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Limiting excitation energy in fusion-evaporation reactions?

L. Lassen,1 P. von Neumann-Cosel,2 A. Oberstedt,2,* and G. Schrieder2
1Physikalisches Institut, Universita¨t Heidelberg, D-69120 Heidelberg, Germany

2Institut für Kernphysik, Technische Hochschule Darmstadt, D-64289 Darmstadt, Germany
~Received 18 December 1996!

The systematics of fusion-evaporation reactions in the mass-symmetric system40Ar140Ca are studied for
incident energies of 5–30 MeV/nucleon. The measurement of the resulting evaporation residues in coincidence
with emitted neutrons permits a clear identification of central collisions and a separation of equilibrium and
preequilibrium contributions. The total neutron multiplicities and the total average mass loss of the system both
show a tendency of soft saturation. Above about 20 MeV/nucleon the increase of the energy removal is entirely
due to preequilibrium emission of light particles. The total excitation energy of the evaporation residues
approaches a maximum value, but the excitation energy per nucleon rises linearly without any sign of satura-
tion. At even higher projectile energies the production of evaporation residues is dramatically reduced and they
become indistinguishable from spectatorlike fragments resulting from less central collisions. Thus, the long-
standing question of a limiting excitation energy in hot nuclei can probably not be solved by experimental
studies of fusion-evaporation reactions.@S0556-2813~97!04304-5#

PACS number~s!: 25.70.Jj, 25.70.Gh, 21.65.1f
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I. INTRODUCTION

Central heavy-ion collisions at intermediate energies~10–
100 MeV/nucleon! offer an excellent tool to produce an
obtain information about hot, i.e., highly excited, nucl
This energy range covers the Fermi energy of nucleon
nuclei, about 30 MeV/nucleon, where the transition fro
mean-field-dominated dynamics of low-energy reactions
two-body collision dynamics of high-energy reactions is e
pected. The relative influence of these two mechanis
dominates the formation of hot nuclei. Fundamental qua
ties are, e.g., thermalization time scales and the decay tim
the highly excited finite nuclear matter~for a review see@1#!.
Furthermore, a relevant and still open question concerns
maximum excitation energy~or maximum temperature! a
fused system can sustain. Does a maximum total excita
energy Emax* exist or a maximum excitation energy p
nucleonEmax* (5Emax* /nucleon!? Obviously the maximum ex
citation energy should not exceed the total binding energ
the system.

With increasing relative velocity of projectile and targe
all dissipative processes in intermediate-energy heavy-ion
actions become increasingly ‘‘incomplete’’ due to noneq
librium phenomena in a fast first step of the reaction. W
restrict ourselves in the present work to central or ne
central collisions. In this case, the scenario in the earl
stage of the reaction is usually described by preequilibri
~PE! emission of nucleons and light clusters. The energy
momentum carried away by these particles prevent the
tem from converting the total available center-of-mass
ergy into excitation energy@‘‘incomplete fusion’’ ~IF!#. At
the end of the PE stage~which is of the order of 10222 s or
even less @2#! thermalization @or equilibration ~EQ!# is

*Present address: Ho¨gskolan Dalarna, S-78188 Borla¨nge, Swe-
den.
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reached in the compound nucleus CN˜ ~the tilde indicates the
reducedcompound nucleusactually formed!. This means as
well that PE emission accelerates the equilibration proc
For light- and medium-mass composite systems (A,100)

the highly excited CÑmainly decays further by evaporativ
emission of neutrons and charged light particles~LP’s!, lead-
ing to evaporation residue~ER! formation. Heavy systems
which mostly decay by fission are not considered here.

Among a variety of theoretical approaches, the most s
cessful PE models are a quantal phase-space model@3# and
the nucleon exchange transport model@4#. Both theories al-
low for a parameter-free prediction of PE nucleon~especially
neutron! energy spectraand angular distributions~i.e., PE
multiplicities as well!. Energy spectra of nucleons and lig
clusters emitted in PE reactions can also be reprodu
within the Boltzmann master equation approach@5,6#, pro-
vided that certain input parameters are set properly.

In the present work, excitation energies and temperatu
are derived from kinetic energy spectra, multiplicities, a
angular distributions of light ejectiles~preferentially neu-
trons which yield more reliable temperatures! coincident
with ER’s. This method should be less model dependent
therefore more reliable than the derivation of these quanti
from recoil velocities and residual masses alone. A lot
effort has been devoted in the near past to experimenta
vestigations of LP emission related to ER formation, es
cially at incident energies close to 30 MeV/nucleon. Ve
recent examples, among many others, are studies perfor
with neutrons@7,8# or charged LP’s@9–16#. While most of
these studies were conducted in asymmetric systems,
symmetric reactions40Ar140Ca @8#, 40Ar145Sc @9#, and
28Si128Si @10,11# were also investigated.
In producing hot nuclei, symmetric collision systems off

the advantage that at a given projectile velocity the to
kinetic energy in the center-of-mass~c.m.! system and thus
the maximum available excitation energy are highest. M
gensternet al. @17# have shown that in this case IF is le
1900 © 1997 The American Physical Society
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55 1901LIMITING EXCITATION ENERGY IN FUSION- . . .
likely for a mass-symmetric system than for an asymme
one. Moreover, symmetric systems allow for a more str
gent separation of the PE component since all parti
emitting sources rest in the overall c.m. system, thus av
ing possible ambiguities in fitting moving-source velocitie

We report here on an analysis of experiments which fo
on central collisions between equal-mass nuclei in which
ER is formed. Events were selected where, besides dete
of an ER, only light particles are emitted in the PE and in
subsequent evaporative stage. With these severe restric
we are looking, at the highest energies, for only a tiny fr
tion of the reaction cross section leading to very hot nuc
But a clear isolation of a particular class of events is ind
pensable for a quantitative understanding of the produc
mechanisms or deexcitation properties of such nuclei.
results allow us to establish especially in the40Ar140Ca sys-
tem in the bombarding energy range 5–30 MeV/nucle
stringent systematics concerning LP multiplicities, tempe
tures ~PE and EQ!, mass balances and average excitat
energies. A brief account of this work already appeared e
where@18#.

II. EXPERIMENTS AND TRENDS IN NEUTRON RESULTS

As a detailed description of the experimental techniq
and data evaluation procedures used can be found in R
@19,20#, only the salient features will be briefly mentione
here. The experiments were performed at UNILAC/G
Darmstadt@19–21#, SARA/ISN Grenoble@8#, and VICKSI/
HMI Berlin @21,22#. The relevant quantities of the compoun

nuclei (CÑ) formed ~masses, temperatures, average exc
tion energies! were obtained exclusively from correlation
between neutrons~partly also protons and deuterons@19–
21#! and heavy residues. Neutrons were detected w
position-sensitive liquid scintillation counters@23# covering
almost the complete in-plane angular range. For all neu
detectors,n/g pulse-shape discrimination was employe
The neutron energies were determined by time of fli
~TOF! relative to the beam pulse. Thin plastic scintillat
paddles in front of the neutron detectors vetoed energ
charged LP’s and enabled, at 20 MeV/nucleon incident
ergy, also the identification of fast protons and deuterons

Coincident fusion residues were detected at forw
angles (3°–10°) either with solid-stateDE-E telescopes for
element separation or with singleE detectors which, togethe
with the TOF signal, allowed for mass determination. Se
ration of ER’s from more peripheral reaction products w
accomplished from the velocity spectra, after preselection
the data via appropriate window settings in the mass-
element-energy distributions, respectively.

All PE neutron data~energy-spectraand angular correla-
tions! can be understood very well and on an absolute s
within the framework of a quantal phase-space model@3#
which, in addition to the mean field, takes nucleon-nucle
collisions properly into account. The agreement between
periment and theory convincingly indicates that these en
getic neutrons are emitted in the first two-body encoun
and thus probe the phase-phase configuration in the ea
stages of the collision.

Neutron multiplicities~multiplicities refer to the numbe
of neutrons emitted per ER event! as obtained by integration
c
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of the measured angular correlations are displayed in Fi
for the system40Ar140Ca at different incident energies
While in the energy range 15–30 MeV/nucleon the EQ m
tiplicity only increases by about 20%~and essentially keep
constant between 20 and 30 MeV/nucleon! the PE multiplic-
ity increases drastically in the same energy interval, roug
by a factor of 4.

Similar trends can be seen from the neutron temperatu
Equilibrium (TEQ) temperatures extracted from the measu
energy spectra, using a Maxwellian shape parametriza
AE exp(2E/T), are depicted in Fig. 2. Again the EQ tem
perature varies with clearly decreasing slope in the ene
interval 15–30 MeV/nucleon whereas the preequilibriu
temperature parameter increases monotonically from 8 to
MeV/nucleon@8,20,21#. We conclude from the neutron dat
that the equilibrium component tends to a soft saturati
whereas the preequilibrium component steadily increa
with bombarding energy. These trends provide strong e
dence thatthe additional available energy is mainly remove
by preequilibrium emission from the system.

III. MASS BALANCES

In the presented experiments we find a striking interre
tion between ER distributions and the total number~PE plus
EQ! of emitted light particles. Whereas neutrons were d
tected completely, charged LP’s have been measured on
20 MeV/nucleon bombarding energy. In cases wh
charged LP data are not available, we proceeded by mea
a simple statistical model. The idea is the following: If in
complete fusion is due to PE light-particle emission, the
should be little difference in LP emission in complete fusi
and IF. Therefore we consider both processes as evapor
at different energies and angular momenta. Then glo

FIG. 1. Neutron multiplicities as derived from the measur
neutron angular correlations. PE and EQ denote the preeequilib
and equilibrium components, respectively. The curves are onl
guide the eye.
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1902 55L. LASSEN et al.
quantities like LP multiplicities or residue distribution
sER(A,Z) can be described in a common way for PE and
emission.

A simple method@20,24# to model an evaporation cascad
is to assume that the probability for producing a given re
due is proportional to the number of different evaporat
chains leading to this residue. In this context, the ch
(n,p,a) is different from the chain (p,n,a), etc. Measured
ER mass and/or element distributions and LP multiplicit
served as input for the model: in all casesMn , if measured,
alsoMp ; otherwise,Mp5Mn was assumed. For deuteron
the ratio of multiplicities,Mp /Md , was taken from the mea
surements at 20 MeV/nucleon. As output, the model yie
optimized LP multiplicities~includingMa) from fits to the
measured ER distributions~emission oft and 3He was not
taken into account explicitly!. In all cases the agreement b
tween measured and calculated ER mass and element d
butions, respectively, is very good@8,20,21#. For the present
system the centroids of the distributions reasonably fu
well the relationĀER52Z̄ER.

Thus obtained mass lossesDA due to light-particle emis-
sion in the different stages of the reaction are shown in F
3 for the 40Ar140Ca system. The indicatedDA values com-
prise neutrons, protons, deuterons, anda particles. The sepa
ration ofDAPEandDAEQ relies upon the assumption that th
relationMi

PE/Mi
tot5Mn

PE/Mn
tot ~the latter ratio having always

been determined experimentally! holds for all i5p,d,a.
Here, the superscript ‘‘tot ’’stands for PE1EQ. The average
masses of the actually formed compound nuclei,ĀCÑ , and
evaporation residues,ĀER, are consequently obtained by th
relations ĀCÑ5ACN2DAPE and ĀER5ACN2DAtot, respec-
tively. Furthermore, ĀCÑ2ĀER5DAtot2DAPE5DAEQ

holds.
The trends in the energy dependence of mass losse

Fig. 3 are akin to those of neutron multiplicities~cf. Fig. 1!.
WhereasDAEQ levels off at about 15 MeV/nucleon bom
barding energy, the PE component continuously increase
the energy range indicated. The total mass lossDAtot tends to

FIG. 2. Neutron temperatures~EQ!. All values are extracted
from the measured neutron kinetic energy spectra, using a Maxw
ian shape parametrized asAE exp(2E/T). The curves are only to
guide the eye.
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a soft saturation, exhausting about half of the full CN mas
the highest energy. We conclude from the mass balances
the ‘‘missing’’ mass, i.e., the mass difference between
full compound and the observed ER’s, can be fully a
counted for by the emission of only light particles wi
Z<2 in both the preequilibrium and equilibrium stages. T
emission of fragments heavier thana particles is, if any,
weak in this class of events.

IV. LIMITING EXCITATION ENERGY
FOR FUSION-EVAPORATION?

Having separated the PE and EQ components, we proc
to the quantitative determination of the excitation ener
ECÑ
* of the compound nucleus actually formed. We deri

hereECÑ
* from the balance between the maximum availa

energyEc.m. and the sum of the kinetic energies of all eje
tiles, ((Ekin

EQ1Ekin
PE), taking into account the total separatio

energySwhich can be calculated from binding energies@25#

( ~Ekin
EQ1Ekin

PE!5Ec.m.2S~CN→ER! . ~1!

The kinetic energies of light charged particles are not kno
explicitely from all our measurements. Therefore, we have
estimate the sharing of the kinetic energy between the
and EQ components for these particles. On the assump
that the ratioEkin

EQ/(Ekin
EQ1Ekin

PE) shall be the same for all par
ticles (p,d,a) and equal to that for neutrons, one obtains

Ekin
EQ

Ekin
EQ1Ekin

PE5
^Ekin

EQ&n
^Ekin

EQ&n1^Ekin
PE&n

5
Mn

EQTEQ
Mn

EQTEQ1Mn
PETPE

,

~2!

ll-

FIG. 3. Mass losses~number of nucleons! due to preequilibrium
~PE! and equilibrium~EQ! light-particle emission and their sum
The curves are only to guide the eye.



el
o

to

d

e
is
re
itt
i

tu
riu
re
in

nt
s de-

s
be-
lts
m a
en-
m

rgy
axi-
as
ver

the
of

ues
om-
re-
n,

nd
ally
eV/
to
ved
rgy
und

ht
but
d
gly
-

es
th
of
e

Fig.

55 1903LIMITING EXCITATION ENERGY IN FUSION- . . .
where the latter quantities are from experiment and the r
tion ^Ekin&51.5 T has been used for neutrons according t
Maxwellian preexponential ofE1/2. Here one should keep in
mind that only the neutron kinetic energy spectra~and tem-
peratures derived! do not depend on Coulomb effects due
deformations of the source. Using Eq.~2! one arrives at

ECÑ
* 5 (

n,p,d,a
Ekin
EQ1S~CÑ→ER! , ~3!

whereS denotes the separation energy for the decay in
cated in the brackets. In the energy balance, Eq.~3!, the
kinetic energy of the evaporation residue is not includ
since residues are the result of isotropic light-particle em
sion from the equilibrated compound nuclei and, therefo
can be assumed to rest in the frame of the respective em

A widely used method to determine excitation energies
the derivation from the well-known relationE*5aT2, where
a is the level density parameter. ForACÑ'90 it has been
shown thata is close toACÑ /8 ~as known from lower exci-
tation energies! also up to temperaturesT of about 7 MeV
@26#. This covers reasonably well the mass and tempera
ranges considered here. The measured neutron equilib
temperaturesTEQ are mean temperatures of the whole
spective neutron cascades. For the initial temperature
neutron cascade,1211TEQ was obtained@27#. Since the equilib-
rium cascade starts from the~equilibrated! reduced com-
pound nucleus with average massĀCÑ , we end up with

ECÑ
* 5

ĀCÑ

8

12

11
TEQ . ~4!

FIG. 4. Total excitation energies derived according to Eqs.~3!
and ~4! shown as squares and circles, respectively. The squar
about 5 MeV/nucleon incident energy were calculated with
evaporation codeCASCADE. The error bars consider uncertainties
the measured temperature values only. The dashed straight lin
dicates the maximum available energy in the system,Ec.m.. Excita-

tion energies refer to the compound nuclei actually formed, CN˜.
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Total excitation energies are shown in Fig. 4 for differe
bombarding energies. The agreement between the value
rived from Eqs.~3! and ~4! is remarkably good whicha
posteriorimight also reflect the validity of the assumption
made in Eq.~4! for the present case. Nevertheless, we
lieve that the first method yields the most reliable resu
since here excitation energies have been determined fro
direct measurement of decay particle multiplicities and
ergy removal by them in the preequilibrium and equilibriu
stages, respectively.

As can be seen from Fig. 4, the total excitation ene
increases with incident energy, but much less than the m
mum available energy. We again interpret this behavior
due to the increasing emission of PE particles having e
increasing kinetic energies~cf. Figs. 1 and 2!, which remove
an increasing amount of the total available energy from
system:E* tends to a soft saturation, approaching a value
about 350 MeV.

Owing to the combined measurement of heavy resid
and light decay particles the average mass of the actual c
pound nuclei is known from experiment. This enables a
liable determination of excitation energies per nucleo
E*5E* /ĀCÑ , from the total valuesE* . As is shown in Fig.
5, E* behaves quite different fromE* with increasing bom-
barding energy. While total excitation energies clearly te
to saturate, excitation energies per nucleon monotonic
increase up to the highest energy measured, 30 M
nucleon. This behavior reflects the fact that in addition
energy also an ever-increasing amount of mass is remo
by the PE ejectiles: The residual available excitation ene
is thus shared among accordingly lighter reduced compo

nuclei CÑ. The slightly decreasing slope in Fig. 5 mig
indicate tendencies for a saturation at higher energies
maximum values ofE* have obviously not yet been reache
in the bombarding energy range explored. We feel stron
that E* ~or T), rather thanE* , is favored as the more rel

at
e

in-

FIG. 5. Excitation energies per nucleon. Same as circles in
4, but now related to the average massesĀCÑ of the respective

compound nuclei CN˜ actually formed.
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1904 55L. LASSEN et al.
evant quantity when looking for a limiting excitation energy
in CN formation since it reflects both energyandmass re-
moval from the system during the PE stage.

Our data are compared in Fig. 6 with various Ar- and S
induced reactions having fairly comparable compoun
masses and energies per projectile nucleon. The excitati
energies are plotted versus projectile velocity above the ba
rier which is related to the amount of energy deposited in th
system. Only a few results have been selected which, in o
opinion, comply with criteria which ensure a rather good
confidence in the measured excitation energies. With on
exception@28# all data displayed in Fig. 6 originate from
experiments where heavy-residue–light-ejectile correlation
explicitly have been measured. The scattering of the data
least partly reflects different selection criteria used in th
evaluation procedures and different impact parameters i
volved. The obvious discrepancy between the two da
points from the32S158Ni measurements at close-lying val-
ues of the bombarding energy is discussed in Ref.@29#.

The excitation energies per nucleon depicted in Fig.
steadily increase with incident energy up to 35 MeV/nucleo
~highest data point!. However, no definite conclusions can be
drawn from these results as to a saturation ofE* in incom-
plete fusion-evaporation reactions in such systems. This e
pecially holds in those cases where systematics in one sy
tem have been established over a large range of bombard
energies:40Ar140Ca ~present work! and 40Ar168Zn @28#.

Similar trends have been observed at still higher bom
barding energies. In a recent investigation, incomplete fusio
evaporation has been studied in40Ar127Al collisions at in-
cident energies of 36–65 MeV/nucleon@30#. Although the
production of heavy residues drastically decreases above
MeV/nucleon, equilibrated very incomplete fusion nuclei

corresponding to our CN˜, and accordingly lighter ER’s per-
sist up to 65 MeV/nucleon. For the most central collision
~impact parameters,2 fm!, excitation energies increase
slowly with bombarding energy, ranging fromE*53.2 MeV/

FIG. 6. Excitation energies per nucleon. Our work: solid circles
(40Ar140Ca! and solid triangle (28Si128Si, Ref.@21#!. Squares and
the inverted triangle represent40Ar-induced reactions on68Zn @28#
and Ni @7#, and diamonds and the cross32S on 58Ni @15,29# and Ag
@14#, respectively.
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nucleon at 36 MeV/nucleon to 5.5 MeV/nucleon at 65 Me
nucleon. On the other hand, due to difficulties in the sepa
tion of the PE and EQ components, also values be
systematically larger than those quoted above by about
MeV/nucleon can be derived as upper limits forE* . These
higher values, reaching 7 MeV/nucleon at 65 MeV/nucle
incident beam energy, would follow the trend shown in F
6, whereas the authors of@30# favor the lower ones. Likewise
in a similar investigation in the40Ar1Ag reaction@31#, an
increase in excitation energy per nucleon between 50 an
MeV/nucleon bombarding energy is reported, reaching v
ues above 6 MeV/nucleon for the hottest incomplete fus
nuclei.

V. CONCLUSIONS

We have discussed the systematics of ER formation
40Ar140Ca reactions for an incident energy range of 5–
MeV/nucleon. In coincidence measurements with emit
light particles a clear extraction of central collisions was p
sible. Furthermore, for the neutron emission channel a se
ration of EQ and PE contributions could be achieved. T
choice of a mass-symmetric system led to the highest p
sible ER excitation energy for a given incident energy.

The results indicate a soft saturation of the total neut
multiplicities and the total average mass loss of the full co
pound system. If EQ and PE parts are further distinguish
one finds in both cases that the former is essentially cons
for incident energies above about 20 MeV/nucleon. The
creasing mass loss for higher projectile energies is solely
to PE emission. Very similar trends are shown by the EQ a
PE temperature parameters derived from the neutron spe

The excitation energy of the actually formed compou
nuclei was determined with two independent methods. T
results obtained from the energy-temperature relation wit
standard level density ofa5A/8 and those from a calculatio
based on the measured kinetic energies of the ejected
ticles are in very good agreement. Studying the incident
ergy dependence one seems to approach a saturation
E*'350 MeV for the maximum energy which can b
pumped into the compound nucleus formed in40Ar140Ca
fusion. However, a more relevant quantity for the question
a limiting excitation energy in CN formation is provided b
the energy per nucleon,E* . Because of the ever-increasin
mass removal, an almost linear increase ofE* over the whole
range of projectile energies with no sign of saturation is o
served. This finding is corroborated by other experimen
studies with not too asymmetric mass systems.

The valuesE* ' 5–6 MeV/nucleon at the maximum pro
jectile velocities studied are already rather close to the se
ration energy which provides a natural upper bound. Ho
ever, it cannot be excluded that a limiting value might
reached at even higher velocities. Experimental searches
ER formation in the energy regimeE.35 MeV/nucleon face
severe problems. The ER production cross sections are
matically reduced, since multifragmentation becomes
dominant reaction mode@32#. Even worse, in the case o
collision partners with roughly equal masses~needed to
reach the highest possible energies!, the average mass of th
actually formed compound nucleus will drop below the pr
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55 1905LIMITING EXCITATION ENERGY IN FUSION- . . .
jectile mass~cf. Fig. 3!. This makes central collisions indis
tinguishable from reactions at larger impact parame
where spectator fragments with comparable mass distr
tion and kinematics can be produced. We thus conclude
it will probably not be possible to solve the long-standi
problem of a limiting excitation energy in hot nuclei by e
hy
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perimental investigations of evaporation residues formed
fusion reactions.
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@20# W. Rösch, P. von Neumann-Cosel, A. Richter, G. Schried
R. Gentner, L. Lassen, and H. W. Wilschut, Nucl. Phys.A509,
615 ~1990!.

@21# A. Oberstedt, P. von Neumann-Cosel, A. Richter, W. Ro¨sch,
G. Schrieder, D. Bellm, R. Gentner, K. Keller, L. Lassen,
Seibert, D. Hilscher, and M. Lehmann, Nucl. Phys.A548, 525
~1992!.

@22# J. Carter, C. Brendel, A. Richter, G. Schrieder, H. Feldme
W. Bohne, K. Grabisch, H. Lehr, and H. Morgenstern, Z. Ph
A 313, 57 ~1983!.

@23# P. Netter, L. Lassen, R. Schreck, and H. Gemmeke, Nucl.
strum. Methods185, 165 ~1981!.

@24# H. W. Wilschut, KVI Groningen Annual Report, 1976, p. 91
@25# A. H. Wapstra and K. Bos, At. Data Nucl. Data Tables19, 177

~1977!.
@26# F. Suraud, P. Schuck, and R. W. Hasse, Phys. Lett.164B, 212

~1985!.
@27# K. J. Le Couteur and D. W. Lang, Nucl. Phys.13, 32 ~1959!.
@28# A. Fahli, J. P. Coffin, G. Guillaume, B. Heusch, F. Jundt,

Rami, P. Wagner, P. Fintz, A. J. Cole, S. Kox, and Y. Schu
Phys. Rev. C34, 161 ~1986!.

@29# P. Figuera, W. Bohne, B. Drescher, F. Goldenbaum,
Hilscher, U. Jahnke, B. Lott, L. Pienkowski, and P. Ziem,
Phys. A352, 315 ~1995!.

@30# D. Cussol, G. Bizard, R. Brou, D. Durand, M. Louvel, J.
Patry, J. Pe´ter, R. Regimbart, J. C. Steckmeyer, J. P. Sulliva
B. Tamain, E. Crema, H. Doubre, K. Hagel, G. M. Jin, A
Péghaire, F. Saint-Laurent, Y. Cassagnou, R. Legrain, C. L
run, E. Rosato, R. MacGrath, S. C. Jeong, S. M. Lee, Y. N
gashima, T. Nakagawa, M. Ogihara, J. Kasagi, and T. Mo
bayashi, Nucl. Phys.A561, 298 ~1993!.

@31# E. Vient, A. Badala, R. Barbera, G. Bizard, R. Bougault,
Brou, D. Cussol, J. Colin, D. Durand, A. Drouet, J. L. Lavill
C. Le Brun, J. F. Lecolley, M. Louvel, J. P. Patry, J. Pe´ter, R.
Régimbart, J. C. Steckmeyer, B. Tamain, A. Peghaire,
Eudes, F. Guilbault, C. Lebrun, E. Rosato, and A. Oubahad
Nucl. Phys.A51, 588 ~1994!.

@32# L. G. Moretto and G. J. Wozniak, Annu. Rev. Nucl. Part. S
43, 379 ~1993!.


