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Reaction mechanism coexistence in the 123 MeV19F1 56Fe reaction
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Mass and charge identified ejectiles, spanning from11B to 22Ne, have been detected in the 123 MeV
19F156Fe reaction. The coexistence of deep inelastic collision~DIC! and incomplete fusion~IF! mechanisms
has been observed. The shape of the energy spectra and their behavior with angle allowed us to identify two
components: The less dissipative one was dominating near the grazing angle. For both components experi-
mental optimumQ values were derived. Two approaches based on the sum rule~SR! model of Wilczyński
were used to calculate DIC and IF contributions to the complex fragment cross sections. Both prescriptions fit
reasonably well experimental ejectile cross sections andQ optimum values. Results of the present investigation
support the idea that the DIC can be treated on the same footing as IF in the SR model once the first process
is confined in an inner angular momentum window, starting from the maximum fusion angular momentum,
with respect to quasielastic processes.@S0556-2813~96!05510-0#

PACS number~s!: 25.70.Hi, 25.70.Lm
a-
ns,

ion
e

sm
he

as
rule

e

I. INTRODUCTION

The study of complex fragment emission in heavy-io
reactions has been effective in probing the onset and co
istence of different mechanisms such as incomplete fus
~IF! and deep inelastic collisions~DIC’s!. However, the goal
of having a comprehensive description of the mechanis
involved is far from being achieved, especially at relative
low energy~around 5–6 MeV per nucleon! where the cross
sections of the two processes are rather small.

It is generally accepted that the IF mechanism origina
from the fusion of only part of the projectile with the targe
The remnant of the projectile continues its motion with abo
the beam velocity. Since the pioneer works of Wilczyn´ski
and co-workers@1,2# who observed the IF mechanism i
reactions between very asymmetric heavy-ion partners at
ergies around 10 MeV per nucleon, a number of experime
have observed IF events in a wide range of masses and
ergies of incoming ions@3–5#. In particular, for medium-
light systems several investigations studied the IF proc
mainly with the aim of studying the onset of the IF mech
nism @6–8#. Morgensternet al. @9# related the appearance o
this process to the relative velocity of the incident ions.

On the other hand, the DIC process, characterized by
dissipation of a significant amount of the incident kinet
energy and angular momentum into excitation energy a
intrinsic spin of the products, have focused much attent
@10#. This mechanism has been mainly studied in heavy s
tems but, although appearing with different features, its o
currence in medium-light systems has been definetively r
ognized@10#.

More recently, the coexistence of IF and DIC mechanis
has been observed in the30Si1 30Si @11# and 19F1 64Ni @12#
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reactions at low bombarding energy. The DIC and IF mech
nisms were predominant in the first and second reactio
respectively. In the30Si1 30Si system IF is responsible for
large massive transfers while DIC dominates in the emiss
of quasiprojectiles. A different behavior was found for th
asymmetric system19F1 64Ni where measuredQ value spec-
tra show the dominance of the incomplete fusion mechani
in small massive transfers, while DIC increases with t
charge transfer.

From the theoretical point of view, the IF mechanism h
been successfully described in many cases by the sum

ra, FIG. 1. 19F156Fe elastic scattering angular distribution. Th
line represents the fit to the data.
1749 © 1996 The American Physical Society
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FIG. 2. Center-of-mass energy spectra for th
six most populated ejectiles in the reactio
19F156Fe.
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~SR! model@13,14# which is capable of calculating optimum
Q values (Qopt) and absolute cross sections for each e
channel. The main features of the SR model are the follo
ing.

~a! IF channels are localized in narrow windows in thel
region above the critical angular momentum for comple
fusion (l fus), due to thel limitation for each massive transfer

~b! The relative probabilities of different channels a
ruled by the phase space term derived under the assump
of partial statistical equilibrium@15#.

Recently, a generalization of the SR model has been
veloped to account for the DIC mechanism in the same c
text as IF @12#. In particular, DIC competition is derived
introducing in the phase space termQ values calculated for
eachl in the sticking limit and by limiting the DIC contri-
bution to thel fus2 lDIC window. This model, which we will
refer to as the DIC incomplete fusion sum rule~DISR1!
model, has been applied to the reaction19F1 64Ni at 120
it
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te
.
e
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MeV of incident energy. The DIC events were recognized b
the measuredQopt values for the most dissipative componen
in the energy spectra and by the angular distributions f
different mass transfers. In this reaction the IF mechanis
was predominant, and therefore the inclusion of the DIC
the model slightly improved the agreement in the cross se
tions.

The Wilczyński model has been also generalized, in
similar way, to account for intermediate mass fragment em
sion from rather asymmetric systems at energies of tens
MeV per nucleon@16#. The good agreement in reproducing
the charge distributions of the fragments supports the val
ity, also at these energies, of the general assumptions fr
which the SR model stems.

The present paper reports a further study on the coexi
ence of DIC and IF mechanisms in a medium mass system
about 6 MeV per nucleon of incident energy. We have stu
ied the system19F 1 56Fe at 123 MeV bombarding energy
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FIG. 3. Ejectile angular distributions in the
reaction19F156Fe.
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measuring energy spectra and angular distributions of m
and charge identified ejectiles. In order to better test the
lidity of the SR model as a framework for the description
IF and DIC mehanisms, low thresholds in the energy spec
measured in a wide range of angles including small forwa
angles belowugraz, were required, together with a good ma
and charge identification. The choice of the system was a
motivated by the possibility of using the same values, for t
parameters involved in the DISR1 model calculations, as
the system19F1 64Ni.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The experiment was performed at the SMP 13 Tandem
the Laboratorio Nazionale del Sud at Catania. A beam
19F ~81 charge state! with laboratory energy of 123 MeV
was used to bombard a selfsupporting target of56Fe ~460
mg/cm2 thick and 99.7% enriched!. Beam currents up to 90
nA were used.

Charge and mass identification, and energy spectra of
ass
va-
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rd
ss
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ejectiles were obtained using the detection system describ
in Ref. @17#. This system combines the good energy resol
tion of a large ionization chamber with the good timing prop
erties provided by microchannel plates and parallel-pla
avalanche counters. The latter supplied the start and s
signals of the time of flight, respectively.

This detector assembly was connected to a sliding se
scattering chamber, allowing the rotation from220° to
1100° with respect to the beam direction. The position wa
electronically controlled with a sensitivity of 68. A tantalum
collimator ~3.2 mm in diameter!, placed between the scatter-
ing chamber and the detector system, defined a detector s
angle of 0.16 msr.

Two silicon detectors~300mm thick!, to be used as moni-
tors, were placed inside the chamber, at 13° and 17°
opposite sides of the beam. In addition, a small Faraday c
was mounted to control the beam current.

The ionization chamber was divided in two sections, 1
cm and 69 cm long, respectively. Two anode plates provid
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signals proportional to the energy lost in the first and th
second sections, respectively. The chamber was opera
with P10 gas mixture at the pressure of 260 Torr. The r
duced field across cathode and Frisch grid was chosen to
0.25 V/cm Torr.

The micro-channel-plate detector, manufactured in t
Chevron arrangement, provided the start signal for the tim
of flight measurement. It used a thin carbon foil, 5mg/cm2

thick, and was mounted at 45° with respect to the detecti
direction.

The parallel-plate-avalanche counter was operated w
isobutane gas at the pressure of 5 Torr and a reduced ele
field E/P 5 600 V/cm Torr. It was placed 118 cm far away
from the micro-channel-plate detector. With this flight dis
tance, the time resolution of 400 ps, measured on the ela
cally scattered ions, determined a 2% mass resolution.

Energy calibration of the ionization chamber was accom
plished by detecting elastically scattered19F ions from gold
~150 mg/cm2 thick! and Fe targets at different bombardin
energies. An energy calibration for each ejectile has be

TABLE I. Experimental and calculated ejectileQopt values
~MeV! for IF and DIC components. Calculations have been pe
formed using the DISR1 prescription of the model.

Qopt~IF! Qopt~IF! Qopt~DIC! Qopt~DIC!

Ejectile Expt. Calc. Expt. Calc.

11B 252 258 263

11C 246 247 256 257

12C 242 245 256 258

13C 238 242 256 259

14C 230 240 250 260

13N 236 238 254 254

14N 230 235 252 255

15N 226 232 252 256

16N 226 228 252 257

17N 220 226 258

15O 228 226 252 252

16O 216 221 248 252

17O 218 217 250 253

18O 214 213 248 254

21Ne 211 240 249

22Ne 218 214 242 250
e
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deduced, correcting the measured energy for the energy l
in the target and in the dead layers of the detector system

To determine the absolute reaction cross section, elas
scattering measurements on56Fe were performed from 4° to
20° in 1° steps, and at 25° and 30°. Assuming pure Ruthe
ford scattering between 6° and 10°, a conversion factor
determine cross sections from the measured yields was
duced. Normalization between angles was made using
elastic scattering yield measured by the two monitors.

The ratio between the two monitor counting rates chang
up to 30% during the measurements, while the statistic
uncertainties in the single measurements were always l
than 1%. Therefore, we believe that the main source of e
perimental uncertainty in the counting rates was caused
the variation in the beam localization on the target. Becau
of the presence of a diaphragm at the entrance of the scat
ing chamber, a maximum displacement of the beam on t
target of about62 mm was estimated. The resulting varia
tion in the angular position of the detection system dete
mined an uncertainty in the experimental counting rate f
pure Coulomb scattering of about 20% for the forwar
angles and less than 5% for angles larger than 12°.

Complex fragments were detected in two angular rang
from 4° to 20° and from 25° to 40° in 4° and 5° steps
respectively. Ejectile energies were converted, event
event, to the center-of-mass system, assuming binary kin
matics.

III. EXPERIMENTAL RESULTS

The elastic scattering angular distribution is given in Fig
1. Data were fitted by optical model calculations, using th

FIG. 4. Elemental cross sections in the reaction19F156Fe. Ex-
perimental values are compared with those calculated with DISR
and DISR2 prescriptions.

r-
TABLE II. Percentages of DIC component in the ejectile cros

sections.

Ejectile Expt. DISR1 DISR2

12C 70% 25% 59%

15N 17% 8% 12%

16O 13% 3% 4%
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FIG. 5. Experimental cross
sections~for Q>Qev) for the ejec-
tiles detected in the reaction
19F156Fe compared to the corre-
sponding cross sections calculated
in the DISR1 prescription. White
and black bars identify IF and
DIC contributions.
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codePTOLEMY @18# with potential well depth and diffusenes
of 64.10 MeV and 0.4 fm, and 6.65 MeV and 0.5 fm, for th
real and imaginary parts, respectively, andR0 5 1.3 fm for
the radius of both potentials. The calculated values w
agree with experimental points within errors. A reactio
cross section of 1937 mb was deduced, which correspon
in the sharp cutoff approximation, to anl graz 5 63\.

Ejectiles withZ between 5 and 11 were observed by ide
tifying all the corresponding isotopes except for fluorin
ions, owing to the intense elastic scattering yield. Absolu
differential cross sections for each channel were deduc
normalizing the counting rate to the corresponding elas
rate.

The shapes of the center-of-mass~c.m.! channel-energy
spectra show an evolution with angle more or less rapid
pending on the ejectile. In Fig. 2 the energy spectra at d
ferent c.m. angles are presented for six isotopes, the m
populated one for each element. In Fig. 3 the angular dis
butions of all the observed ejectiles except for fluorine is
topes are shown. Two components are clearly present in
spectra. The less dissipative component is dominating at
ward angles, near the grazing angle (uc.m. 5 25°). In addi-
tion, angular distributions vary from ejectile to ejectile, bein
strongly peaked around the grazing angle for few nucle
transfers and relatively flat for the most massive transfers

This behavior was already observed for 100 MeV16O1
64Ni @3# and for 120 MeV19F1 64Ni @12# and interpreted as
the coexistence of two mechanisms. As in Ref.@12# we will
refer the more damped component to DIC and the other co
ponent to IF processes. For each identified ejectile two o
mumQ values, corresponding to the maxima in the ener
spectra at forward and backward angles, have been ded
and are referred to asQopt~IF! andQopt~DIC! in Table I.

To obtain the reaction cross section for each eiectile
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linear extrapolation was applied to backward angles. Th
value of the cross section at 0° was estimated as the aver
between the most forward experimental value and the
value obtained by linear extrapolation of the data at the tw
most forward angles. This choice, to a certain extent arb
trary, was motivated by the physical aspect that orbiting in
creases cross sections around 0°. The increase in the t
ejectile cross section resulting from extrapolation was on
20%.

In order to estimate the contributions of the detected eie
tiles which could result from particle emission from the pri
mary ejectiles, we assumed an energy sharing correspond
to equal temperature for the dinuclear system. This assum
tion is supported by the findings of Ref.@20# for the most
dissipative events. For each ejectile we evaluated theQ
value corresponding to the nucleon separation energy p
the Coulomb barrier in the case of protons (Qev). Disregard-
ing the events relative toQ values greater thanQev we ob-
tained a reduction in the total ejectile cross section of 15%

Finally, in some favorable cases, we were able to extra
the percentage of DIC processes in the ejectile cross secti
To this end, we assumed IF events concentrated around
grazing angle and DIC events as having a flat angular dist
bution deduced from data atu 5 60°. Rough estimates of the
percentages of DIC component in the ejectile cross sectio
were obtained for12C, 15N, and 16O ~Table II!.

IV. DISCUSSION

As shown in the preceding section, ejectile energy spec
and angular distributions indicate the presence of two com
ponents in the reaction mechanism responsible for the co
plex ion emission. Apart from these indications calculation
assuming only the IF mechanism, using the Wilczyn´ski sum
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FIG. 6. Experimental cross
sections~for Q>Qev) for the ejec-
tiles detected in the reaction
19F156Fe compared to the corre-
sponding cross sections calculated
in the DISR2 prescription. White
and black bars identify IF and
DIC contributions.
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rule model@13#, do not reproduce experimental cross se
tions, in particular overestimate the12C production by a fac-
tor of 2. Therefore, the theoretical description of Ref.@12#
which includes the DIC mechanism in the sum rule mod
@13,14#, was applied. In this approach the cross section
each angular momentuml and channeli is given by

s l~ i !5s l
IF~ i !1s l

DIC~ i !.

The totali channel cross section is then given by

s~ i !5p|2 (
l5 l fus

lgraz

~2l11!
Tl
IF~ i !pl

IF~ i !1Tl
DIC~ i !pl

DIC~ i !

( j@Tl
IF~ j !pl

IF~ j !1Tl
DIC~ j !pl

DIC~ j !#
,

with

pl
IF~ i !5exp

Qgg~ i !2Qrad
IF ~ i ,l !

TIF

and

pl
DIC~ i !5exp

Qgg~ i !2QDIC~ i ,l !

TDIC
.

The quantitiespl
IF~i! andpl

DIC~i! represent the probability
factors. TheQrad is given by the Coulomb energy differenc
between the entrance and exit channels,DQC , plus the radial
kinetic energy dissipated at the interaction radius@12#. The
QDIC is calculated in the sticking limit as in Ref.@11#. The
TIF and TDIC are temperature parameters.

The transmission coefficients for IF and DIC mechanism
were given by

Tl
IF~ i !5S 11exp

l2 l lim~ i !

aIF
D 21
c-

el
for

e

s

and

Tl
DIC5S 11exp

l2 lDIC
aDIC

D 21

,

respectively.
The l lim~i! is the entrance channel maximum angular mo

mentum for thei channel defined by Wilczyn´ski andlDIC is
a limiting angular momentum for DIC independent of the
channel;aIF andaDIC are the diffuseness in thel space for IF
and DIC, respectively.

Calculations have been performed with this prescriptio
~DISR1! retaining the values of the temperatures and diffuse
ness inl space for IF and DIC of Ref.@12#, that is, TIF5 3
MeV, TDIC 5 3.5 MeV, anda 5 0.5\ for both mecha-
nisms. The maximum angular momentum for fusion,l fus 5
39\, was derived by the Krappe-Nix-Sierk potential@19#.
The l graz of 63\ deduced by the measured elastic scatterin
was used. The best fit to the experimental elemental cro
sections shown in Fig. 4 gave anlDIC 5 49\.

Calculated optimumQ values for DIC and IF mecha-
nisms were then obtained by weighting thel dependentQ
values with the corresponding cross sections, and are
ported in Table I. In this calculation, theQ values for IF
were obtained using thel dependent optimumQ value for-
mula of Ref.@14#.

Calculated ejectile cross sections are compared to the e
perimental values deduced forQ values greater thanQev in
Fig. 5. The contributions of DIC and IF processes to th
calculated cross sections are indicated as white and bla
bars for IF and DIC, respectively. The calculated percentag
of DIC summed over all the observed ejectiles is about 10%

The DIC process results to be dominant in thel fus2 lDIC
window because of the largerQDIC values while most of the
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cross section IF process is confined in thelDIC2 l graz win-
dow. The agreement between calculated and experime
ejectile cross sections andQopt values is reasonably good.

Calculated DIC percentages for12C,15N, and 16O ejec-
tiles are compared to the experimental ones in Table II. T
DIC percentages appear underestimated by the calcula
Attempts to reproduce them increasinglDIC essentially pro-
duces an increase in the DIC cross sections for eject
lighter than boron, worsening the agreement in the cross s
tions for all the observed ejectiles. In order to better rep
duce the DIC percentages, calculations have been perfor
using a different approach of including DIC in the SR mod
~DISR2!. It consists in adopting the original sum rule phas
space term governed by theQgg 2 DQC for both IF and DIC
processes@13#.

Model parameters were established by the best agreem
on the elemental cross sections and resulted to be the sam
for DISR1, except for thelDIC which is 51 with respect to 49
in the DISR1 calculation.

Calculated cross sections for each element are similar
both prescriptions and compare well with experimental d
~see Fig. 4!.

In Fig. 6 the DISR2 calculated cross sections for ea
ejectile are shown and compared to the experimental cr
sections forQ>Qev. White and black bars identify the IF
and DIC contributions. The calculatedQopt values are essen
tially the same than those obtained with DISR1 prescriptio
The calculated DIC percentages for12C, 15N, and 16O ejec-
ntal
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tiles are reported in Table II. While for the cross sectio
comparable agreement is achieved, the calculated DIC p
centages are quite different in the case of12C. A better
agreement with experimental values is achieved in the s
ond approach. To draw conclusions from all these results
have to make some remarks. The two approaches we h
followed are very similar because they both rely on the su
rule model and include IF and DIC mechanisms.

Both prescriptions were capable of fitting data using
free parameter only thelDIC . All this gives support to the
idea that the leading parameter to describe IF and D
mechanisms is the angular momentum. More precisely,
confinement of the DIC process in an innerl window with
respect to the IF process appears to be essential to prod
good agreement with data. In fact, calculations carried o
disregarding this constraint, in both prescriptions, were u
able to reproduceQ values and ejectile cross sections. Th
conclusion also fits in the general picture in which dissip
tive processes correspond to smaller impact parameters
involve longer interaction times with respect to quasielas
processes.
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