥’Au
target in order to verify the absolute normalization of the cross section.

2.2, Results of inclusive measurements

Typical measured inclusive energy spectra are presented in Fig. 2 and 3. In Fig. 2 the energy
spectra of °Be produced in the reaction '2C('2C, °Be) are shown for different laboratory angles. The
energy spectra of different ejectiles ®Li, ’Be and '°B produced at the same angle 5° (LAB) are
presented in Fig. 3.

3.
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i
~— 1 1 N TEN N
> ’ 1212 9y b
= Cc(“C,’Be)
—
n 06
~ @ap=12°
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E o4
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< 00 1 t
2 ©)
12c(1 C’QBe)
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®lab=26
0.08 |
0.04 |
0.00 . s n, N
0 100 300
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Elab [MeV]
Fig. 2. Energy spectra of °Be measured for 1?C+'%C system at 344.5 MeV at various angles. Arrows labeled
“b” and “c” indicate the ejectile energy corresponding to beam and centre of mass velocity, respectively.
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Fig. 3. Energy spectra of different ejectiles detected at 5° for 126412C system at 344.5 MeV. Arrows labeled
“b” and “¢” indicate the ejectile energy corresponding to beam and centre of mass velocity, respectively.

As may be seen from Fig. 2 and 3 the energy spectra at forward angles are dominated by the
broad maximum located at energies close to those corresponding to the beam velocity marked with
an arrow “b” in the figure. This maximum is asymmetric with a tail extending to small ejectile energies.
Atlarger angles (see Fig. 2) this maximum practically disappears and spectra decrease strongly with
the ejectile energy. At small energies where the contribution from the compound nucleus reaction
may be expected (energies corresponding to the centre of mass velocity marked with an arrow “c”
in Fig. 2 and 3) the observed cross section is small. The transitions to discrete states with definite
excitation energies are also observed. As may be seen from Fig. 3 for outgoing 9B few such
transitions at small excitation energies are visible. They appear distinctly at small detection angles
only. The strong excitation of single discrete states was seen in 13N, 130, 120, 11C, B and 1B
spectra while week discrete states transitions appearin 19¢ and '°Be spectra. The observed discrete
state transitions correspond to inelastic scattering and one and two nucleon transfer reactions.

The integrated cross sections obtained by summation of the experimental energy spectra over
measured range of energy and angles are shown in Fig. 4 for all detected ejectiles. Peaks
corresponding to the two body reactions were excluded from the integration. The integrated cross
section for *He production exceeds by an order of magnitude the integrated cross section for all other
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and mass numbers of the ejectile. Solid line connects different isotopes for separate elements. Peaks
corresponding to the two body reactions were excluded from the integration.

ejectiles. For most ejectiles with mass smaller than the beam mass the integrated cross section is
by factor of ca 100 larger than that for ejectiles with mass larger than beam mass. It suggests that
the reaction mechanism leading to disintegration of the interacting nuclei dominates.

The examples of the observed angular distributions for the discrete state transitions and
continuous part of the spectra are presented in Fig. 5. In Fig. 5a the angular distributions for the
12C(1QC,1°B)1"'N3,96 and 12C(120,11C)130;;,35 reactions are shown, while in Fig. 5b the angular
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Fig. 5. Angular distributions obtained for 2C+'C system at 344.5 MeV. Left part (a) is for the angular
distributions of '2C('2C,'°B)"*Ng.gs (squares) and 2C('?C,"'C)'3Ca gs (circles) reactions. Right part (b) is for
energy integrated continuous spectra of outgoing 1B (circles), °Be (squares) and SLi (triangles). Exponential
functions plotted were fitted separately for each angular distribution using least square method.
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distributions of energy integrated (over measured energy range) continuous part of experimental
spectra of outgoing SLi, °Be and ''B are presented. The common feature for these distributions is
their exponential dependence on the ejectile laboratory angle. The exponential function obtained
with the least square method for each angular distribution is also plotted to show this dependence
of experimental points.

2.3. Results of coincidence measurements

The typical coincidence patterns are shown in Fig. 6, 7 and 8 as the two dimensional plot of the
intensity in function of the coincident fragments energy for a given angular configuration. The
coincidence spectra presented in Fig. 6 and 7 are for “close geometry” i.e. angle settings (+6°, —6°)
and coincidences of a—'°B and a-°Li, respectively, that in Fig. 8 are for “wide geometry” angular
setting (+6°, —30°) for coincidences of o~CLi. The kinematical curve calculated from energy and
momentum conservation for the corresponding three body reaction '2C('%C,a'°B)'°B for 0—'°B and
126126, 08Li)'*N for a—CLi coincidences was also plotted. This curve defines the limits for the kinetic
energy of particles in coincidence. The events situated on the kinematical curve correspond to the
three body reaction with all particles in the ground state, events lying inside the region enclosed by
this curve may be accounted to the excitation of ejectiles or to more than three body reaction. Events
outside this region correspond to random coincidences only.

As it is seen from Fig. 6, 7 and 8 three qualitatively different coincidence patterns are observed.
In Fig. 6 the majority of the coincidence events are concentrated close to the kinematical curve
calculated for the '?C(2C,a'°B)'°B three-body reaction with all final state particles in the ground
states. Beyond the vicinity of kinematical curve some events are observed for ejectile energies

300 T T T T T
10
B ®lab= +6°
& ®lab= _60
.
L 200 B
=
—_
>
@]
[a'et
=
E 100+
S
0 1 1 L 1 1
0 100 200 300

B ENERGY [MeV]
Fig. 6. Two-dimensional spectrum for o—'°B coincidences for angular configuration (+6°,-6°) for 2C+'2C
system at 344.5 MeV. The density of the points corresponds to the magnitude of the cross section and varies
fogarithmically. Solid curve represents the ejectiles energies that correspond to a three body reaction with all
final state particles in their ground states (kinematical curve).
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Fig. 7. Similar as in Fig. 6 but for a-CLi coincidences for angular configuration (+6°,-6°).
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Fig. 8. Similar as in Fig. 6 but for a-°Li coincidences for angular configuration (+6°-30°).

smaller then those for kinematical curve. Such type of coincidence pattern is dominating for a+Be
and a+'°B coincidences in “close geometry”. Second type of observed coincidence pattern is
presented in Fig. 7. It is characterized by majority of coincidence events with ejectile energies much
smaller than those corresponding to the kinematical curve. These coincidence events are, however,
not distributed randomly but they are correlated to some curves. Similar behavior of the coincidence
cross section is observed also for o—'Be, a—Li, a~°fLi and a—« coincidences in “close geometry”.
The third type of coincidence patterns appears for “wide geometry” coincidences. As may be seen
for a typical example in Fig. 8 the coincidence events for “wide geometry” are concentrated at small
energies of both detected ejectiles and do not group close to the kinematical curves as for “close
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geometry” measurements. For the “wide geometry” measurements the coincidence patterns for all
a—heavier ejectile coincidences are very similar.

2.4. Reactions with identical particles in the entrance channel

Before proceeding with the analysis of reaction processes, the advantages of the reactions with
identical particles in the entrance channel will be discussed. For identical projectile and target nuclei
the processes with excitation of projectile or target like nuclei are undistinguishable. In such case it
is not necessary to detect very low energy particles (target like nuclei) or to do measurements in
inverse kinematic. In order to obtain the information about all occurring processes it is sufficient to
measure in the forward hemisphere and detect particles with large energies originating from the
projectile like nuclei only. ltis illustratedin Fig. 9 for one nucleon transfer reaction followed by particle
decay. This process is shown schematically in the centre of mass system. As it follows from Fig. 9
the entrance channel patticles identity allows observation of excitation of unbound states (process
a) and the decay products of these states after the particles emission (process b} by detection of
"B and '2C ejectiles in the forward hemisphere. The entrance channel particles identity results in
the fore—aft symmetry of the cross section in the center of mass system. Thus in example shown in
Fig. 9 the cross section for production of 1B and 18N’ ejectiles are equal for given c.m. angle

d%c "'B(Bem) _ d°c "'B(m — Bem) _ d%o 3" (8cm)
@ dQ =T do

a)

vV

cm

Fig. 9. Schematic representation of one nucleon transfer process. On the left plot the ''B nucleus is detected
in the forward direction, while on the right one the decay product '2C nucleus is detected in the forward cone.

Therefore measured one nucleon transfer cross section (by detection of ''B in forward hemisphere
— process a) is exactly equal to the production cross section for unbound '®N” nuclei. In this way we
determine the first step of the sequential process consisting of transfer reaction with subsequent
decay of the one product (process b). Using the measured cross section for ''B ejectiles the
production of 12C nuclei in the entire reaction may be obtained. The above arguments are valid only
if in the first stage of reaction one of both product nuclei is emitted in a bound state.
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3. Analysis of compound nucleus, inelastic excitation
and transfer reactions

At small incident energies the reactions in the system of light heavy ions (e.g. 2c+lec system)
are dominated by compound nucleus and direct processes (i.e. inelastic scattering and transfer
reactions)”®8081:82 prior to consideration of other more complicated reaction mechanism that may
appear at intermediate incident energy, the contributions of these known mechanisms have to be
regarded, so more that direct reactions are expected to be initial step for some sequential processes.

3.1. Compound nucleus reactions

To evaluate the contribution of the compound nucleus reaction to the spectra of various ejectiles
the calculations of the evaporation from compound nucleus were performed using the PACE code®3.
The resulting cross section depends on the parameters in level density formula and on the maximum
angular momentum I for fusion.

For the calculations of level density the Gilbert—-Cameron parameterization®* was used. It
contains two basic parameters: level density parameter a and pairing energy. The common
parameterization of level density parameter a =A% (A is nucleus mass number) and the pairing
energy parameterization proposed in ref. 85 were used. The same parameters were successfully
used in an extended analysis of °Be+'2C fusion at Ecm=11.4 MeV®® and ''B+'2C at Ecm = 36.5 and
41.7 MeV® 88 where the same nuclei as in the present analysis appear in the compound nucleus
decay.

In order to estimate the maximum angular momentum for fusion the potential model was
used®®%°. According to this model the maximum angular momentum ls for fusion corresponds to the
angular momentum lerit for which the “pocket” in the total potential (coulomb, nuclear and centrifugal)
disappears at sufficiently high beam energy (a few tens of MeV) . Using the optical model potential
determined for 'C+12C system_"4 the value of li=lcrit=17 was obtained. This value leads to fusion
cross section of 200 mb what is in a good agreement with the predictions of the Porto-Sambataro
phenomenological model®’ resulting in fusion cross section value equal 180 mb. The obtained value
of fusion angular momentum is below value at which the fission barrier vanishes®.

As an example the results of these calculations for '°B and o particles ejectiles are compared
with experimental energy spectra in Fig. 10 and 11 for some angles. The obtained cross section for
outgoing % produced as the evaporation residuum accounts for a large portion of the experimental
cross section at small ejectile energies and small angles only. The contribution of the evaporation
residuum cross section decreases with increasing angle and becomes very small in relation to the
experimental cross section at laboratory angles larger than 30°. Similar behavior is observed for all
other evaporation residua. As shown in Fig. 11 the cross section for o particles evaporated in the
decay of compound nucleus is small in relation to the experimental data at small angles, while
accounts for about 20% of the experimental cross section at larger angles.
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model calculations (solid line).
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3.2. Analysis of discrete states transitions

For the investigated '?C+'2C incident channel the reactions with one and two nucleon transfer
and inelastic excitation leading to discrete states were observed. A few excited states with an
excitation energy up to 10 MeV were identified, some of them being unbound states. Mutual
excitations of projectile like and target like nuclei were also seen. From the experimental cross section
it follows that the transfer probability decrease with the increasing number of transferred nucleons.
Indeed the deuteron transfer to only one state is observed with considerable strength, and its
probability is smaller than for one nucleon transitions. Other two nucleon (two neutron and two proton)
transfers appear with negligibly small strength. The three nucleon transfer and « particle transfer
were not observed. This agrees with the semi-classical considerations based on Brink model®®%4,
which suggests that kinematic matching conditions are not fulfilled for o particle transfer at beam
energy of the present experimentgs.

The detailed analysis of the elastic scattering (with optical model) and inelastic one to the first
'2¢ excited state as well as one nucleon transfer reactions leading to discrete bound and unbound
states of final nuclei (using DWBA) was performed. The results of the analysis were presented in
ref. 74,75,95. Very good reproduction of the experimental angular distributions for these reactions
was obtained as may be seen in Fig. 12 for exemplary angular distribution. The values of potential
deformation length deduced from the analysis of inelastic scattering as well as one nucleon
spectroscopic factors for states excited in one nucleon transfer agree very well with those from the
other studies at low incident energies. Similar analysis of two nucleon transfer® indicates that it
proceeds as a correlated transfer.

T T T T T

12C(12C,“B)13N3_55 -

100}
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d%/dQ [mb/sr]
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Fig. 12. Angular distribution for '2C('2C,"'B)'3N3_ss reaction compared with DWBA calculations.

The analysis of transitions to the discrete states shows that direct processes (inelastic excitation
and transfer) are still very important at intermediate energies. It may be expected that these reactions
may also lead with large probability to region of high excitation energies where large density of states
appears. The accurate analysis of the direct processes leading to high excited states is of special
interest, since they are unbound and subsequently decay through the particle emission contributing
to many particles exit channels, corresponding to sequential fragmentation processes.
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3.3. Simple example of sequential process

A good example of the sequential process is the decay process initiated by transfer reaction.
The excitation of 8.96 MeV '*N state in deuteron transfer reaction and its subsequent proton decay
will be regarded. Schematically this process is presented in Fig. 13. The deuteron transfer to 8.96
MeV '*N state leads to a strong peak in 108 spectrum presented in Fig. 3¢, 10a and 10b. The
experimental angular distribution obtained for this transition (shown in Fig. 5a) was well reproduced
by DWBA calculations®®. The 8.96 MeV N state is unbound and decays by the proton emission
with 100% probability since other decay channels are closed due to their energy thresholds larger
than 9 MeV. Due to the symmetry with identical particles in the entrance channel it is possible to
obtain directly the cross section for both ('°B and '*N’) outgoing particles by detecting '°B ejectiles
only. Therefore the angular distribution measured for i°g (Fig. 5a) could be used to obtain formation

probability of 14N nucleus in the forward hemisphere in the first stage of reaction. Assuming that

d’c
dQdE
3¢ nuclei produced in sequential decay process may be calculated without free parameters. The
results of these calculations are presented in Fig. 14. In the kinematically allowed region the
contribution of the sequential process, described above, to the continuous part of B¢ spectra is

significant. That confirms the importance of the sequential processes initiated by transfer reactions.

decay isisotropicin the restframe of decaying 14N nucleus the (E, 8) cross section for outgoing

At larger angles the calculated cross section accounts only for part of the experimental cross section
for *C nucleus. This suggests that transitions to higher excited states of N nucleus have to be
taken into consideration. Higher excited levels have in [aboratory system larger decay cone and
therefore they contribute significantly at larger emission angles, and their decay lead to broader
laboratory energy distributions of ejectiles.

1OB

Fig. 13. Schematic representation of deuteron transfer reaction 2C+'2C — °B+'*N" and a subsequent proton
decay of excited state *N" — p+'3C.

3.4. Inelastic scattering and one nucleon transfer leading to high excited states

The direct processes leading to high excitation energies are in part responsible for the observed
continuum energy distribution. As discussed above they initiate sequential decay process in which
various ejectiles may be produced. Therefore the analysis of direct processes leading to the
continuum of states is required.
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Fig. 14. The experimental energy spectra for outgoing '*C compared with sequential process calculations (solid
line) as described in the text.

Detailed microscopic calculations of inelastic excitation and one nucleon transfer reactions
leading to high excitation energies were performed76'77. The analysis of the inelastic scattering
process was done basing on the Multistep Direct Reaction (MSDR) theory®®. The MSDR theory is
an extension of DWBA model to the excitation energy range where many various states are excited
and statistical features dominate. The main feature of the MSDR approach is the expansion of real
nuclear states into classes of model states of increasing complexity. Expansion coefficients are
treated stochastically and thus the transitions proceed as incoherent multistep process. Density
expansion method QRPA (Quasiparticle Random Phase Approximation) is used for the calculation
of nuclear structure. The evaluation of transition matrices is done in frame of DWBA i.e. the first or
higher order perturbation theory. Though MSDR theory allows the calculations of high order
transitions, already the calculation of the third order processes becomes cumbersome. For details
about MSDR theory and the inelastic scattering calculations in the frame of MSDR theory see ref.
76 and 77 where the calculations up to second order are presented for 2c4+12¢ system. The results
of the MSDR calculations are shown in Fig. 15 together with the experimental data. As may be seen
from Fig. 15 only the high energy part of the 12c spectra corresponding to not very high excitation
energy (up to a few MeV excitation energy) is well described by the MSDR calculations. In this region
some peaks are visible, which correspond to the projectile or target excitation, or to the mutual
projectile and target excitations. The observed excitations have to be attributed mainly to the target
excitations. Projectile have only one bound excited state (4.44 MeV), and excited to the energy larger
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Fig. 15. Energy distributions of outgoing 12C at various angles. Thick solid lines correspond to MSDR
calculations of inelastic processes as described in the text. The peaks at largest energy correspond to the
elastic scattering.

than 7.4 MeV decays and cannot be detected as '2C nucleus. The inelastic excitations proceed via
one or two step processes whose contributions at excitation energies above 10 MeV are of almost
the same magnitude. At higher excitation energies (smaller '2C ejectile energies) the calculations
underestimate the experimental cross section. More likely the missing cross section is refated to the
three or more step inelastic process. It may be attributed also to transfer processes followed by the
decay, what wiil be discussed in the next section.

The one nucleon transfer reactions leading to continuum spectrum of unbound states were also
analysed’’. The analysis was performed in framework of one step DWBA with form factors calculated
for the continuum single particle states®”. The transfer strength functions, for one nucleon configura-
tions in '8N and '3C nuclei, were calculated microscopically in the quasiparticle core coupling mode!
(QPC)%%°, The results of the calculations taken from ref. 77 are compared with the experimental
data in Fig. 16. The calculated cross section may account for the experimental one only in rather
small part of the spectra at large ejectile energies. The peaks visible in the spectra correspond to
excitation of 'C or '3N states and were analysed separately’®. At lower outgoing energies the
calculated cross section underestimates data by a large factor.
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Fig. 16. Energy distributions of outgoing ''C and "B for various angles. Thick solid lines correspond to DWBA
calculations of one nucleon transfer processes as described in the text.

3.5. Sequential one nucleon decay of 13N and '3C excited in one nucleon transfer
reactions

Alarge part of 2¢ spectra cannot be described by second order inelastic scattering calculations.
The one nucleon transfer to unbound states (discussed above) followed by nucleon decay may be
responsible for part of this missing cross section. In the nucleon transfer reactions the states with
large one nucleon spectroscopic factor are preferentially excited and therefore have predominantly
structure with 2C core. Such unbound states decay with large probability by nucleon emission.
Therefore it may be assumed that decay probability of these states by nucleon emission is equal to
one. Additionally it is assumed that decay is isotropic in the rest frame of decaying nucleus. At
excitation energies of a few MeV many different states with various spin and therefore various
alignment are excited. It may be expected that for such states alignment averaged over excitation
energy is equal zero, what leads to the isotropy of their decay. Under these assumptions and using
calculated one nucleon DWBA transfer cross section for the first stage of the reaction, the
distributions of '2C ejectiles produced in sequential process may be calculated without free
parameters. The results of this analysis are presented in Fig. 17 (dashed line) together with
experimental data. It is seen that sequential process started by one nucleon transfer reaction and
inelastic scattering (solid line in Fig. 17) may describe high energy part of experimental 12¢ spectra.
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Fig. 17. Energy distributions of outgoing 12¢ at various angles. Dashed lines correspond to the calculations of
the sequential process initiated by nucleon transfer. Solid lines correspond to the sum of sequential process
calculations and MSDR calculations of inelastic processes (dotted lines).

However, there remains still some part of cross section at low 12¢ ejectile energy that cannot be
explained by such processes. It corresponds partly to the 12C nuclei produced as the evaporation
residua of the compound nucleus. Some part of this missing cross section could be also attributed
to the inelastic scattering process of higher orders than those taken into account in the calculations.

3.6. Summary of results of compound nucleus and direct reactions analysis

Various ejectile spectra were analysed by means of compound nucleus and direct reaction
models. It was shown that ejectiles produced in compound nucleus decay have distributions
concentrated at small energies, close to the energy corresponding to the centre of mass velocity.
The calculated cross section for ejectiles produced as the evaporation residua of compound nucleus
may account for some part of the experimental cross section only. Similar observation holds for
calculated a particles distributions which are evaporated from compound nucleus.

The excitation of discrete states in inelastic scattering (12C spectra) and one nucleon transfer
reactions (''C and ''B spectra) was analysed using DWBA. Very good reproduction of the
experimental data was obtained with parameters consistent with analysis at low incident energies.
The transitions to higher excited states in inelastic process were analysed with second order MSDR
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theory and QRPA method for nuclear structure calculations. One nucleon transfer leading to
continuum unbound states of '®N and '3C nuclei was analysed using first order DWBA and QPC
model for strength function calculations. It was shown that these microscopic calculations may
account for part of the experimental cross section for 12C nuclei (inelastic process) and ''B and ''C
ejectiles (transfer reactions) at large outgoing energies.

The analysis of the deuteron transfer to unbound 14N 8.96 MeV state followed by proton decay
was performed without free parameters. It was shown that such process contributes significantly to
B¢ ejectile spectra. The 12C gjectile production in sequential process was analysed. Using calculated
excitation probabilities of unbound '®N and '3C states and regarding their nucleon decay the '2C
distributions were calculated without free parameters. These sequential processes may account for
the appreciable part of 2c ejectile experimental cross section at large outgoing energies.

A large portion of experimental energy spectra for other ejectiles (o particles, 8L, 7Li, "Be, °Be,
198, "B and ''C) can be described neither by inelastic excitation nor by transfer processes and
compound nucleus reactions. Performed analysis suggests that direct processes leading to unbound
states followed by the decay with emission of various particles may be responsible for missing cross
section for these ejectiles.
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4. Kinematical signatures of the sequential fragmentation
reactions

As shown in the previous section various processes (compound nucleus, direct and sequential
reactions) lead to continuum distribution in the inclusive spectra. Therefore they cannot be distin-
guished without comparison of the inclusive data with some model calculations. Since the coin-
cidence data contain more information than the inclusive ones it may be expected that model
independent conclusions about reaction mechanism may be drawn from their analysis. Therefore
the characteristic features of measured coincidence patterns will be discussed basing only on
kinematical considerations in order to obtain model independent information about the reaction
mechanism.

d°s
dT1dQ1dT2dQ2
and T2 and laboratory angles 1 and Qo2 of particles 1 and 2 detected in coincidence was measured.

The coincidence cross section as a function of laboratory kinetic energies T+

As it is seen from Fig. 6 and 7 the coincidence events are not distributed homogeneously but are
grouped for specific values of T1 and T2 energies. Observed correlation may be caused by formation
of intermediate excited states or by energy sharing between ejectiles. In order to analyse these
properties it is convenient to introduce some variables for representation of coincidence cross
section. For the reaction

a+b—-1+2+...+n n=3,4, ...

with known masses mj and four momenta pi of beam — a, target ~ b nuclei and two detected in
coincidence ejectiles ~ 1 and 2 the following variables were defined:

1. Excitation energy E12 of the system composed of ejectiles 1 and 2 is defined by

Ef2=V(p1 +p2)? - m12

where m12 is mass of nucleus composed of nucleons of particle 1 and 2 (e.g. for a—2Be coincidences
m12 is the mass of '3C nucleus). When in the reaction particles 1 and 2 form the composed system
in the resonant.state, peaks corresponding to the excitation energy of this state should be visible in

the coincidence cross section represented as a function of Eip.
2. Missing energy Qs (energy not observed when detecting only particles 1 and 2) is defined by

Q3= p?z —mx=\j(pa+pb—p1—p2)2 - Mx

where pyx is four momentum of all unobserved particles (px = p3 + ... + pn) and my is the unobserved
mass. Mass mx correspond to mass of nucleus with number of neutrons N and protons Z calculated
from the conditions N=Na+Np—N1—N2 and Z=Za+Zb—Z1-Z2 (e.g. for 2C(*2C,ubLi) reaction N=7 and
Z=7 and therefore mxis '*N nucleus mass). The missing energy in case of three body reactions may
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be converted into excitation energy of outgoing particles, or in case of more than three body process
into a kinetic energy and excitation energy of unobserved ejectiles.

For the analysis of coincidence data the detector system efficiency have to be known. The
efficiency depends on angular configuration of detectors, relative velocity and the sum of velocities
of particles in coincidence (hence depends on E12 and Qg). For each analysed angular configuration
efficiency was calculated using Monte Carlo method, taking into account solid angles of the detectors
used in the measurements. An example of the calculated efficiency is shown in Fig. 18a for a-5Li
coincidences for (+6°, +11°) angular configuration. Its dependence on excitation energy Ei2 and
missing energy Qs is shown in Fig. 18b and 18c¢ for investigated angular configurations. It is seen

that the efficiency strongly decrease with increasing E12 value and that for various angular configura-

tions the different E12 regions are observed with large efficiency. The efficiency does not depend
strongly on the missing energy Qg value and is practically constant in the whole available Q3 range.
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Fig. 18. Two-dimensional plot of the calculated efficiency for a-8Li coincidences for (+6°+11°) angular

configuration (a). The efficiency as the function of excitation energy Ei2 (b) and missing energy Qs (c).
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4.1. Model independent analysis of coincidence spectra

The analysis of the coincidence data based only on the kinematical considerations was
performed. Such analysis offers the possibility to deliver model independent information about the
reaction mechanism.

As examples the o—2Be and o~'°B coincidences may be regarded. The experimental o Be
coincidence spectra for (+6°, +11°) angular configuration are presented in Fig. 19a. It is seen that
most of the coincidence events are concentrated on the kinematical curve corresponding to
a+°Be+''C final state with all outgoing particles in ground states. Such coincidences corresponding
to three body reaction may originate in the processes schematically represented in the centre of
mass system by diagram in Fig. 20.
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Fig. 19. Two-dimensional spectrum for o~>Be coincidences for angular configuration (+6°,+11°) (a). Solid curve
represents the ejectiles energies that correspond to a three body reaction with all final state particles in their
ground states (kinematical curve). In part (b) the kinematical curves for various values of missing energy Qa
(solid lines with labels corresponding to Qg values in MeV) and some selected values of excitation energy
Ei2 (circles for 12 MeV, squares for 20 MeV and diamonds for 30 MeV) for three body reaction
120(12C,o°Be)''C.

11C

Fig. 20. Schematic representation of neutron transfer reaction '2C+'2C — ''C+'3C" and a subsequent a particle

decay of excited state °C” - 0+°Be.
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In the neutron transfer reaction the '3C and ''C nuclei are produced. The 3¢ nucleus may be excited
to the energy larger than the threshold energy for o particle emission. Therefore this nucleus decays
subsequently into o particle and ®Be nucleus. In case of such three body 12C(12C,0L98e)1 1C reaction
the a—"Be coincidence events will be distributed along the kinematical curve for appropriate Qs value
corresponding to excitation of final particles. The %Be nuclei in excited states cannot be detected
since °Be does not have bound excited states. Therefore in the case of three body reaction various
Qs values should be attributed to excitation of ''C nucleus. As examples the curves corresponding
to the various Q3 values for o—°Be coincidences for (+6°, +11°) angular configuration are shown in
Fig. 19b as the solid lines. The relative importance of the three body reactions is well visible in Fig.
21 where the coincidence cross section is shown as function of missing energy Qa. The peak at
Qa=0 correspond to the three body reaction with undetected "C nucleusinthe ground state. Besides
the peak continuum distribution extending up to Q3=150 MeV is observed. The excitation of e
nucleus with practically constant probability to so high excited states is not very likely. Therefore the
observed continuous part should be attributed to other reaction mechanism (e.g. four body reaction
a+°Be+p+'°B which will be discussed later).
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Fig. 21. Experimental coincidence cross section for a—°Be coincidences presented as a function of Qs.

In case of regarded sequential process the 13C nucleus excited to some states is formed in the
intermediate stage of the reaction. Formation of such excited states will manifest itself by concentra-
tion of a—"Be coincidence events in peaks at E12 value corresponding to the excitation energy of
13C” nucleus levels. As examples position of the peaks corresponding to some selected excitation
energies E12 values for o—"Be coincidences for (+6°, +11°) angular configuration are shown in Fig.
19b as points. The excitation of intermediate 3¢ levels is well visible when the coincidence cross
section is plotted as a function of excitation energy Ei2. It is shown in Fig. 22 where the coincidence
spectrum of excitation energy E12 is presented for o Be coincidence events corresponding to the
peak at Q3=0. It is seen from Fig. 22 that following states of 13C nucleus are excited: 11.1, 11.9,

12.3, 12.6, 13.2, 13.9 and 14.4 MeV. Since in that excitation energy range many 13C states exist
they cannot be unambiguously assigned to observed peaks. The observation of intermediate 3¢
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Fig. 22. Experimental coincidence cross section for o~ Be coincidences presented as a function of excitation

energy Ei2. Arrows mark the peaks corresponding to the excited states of 13C nucleus, the labels above arrows

correspond to values of excitation energy.

states and a peak at Q3=0 allows the conclusion that sequential reaction initiated by nucleon transfer
is in large part responsible for observed a—2Be coincidence cross section.

For (+6°, +11°) angular configuration only the small part of the '3C excitation spectrum may be
observed due to small efficiency for large excitation energies. In other angular configurations different
part of this excitation spectrum may be observed. In order to compare the excitation probability for
various angular configurations the efficiency has to be taken into account. In this way the primary
(before decay) distribution of the excitation probability of 3C nucleus may be obtained. The
coincidence spectra for o—2Be coincidences corrected for the efficiency at different angular con-
figurations are collected in Fig. 23. It is seen from Fig. 23 that coincidence spectrum depends
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Fig. 23. Experimental coincidence spectra corrected for the efficiency for a-"Be coincidences in different

angular configurations presented as a function of excitation energy Efz. Dashed line corresponds to the
exponential function fitted using the least square method.
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exponentially on the excitation energy E 2 and this dependence as well as magnitude of the excitation
probability is very similar for different angular configurations. This coincidence spectra corrected for
efficiency contain information about formation of intermediate excited states and about probability
of their decay into o+°Be channel.

The 0—°Be coincidences from decay of 3¢ nucleus excited to given energy E12 are observed
for some particular angle of primary 3¢ nucleus (812¢m) and for specific angles of  particle and °Be
ejectile (81¢ in reference frame of decaying 3¢ nucleus). This is shown schematically in Fig. 24a.
All these angles are different for various excitation energies and angular configurations of detectors
as may be seen from Fig. 24b and 24c. When 13¢ nucleus will be polarized after first stage of reaction
its alignment should depend on 612cm angle. The decay probability of aligned nucleus is described
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Fig. 24. (a) Velocity vectors of primary 3C nucleus (vi2 — laboratory reference frame and Vizcm — ¢.m. reference
frame) and the decay products — o patrticle (v - laboratory reference frame and Vic — reference frame with
3C nucleus at rest) and °Be nucleus (V3 — laboratory reference frame and V3¢ — reference frame with *°C
nucleus at rest). The primary '°C nucleus angle in c.m. reference frame (812cm), o particle angle (81¢ in
reference frame of decaying **C nucleus) and the detector angles 61 and 62 are also shown. Dependence of

812¢m angle (b) and 81¢ angle (c) on excitation energy Eiz of 3C nucleus.
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by correlation function which depend on 61¢ angle. Therefore probability of formation and decay of
3¢ nucleus shown in Fig. 23 should be in principle modulated by some function of these angles
different for each excitation energy and angular configuration. However, the smooth dependence of

this probability on excitation energy Ei2 as well as its weak variation for different angular configuration
suggest that in average the alignment of '3C nuclei is not observed. This is equivalent to isotropy of
13C nucleus decay in the reference frame where it is in rest.

Similar coincidence patterns as that for o—Be coincidences are observed also for o—'°B
coincidences. As it is seen in Fig. 6 most of coincidence events are concentrated on the kinematical
curve for 120(12C,a1°B)1°B reaction. It indicates that o—'°B coincidences in the largest part arise in

the three body reaction. In the coincidence spectrum represented in function of Ei2 the discrete
peaks are visible. It may be seen in Fig. 25, where an example of the o—'°B coincidence cross section

as a function of E12is shown for events corresponding to three body reaction. It is seen that following
intermediate '*N nucleus states are observed: 12.2,12.9,13.5,14.1,14.5,15.1,156.6 and 16.3 MeV,
which may be identified with known N levels. It is therefore deduced that o—'°B coincidences may
be attributed to the deuteron transfer reaction with excitation of "N nucleus followed by o particle
decay. Also in case of o—"%B coincidences the exponential dependence of coincidence spectra

corrected for the efficiency on excitation energy Ei2 is observed. Just as for a—°Be coincidences this
dependence is very similarfor all angular configurations, moreover the slope of the spectra is identical
with that observed for a—"Be coincidences.

Another type of the coincidence pattern is observed for coincidence of a particles with "Be, "Li
and 8Li ejectiles. In these cases the coincidence events are concentrated in the region enclosed by
appropriate kinematical curve as shown in Fig. 26a for typical example of o=SLi coincidences. They
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Fig. 25. Experimental coincidence cross section for a—'°B coincidences presented as a function of excitation
energy E12. Arrows mark the peaks corresponding to the excited states of 14N nucleus, the labels above arrows

correspond to values of excitation energy.
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are not correlated to curves of constant Qs value but are grouped on the curves of constant Ei2
value as may be seen from comparison of experimental coincidence patterns with curves shown in
Fig. 26b. Therefore it may be concluded that more than three body reactions with excitation of
intermediate nuclei are responsible for these coincidences. In case of a=5Li coincidences the
reactions presented in Fig. 27 may be regarded.
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Fig. 26. Two-dimensional spectrum for a-CLi coincidences for angular configuration (+6°,+119) (a). Solid curve
represents the ejectiles energies that correspond to a three body reaction with all final state particles in their
ground states (kinematical curve). In part (b) the kinematical curves for various values of missing energy Qs

(solid lines) and some selected values of excitation energy Ei2 (dashed lines). Numbers labeling curves

correspond to Q3 and Ej2 values in MeV.

Type B °Li

12C

12C 12C

Fig. 27. Schematic representation of inelastic scattering reaction followed by emission of deuteron with
formation of intermediate states of '°B nucleus and sequential emission of o particle (Type B) and emission
of o particle with formation of intermediate states of Be nucleus and sequential emission of deuteron (Type C).
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In case of both reactions in the first stage 12C nucleus is excited above the deuteron or o particle
decay threshold (25.2 MeV and 7.4 MeV respectively). In process of type B the 12¢ nucleus decays
sequentially emitting deuteron and leaving 108" nucleus in intermediate excited state which sub-
sequently decays by o particle emission to final 8Li nucleus. The sequence of 12C" nucleus decays
may proceed also in reverse order. In process of type C the excited 12¢ nucleus emit in the first step
o particle producing 8Be" nucleus in intermediate excited state that further decays emitting deuteron
and leaving 6Li nucleus in a bound state. In case of both decay sequences the different coincidence
patterns have to be observed. In case of reaction type B the excitation of intermediate 108" states
should be visible in a~°Li coincidence spectrum as a concentration of events on curves of constant

E32 value. For reaction of type C o particle and SLi are not correlated to some particular relative
energy since they do not form intermediate state. Therefore in this case the coincidence events
should have continuum distribution. The excitation of '°B levels is well seen in Fig. 28 where the

a—SLi coincidence cross section is presented as function of Ei2. The observed peaks may be
identified as corresponding to the following, known from the literature 108 excited states: 4.774 MeV,
three states at about 5.1 MeV and group of three states at about 6 MeV. There is no significant
continuous contribution observed which should appear in case of sequential process of type C. it
suggest that the a-°Li coincidences are produced mainly in sequential process of type B with
deuteron emission in the first decay followed by o particle decay of intermediate 9B nucleus. A
strong dumping of the reaction of type C is due to the 8Be structure which predominantly decays by
o particle emission.
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Fig. 28. Experimental coincidence cross section for a-8Li coincidences presented as a function of excitation
energy Efo. Arrows mark the peaks corresponding to the excited states of 9B nucleus, the labels above arrows
correspond to values of excitation energy.

In order to obtain the primary (before decay) excitation energy distribution of 198 nuclei produced
in 12C decay after deuteron emission, the experimental a=SLi coincidence distributions were
corrected for the efficiency. The corrected for the efficiency coincidence spectra as a function of
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excitation energy Ei2 are shown in Fig. 29 for (+6°, —6°) and (+6°, +11°) angular configurations. It
is seen that probability for production of intermediate 108 states and their o particle decay decrease
exponentially with increasing excitation energy of these states. The shape and the magnitude of this
excitation probability are similar for both angular configurations. Similarly as it was discussed for
a-2Be coincidences, this fact allows conclusion that '°B decay is in average isotropic in its rest

reference frame.
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Fig. 29. Experimental coincidence spectra corrected for the efficiency for a—CLi coincidences in different angular
configurations presented as a function of excitation energy Ejo. Dashed line corresponds to the exponential

function fitted using the least square method.

Similar coincidence patterns with excitation of intermediate states are observed also for a—"Be
and o—'Li coincidences. Therefore it may be deduced that similar mechanism as for o~SLi coinciden-
ces is responsible for these coincidence cross section. The possible sequential processes leading
to o—'Be and o—'Li coincidences are presented in Fig. 30. The 2C nucleus excited in inelastic
process decays by neutron or proton emission leading to "¢ or "B excited nuclei. These nuclei
subsequently decay emitting o particles which are in coincidence with the decay product 'Be or Li
nuclei. The decay appearing in reverse order (first o particle emission and next nucleon decay) are

12C 12C
Fig. 30. Schematic representation of inelastic scattering reaction followed by nucleon emission with formation
of intermediate ''C and "B nuclei decaying with o particle emission and leading to Be and ’Li final nuclei.
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strongly suppressed by 8Be structure which in this case is produced after first decay. The domination
of such processes is strongly confirmed by the observation of intermediate excited states in o—'Be
and o—'Li coincidence spectra presented in Fig. 31. In case of o—'Be coincidences the excitation of
intermediate ''C states of energy 8.1, 8.4 and 8.7 MeV is observed, while for a—'Li coincidences
the excited ''B levels of energy 9.1, 10.3 and 11.2 MeV are seen. Exponential dependence of the
probability for production and o particle decay of intermediate Y1¢ and "B nuclei on excitation energy

Ej2 is observed. The slope of a—'Be and o-'Li coincidence spectra corrected for efficiency

represented in function of Ef2 is exactly the same as observed for o—CLi coincidences.
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Fig. 31. Experimental coincidence cross section for a—'Be (a) and a~Li (b) coincidences presented as a

function of excitation energy Ej2. Arrows mark the peaks corresponding to the excited states of ''C (part a)
and "'B (part b) nucleus, the labels above arrows correspond to values of excitation energy.

4.2. o—o coincidences

As a special case the o—o coincidences have to be regarded. The "2C nucleus, due to its three
o particle structure, decays predominantly by o particle emission. For excitation energy smaller than
16 MeV only a particle emission is allowed due to the energy threshold for decay with emission of
other particles. The decay product — 8Be nucleus is unstable and decays predominantly into two o
particles. Thus in the '2C decay three o particles may be produced with large probability. As it was
discussed, both projectile and target like nuclei may undergo fragmentation simultaneously. There-
fore the interaction of '2C+'2C nuclei leads with large probability to six a particles in the exit channel
as shown in the diagram in Fig. 32. Any pair of these a particles may be in coincidence.
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Fig. 32. Schematic representation of inelastic scattering reaction followed by decay of projectile like and target
like nucleus into three a particles with formation of intermediate 8Be states.

The example of the a—o, coincidence cross section for (+6°, =6°) angular configuration is shown
in Fig. 33. It has a maximum at energies corresponding to beam velocity which are marked by arrows.
The process of sequential projectile fragmentation leads to o particles with energy distributed close
to energy corresponding to the beam velocity. The direct break-up of 12C nucleus into three o
particles leads to continuum distribution of a—a coincidence peaked also at such energies. For the
coincidence of one o particle from projectile like and one o particle form target like nuclei the
coincidence cross section extending up to small particle energies should be observed. The o—o.

coincidence spectra as a function of E12 corrected for the efficiency are shown in Fig. 34 with marked
excitation energy (arrow) and width (bar line over arrow) of 8Be states. For excitation energies smaller
than 16 MeV no other ®Be levels are known. Besides the continuum distribution the peak correspond-
ing to 3.04 MeV 8Be state is seen, while the excitation of 11.4 MeV level is not visible. The observed
peak correspond to coincidence of a1—c2 particles emerging from the decay of excited ®Be nucleus.
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Fig. 33. Two-dimensional spectrum for a—at coincidences for angular configuration (+6°,-6°). Solid curve

_
300

represents kinematical curve for '2C('2C,c0)'®0 three body reaction with '®0 nucleus in ground state.
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Fig. 34. Experimental coincidence spectra corrected for the efficiency for a—a coincidences for different angular
configurations presented as a function of excitation energy Ei2. Arrows with bar line mark position of ®Be
excited states with their width.

The coincidences of a1 and o2 particles originating from ®Be decay from its ground state cannot be
detected. The relative angle of such o patticles is very small, therefore they are not in coincidence
for investigated anguiar configurations. Continuum distribution may arise from o1—o3 and az—oa3
coincidences in case of sequential process. Such coincidences are observed always, independently
on that in which state intermediate ®Be is produced. The contribution of prompt projectile fragmen-
tation to the continuum distribution cannot be excluded. The detailed analysis of the relative intensity
of the observed peak and continuum distribution should allow estimation of relative probability of
formation of intermediate Be nuclei in ground and first excited state and possible contribution of
prompt fragmentation.

4.3. Results of the model independent analysis

The qualitative, model independent discussion of the kinematical signatures of sequential
processes was performed for all measured coincidences. It was shown that observed coincidences
may be attributed to the various sequential fragmentation processes. These processes are started
either by inelastic excitation or by one or two nucleon transfer reactions. The unbound states excited
in these reactions decay in one or two steps. The excitation of intermediate states appearing in the

decay chain is visible as the peaks in excitation energy E12 coincidence spectra. In some cases from

the observation of the discrete peaks in the Ei2 coincidence spectra it was possible to deduce the
sequence in which fragmentation proceeds. Negligible background observed at excitation energies
where no intermediate nuclei levels exist suggest that prompt fragmentation may be excluded. Only
in case of a—a coincidences the contribution of prompt fragmentation is possible. Smooth depend-
ence of efficiency corrected coincidence spectra on excitation energy shows that in average
alignment is not generated in the reaction step proceeding decay. Therefore in average the decay
is isotropic in the reference frame of decaying nucleus.
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5. Model for sequential process calculations

As it was shown in the previous chapter the direct reactions lead frequently to unbound states
which subsequently decay by the particle emission. From the presented qualitative analysis of the
coincidence data it follows that most of the observed coincidences may originate from such
sequential fragmentation reactions. More quantitative results concerning the sequential processes
may be obtained in the frame of the simple model presented in this chapter.

Let us consider the reaction

a+bo1+2+..+n (1

where a denotes projectile, b — target and 1, 2, ... n — ejectiles. The m; will denote mass, E; - total
energy, p?— momentum and pi — four momentum of i-th particle (i =a, b, 1, 2, ..., n). The reaction
dynamics is described by the transition probability g (pa, P8, P1, P2, ..., Pa) from the initial a + b state
to the final state 1 + 2 + ... + n with definite momenta p;. The transition probability is determined by
the square of the transition amplitude

I<FT1)! p-_ér"': RIAIFT;, FTS>'2=80(F731 561 p-_%r p-_é’lﬁ) (2)

where A is the operator responsible for the transition. It is a function of the momenta of all incident
and outgoing particles. For fixed entrance channel and beam momentum the shorter notation of
transition probability in the further formulae will be used:

(P2, P, P1, P2, .... PA) = (T, P2, ..., P (3)

In the inclusive and coincidence experiments only some ejectiles are observed and their
momenta are measured. Thus in order to obtain the differential cross sections it is necessary to
integrate the square of the transition amplitude over all allowed values of p7of unobserved particles.

The inclusive cross section for observed particle 1 may be represented as

n
dd
2E1d on_1 H—[ pi 64(pa+pb—P1 - 3'p) 01,53, ..., PA) (4) -
=2

and a coincidence cross section for observed particles 1 and 2 as

n

d® 1
4E1Ez@p—zg——=gfn— 5%(pa + pb —p1 ~ P2 = 3.p) 1, P2, ... P) (5)
1 i=3
3
with the four momentum conservation introduced by §-function, the ?2]5 is the phase space density
I

3n-4

for particle i. Normalization factor F =4 mg P! 1) corresponds to the flux of the incident

particles, p3,,, being the beam momentum in the laboratory system.
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Using these expressions the inclusive cross sections and the two particle coincidence cross
sections, as a function of laboratory kinetic energy (T1 and T2) and laboratory solid angle (€21 and
Q) as measured experimentally, may be calculated using the jacobian of the transformation

o dpi
T = (P
d% d3c
dTidQq Ipil Eq d3p1 (6)
d6(5 T d6(5
dTrdanaTzdas = P P2 B Ba o @

5.1. Formulation of the model

The unbound states excited in the direct reactions (inelastic excitation, transfer processes) may
decay by particle emission leading to nuclei in bound states (what corresponds to three body exit
channels) or in unbound states which subsequently decay by particle emission (it corresponds to
four, five or more body exit channels). Such processes are presented schematically in Fig. 35. In the
first stage of the reaction two nuclei are produced: projectile like nucleus (moving approximately in
the beam direction with the beam velocity) and target like nucleus — n (with very small energy in the
laboratory reference frame). In the further steps of reaction excited projectile like nucleus decays
emitting various particles -1, 2, ..., n-2.

b

E:1 n'1
Fig. 35. Schematic representation of n body sequential process.

In order to analyse such processes the square of the transition amplitude @ {1, P3, ..., pa) is
needed. It is assumed that for the regarded sequential processes the formation of excited nuclei and
their decay are well separated in time. This separation is long enough that it may be assumed that
all formation and decay processes are independent. Under this assumption the transition probability
may be factorized and represented as a product of probabilities g1, g2, ..., gon-1. The g1 describes
the transition probability in the first step of reaction (direct process) and g2, ..., n-1 describe decay
probabilities in successive decays. For unpolarized particles in the entrance and exit channels g+
is a function of three variables only (e.g. the center of mass polar angle of the projectile like nucleus
and the excitation energy of the projectile and target like nuclei). The decay probabilities are in
general the function of the primary excitation energy (before decay), final excitation energy of the
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decay products, and the emission angles of the decay products measured in the reference frame of
the decaying nucleus. The angular dependence appears when the decaying nuclei are polarized. In
the present analysis the polarization effects were not taken into account. In the excitation energy
region where unbound states occur many levels with various spin are excited. It may be expected
that at such energies alignment of nuclei averaged over excitation energy equals zero. This averaging
leads finally to angle independent decay probability what is equivalent to the assumption that all
decays are isotropic in the rest frame of the decaying nucleus. This assumption is confirmed by the
smooth dependence of coincidence spectra on the excitation energy of intermediate nuclei (see
section 4.1).
Finally the transition probability used in the analysis has the form

©(P3, BB, ..., PA) = #1(8cm, EX, ER) 2(EY, ED) ... @on-1(Eh-2, En-1) (8)

where 8cm is the centre of mass angle of projectile like fragment produced in the first step of reaction,
E] isthe excitation energy of the projectile like fragment that subsequently decays, Er is the excitation

energy of target like nucleus, E3, ..., En-1 are the excitation energies of fragments produced in
subsequent decays. Since the time separation of each reaction step was assumed, the possible
decay of the target like nuclei does not influence the processes of projectile like nuclei decay.
Therefore regarding projectile like nuclei fragmentation it is not necessary to take into account the
target like nuclei fragmentation (or vice versa). Only for coincidences of one particle originating from
projectile like nucleus and second from target like fragment it is necessary to regard simultaneous
decay of projectile and target like nuclei.

The phenomenological analysis was performed using parameterization of transitions prob-
abilities 1, @2, ..., gn-1. The experimental angular distributions for inelastic and transfer reactions
leading to discrete states of final nuclei exhibit exponential dependence on the centre of mass angle
(Fig. 5). Also the theoretical angular distributions for direct processes have exponential form.
Therefore the angular dependence of amplitude g1 was assumed in the form of the exponential
function of the centre of mass angle 6cm of projectile like fragment. From the model independent
analysis of the coincidence data for three body reaction (presented in Fig. 23) it follows that also the

dependence of the transition probability on excitation energy E7 have the exponential form. The

dependence of the transition probability on target like nucleus excitation energy En was assumed to
have also exponential form. Similar analysis of four body reactions (presented in Fig. 29) leads to

the conclusion that transition probability depends exponentially on excitation energy E3 of formed
intermediate states. Exponential dependence of transition probability on excitation energies E3, ...,

En-1 of subsequent intermediate states was also assumed. Under these assumptions the transition
probability go may be written finally as:

©(P3, B3, ....p7) = N g Hbem o VBT g=0E2  o~EEn-t ~CEn (9)

where N is the normalization factor that has to be adjusted to describe the absolute value of the
experimental cross section. The parameters ¥, g, ..., € and { are treated as free parameters that have

40



to be adapted to describe experimental energy spectra. These parameters contain both probability
of formation and decay of the excited states. In this way these two processes cannot be distinguished
in the phenomenological analysis. Due to this the parameters may be different for each sequential
fragmentation process.

In the present analysis the excitation and subsequent decay of both projectile and target like
nuclei were regarded. For the identical particles in the entrance channel it may be done very easily
since the probability of excitation of projectile and target like nuclei is exactly the same. Therefore it
is not necessary to introduce any additional parameters but is enough to use fore-aft symmetry of
the transition probability. It was done by taking the sum of transition probabilities g given by (9) for
centre of mass angles 8cm and n—8cm. In this way transition probability used in the calculations has
finally the form:

©®3, B3, ... pH =N (e‘ﬁec"‘ + e‘ﬁ("‘em‘)) o 1 g0 | geEnt g-En (10)

The addition of transition probabilities (not the transition amplitudes) neglects the interference
term, which may be important for specific energies and angles when transition amplitudes for
projectile and target like nuclei excitations become comparable.

5.2. Parameters used in the analysis

According to the formula (10) the parameters necessary in the calculations of sequential
processes are: primary angular distribution parameter B, parameters vy and { describing primary
excitation energy dependence of formation and decay of projectile and target like nuclei, respectively,
and the normalization factor N. In case when the decay proceeds in two or more steps additional
parameters 8, £ etc. describing formation and decay of intermediate excited states have to be known.
Values of parameters v, 8, €, ... may be different for each sequential process since they describe
production of different nuclei and their decay into various channels. it was found, however, that good
description of the experimental data may be obtained with fixed values of parameters. Therefore
instead of adjusting magnitude of these parameters separately for each process, the values
presented below were used.

Value of parameter  describing primary angular distribution was deduced from experimental
and theoretical angular distributions for direct processes. In the performed analysis parameter  was
kept constant and had a value of 0.15 1deg as obtained from theoretical DWBA angular distributions
at excitation energies in the region of unbound states.

In the analysis of sequential processes initiated by nucleon and deuteron transfer parameter
trans. = 0.13 1MeVv describing formation and decay of projectile like nuclei was used. This value was
obtained from the experimental coincidence spectra for three body reactions leading to o—2Be and
a~'9B coincidences (Fig. 23). In case of transfer reactions the excitation of target like nuclei was not
considered. This assumption is confirmed by observation of the strong peak at Qz=0 (three body
reaction with all final state particles in ground state) in o—'°B and o—°Be coincidence spectra
(Fig. 21).
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The sequential processes started by inelastic excitation were analysed with parameters
vinel. = Cinel. = 0.04 Wvev. They should be equal for identical projectile and target nuclei. This value
was adopted from the analysis of o particle and '2C ejectile distributions. The details of this analysis
will be presented in next chapter.

For processes in which decay occurs in two or more steps values of parameters 6=¢=...
=0.06 Ymev were used. They were fixed according to the dependence of the experimental coin-
cidence cross section on excitation energy (Fig. 29) for four body reactions leading to a—'Be, a~"Li
and o—°Li coincidences.

The normalization factor N was adjusted in order to reproduce the experimental inclusive and
coincidence data. Using obtained normalization factor N the total cross section for each analysed
sequential process may be calculated by integration of the calculated distributions (equation 6) over
solid angle and energy of outgoing particle.

The choice of values of parameters j3, v, §, ... used in the calculations was not very critical for
the results of the analysis. E.g. variation of yinel. parameter (for sequential processes started by
inelastic excitation) in 0.03—0.05 MMeVv range as well as § parameter in 0.1-0.2 V4eg range leads to
very similar description of the experimental data. The results of the calculations are not very sensitive
on values of parameters therefore the cross sections for various sequential processes resulting from
the analysis were estimated with an error of about 15%.
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6. Analysis of the sequential processes

The importance of sequential fragmentation processes in the '2C+'2C interaction was shown in
the mode! independent analysis of coincidence data presented in chapter 4. In this section a
quantitative analysis will be presented. It was performed by means of sequential fragmentation model
formulated in the previous chapter. The inclusive and coincidence spectra were calculated according
to formulae (4) and (5), respectively, with the transition probability given by formula (10). The
parameters of the transition probability have values given in section 5.2. The only free parameter —
normalization factor was varied in order to reproduce the magnitude of experimental cross sections.
The example of the sequential processes analysis will be discussed in details for outgoing °Be and
8Linuclei and o particles. The energy spectra of 12C nuclei accompanying fragmentation processes
will be also presented.

6.1. °Be inclusive spectra and o—"Be coincidences

As it was shown in chapter 4 many of the observed o—°Be coincidences arise in the sequential
reaction started by neutron transfer (Fig. 20). The calculations for such reaction were performed
using parameter yrans. = 0.13 1Mev obtained from the coincidence spectra (Fig. 23). The only free
parameter, the normalization factor that was adjusted in order to reproduce o= Be coincidence data
corresponding to three body reaction 12C(120,oche)1 1C,i.e.forevents belonging to the peak at Q3=0
(Fig. 21). The results of these calculations are shown in Fig. 36 (dashed line} together with the
experimental coincidence spectra for events concentrated on the kinematical curve for a+'Be+''C
three body reaction (see e.g. Fig. 19a). Besides a—"Be coincidence events corresponding to
discussed three body process, the coincidences with large missing energy Qs are observed (Fig.
21). They may be attributed to more than three body reaction, e.g. deuteron transfer reaction followed
by proton and « particle emission 12C4+12C - 0+°Be+p+'°B. The calculations for such sequential
reaction were performed using parameters yrans. = 0.13 1Mev and 3 = 0.06 1Mev. The normalization
factor was fitted in order to reproduce a—2Be coincidence energy spectra for events not belonging
to peak at Q3 =0. The results of these calculations are compared with the experimental coincidence
spectrain Fig. 37 (thin solid line). The coincidence spectra obtained from compound nucleus analysis
are also shown in Fig. 37 (thin dashed line). The sum of the cross section for regarded sequential
reactions and that resulting from compound nucleus calculations (thick solid line in Fig. 37) very well
reproduce experimental coincidence data.

Using the same values of parameters yans. and 8 as well as the normalization factors N the
calculations of the inclusive cross section for outgoing Be were performed. Their results are shown
in Fig. 38 as a thick solid line together with experimental cross section for Be ejectiles for various
laboratory angles. it is seen that these processes account entirely for experimental cross section at
large emission angles, while the experimental cross section at small angles is not reproduced.
Another possible process leading to outgoing ®Be nuclei is the inelastic excitation of '2C nuclei with
subsequent decay into 3He+°Be. The calculations for such process were performed with parameters
vinel. = Cinel. = 0.04 1Mev and the normalization factor N for this process was adjusted in order to fit
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Fig. 36. Experimental a-°Be coincidence spectra corresponding to *2C(12C,a°Be)''C three body reaction (only
events concentrated on kinematical curve o+°Be+''C) compared with the sequential fragmentation process
calculations (dashed lines).
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calculations, solid lines represent sum of these sequential processes and results of compound nucleus
calculations.

the experimental cross section at small laboratory angles. The results of the calculations are shown
in Fig. 38 as thin solid line. It is visible that for small laboratory angles this process leads to the cross
section concentrated in a bump at large ejectile energies, while at large angles the contribution of
these process to the experimental cross section is small. In Fig. 38 the sum of the cross section for
described above sequential processes as well as the cross section for °Be produced as the
evaporation residuum is shown as the thick solid line. It is seen that experimental spectra in a broad
angular range are well reproduced by the calculations. Total cross sections for regarded sequential
fragmentation processes resulting from the analysis are presented in Table 1.
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Table 1. The decay channels taken into account in the calculations of the sequential processes started by
inelastic excitation and one and two nucleon transfer processes. The total cross section resulting from the

comparisoh of the calculations with experimental data is also shown for each regarded process.

Primary
Decay channel Gtot [Mb]
nucleus
2c 5n+'lc 37
12C—>p+”B 52
2c 5d+ %8 55
11 10
126 n+“C—>n+p+1oB 38
p+ Bop+n+ "B
'?c 12 > %He + °Be 16
2c 5n+""Con+a+'Be 44
12C—>p+”B—>p+oz+7Li 50
12 5d+ 9B > d+ o +5Li 53
11 10
126 n+”C—>n+p+1oB — n+ p+o +5Li 43
p+ ' Bop+n+ B
2cs5a+®Beva+ra+a 392
Bcon+con+n+'lc
26
13N—>p+12C—>p+n+”C
13C—>n+1")‘C—>n+p+”B
43
130 13N—>p+12C—>p+p+”B
13N 13C-—)(X+QBG 3
Bcosn+n+'""Con+n+o+'Be
16
13N—>n+p+”C—>n+p+oz+7Be
Beon+p+""Bon+p+a+Li
23
BNop+p+""Bop+p+a+ L
“No>o+ 9B 3
14y
14N—>p+130—>p+oz+98e 17
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6.2. BLi inclusive spectra and o~SLi coincidences

In the previous section it was shown that BLiis produced in the sequential process initiated by
inelastic excitation of 2C nucleus followed by decay chain '2C" — °B"+d — ®Li+o+d (process B in
Fig. 27). The calculations of inclusive 6L spectra as well as o-SLi coincidence spectra were
performed for such sequential process (with parameters yinel. = 0.04 1Mev and 6 = 0.06 IMev ). The
normalization factor was adjusted in order to fit high energy part of coincidence experimental spectra
for “close geometry” configurations. The results of calculations (thick dashed line) are compared with
the experimental data in Fig. 39 for 8Li inclusive spectra and in Fig. 40 for o-5Li coincidences. It is
seen that the cross section obtained for regarded process contributes significantly to the inclusive
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Fig. 39. Experimental SLi inclusive spectra for various laboratory angles compared with the calculations. Thick
dashed lines — sequential process leading to a+°Li+d+'2C, thin solid lines — sequential process leading to
a+6Li+n+p+1ZC, thin dashed lines — compound nucleus calculations and thick solid lines — sum of all these

processes.
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spectra. At large SLi laboratory angles this process gives small contribution to the experimental cross
section. Therefore sequential process with inelastic excitation of 12¢ nuclei followed by the decay to
n+p+a+6Li final state was considered. The spectra calculated for this process (with parameters
Yinel. = 0.04 Wev and & =€ =10.06 Mev ) were normalized in order to describe the experimental
inclusive spectra at large angles. The results of the calculations for this process are shown in Fig.
39 and 40 as thin solid line. The distributions obtained from compound nucleus analysis are also
shown in Fig. 39 and 40 as thin dashed line. It is seen that sum of all these processes (sequential
and compound nucleus reactions) plotted as thick solid line reasonably well reproduce coincidence
data for all investigated angular configurations and the inclusive spectra in whole measured angular
range. Total cross sections for the regarded sequential processes obtained from the analysis are
presented in Table 1.

6.3. Results for other ejectiles

The inclusive and coincidence spectra for other ejectiles were also analysed in the same manner
in frame of sequential fragmentation model. The sequential processes presented in Table 1 leading
to final 1'C, ''B, '°B, "Be and "Li nuclei were taken into account. The results of the calculations for
these ejectiles are shown in Fig. 41 (thick dashed line) together with experimental inclusive spectra
for laboratory angle 61a=5°. Similarly good description was obtained in the whole measured angular
range. The evaporation residua cross section obtained from compound nucleus analysis is also
shown in Fig. 41 as thin dashed line. It is seen that sequential fragmentation processes account for
large part of experimental cross section and together with cross section from compound nucleus
calculations describe very well experimental spectra (solid line in Fig. 41). Part of the ''C and 'B
spectra at high energies not reproduced by sequential processes corresponds to one nucleon
transfer reactions discussed in section 3.4. A small contribution of deuteron transfer reaction is also
seen in high energy part of '°B spectrum. Total cross sections for each sequential process derived
from the analysis are also given in Table 1.

6.4. o particle inclusive spectra and o—o coincidences

In some of the regarded above sequential processes o particles are emitted (see Table 1). They
contribute to the measured inclusive a particle spectra. In order to find this contribution the inclusive
cross section of a particles associated with °Be, "Be, "Li and °Li ejectiles was calculated using
sequential fragmentation model. The parameters (including normalization factor) usedin the calcula-
tions were the same as in the analysis of °Be, "Be, "Li and 8Li nuclei distributions. The results of the
calculations are shown in Fig. 42 (thick dashed line) together with experimental o particle spectra.
It is visible that the contribution of these processes to production of o particles is rather small.

The main source of o particles produced in '2C+'2C interaction is inelastic excitation of '2C
nuclei (target, projectile or mutual target and projectile) above the o particle decay threshold. This
is confirmed by very well description of « particle spectra by results of classical dynamical a—cluster
model applied to the investigated reaction'®. From o—a coincidences it follows that '2C nucleus
decay into three o particles proceeds sequentially with production of intermediate ®Be nucleus.
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Fig. 41. Experimental inclusive spectra for laboratory angle 8ia=5° for ''C, ''B, '°B, 7Be and "Li ejectiles. Thick

dashed lines represent the sum of the cross sections for corresponding sequential processes given in Table

1, thin dashed lines correspond to compound nucleus calculations and solid lines represent the sum of cross
sections for these reactions.

Excited '2C nucleus decays emitting o particle what leads to ®Be nucleus decaying predominantly
into two « particles. In the case of mutual projectile and target excitation above o particle decay
threshold six a particles appear in the exit channel (Fig. 32). The calculations of o particle inclusive
spectra as well as o—a coincidence spectra for such sequential process were performed. Since other
processes contribute weakly this calculations should reproduce experimental o particle distributions.
Therefore they were used to fix value of parameter yinel.. The shape of o particle inclusive spectra
is sensitive to this parameters. It was found that inclusive o particle spectra at small laboratory angles
are well reproduced using 7inel. = 0.03 — 0.05 IMev. The calculations of all sequential processes
initiated by inelastic excitation were performed with yinel. = 0.04 1Mev. Such value of this parameter
is confirmed by presented below analysis of 2¢ spectra which is more restrictive. The o—«
coincidence spectra contain information about excitation of intermediate 8Be states, and can be used
to determine relative strength of their occupation. In the analysis it was assumed that 8Be nucleus
is produced in ground state and first excited state only. As discussed in section 4.2 (see Fig. 32) the
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Fig. 42. Experimental inclusive o particle spectra compared with results of calculations for various processes.
Thick dashed lines —~ sum of all sequential processes from Table 1 leading to a particle in the exit channel
(except o+o+o channel), thin solid lines — sequential process leading to three or six o particles in the final
state, thin dashed lines — o particles evaporated from compound nucleus and thick solid lines — sum of all
these processes.

coincidences of ai—o2 particles from decay of 8Be nucleus excited to 3.04 MeV state as well as
coincidences of a1—a3 and ag—aga particles for 8Be in ground state and first excited state may be
observed. The complex analysis of a particle spectra and a—o coincidences allows to determine the
normalization factor N and relative strength of 8Be nuclei production in ground and first excited states.
From the comparison of the calculated and experimental a—a coincidence spectra for different
angular configurations (presented in Fig. 43) it was found that 8Be nuclei are produced in ground
and first excited states with the same probability. The normalization factor N was adjusted in order
to reproduce o—a coincidence cross section and o particle inclusive spectra were calculated with
the same normalization factor. The results of the calculations performed for this sequential process
are compared with experimental inclusive o particle spectra in Fig. 42 (thin solid line). It is seen that
the contribution of this processes to experimental a particle cross section dominates. In Fig. 42 the
sum of the cross section of all investigated sequential processes producing o particles and the cross
section obtained for o particles evaporated from compound nucleus is also shown. It is visible that
the reproduction of the experimental cross section for a particles by sum of cross sections for these
processes is reasonable. Total cross section for 2¢ decay into three o particles resulting from the
analysis is given in Table 1.
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6.5. 12C inclusive spectra

The distributions of '2C ejectiles accompanying each regarded sequential process may be
calculated with the same parameters as used in the analysis of these processes. Using fore~-aft
symmetry for identical particles in the entrance channel the calculated distributions may be compared
with measured '?C nuclei spectra. This is presented schematically in Fig. 44 for '2C nucleus
sequential decay into three o particles. In process (a) 12¢Y nucleus is excited above o particle decay
threshold (E7 > 7.4 MeV) and decays into three a particles, while second 12C% nucleus may be in
any energy state. The decay products — a particles are detected in the forward hemisphere. Using
the symmetry for identical particles in the entrance channel, the same process is observed exchanging
beam and target nuclei what is shown in Fig. 44b. In process (b) the 121 nucleus is also excited to
unbound states and decays into three o particles. Second '2C3 nucleus may be excited to any energy,
however in order to be detected it cannot be excited above decay threshold. While processes leading
to « particles and '2C3 ejectiles are identical, the only difference is that '2C3 nucleus is detected
only in bound states. The calculations of 'C spectra for all sequential processes initiated by inelastic
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excitation (see Table 1) were performed with parameter yinel. = 0.04 "Mev. The analysis of 2¢
distributions allows to determine value of this parameter more precisely. The calculated 2¢ ejectiles
cross section is too small or too large in comparison with experimental one for vyinel, parameter varied
in the 0.03-0.05 Mev range. The normalization factors obtained from the analysis of each process
were used, therefore 12¢ cross section was calculated without free parameters. The sum of all these
cross sections for 12C production necessary for the description of various ejectiles distributions
represents the whole inelastic excitation cross section. In Fig. 45 this cross section (thick dashed
line) is compared with experimental data for 12C nuclei. It is seen that the calculated inelastic
excitation cross section may account for large portion of observed cross section, leaving however
space for sequential processes initiated by nucleon transfer which were discussed in section 3.5
(thin solid line in Fig. 45). These processes are able to account for greater part of experimental cross
section for '2C ejectiles (thick solid line in Fig. 45). The cross section at low energies may be assigned
to '2C nuclei produced as evaporation residua (thin dashed line in Fig. 45).

6.6. Total cross sections for sequential processes

The relative importance of the various processes leading to various final nuclei is seen from
Table 1. In the table the calculated total cross section for each regarded process is shown. From the
analysis it was deduced that overall error of the obtained total cross section for each process is equal
15%. From Table 1 it is concluded that sequential processes initiated by inelastic excitation may
account for about 800 mb cross section. In the inelastic excitation process both interacting nuclei
are mutually excited to the energies larger than decay threshold. Using fore—aft symmetry appearing
for identical particles in the entrance channel the values of parameters Yinel. = {inel. describing
excitation probability of colliding nuclei were determined. Using these parameters it was deduced
that mutual excitation above decay threshold account for about 75% of the inelastic excitation cross
section. The sequential processes started by transfer give 200 mb, since to such processes listed
in Table 1 also '°C — n+'2C and N - p+1ZC sequential processes initiated by nucleon transfer
(discussed in section 3.5) have to be added.
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7. Conclusions

The reaction mechanism in 2C+'2C system at intermediate energy of about 30 MeV/nucleon
was studied. There are many controversies concerning processes leading to many particle final
states at intermediate beam energies. Therefore, the system of two light colliding nuclei with small
number of possible partitions in the exit channel was investigated. The contributions of various
reaction mechanisms (inelastic scattering, transfer reactions, compound nucleus reactions, sequen-
tial decay following inelastic excitation and transfer) to the total reaction cross section were found.
The analysis of inclusive and coincidence spectra allows to conclude that sequential fragmentation
processes dominate. They are initiated by inelastic excitation orone and two nucleon transfer leading
to unbound states with excitation energies well over the threshold for particle emission. These
unbound states decay sequentially emitting various particles. It was shown that such fragmentation
proceeds as one and two step sequential decay; in some cases even more steps decay was required
in order to reproduce the experimental data. In the first stage of reaction both interacting nuclei may
be excited in inelastic process to unbound state. Therefore, with large probability both colliding nuclei
undergo sequential fragmentation.

These conclusions result from the analysis of the experimental data covering measurements of
inclusive energy spectra in wide angular range and two particles coincidences for various angular
configurations. Very good separation of ejectiles with different charge and mass as well as low
detection threshold achieved in the measurements were very important in the performed analysis.
The fore—aft symmetry of the cross section in the center of mass system, resulting from the particle
identity in the entrance channel, was used as the strong test of the consistency of the performed
analysis.

The model independent analysis of the experimental coincidence spectra allowed to conclude
that sequential decay processes play most important role. In case of all measured coincidences the
excitation of intermediate nuclei was observed. The observation of excitation of intermediate nuclei
states, practically without continuous background, allows to deduce the dominating sequence of the
decay and suggests that prompt fragmentation may be in most cases excluded. Only in case of c—o
coincidences the occurrence of the prompt fragmentation of 126 nuclei into three o particles could
not be excluded. However, it should have quite small cross section since the experimental data are
well described without considering such process.

Quantitative results concerning the probability of various sequential fragmentation processes
were obtained from the phenomenological model. It was shown that sequential fragmentation
processes very well describe the shape of energy and angular distributions of inclusive cross sections
in the whole measured energy and angular range. Also the most important features of the
experimental coincidence cross section for all measured angular configurations may be reproduced
by calculated sequential processes. The normalization factors obtained from the analysis were used
to determine the cross section for each regarded fragmentation process.

Very good description of experimental data obtained in quantitative analysis allows to make an
effort to accomplish balance of the total reaction cross section. The obtained total inelastic excitation
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cross section followed by the decay was found to be 800 mb, and that of the transfer reactions
followed by the decay is 200 mb. Therefore the total cross section for the sequential fragmentation
processes was estimated to be 1000 mb. The calculated cross section for compound nucleus
reaction was found to be 200 mb. The experimental cross section corresponding to two body
processes (integrated cross section for measured discrete state transitions) equals to about 40 mb.
Alithese processes give in total 1240 mb cross section with an estimated error £200 mb what agrees
very well with total reaction cross section of 1290 mb obtained from the optical model calculations.
Thus the sequential processes may account for about 80% of the total reaction cross section, fusion
for about 15% and rest of 5% have to be attributed to the direct processes with ejectiles being in
bound states.

The results of performed studies allow to conclude that investigations of similar systems of
colliding nuclei at various energies would enable to find the evolution of the reaction mechanisms
from low to high energy region. The development of reaction mechanism from fusion dominated
region at low energies (50-90% of the total reaction cross section) to prevailing sequential fragmen-
tation at intermediate energy is already visible from the presented analysis. Searching for the new
reaction mechanism, the sequential processes have to be carefully analysed, since they contribute
with large cross section in the whole energy and angular range of outgoing particles.
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