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Sequential reaction processes in thé?C+1°C system at an energy of 28.7 MeV/nucleon
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Inclusive spectra of different ejectiles and coincidence specteaprticles with various nuclides emerging
from the collisions of*?C ions of energy 344.5 MeV with &C target have been measured. A large fraction
of the observed cross section is contained in the continuous part of the inclusive spectra. In the coincidence
data the excitation of states of intermediate nuclei is observed which indicates the sequential mechanism of the
reaction. Calculations performed with a simple phenomenological model of such processes reproduce well the
shape and magnitude of both inclusive and coincidence spectra. The contribution of various reaction mecha-
nisms to the total reaction cross section is estimdi80556-28138)04002-3

PACS numbdss): 25.70.Mn, 25.70.Pq

[. INTRODUCTION experiment allows for considerable simplification of the
analysis. First the study of reactions in light system of heavy
In the investigations of nucleus-nucleus collisions at in-ions limits the number of possible partitions in the observed
termediate energies large effort is concentrated on studies §fal state. Secondly the identity of interacting nuclei in the
the reaction mechanism leading to many-body final states. gntrance channel and thereforg fore-aft symmetry in the cen-
is expected that in the beam energy range from 20 to 10 r of mass frar_ne puts very stringent constraints on the data.
MeV/nucleon new phenomena mav occur. This eneray ran [Q such a case identical processes are responsible for produc-
) g P y - gy randg, of projectilelike and targetlike nuclei. Therefore, the re-
is transitional between the low-energy regime where mear) .

field d ; he i . d the hiah tions with a many body exit channel might be measured by
leld determines the interaction process and the high-energy, opservation of fragmentation products of projectile like
region where collisions of individual nucleons dominate. In

_ X ; - nuclei and owing to the fore-aft symmetry by the observation
the intermediate energy region a strong competition betweegs associated target like nuclei. The additional experimental

low and high energy reaction mechanisms should appeagdyantage of using light nuclei in the entrance channel is that
Therefore, besides the reaction mechanisms dominating ge reaction products are also light, what enables their detec-
low energiegcompound nucleus and direct reactiprather  tion with a low energy threshold, good mass and charge
processes responsible for production of many particles in thgeparation of ejectiles and good energy resolution. The inclu-
exit channel should be regarded. Two basic, extreme modelsive measurements of the energy spectra and angular distri-
of reactions leading to a multiparticle final state are considbutions for various ejectiledrom “He up to**N) as well as
ered: the first one is a sequential binary decay—similar taoincidence measurements in different angular configura-
that observed at low energies; the second one—predicted foions were performed. The differential inclusive cross sec-
large energies—corresponds to simultaneous disintegratiaions and coincidence cross sections were extracted. That
(prompt fragmentation A classification of various reaction results in a large set of experimental data containing transi-
mechanisms proposed for the intermediate energy region da®ns to discrete bound or unbound states of ejectiles, the
well as a review of experimental data and different modelsontinuous spectra that correspond to the excitation of highly
are presented in Reffl] and[2]. In spite of numerous ex- excited states of ejectiles or to many body reactions, and the
perimental investigations and a variety of proposed modelsorrelation of two particles emitted in many body processes.
for the reaction mechanism the situation is still unresolvedThe experimental data were analyzed by means of various
because the performed experiments were not able to disemethods. Partial analysis of the inclusive data was performed
tangle well different processes such as sequential fragmentearlier and published elsewhdfis—19. In the present paper
tion processes and prompt fragmentation. Moreover thenore attention is paid to the coincidence data and simulta-
models of sequential and prompt fragmentation predict aeous description of coincidence and inclusive distributions.
very similar behavior of different experimental observables,The coincidence data were analyzed basing on kinematical
since their general features are governed mainly by the avaitonsiderations, enabling one to obtain model independent in-
able phase space. While in most investigations it was founébrmation about the reaction mechanism leading to many
that sequential processes dominate, some authors claim oparticles in the exit channel. The phenomenological ap-
servation of nonsequential proces§gs14)]. proach was applied in the analysis of sequential decay pro-
In the present work measurements were performed focesses initiated by the inelastic excitation and transfer reac-
light system of heavy ion&°C+ %C at an incident energy of tions. More details of this analysis may be found in Ref.
28.7 MeV/nucleon. This beam energy is high enough to in{20].
duce processes different from those expected at low energies. The experimental procedure will be presented in Sec. Il
The specific choice of entrance channel nuclei in the preseribgether with a discussion of characteristic features of the
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experimental data. The model independent qualitative distions to discrete statgsvith energy resolution of about 200
cussion of the coincidence data based on the kinematic&leV) and a measurement at small angles down to 2°. The
signatures of the sequential fragmentation is presented igpectrometer was used also for the measurement of the Ru-
Sec. lll. The model used for the analysis of the sequentiajherford elastic scattering at small angles ol %u target to
processes initiated by direct reactions is presented in Sec. lerify the absolute normalization of the cross section.
together with the results of the phenomenological analysis of Nore details about the experimental procedure, particle
sequential fragmentation processes. In Sec. V the contribygentification and results for inclusive measurements may be
tion of various reaction mechanisms is discussed and finghnd in Refs.[16] and [20]. Typical measured inclusive

conclusions are presented. energy spectra could be found also there. The spectra at for-
ward angles are dominated by the broad maximum located at
II. EXPERIMENTAL PROCEDURE AND RESULTS energies close to those corresponding to the beam velocity.

This maximum is asymmetric with a tail extending to small
The experiments were performed using tR€ ion beam  ejectile energies. At larger angles this maximum practically
of 344.5 MeV energy from the JULIC cyclotron of the For- disappears and spectra decrease strongly with the ejectile en-
schungszentrum Joh. The experiments contained measure-ergy. At small energies where the contribution from the com-
ments of the inclusive energy spectra and coincidences. Theound nucleus reaction may be expected the observed cross
beam was focused on ¥C target of 1.1 mg/cfthickness. section is small. The transitions to discrete states with defi-
The detection system consisted of three counter telescopeste excitation energies are observed for some ejedtligk
assembled of 5um, 400 um, 2 mm, and 6 mm thick Si They appear distinctly at small detection angles only. Such
surface barrier detectors cooled down-t@0 °C. The solid transitions to discrete states correspond to inelastic scattering
angle covered by the detectors was 0.04 msr in inclusivand one- and two-nucleon transfer reactions.
experiments and 0.2 msr in coincidence measurements. This The typical coincidence patterns are shown in Fig. 1 as a
detection system is capable to separate the reaction produdt8o dimensional scatter plot of the intensity in function of
from “He up to N according to their mass and charge in the energies of the coincident fragments for a given angular
the energy range starting from threshold about 3-4onfiguration. The coincidence spectra presented in Figs.
MeV/nucleon(see Ref[16]). The energy resolution was 700 1(a) and Xb) are for “close geometry,” i.e., angle settings
keV and the accuracy of the absolute energy scale was abo(it6°,+11°) and coincidences af —°Be anda —°Li, re-
0.8%. The time differences of the pulses from the telescopspectively, that in Fig. () is for “wide geometry” angular
pairs in coincidence were measured with the resolution obetting, i.e., ¢ 6°,—30°) for coincidences ofr —°Li. The
about 1 ns, which allowed a good discrimination against rankinematical curves calculated from energy and momentum
dom coincidence events. conservation for the corresponding three body reaction
The absolute values of cross section were evaluated fron?C(*%C,a°Be)'’C for a —°Be and **C(*°C,a®Li) ¥*N for
the measured counting rates, target thickness, solid angles af —°Li coincidences are also plotted. These curves define
the detecting system and integrated beam charge. The uncehe limits for the kinetic energy of particles in coincidence.
tainty in absolute normalization of the cross section was esthe events situated on the kinematical curve correspond to
timated to be 7% mainly due to the uncertainty in targetthe three body reaction with all particles in the ground state.
thickness. Events lying inside the region enclosed by this curve may be
In the inclusive measurements the energy spectra of aliccounted to the excitation of ejectiles or to more than three
stable ejectiles fronfHe up to **N were measured at labo- body reactions. Events above this region correspond to ran-
ratory angles covering the range from 4° to 11.5° in 0.5°dom coincidences only.
steps and then up to 36° in 1° steps. This range covers a As it is seen from Fig. 1 qualitatively different coinci-
large part of the angular distributions. It follows from the dence patterns are observed in these three cases. In(&®ig. 1
identity of particles in the entrance channel that the crosshe majority of the coincidence events is concentrated close
section is symmetrical around 90° in the center of mass sygdo  the  kinematical curve calculated for the
tem (this corresponds to about 45° in the laboratory sy$tem *2C(*°C,«°Be)''C three-body reaction with all ejectiles in
The coincidences of various ejectiles were measured fothe ground states. Beyond the vicinity of kinematical curve
angular configurations in a “close geometry*+6°,—6°), some events are observed at ejectile energies smaller than
(+6°,+11°) and in a “wide geometry” ¢6°,—20°), those on the kinematical curve. This type of coincidence pat-
(+6°,—30°). All telescopes were placed in the plane in-tern is dominating fora+°Be anda+ 1% coincidences in
cluding the beam direction. The same sign of the angles re‘close geometry.” The second type of observed coincidence
fers to telescopes placed on the same side of the beam apdttern is presented in Fig(l. It is characterized by ma-
different signs correspond to telescopes placed on opposiferity of coincidence events with ejectile energies much
sides of the beam. In the angular settings chosen for themaller than those corresponding to the kinematical curve.
coincidence measurements one of the telescopes was alwaykese coincidence events are, however, not distributed ran-
placed at small angle-6°. This telescope enables to detectdomly but they are correlated to some curves. Similar behav-
the ejectiles produced in processes which are peaked at foier of the coincidence cross section is observed also for
ward angles. Positions of the second detector cover the large —'Be, a —’Li, @ —°Li, and @ —« coincidences in “close
part of the angular range. geometry.” The third type of coincidence pattern appears for
The high energy part of the spectra where discrete peakéavide geometry.” As may be seen in Fig.(d the coinci-
were observed was additionally measured using the Big Kardlence events are concentrated at small energies of both de-
spectrometer. This allowed a better resolution of the transitected ejectiles. They do not group close to the kinematical
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FIG. 1. Two-dimensional spectrum for —°Be (a) and & —°Li
(b) coincidences for an angular configuration§°,+11°) and for
a —BLi (c) for angular configuration£6°,—30°). The density of
the points corresponds to the magnitude of the cross section a

varies logarithmically. The solid curve represents the ejectile ener oh o) A .
@ngles only. The contribution of the evaporation residuum

gies that correspond to a three body reaction with all final stat
particles in their ground statékinematical curvie The kinematical
curves for various values of missing ener@y (dotted lineg and
some selected values of excitation enefgf, (dashed linesare
also shown. Numbers labeling the curves correspor@standE?},
values in MeV.

curves as for “close geometry.” For the “wide geometry”
the patterns for all coincidences ef particle with heavier
ejectile are very similar.

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

At small incident energies for the light systems of heavy
ions (e.g., Y"C+%C system reactions are dominated by
compound nucleus and direct proceséies, inelastic scat-
tering and transfer reactionsBoth these processes contrib-
ute also to the continuous part of the spectra. The compound
nucleus contribution is expected at energies corresponding to
the center of mass velocity, while for direct reactions—close
to the beam velocity. The contributions of these well known
mechanisms have to be regarded before other reaction
mechanisms that may appear at intermediate energy are con-
sidered.

A. Compound nucleus reactions

To evaluate the contribution of the compound nucleus re-
action to the spectra of various ejectiles the calculations of
particle evaporation from the compound nucleus were per-
formed using the PACE code1]. The resulting cross sec-
tion depends on the parameters in the level density formula
and on the maximum angular momentlipfor fusion.

For the calculations of the level density the Gilbert-
Cameron parameterizatidi22] was used. It contains two
basic parameters: the level density paramatend the pair-
ing energy. The level density parameter used usually for
light nucleia=A/5 (A is the nucleus mass numbemnd the
pairing energy parameterization proposed in R28] were
applied. The same parameters were successfully used in an
extended analysis ofBe+1°C fusion atE.,=11.4 MeV
[24] and 1B+ 12C fusion atE. ,,=36.5 and 41.7 Me\[25],
where the same nuclei as in the present analysis appear in the
compound nucleus decay.

The potential mode{Refs.[26,27]) was used to estimate
the maximum angular momentum for fusion. According to
this modell; corresponds to the angular momentiyy for
which the “pocket” in the total potentialCoulomb, nuclear,
and centrifugagl disappears. Using the optical model poten-
tial determined for'?C+'°C system[15] value of l{=I;
=17 was obtained. This value leads to a fusion cross section
of 200 mb in good agreement with the predictions of the
Porto-Sambataro phenomenological md@@] resulting in a
fusion cross section value equal to 180 mb. The total reaction
cross section amounts to 1290 mb.

As an example the results of these calculations B
and « particle ejectiles are compared with the experimental
energy spectra in Fig. 2 for some angles. The obtained cross
section for the outgoing®B produced as an evaporation re-

mjduum accounts for a considerable portion of the experi-

mental cross section at small ejectile energies and small

cross section decreases with increasing angle and becomes
very small in respect to the experimental cross section at
laboratory angles larger than 25°. A similar behavior is ob-
served for all other evaporation residua. As shown in Figs.
2(c) and 2d) the cross section for particles evaporated in
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FIG. 2. Energy distributionghistograms of outgoing 1°8 nuclei anda particles for selected angles compared with statistical model
calculations(continuous solid ling

the decay of the compound nucleus is very small in compariportant at intermediate beam energy. They account for the
son to the experimental data at small angles, while it in-observed transitions to discrete states and for a part of the
creases to about 20% of the experimental cross section abntinuum spectra fof’C nuclei (inelastic excitation and
larger angles. ¢ and 1B ejectiles(transfer reactionsat large outgoing
energies. Such direct reactions leading to unbound states ini-
B. Direct reaction processes tialize the sequential processes.

The excitation of the 8.96 MeV state dfN in deuteron

For the investigated system the direct reactions leading t?ransfer reaction and its subsequent proton decay may be

bound and a continuum of unbound states were calculate :
[15,18,19. The inelastic excitatioff15] and transfer reac- Pegarded as a good example of such a sequential process,

tions to discrete statg4.8] were analyzed within the stan- This process |szlshown schematically in Fig. 4. The deuteron
; i transfer to the!®N 8.96 MeV state leads to a strong peak in
dard DWBA. Very good reproduction of the experimental g . . ,
R X B spectrum presented in Fig(). This state is unbound
angular distributions was obtained, and the values of the po- L . o
. , . and decays by proton emission with 100% probability since
tential deformation length and spectroscopic factors agree ;
X : L other decay channels are closed as their energy thresholds
very well with those from the other studies at low incident ; . : ;

. ; . : I are larger than 9 MeV. Because of identical particles in the
energies for various systems. The inelastic excitations t%ntrance channel it is possible to obtain directly the cross
higher excited states were calculafd®] with the multistep section for both'%B ande"’N* outaoing particles by detect-
direct reactiofMSDR) model(see Fig. 3. It was shown that ing 198 eiectiles only. The identitg ofgegtrance ch);nnel ar-
inelastic scattering and transfer reactions are still quite im-. 9 ) - y P

ticles results also in the fore-aft symmetry of the cross sec-
tion in the center of mass system. Thus in the example
shown in Fig. 4 the cross sections for the productiort &

and ¥N* ejectiles are equal for given c.m. angle:

12C<12C,12C)
3 ®lab: ].OO

—
(=]

doig(0cm) dowg(m—60cm) doiays(6cm)
dQcm dQcm, o dQem

Therefore the angular distribution measured for the tran-
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FIG. 3. Energy distributions of outgointfC nuclei at a labora-
tory angle of 10°. The thick solid line corresponds to MSDR cal- FIG. 4. Schematic representation of the deuteron transfer reac-
culations of inelastic processes. The peak at the largest energy cdien %C+%C—1%B+1N* with a subsequent proton decay of ex-
responds to the elastic scatteritiigure from[19]). cited state of ““N* —p-+13C.
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sitions corresponding to the peak #B spectra could be The energies of the two outgoing particles detected in
used to obtain the formation probability dfN* nucleus coincidence at given emission angles were measured in the
emitted in the forward hemisphere in the first stage of theéPresent experiment. The distribution of points in the scatter
reaction. Assuming that the decay is isotropic in the resplot (energy of the first particle versus energy of the second
frame of the*N* nucleus the cross section for outgoitis ~ 0n® is determined just by the phase space factor in case of
nuclei produced in a sequential decay process can be calcyncorrelated particles. Deviation from the resulting smooth
lated without free parameters. The results of these calculdistribution indicates the presence of some dynamical corre-
tions with intermediate 8.96 MeV state 6fN* nucleus are lations, thus it should contain information on the reaction
presented in Fig. 5. In the kinematically allowed region themechanism. This will be most clearly visible when represent-
contribution of the sequential process, described above, tHd the coincidence cross section as a function of two vari-
the continuous part of°C spectra is significant. That indi- ables: excitation energk?, of the subsystem consisting of
cates the importance of the sequential processes initiated liywo observed particles, and the missing ene@y i.e., the
direct reactions leading to unbound states. At larger anglegnergy of unobserved particles.

the calculated cross section accounts only for a small part of For the coincidences of ejectiles 1 and(&ith known

the experimental cross section for th&€ nucleus. This sug- massesn; andm, and four moment#; andp,) emerging
gests that transitions to higher excited states of tfi¢  from the interaction of beam particles" with target nuclei
nucleus have to be considered. Higher excited levels decayb,” these variables have the following definition:

in the laboratory system into a larger angular cone. Therefore

they contribute significantly at larger emission angles, and Er,=V(p1+P2)°—myy,
consequently their decay leads to a broader laboratory energy
distributions of ejectiles. wherem,, is the ground state mass of the nucleus formed of

nucleons of particle 1 and 2:

IV. KINEMATICAL SIGNATURES OF THE SEQUENTIAL
FRAGMENTATION REACTIONS

As shown in the previous section various processes likavherep, is the four momentum of all unobserved particles
compound nucleus formation and decay as well as direct anx=P3+ - - - +p,) andm, is the mass of the particular sys-
sequential reactions lead to continuous distributions in théem of unobserved particles.
inclusive spectra. They can be only distinguished by appro- When particles 1 and 2 form a resonant state of the com-
priate model calculations. Since the coincidence data contaiposed system, a peak should be visible in the coincidence
more information than the inclusive ones it may be expectedgross section at the excitation ener, corresponding to
that some model independent conclusions about the reactidhis resonant state. The missing ene@ycorresponds to the
mechanism may be drawn from their analysis. For this purexcitation energy of the third, unobserved particle in a three
pose the characteristic features of the measured coincidenbedy reaction while it corresponds to kinetic energies and
patterns will be discussed based only on kinematical considexcitation energies of unobserved ejectiles in case of more
erations. than three body processes. In Fig. 1 the example of contour

Q3= \/p—i— M= (Pa+ Pp—P1—P2)2—m,,
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FIG. 6. Experimental coincidence cross sectiondor °Be coincidences presented as a functio@gf(a) and as a function of excitation
energyE?, (b). Arrows in (b) mark the peaks corresponding to the excited statd$@hucleus, the labels above arrows indicate the values
of excitation energy.

lines of excitation energf}, and missing energQ; is pre-  when the coincidence spectra are presented as function of
sented for the detection ofBe or °Li and « particle in  missing energyE}, [Fig. 6@]. The presence of groups of
coincidence at the angular configuratioh §°,+11°). points corresponding to well defined excitation energies of
Comparison of contour lines d}, and Q3 with experi-  nucleus®C, decaying to°Be ande, indicates that the reac-
mental coincidence patterns leads to straightforward interpretion proceeds sequentially with excitation &iC to several
tation of the correlated structures visible in the experimentalinbound states. This is illustrated in Figtbp where the
plots presented in Figs(d) and 1b). Groups of points lying  projection ontoE?, excitation energy of coincidence events
on the kinematical curve of the three body reaction presentedorresponding to the peak @ =0 in Fig. §a) is presented.
in Fig. 1(a) correspond to a missing energy equal to zero,The excitation of the following unbound states: 11.1, 11.9,
i.e., to a three body reaction in which all ejectiles are in the12.3, 12.6, 13.2, 13.9, and 14.4 MeV is visible well above
ground state. These groups of points correspond, however, the random coincidences. The continuous part of the missing
well defined values of the excitation energy of a system comenergy spectruniFig. 6(a)] may be attributed to more than
posed of two observed particles. Thus the studied three bodyiree body reactions, e.g., a four body reaction leading to
reaction proceeds via a sequential mechanism with excitation + °Be+ p+ 1B final state.
of states of intermediaté®*C system. Figure (b) displays According to the discussion presented above, the detec-
another correlation pattern. The events are grouped alongon efficiency causes that only a small range'3t excita-
contour lines of constant excitation energigs of 1°B. Oc-  tion energy may be observed for each angular configuration
currence of different missing energy is an indication of aof detectors. Thus, to determine the excitation probability of
sequential process with more than three ejectiles in the exit*C nucleus in a broad energy range one has to combine the
channel. information from several angular configurations and correct
It should be emphasized that the distribution of points init for the detection efficiency. Such an excitation probability
the scatter plot is significantly modified by the efficiency of is shown in Fig. 7. It is seen that the cross section depends
the detection system. The efficiency is determined by thexponentially on the excitation enerf,. This dependence
angular configuration and the solid angles of the detectorsas well as the magnitude of the excitation probability is very
relative velocity and the sum of the velocities of the particlessimilar for different angular configurations. It should be
detected in coincidence, hence it dependsEgn The effi-  noted that these coincidence spectra contain information not
ciency was calculated for each analyzed angular configuraenly on the formation of intermediate excited states but also
tion using the Monte Carlo method. The efficiency stronglyon the probability of their decay inta+°Be channel.
decreases with increasirij, value and for various angular a —CLi coincidences Another type of coincidence pat-
configurations the maximum of the efficiency corresponds tdern is shown in Fig. (b). The events are grouped on curves
differentE}, values. The efficiency does not depend stronglyof constantEy,, corresponding however, to a broad range of
on the missing energ®; and is practically constant in the missing energy. Therefore, it may be concluded that other
whole available Q; range. Coincidence spectra of the reactions with more than three bodies in exit channel with
a —°Be anda —°Li will be discussed as typical examples of excitation of intermediate’®8 nuclei are responsible for
a kinematical analysis. these coincidences. The reaction may proceed via inelastic
a —°Be coincidencesFigure 1a) shows that most of the excitation of 12C and its subsequent decay with emission of
coincidence events are concentrated on the kinematical cundeuteron(or n+p sequencesand « particle. Another type
corresponding tax+°Be+11C final state with all outgoing of the reaction mechanism leading 40—5Li coincidences
particles in the ground stateQg=0). This is well visible corresponds to alpha particle decay of excité@ with for-
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FIG. 7. Experimental coincidence spectra corrected for the de- FIG. 9. Experimental coincidence spectra corrected for the de-
tection efficiency forae —°Be coincidences in different angular con- tection efficiency fora —BLi coincidences in different angular con-
figurations presented as a function of the excitation endity figurations as a function of excitation energy,. Dashed line cor-
Dashed line corresponds to an exponential function fitted using theesponds to the exponential function fitted using the least square
least square method. method.

mation of ®Be and its successive decay into a deuteron andoincidence distributions were corrected for detection effi-
®Li. In this reaction thew particle and®Li are not correlated ciency. The corrected coincidence cross sections are shown
to some particular relative energy since they do not form arin Fig. 9 for the (+6°,—6°) and the ¢6°,+11°) angular
intermediate state. Theref_ore in th|s case the comudencgonﬁguration as a function d%,. It is seen that the prob-
events should have a continuous distribution. ability distributions of excitation energy of’B nuclei (de-

The exc_:|tat_|on_ of'%B levels is WeI_I V|s_|ble in Fig. 8 where caying subsequently via particle emissionare exponen-
the & —°Li coincidence cross section is presented as funcyjally decreasing functions, similar in shape and magnitude
tion of E},. The observed peaks may be identified as correfor poth angular configurations.
Sponding to the fO”OWing knOWH‘OB excited states: 4.774 Since the coincidence patternsmf_7Be anda _7|_i are
MeV, three unresolved states at about 5.15 MeV and a grougnalogous to those af —°Li coincidences, it may be con-
of three states at about 6 MeV. No significant continuousluded that the mechanism responsible for populating these
contribution is observed which should appear in case of aghree channels is very similar. The occupationaf and
a-deuteron decay sequence. Suppression of the reaction ifige channels is caused by sequential reactions consisting of
volving the a-deuteron sequence is due to thige structure  the excitation ofC nucleus to unbound states, followed by
which favourse —a decay of this nucleus. nucleon emission populating unbound states' & or 1'B,

In order to obtain the excitation energy distribution'®  and subsequent-particle emission. The exponential depen-
nuclei produced in thé“C decay, the experimental —°Li  dence orEX, of the probability of production and particle
; decay of intermediaté'C and '*B nuclei was found from

. § Li @ +6° experimental coincidence spectra corrected for detection ef-
2 +® ficiency. The slope of these correctad—'Be anda —'Li
“Sisol L9 . o Bp=+11° | spectra, represegtgd as functionEiTz, is the same as that
> 8 ; observed fora —"Li coincidences.
E < 3
Ceto0lk — g | V. SIMPLE MODEL FOR SEQUENTIAL PROCESS
=] 0 o CALCULATIONS
2 L
= 0 As it was shown in the previous chapter the direct reac-
S sol l J tions lead frequently to unbound states which subsequently
3 decay by particle emission. It follows from the analysis of
m_g the coincidence data, that most of the observed coincidences
J may originate from such sequential reactions. In this chapter
0y 6 T it will be shown how the observed spectra may be described
E, [MeV] by a sim_ple phenomenological model based on this reaction
mechanism.
FIG. 8. Experimental coincidence cross sectiondot-°Li co- In general, the inclusive and coincidence differential cross

incidences as a function of excitation enefgji;. Arrows mark the ~ Sections are calculated by integrating the product of the tran-
peaks corresponding to the excited stated®8fnucleus, the labels sition probability’? and the phase space density factor over
above arrows indicate the excitation energy. all allowed values of momenta of unobserved particles. The
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TABLE I. 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
comparison of the calculations with experimental data is also shown for each regarded process.

Primary Decay channel Oot LMb]
nucleus
2Cc-n+1C 37
cp+1B 52
12cd+1% 55
12C_)[n+11C—>n+p+1°B 38
p+"B—p+n+1B
e 12C3He+%Be 16
2Con+C—n+a+'Be 44
12— p+1B—p+a+’Li 50
12C—d+1B—d+ a+OLi 53
n+C—n+p+1%B
12C_}{p+1lB—>p+n+1°B]_’n+ p+a+°CLi 43
2c—a+®Be—atata 392
Bcn+1c 73
N p+12C
Bcon+2Cc—n+n+tC 26
BN—p+2C—p+n+C
3¢ Bc—n+®C—n+p+B 43
BN—p+C—p+p+B
13N BC—a+°Be 3
Bcon+n+C—n+n+a+'Be 16
BN—n+p+C—n+p+tat+’Be
BCon+p+"B—n+p+a+Li 23
BN—p+p+B—p+p+a+ Li
UN— a+1B 3
N UN—p+BC—p+a+Be 17

transition probablhty Contains fu” information Concerning Where Ei, F_))i! pi denote the tota' energy, momentum and
the dynamics of the reaction while the phase space densifpur momentum of particlé (i=a,b,1,2,...n for beam,
factor corresponds to the number of available states in thgarget, and outgoing particles 1,2 . n, respectively, F is
exit channel while ensuring conservation of total energy andhe normalization factor corresponding to the flux of the in-
momentum. The inclusive cross section for the observed paeident particlesd®p;/2E; is the phase space density for par-
ticle “1” may be represented as ticle i, andP corresponds to the transition probability to the
exit channel with outgoing particles 1,2 . ,n.
It is assumed that the formation of excited nuclei and their

do, 1 i d°p . subsequent decays are separated in time well enough to as-
ZElds_pl_Ef lH 2E; Pat pb_pl_gz Pj sure that formation and decay processes are independent.
Then the transition probability may be represented as a prod-

XP(P1,Pas - - - Pr) uct of formation probability of excited intermediate nuclei

and the probability of their successive decays. The formation
and the coincidence cross section for the observed particlé)smbab'“ty d_epends on th? emission angle and excitation en-
“1" and “2” as ergy of the first step reaction prpducts wh|le the decay pr_ob—
ability is determined by excitation energies of the decaying
nuclei and decay products. The decay probability may de-
pend also on the emission angles when the decaying nuclei
= are polarized. It is, however, justified to assume that the av-
i=3 2E; erage polarization of intermediate nuclei vanishes since
many unbound states are excited in the energy region under
consideration. This averaging leads to isotropic emission of
the decay products in the rest frame of the decaying nuclei.
o _ The exponential angular dependence of the transition
XP(P1,P2s - - - Pn)s probability on the center of mass andlg,, of a projectile-

d® 1  d%p;
AEE,— N - f i

d*p,d°p, F

x &%

n
Pa+tPp—P1— |02—§3 p;
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FIG. 10. Experimentadr —°Be coincidence spectra compared with a sequential processes calcutetidBé+ 1'C, thick dashed lines;
a+°Be+ p+19B, thin solid lines, compound nucleus calculatiofghin dashed lings and sum of all these procesd@isick solid lines.

like fragment was assumed in accordance with the observegs a sum of contributions for center of mass angles and
shape of angular distributions for inelastic and transfer reacs —¢, , .

tions. The identity of particles in the entrance channel was It follows from the kinematical analysis of the coinci-
taken into account by representing the transition probabilitydence data for three body reactions that the formation prob-
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FIG. 11. Experimentakr —5Li coincidence spectra compared with calculations of various processes. Thick dashed lines: sequential
process leading te+ °Li + d+ 12C; thin solid lines: sequential process leadingrte 5Li + n+ p-+ 12C; thin dashed lines: compound nucleus
calculations; thick solid lines: the sum of all these processes.

ability is an exponential function of the excitation enefffy  also depends exponentially on excitation enekgy of the

of the unstable nucleus formed in the first step of the reactiointermediate states formed in the second step of the reaction.
(see Fig. 7. The analysis of four body reactioffsresented in  Thus the exponential dependence of the transition probability

Fig. 9 leads to the conclusion that the transition probabilityon excitation energies of all intermediate states was assumed.
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FIG. 12. ExperimentafLi inclusive spectra for various laboratory angles compared with calculations. Thick dashed lines: sequential
process leading ter+5Li+d+%C; thin solid lines: processes leadingda-5Li +n+ p+12C; thin dashed lines: compound nucleus calcu-
lations. Thick solid lines represent a sum of all these processes.

Then the transition probabilit may be written as Sec. Il B. The reproduction of experimental data was of
similar quality for all values of8 in this range. Therefore,

P=N-[exp(— BOsm)+exp(— B(7— Om))]- exp — yE¥ the parameteB was kept constant at a value of 0.15 dég
for all calculations in the present analysis.
—O0E; ... —€Ef_—(EY), It was found that transfer and inelastic excitation pro-
cesses exhibit a different dependence on the excitation en-
whereN is the normalization factofdifferent for each reac- ergy of the intermediate nuclei formed in the first step of the
tion channe), 8 parameter determines the slope of the angu+eaction. Therefore thes parameter was fixed at different

lar distributions, and the parameteys s, ..., and/ con-  values for sequential processes initiated by transfer and those
tain both probabilities of formation and decay of the excitedinitiated by inelastic excitation. The parametef.s.
states. =0.13 MeV !was obtained from the analysis of the experi-

The value of the parametg8 varying in the range of mental coincidence spectra for three body reactions leading
0.1-0.2 deg®was deduced from experimental and theoret-to @ —°Be anda —!°B coincidences. The parametgf,q,
ical angular distributions for direct processes discussed ir=0.04 MeV ! was determined in the analysis of inclusive
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FIG. 13. Experimentadr —« coincidence spectra compared with results of calculations for various processes. Thin solid lines: sequential
process leading to three or six particles in the final state; thin dashed linesparticles evaporated from compound nucleus; thick solid
lines: sum of these processes.

« particle and 12¢ ejectile distributions. The values of the detailed quantitative analysis. They are listed in Table I. The
parametersé=e=---=0.06 MeV ! were used for pro- quality of data description may be judged using as examples
cesses in which decay occurs in two or more steps. Thefhe coincidence cross sections fer—°Be, « —°Li, a —«a
were fixed according to the dependence of the experiment&ind the inclusive cross sections for all the channels.
coincidence cross section on the excitation energy for four a —°Be coincidencesThe main contribution to these co-
body reactions leading ta —"Be, & —’Li, and & —5Li co- incidences is due to the three body reaction
incidences. To obtain absolute values of the cross section€C(*%C,a°Be)*'C and to the deuteron transfer reaction fol-
the normalization factoN was adjusted separately for each lowed by proton anda particle emission!’C+C— «
reaction channel. Then the total cross section for each ana-°Be+ p-+19B. Coincidence cross sections were evaluated
lyzed sequential process may be calculated by integration dbr these two sequential reactions in the frame of our phe-
the calculated distributions over solid angle and over thenomenological model. The only free parameters were the
energy of the outgoing particle. The choice of the values ohormalization factors for both reactions determined from the
the parameterg, v, 8, ... was not very critical for the simultaneous analysis of coincidence and inclusive data. The
results of the analysis. For example, variationygf, param-  contributions of different processes are compared with ex-
eter (for sequential processes started by inelastic excitationperimental coincidence spectra in Fig. 10. The sum of cross
in 0.03-0.05 MeV! range as well as8 parameter in sections for both these sequential mechanisms together with
0.1-0.2 deg® range leads to a very similar description of a contribution from compound nucleus reactions reproduces
the experimental data. These uncertainties of parameters die experimental coincidence data very well, with exception
termination cause that the cross sections for various sequenf small angle ofa particle emission.
tial processes were estimated with an error of about 15%. « —°Li coincidences Kinematical considerations pre-
The kinematical considerations taking into account all ex-sented in the previous chapter lead to the conclusion®hiat
perimental data enabled to determine which reaction pronuclei are produced mainly in the following sequential pro-
cesses are significant and should be taken into account in@esses: Inelastic excitation 3fC nucleus followed by the
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FIG. 14. Experimental inclusive spectra for laboratory ardglg=5° for 1'C, 1B, 1°B, °Be, "Be, ’Li, and « ejectiles. The thick dashed
lines represent the sum of the cross sections for corresponding sequential processes given in Table I, thin dashed lines correspond to
compound nucleus calculations, and thick solid lines represent the sum of cross sections for these reactions.

decay chain 2C* —d+1B* —~d+5Li+a or 2c*—p 11 the sum of the contributions from the sequential and com-
+1B* sp+n+1B* —n+p+SLi+a or ¥C*—n+1iC* pound nucleus reactions reproduces well the experimental
—n+p+1B*—p+n+O8Li+a. Contribution of the first coincidence data.

mechanism to the experimental coincidence cross sections is @ —a coincidenceslt may be stated from inspection of
shown in Fig. 11 as thick dashed line while the contributionTable | that thex particle inclusive cross section is the most
from the other ones is presented as thin solid line. Allimportant contribution to the total reaction cross section.
mechanisms contribute significantly to the reaction undeherefore it is essential to obtain a good model description
consideration. The normalization factors can be determinedf the reactions in whictw particles emerge. From the se-
unambigously by taking into account also inclusive spectraguential processes listed in Table | only the inelastic excita-
From the inclusive spectra presented in Fig. 12 it is obviougion of *?C nucleus followed by decay into threeparticles
that contribution of four body reactions decreases quicklymay lead toa —« coincidences. The kinematical analysis of
with the scattering angle. Therefore the normalization for thex —a coincidences allows the conclusion that the decay of
five body reactions can be obtained from fitting the inclusive'?C nucleus into threer particles proceeds sequentially with
spectra at large scattering angles. As can be seen from Fithe production of the intermediat®Be nucleus. It was as-



762 A. MAGIERA et al. 57

sumed in the analysis that tf8e nucleus is produced in the was estimated to be 1000 mb. The cross section for com-
ground state and the first excited state only. The compleround nucleus reaction was found to be 200 mb. The experi-
analysis ofa particle spectra and —a coincidences allows Mmental cross section corresponding to two body processes
the determination of the normalization factdrand relative ~ (integrated cross section for measured discrete state transi-
strength of the production otBe nuclei in the ground and tions) is equal to about 40 mb. All these processes combined
first excited states. It was found th#8e nuclei are produced 9ive the total cross section value of 1240 mb with an esti-
in both these states with the same probability. The quality ofnated error of about 200 mb which agrees very well with the
the model description o —a coincidences is illustrated by total reaction cross section of 1290 mb obtained from the
Fig. 13 where the experimental specthéstograms for two ~ optical model calculations. Thus the sequential processes
angular configurations are compared with model results$tarted by direct reactions may account for about 80% of the
(thick solid line. total reaction cross section, 5% have to be attributed to the
The inclusive spectraThey are very well reproduced by direct processes with ejectiles being in bound states whereas
model calculations in the whole measured angular range fdtsion is responsible for about 15%.
all ejectiles. This is shown in Fig. 12 fdiLi energy spectra
for sevgral_ angles and in Fig. 14 where energy spectra of VI. CONCLUSIONS
other ejectiles measured ét,=5° has been collected. It is
seen that sequential fragmentation processes account for a The reaction mechanism for th#C+'%C system was
large part of the experimental cross section and together withtudied at an intermediate energy of 28.7 MeV/nucleon. The
the cross section for the compound nucleus describe vergerformed experiment containing measurements of both in-
well the experimental spectfaolid line in Fig. 14. Part of  clusive as well as coincidence spectra with géad?) iden-
the *C and B spectra at high energies not reproduced bytification enabled a detailed analysis of the data.
sequential processes corresponds to one nucleon transfer re-The analysis of the experimental coincidence spectra
actions analyzed separately in Reff$5,18,19. Total cross based on kinematical considerations indicates that the reac-
sections for each sequential process derived from the analyion mechanism is dominated by sequential three, four, and
sis are given in Table I. five body processes. A phenomenological model for a quan-
The very good description of experimental data obtaineditative description of the data was formulated. The applica-
in the guantitative analysis permits to accomplish a balancéon of this model led to very good reproduction of the co-
of the total reaction cross section. The obtained total inelastigicidence and inclusive data and thus delivered information
excitation cross section followed by the decay was found t@n absolute values of cross sections.
be 800 mb. In the inelastic excitation process both interact- The accomplished balance of cross sections shows that in
ing nuclei are mutually excited to energies larger than théhe energy region under investigation the sequential pro-
decay threshold. The mutual excitation accounts for aboutesses started by direct reactions together with the contribu-
75% of the inelastic excitation cross section. The sequentidion from the compound nucleus reaction mechanism and
processes started by transfer give 200 mb. Therefore, thdirect reactions exhaust almost completely the total reaction
total cross section for the sequential fragmentation processesoss section.

[1] L. G. Moretto and G. J. Wozniak, Annu. Rev. Nucl. Part. Sci. Molen, G. G. Westfall, W. K. Wilson, J. S. Winfield, J. Yee, S.
43, 379(1993. J. Yennello, A. Nadasen, R. S. Tickle, and E. Norback, Phys.

[2] H. Fuchs and K. Mbring, Rep. Prog. Phy&7, 231(1994. Rev. Lett.70, 1924(1993.

[3] F. Saint-Laurent, Nucl. Phy#583, 481 (1995. [8] S. J. Yenello, K. Kwiatkowski, E. C. Pollacco, C. Volant, Y.

[4] K. Hagel, M. Gonin, R. Wada, J. B. Natowitz, F. Haddad, Y. Cassagnou, R. Dayras, D. E. Fields, S. Harar, E. Hourani, R.
Lou, M. Gui, D. Utley, B. Xiag J. Li, G. Nebbia, D. Fabris, G. Legrain, E. Norbeck, R. Planeta, J. L. Wile, N. R. Yoder, and

Prete, J. Ruiz, D. Drain, B. Cheynis, D. Duinet, X. C. Hu, A. V. E. Viola, Phys. Rev. 18, 1092(1993.
Demeyer, C. Pastor, A. Giorni, A. Lleres, P. Stassi, J. B. Vi- [9] K. Hagel, M. Gonin, R. Wada, J. B. Natowitz, B. H. Sa, Y.

ano, and P. Gonthier, Phys. Rev.50, 2017(1994). Lou, M. Gui, D. Utley, G. Nebbia, D. Fabris, G. Prete, J. Ruiz,
[5] D. Heuer, A. Chabane, M. E. Brandan, M. Charvet, A. J. Cole, D. Drain, B. Chambon, B. Cheynis, D. Guinet, X. C. Hu, A.
P. Desesquelles, A. Giorni, A. Lleres, A. Menchaca-Rocha, J. Demeyer, C. Pastor, A. Giorni, A. Lleres, P. Stassi, J. B. Vi-

B. Viano, D. Benchekroun, B. Cheynis, A. Demeyer, E. Ger- ano, and P. Gonthier, Phys. Rev. L&8 2141(1992.
lic, D. Guinet, M. Stern, and L. Vagneron, Phys. Rev5@ [10] D. A. Cebra, S. Howden, J. Karn, A. Nadasen, C. A. Ogilvie,
1943(1994. A. Vander Molen, G. D. Westfall, W. K. Wilson, J. S. Win-
[6] E. Bauge, A. Elmaani, Roy A. Lacey, N. N. Ajitanand, D. field, and E. Norbeck, Phys. Rev. Le®4, 2246(1990.
Craig, M. Cronqvist, E. Gualtieri, S. Hannuschke, T. Li, B. [11] D. Pelte, U. Winkler, M. Gnirs, A. Gobbi, K. D. Hildenbrand,
Llope, T. Reposeur, A. Vander Molen, G. D. Westfall, J. S. and R. Novotny, Phys. Rev. 89, 553(1989.
Winfield, J. Yee, S. Yennello, A. Nadasen, R. S. Tickle, and E.[12] W. Terlau, M. Bugel, A. Budzanowski, H. Fuchs, H. Hom-
Norbeck, Phys. Rev. Let0, 3705(1993. eyer, G. Raschert, J. Uckert, and R. Vogel, Z. Phys.380,
[7] T. Li, W. Bauer, D. Craig, M. Cronqvist, E. Gualtieri, S. Han- 303(1988.
nuschke, R. Lacey, W. L. Llope, T. Reposeur, A. M. Vander[13] J. Pouliot, Y. Chan, D. E. DiGregorio, B. A. Harmon, R.



57 SEQUENTIAL REACTION PROCESSES IN THE ... 763

Knop, C. Moisan, R. Roy, and R. G. Stokstad, Phys. Rev. J21] A. Gavron, inComputational Nuclear Physics 2dited by K.
43, 735(199). Langanke, J. A. Maruhn, and S. E. Koor(ipringer-Verlag,
[14] E. Chavez-Lomeli, A. Dacal, M. E. Ortiz, S. B. Gazes, Y. New York, 1993, p. 108.
Chan, R. G. Stokstad, E. Plagnol, K. Siwek-Wilczynska, and J[22] A. Gilbert and A. G. W. Cameron, Can. J. Phyt3, 1446
Wilczynski, Phys. Rev. @8, 699 (1993. (1965.
[15] L. Jarczyk, B. Kamys, A. Magiera, R. Siudak, A. Strza- [23] T. D. Newton, Can. J. Phy84, 804 (1956.
tkowski, B. StyczenJ. Hebenstreit, W. Oelert, P. von Rossen, [24] L. Jarczyk, B. Kamys, J. Okotowicz, J. Sromicki, A.
H. Seyfarth, and G. R. Satchler, Nucl. Ph§18, 583(1990. Strzatkowski, H. Witata, Z. Wrbel, M. Hugi, J. Lang, R.
[16] J. Czudek, I. Jarczyk, ,B. Kamys, A. Magiera, R. Siudak, A. Miiller, and E. Ungricht, Nucl. PhysA325, 510 (1979.
Strzatkowski, B. StyczenJ. Hebenstreit, W. Oelert, P. von [25] M. Kistryn, L. Jarczyk, B. Kamys, A. Magiera, Z. Rudy, A.
Rossen, H. Seyfarth, A. Budzanowski, and A. Szczurek, Phys. Strzatkowski, R. BarhaV. D’Amico, D. De Pasquale, A. ltal-
Rev. C43, 1248(1991. . . . iano, and M. Licandro, Phys. Rev. &, 1720(1996.
[17] A. Szczurek, A. Budzanowski, L. Jarczyk, A. Magiera, K. Mo [26] L. C. Vaz, J. M. Alexander, and G. R. Satchler, Phys. Ri&p
hring, R. Siudak, and T. Srokowski, Z. Phys. 388 187 3'73 .(198],) T ’ o ' ' '

(1991. . _
[18] L. Jarczyk, B. Kamys, A. Magiera, Z. Rudy, A. Strzatkowski, (27 L. Jarczyk,_ B. K_a_mys’ A', Magiera, J. Sromicki, A.
Strzatkowski, G. Willim, Z. Wrdel, D. Balzer, K. Bodek, M.

B. Styczen J. Hebenstreit, W. Oelert, P. von Rossen, and H. ‘ - i
Seyfarth, Z. Phys. /842, 169 (1992. Hugi, J. Lang, R. Mter, and E. Ungricht, Nucl. Phy$\369,

[19] R. Siudak, Ph.D. thesis, Jagellonian University, Cracow, 1993,  191(1981). .
[20] A. Magiera, Institute of Nuclear Physics, Cracow 1996, Report[28] F. Porto and S. Sambatoro, Nuovo Ciment®@2\ 339(1984.

No. 1732/PL.



