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FOREWORD

The present compilation tends to reflect a variety of experimental and theoretical works
performed at GANIL in the years 1998-2000. This “just-before-SPIRAL” period was
characterized in nuclear physics by a strong increase in the number of experiments dedicated
to the study of the structure of nuclei far from stability. The identification of the doubly-magic
“Ni and study of the neighbouring nuclei are among the most spectacular results of this
research.

Another intriguing observation, the detection of the bound four-neutron cluster, if
confirmed, may become one of the greatest discoveries in nuclear physics of recent years.
Many interesting and often pioneering results were obtained in the study of nuclear halo and
the shell closures (N=20, 28 and 40) in the neutron rich nuclei. The shape coexistence in the
region of light Kr isotopes studied via isomeric states is one of the new and promising fields
of research at GANIL. These, and other not less interesting results in nuclear structure studies
were obtained using an impressive palette of experimental techniques including elastic and
inelastic scattering on light targets, direct and break-up reactions, neutron interferometry and
in-beam Yy-ray spectroscopy. Decay spectroscopy tools are becoming more and more
sophisticated and have allowed in particular for precision measurements of B-delayed
neutrons and protons, conversion electrons from isomers, as well as g-factors and sub-
nanosecond lifetimes of isomeric or excited states.

During this period the first experiments on the synthesis of heavy and super heavy
nuclei took place at the LISE spectrometer showing the existence of an important potential for
new discoveries and spectroscopic studies in this region of the chart of nuclei.

The first evidences for the observation of the liquid-gas phase transition of nuclear
matter marked studies of hot nuclei formed in nuclear collisions by the INDRA collaboration.
Sophisticated and original methods of data analysis as well as extensive theoretical
calculations allow to take full benefit of the different campaigns performed with this powerful
4m charged particle detector array. At lower excitation energies an original application of the
crystal blocking technique coupled with the 47 neutron array ORION allowed to measure the
evolution of fission times in a previously inaccessible range.

Contributions concerning the SIRa test bench and the VAMOS and EXOGAM
spectrometers reflect the important efforts in R&D of the experimental equipment dedicated
to the new SPIRAL beams and experiments.

Last but not least, the interdisciplinary research at GANIL is in better shape than ever.
The proof is in the very important number of contributions dealing with swift heavy ions used
in atomic, solid state and condensed physics, in radiation chemistry and radiobiology. The
new equipment installed at the LIMBE lines, the IRRSUD irradiation facility and the
radiobiology laboratory currently under construction should ensure rapid progress and a
continuously increasing number of users in this domain in the coming years.

Dominique Goutte Marek Lewitowicz
Director of GANIL Deputy Director of GANIL
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Description of exotic nuclei using the shell model embedded in the
' continuum

K. Bennaceur, N. Michel, F. Nowacki, J. Okolowicz and M. Ploszajczak
GANIL - Krakéw - Oak Ridge - Strasbourg Collaboration

The theoretical description of weakly bound exotic nuclei close to the drip-
line, such as, e.g., B on the proton rich side of the drip line or }'Be, ' Li on the
neutron rich side of the drip line, is challenging due to the proximity of particle
continuum which implies the strong modification of effective nucleon - nucleon
interaction and causes the unusual spatial properties (halo structures, a large
diffusivity) of nucleon density distribution . For well bound nuclei close to the
B - stability line, microscopic description of states in the subspace of (quasi-)
bound states is given by the nuclear shell model (SM), whereas the subspace
of scattering states is treated in terms of the coupled channels equations. The
validity of this basic paradigm is certainly questionable in weakly bound exotic
nuclei, where number of excited bound states or narrow resonances is small and
, moreover, they couple strongly to the particle continuum. For that reason, we
have developed the Shell Model Embedded in the Continuum (SMEC) where
the realistic N-particle wave functions of the SM are coupled by the residual
nucleon - nucleon interaction to the one-particle scattering continuum. " In
this unified framework, with the same microscopic input, one can describe
both spectra and electromagnetic transition matrix elements, f—decays, in
particular first-forbidden 8— decays in mirror nuclei, as well as the capture
reactions (p,7), (n,v), Coulomb dissociation reaction and various elastic and
inelastic (p,p'), (n,n') scattering processes [1].

[1] K. Bennaceur, F. Nowacki, J. Okotowicz, and M. Ploszajczak, J. Phys. G24
(1998) 1631; K. Bennaceur, F. Nowacki, J. Okolowicz, and M. Ploszajczak,
Nucl. Phys. A 651 (1999) 289. K. Bennaceur, F. Nowacki, J. Okotowicz, and
M. Ploszajczak, Acta Phys. Pol. B31 (2000) 311. R. Shyam, K. Bennaceur, J.
Okolowicz, and M. Ploszajczak, Nucl. Phys. A669 (2000) 65. K. Bennaceur,
F. Nowacki, J. Okolowicz, and M. Ploszajczak, Nucl. Phys. A671 (2000) 203.
K. Bennaceur, N. Michel, F. Nowacki, J. Okolowicz, and M. Ploszajczak, Phys.
Lett. B488 (2000) 75; M. Ploszajczak, I{. Bannaceur, N. Michel, F. Nowacki
and J. Okolowicz, RIKEN Review 39 (2001) 11; N. Michel, J. Okolowicz, and
M. Ploszajczak, NATO Advanced Research Workshop Brijuni (2001), nucl-
th/0110041.



Statistical aspect of the coupling to the continuum

S. Drozdz, J. Okotowicz, M. Ploszajczak and 1. Rotter
MPI-Dresden - GANIL - Krakéw - Strasbourg Collaboration

Relating properties of nuclei to the ensernbles of random matrices is of
great interest. A potential agreement reflects those aspects that are generic
and thus do not depend on the detailed form of the Hamiltonian matrix, while
deviations identify certain system-specific, non-random properties of the sys-
tem. The nuclear states are embedded in the continuum and the system should
be considered as an open quantum system. Applicability of the related scat-
tering ensemble of non-Hermitian random matrices has never been verified.
For the first time, various global characteristics of the coupling between the
bound and scattering states have been explicitly studied based on realistic
Shell Model Embedded in the Continuum [1] for ?*Mg in the sd valence space
[2]. In particular, such characteristics are related to those of the scattering
ensemble. It is found that in the region of higher density of states the cou-
pling to continuum is largely consistent with the statistical model. However,
assumption of channel equivalence in the statistical model is strongly violated,
what contradicts the orthogonal invariance arguments and results in strong
reduction of the number of effectively involved channels.

[1] K. Bennaceur, F. Nowacki, J. Okolowicz, and M. Ploszajczak, J. Phys.
G24 (1998) 1631,

- K. Bennaceur, F. Nowacki, J. Okolowicz, and M. Ploszajczak, Nucl. Phys.
A 651 (1999) 289.

[2] S. Drozdz, J. Okolowicz, M. Ploszajczak and 1. Rotter, Phys. Rev. C62
(2000) 24313.



Pairing anti-halo effect

K. Bennaceur, J. Dobaczewski and M. Ploszajczak

GANIL - Oak Ridge - Warsaw Collaboration

Continuum effects in the weakly bound nuclei close to the drip-line have
been investigated using the analytically soluble Pschl-Teller-Ginocchio poten-
tial [1). Pairing correlations are studied within the Hartree-Fock-Bogoliubov
method. We show that both resonant and non-resonant continuum phase space
is active in creating the pairing field. The influence of positive-energy phase
space has been quantified in terms of localizations of states within the nuclear
volume. An increase of neutron radii with decreasing binding is a well-known
fact, both in experiment (the show-case 'Li nucleus) and in mean-field theo-
ries. Roughly speaking, the weakly bound nuclei are larger than the strongly
bound nuclei with the same neutron numbers. Such an increase is, of course,
very nicely born out by the HFB theory. We have studied another question,
namely, whether or not the nuclei with the weakly-bound ¢=0 s.p. orbitals are
larger than those that do not have such orbitals available near the Fermi surface
[2]. Our analysis shows that the answer is negative: for weakly-bound even-N
nuclei, positions of =0 orbitals are not essential in building up their large
radii, ¢.e. the additional pairing binding energy acts against a development of
an infinite rms radius.

[1] K. Bennaceur, J. Dobaczewski, M. Ploszajczak, Phys. Rev. C 60 (1999)
034308. ~

[2] K. Bennaceur, J. Dobaczewski and M. Ploszajczak, Phys. Lett. B 496
(2000) 154-160.



Dynamical symmetries in quantal many-body systems

P. Van Isacker
GANIL, BP 55027, F-14076 Caen Cedez 5, France
The determination of the properties of a quantal system of NV interacting particles moving in an external potential
requires the solution of the eigenvalue equation associated with the second-quantised hamiltonian

f{ :Zeiazta,--}—ZvijklaIa}akaz-}— (1)

i ijki

The operators a! and a; are creation and annihilation operators for the particles, characterised by an index ¢ which
labels a set of single-particle states in the confining potential and which may also include possible intrinsic quantum
numbers such as spin, isospin, colour...The coefficients ¢; are single-particle energies and the v;jx are two-body
interactions; higher-order interactions can be included, if needed. The (unitary) Lie algebra generated by the operators

a,T a; over an appropriate set of single-particle states is called the spectrum generating (or also dynamical) algebra Gsga
of the system. X

The solution of the eigenvalue problem for N particles associated with (1) requires the diagonalisation of H in the
symmetric representation [N] of Gsga in case of bosons or in the anti-symmetric representation [1?] of Gsga in case
of fermions. In many situations of interest, the hamiltonian will have a lower symmetry Gsym C Gsga, that is, H
will commute with transformations that constitute a symmetry algebra Gsynm. The enumeration of all hamiltonians
of the type (1) that are analytically solvable and that conserve the symmetry Gsym requires the knowledge of all

nested algebraic chains of the type

Gsga DGDOG DD Gsym. (2)
To appreciate the relevance of this classification, one notes that associated with each chain (2) is a hamiltonian
H=Y r.CalGl+)_ 6,CalG+-, 3)
n n

where £, are coefficients and Cj, [G] denotes a Casimir invariant of the algebra G of order n in its generators. Since
C[G] commutes with all elements of G (by definition), one can easily convince oneself that A in (3) is written
as a sum of commuting operators; as a result its eigenstates are labelled by the quantum numbers associated with
these commuting operators. Note that the condition of the nesting of the algebras is crucial for constructing a set
of commuting operators and hence for obtaining an analytical solution. Also, although (3) is written in an abstract
form in terms of Casimir invariants, it should be emphasised that it corresponds to a particular choice of the general
hamiltonian (1) with the order of the interactions determined by the- maximal order n of the invariants. Thus a-
generic scheme is established for finding all analytically solvable hamiltonians (1).

This approach to find analytical eigensolutions for a system of interacting bosons and/or fermions has received
prominence with the work of Arima and Iachello {1] who proposed a U(6) dynamical algebra for the description of
collective nuclear excitations.

These ideas have been further developed in my research over the last few years and, in particular, three aspects
have been highlighted:

1. Dynamical symmetries of the nuclear shell model. It should indeed not be forgotten that, although these
symmetry methods certainly crystalised with the work of Arima and Iachello, they had been used before in the
context of the nuclear shell model and in different models of physics in general. One of the purposes of the
review [2] was to summarise these older ideas due to Wigner, Racah and Elliott and to cast them into a form
that made clear the connection with the approach of Arima and lachello.

2. Partial dynamical symmetries. A dynamical symmetry requires the single-particle energies ¢; and the two-body
interactions v;jx; to satisfy certain conditions that imply the solvability of all eigenstates of the hamiltonian (1).
Recently, it has become clear that these conditions can be relaxed: hamiltonians can be constructed for which
all dynamical symmetries G, G',...are conserved for part of the eigenspectrum [3] or for which part of the
dynamical symmetries are conserved for the entire eigenspectrum [4]. The implications of these generalisations
are still under investigation.

3. (Partial) dynamical symmetries in other physical systems. These symmetry-based methods are powerful and
applications to other domains of physics are possible. (See, e.g., the monograph [5] for a review of developments
in molecular physics.) Preliminary work on quantal systems of current interest (e.g. quantum dots and artificial
atoms) has been carried out and will receive increasing attention in future research.
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Nuclear supersymmetry stands the test

P. Van Isacker
GANIL, BP 55027, F-14076 Caen Cedez 5, France

Applications of supersymmetry that link the properties of boson-like (even-mass) and fermion-
like (odd-mass) nuclei have been proposed in the eighties in the context of different models of varying
complexity. Only recently, as the culmination of sustained effort by many people, the most complex
scheme that involves odd-odd nuclei has been validated experimentally.

The distinction between bosons and fermions is one of the most fundamental aspects of quantum theory. Bosons
are the mediators of the forces in nature (photons, W and Z bosons, gluons, gravitons) and have integer spin while
fermions are the matter particles (electrons, quarks, neutrinos, etc.) and have half-integer spin. Bosons and fermions
have fundamentally different statistical properties: bosons are sociable and do not object to sharing the same quantum
numbers with each other. Fermions, on the other hand, shy away from each other because the Pauli exclusion principle
forbids them from occupying the same quantum state.

One of the major breakthroughs in physics this century has been the development of theories that treat bosons
and fermions on an equal footing. Thus each elementary boson has a much heavier ‘supersymmetric’ partner that is
a fermion and vice versa. The photon has a massive partner called the ‘photino’, for instance, while each quark is
partnered by a corresponding ‘squark’ and so on. Currently there is no evidence for supersymmetric particles despite
dedicated searches at the world’s high-energy particle accelerators.

Nuclear physics also has its supersymmetric theory. The mathematical theory behind this is the same as in
elementary particle physics. The physics of nuclear supersymmetry is somewhat more mundane than the high-energy
version but, on the other hand, has already been subjected to direct experimental verification.

In the standard portrayal of the nucleus, known as the nuclear shell model, the core of the atom is described in
terms of a collection of interacting nucleons (i.e. neutrons and protons) all of which are fermions. Since tens, even
hundreds of nucleons may be involved, this description can be complex and there is no exact solution that can account
for all the properties of such a nucleus. Fortunately, the nuclear interaction encourages identical nucleons to pair up
(i.e. protons with protons and neutrons with neutrons) so that they behave like bosons that can then be treated as
nuclear building blocks. The first model of the nucleus in terms of interacting bosons was proposed in 1975 by Akito
Arima and Francesco lachello [1,2].

In 1980 Iachello realised {3] that supersymmetric theory could also be applied to nuclei because of the simultaneous
occurrence of fermions and bosons, albeit effective bosons made from pairs of fermions. In practice, a nucleus
containing an even number of protons and neutrons (an even—even nucleus) could be linked to a nucleus comprising
an even number of protons and an odd number of neutrons (even—odd) or one with an odd number of protons and
even number of neutrons (odd-even). :

Tachello’s suggestion prompted frantic activity as several experimental teams around the world sought to verify
the validity of the conjectured relation between nuclei that previously had been thought to behave very differently.
And several pairs of nuclei—such as !9°0Os (even—even) a~.d !®!Ir (odd-even), and '°**Pt (even—even) and 195Pt (even—
odd)—were indeed found to obey the relations proposed by Iachello. Later several experimental teams found more
supersymmetric pairs of nuclei providing firm evidence for this aspect of nuclear supersymmetry (for a review, see [4]).
In all these examples, the nuclel in each pair differed from one another by either a single proton or a neutron. There
was, however, one piece missing from this nuclear supersymmetric jigsaw. It should be possible to further transform
both an odd-even nucleus and an even—-odd nucleus into one with an odd number of both protons and neutrons.

In 1985 we proposed [5] that the properties of quartets of nuclei (consisting of an even—even, an even-odd, an
odd-even and an odd-odd member) could be linked by supersymmetry. Although the proposed theoretical formalism
of ‘quartet supersymmetry’ was elegant, there was scant experimental evidence for it. In particular, data were lacking
on the fourth, odd-odd member of the proposed quartets.

In 1991 Jan Jolie set up a research programme to investigate the problem in detail (see the news item [6] in
Physics World). In recent years he has led several research teams and used a range of different nuclear reactions
to painstakingly map out the energy spectrum of ®®Au (an odd-odd nucleus). Its spectrum can be predicted by
applying supersymmetric transformations to the previously well measured energy spectra of 1%4Pt and 1%°Au, and the
energy spectrum of !9Pt, which was remeasured in the course of this investigation.

For example, in one of the reported experiments ®”Au was bombarded with polarized deuterons [7]. A particular
reaction involved the deuteron picking up a neutron, hence transmuting the target nucleus into an excited state
of Y6 Au. Jolie and co-workers measured the energy and scattering angle of the outgoing triton and studied the
decay of 1%%Au as it emitted gamma rays to learn about the excited states of 1°°Au. The researchers also studied
other reactions involving different combinations of projectile and target nuclei at several energies to crosscheck the
results. The team established several new energy levels in the 1% Au spectrum due to the improved energy resolution



of their gamma-ray detector compared with earlier experiments. The revised energy spchrum now agrees wilh the
supersymmetry prediction based on a fit to the energy spectra of the three other nuclei in the quartet, and thus
vindicates the theory (see Figure 1).
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FIG. 1. Observed and calculated energy spectruin of negative-parity states in 196 Au. Levels arc labelled by their angular
momentum and parity J™ (right) and an additional quantum number L (left). The theoretical result is obtained from a fit lo
the three other nuclei in the quartet.

The search is now on for more examples of nuclear quartets to acquire a microscopic understanding of nuclear
supersymmetry in terms of nucleon—nucleon interactions.

{1} A. Arima and F. lachello, Phys. Rev. Lett. 35 (1975) 1069.

f2] F. lachello and A. Arima, The Interacting Boson Model (Cambridge University Press, Cambridge, 1987).

[3] F. lachello, Phys. Rev. Lett. 44 (1980) 772.

[4] F. lachello and P. Van Isacker, The Interacting Boson—Fermion Model (Cambridge University Press, Cambridge, 1991)

[5] P. Van Isacker, J. Jolie, K. Heyde and A. Frank, Phys. Rev. Lett. 54 (1985) 653.

[6] P. Van Isacker, Physics World 12 No 10 (1999) 19.

[7] A. Metz, J. Jolie, G. Graw, R. Hertenberger, J. Groger, C. Gunther, N. Warr and Y. Eisermann, Phys. Rcu. Lett. 83 (1999)
1542.



Phase transitions in finite systems: curvature anomalies in the
thermodynamical potential

F.Gulminelli, Ph.Cholmaz, V.Duflot

LPC-GANIL

It has been proposed that first order phase transitions in finite systems can be
univocally signed through a curvature anomaly of the entropy[1,2]. As the energy
deposited in a system is increased, the sudden opening of a collective channel causes a
convexity in the entropy. This convex intruder cannot be cured by including mixed
partitions within the usual Maxwell construction because of the interphase surface
entropy which is negligeable only in the thermodynamical limit. As a result the specific
heat shows a negative branch .

This idea can been generalized to any statistical ensemble with at least one extensive
variable allowing to sample the coexistence region[3] . Let us consider a generic
extensive observable b. The statistical ensemble where b (and only b) is fixed is
associated to the thermodynamical potential W(b) .

If the system is undergoing a first order phase transition and b can be considered as
(one of the) order parameters of the transition, then W(b) will present a concavity
anomaly in the transition region. If one defines the intensive variable conjugated to 4 ,
A = dW/db, the function A(b) will show a backbending in the coexistence region and
dA/db will have a negative branch. Two examples taken from the liquid gas phase
transition in the canonical ensemble are illustrated in figure 1.

—~F 0,12 4
Nod ? G%é F liquid
5 .05
= : 0,04
{ ! 0.02
e ' —o.og
| e
R 3 1 : -
1{ i ! 1 A 26
~ |7 L’ ~2.8
4 % . -3
X ; -3.2
‘, ’ 1 -3 4
] e
) 1
o . 3 =38 -
¢ 50 1018020 '
Aa Vm

The exact canonical partition function of the lattice gas model is calculated [3] at a
subcritical temperature. A clear convexity anomaly is apparent leading to a backbending
in the chemical potential and a region of negative susceptibility y = Ou/0A . A standard
Maxwell construction (straight line in figure 1) would correspond to mixed partitions
obtained as a linear combination of a liquid-like fraction at a high mass A; and a
vapor-like fraction at a low mass A, in proportions « and (1 — a) respectively. At the
thermodynamical limit such partitions have a free energy f = af; + (1 — a)f,, with f; (f,)
the free energy per particle of the liquid (vapor). However for the finite system mass
conservation implies that in the coexistence region (A, < A < A; ) the liquid fraction is
smaller than A; and consequently its surface free energy is higher. The free energy per
particle of the mixed partitions will then be higher than the estimation from the Maxwell
construction. The very same physical effect is visible in the right part of figure 1 which
shows an analytical calculation of the free energy of a finite liquid drop in equilibrium



with its vapor schematized as an ideal gas [4]. For a given value of the molar volume, the
equilibrium pressure is given by the slope of the tangent construction between the liquid
drop and the vapor free energy. As the vapor fraction increases, the liquid drop size
decreases and its free energy is shifted upwards; the slope of the tangent consequently
increases, leading to a concave intruder in the free energy and a backbending in the p(V)
equation of state, i.e. a region of negative compressibility.

Figure 1 implies that convexity anomalies in first order phase transitions are not
restricted to the microcanonical ensemble; in particular concerning the liquid-gas phase
transition both the volume V and the particle number A can be considered as order
parameters; the phase transition in a finite system can be signed by negative
compressibility and susceptibility and not only by a negative microcanonical heat
capacity as previously proposed [2].
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Topology of event distributions and phase transitions in finite systems

F.Gulminelli, Ph.Chomaz, V.Duflot
LPC-GANIL

It has been proposed to define and classify phase transitions in finite systems either
according to the distribution of zeroes of the canonical partition sum in the complex
temperature plane [1] or through a curvature anomaly of the microcanonical entropy[2].
We propose the possible bimodality of the probability distribution of observable
quantities as a connection between these ideas.

Let us consider a set of K independent observables, By, which form a space
containing one possible order parameter. We can sort events according to the results of
the measurement b®=(5{") and thus define a probability distribution P(b). In the
absence of a phase transition log P(b) is expected to be concave. An abnormal (e.g.
bimodal) behavior of P(b) or a convexity anomaly signals a phase transition.

This definition of phase transition from the topology of P(b) generalizes the
definitions based on convexity anomalies of thermodynamical potentials. Any
Boltzmann-Gibbs equilibrium is obtained by maximizing the Shannon information
entropy S = —TrDlogD (D being the density matrix) under the constraints of the various
observables By known in average. Then P(b) can be written as

log P ru(b) = logWrr(b) — Z aibi —1ogZry
k=1
where a are Lagrange multipliers and W(b) = ZyPy(b) is the partition sum of the
statistical ensemble associated with fixed values, b, of all the observables. Indeed, the
two partition sums are related through the usual Laplace transform
Zy = j'a’b W(b)exp(—ab).Eq.(1) clearly demonstrates that the convexity anomalies of

the thermodynamical potential log W(b) can be traced back from log Py(b). If W has an
abnormal curvature, then a, presents a back-bending.

Let us take the example of the liquid-gas phase transition in a system of » particles
for which only the average volume is known. In such a case we can define an observable
B, as a measure of the size of the system; for example the cubic radius B, ==V
Then a Lagrange multiplier Ay has to be introduced which has the dimension of a
pressure divided by a temperature. In a canonical ensemble with an inverse temperature
B a complete information is contained in the distribution
Pp,(e,v) = W(e,v)Z3}, exp — (Be + A,v) . This leads to the density of states W(e, v)
with a volume v and an energy e. In the first order phase transition region the probability
distribution presented in figure 1 is bimodal. We can look for an order parameter
0 =xE+ yv Wthh provides the best separation of the two phases.
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On the other hand if we cannot measure both the volume v and the energy ¢ we are left
either with P, (e) giving access to the isobar microcanonical partition sum W;, (e) or’
with the probability P, (v) leading to the isochore canonical partition sum Zg(v). Since
both probability distribution are bimodal the associated partition sum do have anomalous
concavity intruders ,i.e. negative heat capacity as well as negative compressibility.

The presented definition can be related to the usual one at the thermodynamical limit.
In fact one can show [3] that within a double saddle point approximation the loci of
zeroes of the partition sum Zgcorresponds to a line perpendicular to the real axis with a
uniform distribution as expected for a first order phase transition. If the order parameter
is sufficiently collective it will survive until the infinite volume and infinite number
limit. If the anomaly also survives the saddle point approximation will be correct and the
finite size phase transition becomes the one known in the bulk.
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Bimodality in non-extensive statistics
F.Gulminelli, Ph.Chomaz, V.Duflot
LPC-GANIL

We propose a definition of first order phase transitions in finite systems based on
topology anomalies of the event distribution in the space of observations. This proposed
definition is already under application in experiments[1] and allows to study phase
transitions in Gibbs equilibria as well as in other ensembles such as the Tsallis ensemble.
Let us consider a set of K independent observables, Bx, which form a space containing
one possible order parameter. We can sort events according to the results of the
measurement b®=(5{?) and thus define a probability distribution P(b). In the absence of
a phase transition log P(b) is expected to be concave. An abnormal (e.g. bimodal)
behavior of P(b) or a convexity anomaly signals a phase transition. More specifically,
the larger eigenvalue of the tensor

Tlf’k’ = 0? lOgP(b)
° Obi0by
becomes positive in presence of a first order phase transition. The associated eigenvector
defines the local order parameter since it allows the best separation of the probability
P(b) into two components which can be recognized as the precursors of phases. If the
largest eigenvalue is zero, the number of higher derivatives which are also zero defines
the order of the phase transition.
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The definition of phase transition from the topology of P(b) contains and generalizes
the definitions based on convexity anomalies of thermodynamical potentials [2].
Moreover it can be extended to other ensembles of events which do not correspond to a
Gibbs statistics. As an example, we analyze the consequence of going from Gibbs to
Tsallis[3] ensemble, for a system controlled by an external parameter A (e.g. a pressure).
For a given A the system is characterized by a density of states W (e). For a critical
value of A = A, the associated entropy S, (e) = log W, (e) presents a zero curvature and
below a convex intruder. The Tsallis probability distribution reads ( g = g — 1) [3]
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Pi(e) = Wie)(1 + q1Be)"/Z]

Computing first and second derivatives of log P§ one can see that the maximum of log P
occurs for the energy which fulfills the relation 75 = (8! + ge)/q where T is the
microcanonical temperature while this point has a null curvature if C, = g/q, where C,,
is the microcanonical Leat capacity. Then the Tsallis critical point occurs above the
microcanonical critical point and one expects a broader coexistence zone in the Tsallis
ensemble. The curvature at the maximum of P4 is 7202log P = —1/C, + q1/q. Far from
the C divergence line, this curvature is not very different from the microcanonical heat
capacity as long as q,/q is small. The canonical and Tsallis distribution (q=1.2) are
compared in figure 1. It is clear that the phase transition can be identified through the
bimodality of the event distribution in the non extensive Tsallis statistics even if the
associated properties such as the position of the critical point do change with the
ensemble [4].
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Anomalous radial expansion of non-spherical source in central
heavy-ion reactions

A. Le Fevre, K. Morawetz, M. Ploszajczak and V.D. Toneev
MPI-Dresden - Dubna - GANIL - GSI Collaboration

The shape influence of decaying thermalized source on various character-
istics of multifragmentation as well as its interplay with effects of angular
momentum and collective expansion have been studied in the extended sta-
tistical microcanonical multifragmentation model [1,2]. Due to the change in
the Coulomb energy for deformed freeze-out configuration, the shape effect is
clearly seen in the IMF’s angular distributions (Z,,,,- angular distribution) as
well as in the @, - distribution [2]. A surprising interplay between effects
of non-spherical freeze-out shapes and the memory effects of nonequilibrium
phase of the reaction, such as the rotation and the collective expansion of the
source, has been demonstrated for the first time. The collective expansion
allows to disclosure the source shape in the analysis using global variables
as well as in the study of Z-dependence of the average kinetic energy. The
shape of the average kinetic energy of fragments Ej(Z) contains information
about the exponent « in the parametrization of the collective radial expansion
vp(r) = vo (r/Ro)®, and to the lesser extend about the deformation of the
source [2]. Comparison of the present model with the experimental data for
central Xe+ Sn collisions at 50 A- MeV clearly shows the prolate deformation
of the fragmenting source and the non-hubblean radial expansion (o > 1) [2].
These results have been examined in the framework of the kinetic theory [3]
where we found that in central heavy-ion reactions in the Fermi energy domain
the radial expansion is non-hubblean and in the surface region scales propor-
tional to a higher exponent (a > 1) of the radius. The anomalous expansion
velocity profile is accompanied by a power law nucleon density profile in the
surface region [3]. Both these features of central heavy-ion reactions disap-
pear at higher energies, and the system follows a uniform Hubble expansion
(oo 1).

(1] D.H.E. Gross, Rep. Prog. Phys. 53 (1990) 605."

[2] A. Le Fevre, M. Ploszajczak, V.D. Toneev, Phys. Rev. C 60 (1999)
051602.

[3] K. Morawetz, M. Ploszajczak, V.D. Toneev, Phys. Rev. C 62 (2000)
064602. '
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Nuclear multifragmentation and phase transitions in the
non-extensive statistics

R. Botet, J. Gonzélez, K. Gudima, A.S. Parvan, M. Ploszajczak and
V.D. Toneev

Caracas - Dubna - GANIL - Kishineu - Orsay Collaboration

We have applied the canonical quantum statistical model of nuclear multi-
fragmentation generalized in the framework of recently proposed Tsallis non-
extensive thermostatistics for the description of nuclear multifragmentation
process [1]. This new model provides an alternative way of thinking about
intuitively expected deviations from the thermodynamical equilibrium due to
non-extensive correlations in the multifragmentation process. The test calcu-
lation in the system with A = 197 nucleons shows strong modification of the
“critical’ behaviour associated with the nuclear liquid-gas phase transition for
small deviations from the conventional Boltzmann-Gibbs statistical mechan-
ics. To understand these intriguing results, we have investigated analytically
the spherical spin model with infinite-range ferromagnetic interactions in the
framework of non-extensive thermostatics [2]. We have shown that for repul-
sive correlations, a new weak-ferromagnetic phase develops in the spin system,
- in addition to standard paramagnetic and ferromagnetic phases. There is a
tricritical point separating para, weak-ferro and ferro regimes. The transition
from paramagnetic to weak-ferromagnetic phase is an unusual first order phase
transition in which a discontinuity of the averaged order parameter appears,
even for finite number of spins. This result puts in a new way the question of
the stability of critical phenomena with respect to the long-ranged correlations.

[1] K.K. Gudima, A.S. Parvan, M Ploszajczak and V.D. Toneev, Phys Rev.
Lett. 85 (2000) 4691.
(2] R. Botet, M. Ploszajczak and J. A Gonzales A., Phys. Rev. E (2001), in

print.
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Universal features of fluctuations

R. Botet! and M. Ploszajczak?

! Laboratoire de Physique des Solides - CNRS, Bdtiment 510, Université
Paris-Sud, Centre d’Orsay, F-91405 Orsay
2 GANIL

Universal scaling laws of fluctuations (the A-scaling laws) can be derived
for equilibrium and off-equilibrium systems when combined with the finite-size
scaling analysis [1]. In any system in which the second-order critical behavior
can be identified, the relation between order parameter, criticality and scaling
law of fluctuations has been established and the relation between the scal-
ing function and the critical exponents has been found. The theory has been
applied to out-of-equilibrium aggregation models such as the Smoluchowski ki-
netic equations, the at-equilibrium Ising and percolation models. The universal
scaling of fluctuations has been also demonstrated experimentally in heavy-ion
collisions in the Fermi energy domain [2]. In these latter studies, charged frag-
ments multiplicity and the charge of the largest fragment Z,,,, fluctuations for
Xe + Sn collisions in the range of bombarding energies between 25 A - MeV
and 50 A - MeV have been shown to manifest model and approximation inde-
pendent universal features of fluctuations which are expected in either ordered
(low temperature) or disordered (high temperature) phases of matter.

[1] R. Botet and M. Ploszajczak, Phys. Rev. E62 (2000) 1825;

- R. Botet and M. Ploszajczak, Nucl. Phys. B (Proc. Suppl.) 92 (2001) 101.
[2] R. Botet, M. Ploszajczak, A. Chbihi, B. Borderie, D. Durand and J. Fran-
kland, Phys. Rev. Lett. 86 (2001) 3514.
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The detection of neutral nuclei

F.M. Marqués, M. Labiche, N.A. Orr

Laboratoire de Physique Corpusculaire,
IN2P8-CNRS, ISMRa et Université de Caen, F-14050 Caen cedez, France

for the E295 collaboration!]

Going beyond the two-neutron haloes, it is inter-
esting to speculate that multineutron halo systems
and other very neutron-rich nuclei may contain com-
ponents of the wave function in which the neutrons
present a relatively compact cluster-like configuration.
If bound multineutrons exist, they could therefore be
emitted following the breakup of beams of such nuclei.

To date the majority of searches for multineutron
clusters have relied on very low cross-section (typic-
ally ~ 1 nb) direct reactions of the type a(b,c)n. In
the breakup of very neutron-rich nuclei, relatively high
cross-sections (typically ~ 100 mb) are encountered.
Consequently, even only a small component of the
wave function corresponding to a multineutron cluster
could result in a measurable yield with a moderate sec-
ondary beam intensity.

The main difficulty lies in the direct detection of a
4n cluster liberated following the breakup. The tech-
nique that we have adopted is based on the detec-
tion of the recoiling proton in the liquid scintillator
modules of DEMON [1,2]. Following n-p scattering,
the proton recoils with an energy (E,) up to that of
the incident neutron. This may then be compared to
the energy per nucleon of the incident particle derived
from the time-of-flight (£,). For a single neutron and
an ideal detector E,/E, < 1 —taking into account
finite resolutions the limit is ~ 1.4. In the case of a
multineutron cluster, E, can exceed the incident en-
ergy per nucleon and F,/E, may take on a range of
values extending beyond 1.4, up to ~ 2.5 for a *n
cluster.

The method has been applied to previous data from
the breakup of !!'Li and Be on C target. In the case
of the !“Be beam, 7 events have been observed with
E,/E, > 1.4, all within the region centred on the
10Be peak. After detailed analyses of the kinematics
of these events and of the various backgrounds that
may mimic such a signal, 6 events have been found to
be consistent with the production and detection of a

multineutron cluster. Special care has been taken to
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Scatter plot, and the projections onto both azes, of the
particle identification parameter versus £,/ 12, for the data
from the reaction C(**Be,X+n). The PID has been projec-
ted for all neutron energies. The dotied lines correspond to
E,/E, = 1.4 and to the region centred on the '’ Be peak [1].

estimate the effects of pile-up, the detection of two or
more neutrons in a single module. Three independent
approaches were applied and it was concluded that at
best pile-up may account for some 10 % of the ob-
served signal. The formation of a bound tetraneutron
in the breakup of !*Be into '°Be+“n appears to be the
most probable scenario.

The confirmation of the events observed with a
higher intensity “Be beam, and the search for sim-
ilar events in the breakup of 8He, are being planned.

[1] F.M. Marqués et al., nucl-ex/0111001.
[2] N.A. Orr, nucl-ex/0108024.
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One of the opportunities opened by the development of radioactive beam fa-
cilities is the study of nuclei located near and beyond the proton drip-line. New
phenomena are predicted for light nuclei like the existence of proton halos and the
two proton decay [1]. Two proton decay may occur through three mechanisms: a
sequential emission through an intermediate state, a simultaneous emission of un-
correlated protons, also called democratic decay, or a diproton emission, i.e emission
of a 2He cluster with very strong pp correlations. The observation of this last decay
mode could provide insight into clustering and three-body effects in nuclei.

Several experimental searches for diproton decay have been carried out over the
last years. Only the first two processes have been clearly experimentally identified.
Ground state two proton decay of 20 ([2]) follows a sequential path through !N.
The ground state Be — a + p + p decay is fully democratic [3]. Other investiga-
tions on the decay of some resonant states have been performed. The most recent
result was the observation of two proton decay from a resonant state of 1®Ne but it
was not possible to distinguish between a 2He emission or a democratic three-body
decay [4].

In our experiment, the aim was to observe the 2p decay of several candidates
around A=20. The method consists in detecting the three ejectiles, i.e. the two
protons and the daughter nucleus, and measuring their energies and their emission
angle, to reconstruct the invariant mass of the decaying nucleus. The experiment
was performed at GANIL by using a secondary beam of **Ne (87% at 36MeV/A),1"F
(11%, at 33MeV/A) and 2°Mg (2%, at 43MeV/A), produced by fragmentation of a
primary beam of Mg, at 95MeV /A and an intensity of 700nAe, on a 600mg/cm?
12C production target. The radioactive beam bombarded a secondary 47mg/cm?
9Be target to form unbound states.

Light charged particles were detected in the MUST array [5], located at 400mm
from the 9Be target, which provides identification, position and energy measurement
of the protons. This detector consists of eight large area 60 x 60mm? double sided
Si-strip, Si(Li), Csl telescopes. The four telescopes which covered the lower angle
values, between 2° and 12° were equiped for the first time with four independant
29.5 x 29.5 x 30mm?® Csl crystals, read out by photodiodes, in order to increase
the granularity. The entire MUST array covered angles between 2° and 20°. Pro-
tons were identified through the E-AE method, using energy loss measurements
in the strip and Si(Li) detectors. Because of the large emittance of the secondary
radioactive beam, two MWPC chambers, the CATS [6], were used to reconstruct
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the trajectory of the incident nucleus. Charge and mass identification as well as
momentum and emission angle of the daughter nucleus were provided by the SPEG
spectrometer detection set-up.

Two types of coincidence events between decay products have been recorded :
one proton and a nucleus, two protons and a heavy nucleus. Thanks to the first one,
we could look for one proton emission from unbound states, and with the second
check if we observe a possible ?He emission. One proton unbound states have been
observed, and the corresponding energy spectra reconstructed. Among them, *Na
was observed for the first time. )

Two proton emission from excited states of 1"Ne (see fig. 1) has been stud-
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Figure 1: Invariant mass reconstruction: (a) with one of the two protons and the
heavy nucleus, (b) with the two protons and the heavy nucleus.

ied. Spectrum (a) shows a partial invariant mass reconstructed with one of the two
protons detected and the daughter °0 nucleus. We observed a peak a a position
close to the ground state of F. Spectrum (b) shows the invariant mass spectrum
of 1°0 reconstructed with the three ejectiles. 1"Ne states above the proton emission
threshold are observed. The peak in (a) is consistent with a two step desexcitation
process where "Ne, excited above its proton emission threshold, emits one proton
to form the unbound nucleus 8F in its g.s or in one of its low lying excited states,
which decays on turn by emitting a second proton.
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The break-up reaction of ''Be on a Ti target was performed at 41 A.MeV in experiment E337.
The '"Be ejectile was measured in the SPEG spectrometer providing us with the angle and the
momentum, whereas the neutrons were measured in 30 neutron detectors from the Northball
array. The 74 BaF2s of the Chéteau de Crystal were surrounding the target for the gamma
detection.

Correlations between the ejectile and the neutron allow us to precisely characterize the reaction
mechanisms involved in the break-up, in particular for the nuclear break-up. Our quantal
calculations [1,2] predict a neutron and a '’Be ejectile on each side of the beam corresponding to
the towing mode i.e. the nuclear break-up.

Fig.1 shows the experimental neutron angular distributions when the neutron and the ejectile are
measured on opposite sides of the beam (black circles) and the same side of the beam (empty
circles). Detectors placed at small angle (<10°) were shielded by the spectrometer but no
efficiency correction has been applied so far. However the correlations observed for larger
neutron angles (>30°) confirm the dynamic of this break-up.

The two curves shown in Fig.l come from our
calculation of the break-up of !'Be on a **Ti target.
The plain line is for events where the emitted
neutron and the ejectile are on opposite sides of the —~10°
beam and the dashed curve is for emissions on the
same side. The reduced angular acceptance of the
spectrometer (£2° horizontally and +0.5° vertically)
is not taken into account in our calculations.

do/d Q(a.u.

10!
A further analysis of the data utilizing the observed ‘%
gamma decay will allow us to select the 2+ Y I N ?
excitation of the target that together with a Id 0 10 20 30 40 50 60 70 80
neutron wave function of the halo account for about B, sutron

20% of the ground state of ''Be. In this case we Fig I: Angular distribution for the neutrons in
expect to measure a different angular distribution coincidence with a "°Be on the opposite side of

for the neutron, characteristic of a larger angular the beam (black circles) and on the same side
momentum. of the beam (empty circles). Predictions from

our calculation are also shown (see text).
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A deeper understanding of 'Be halo structure and its breakup mechanisms has been ob-
tained in an experiment with radioactive beams performed [1] at GANIL with LISE3 spectrom-
eter by means of the separate determination of the two major breakup components: dissociation
(nuclear and coulombian) and stripping. The experimental set-up consisted mainly of a stack
of silicon detectors which play the role of target, degrader and detection media and an array
of neutron detectors operated in coincidence with the telescope [2]. The 43 MeV /nucleon ''Be
secondary beam as well as the 1°Be breakup fragments are stopped and identified in the tele-
scope. The separation of breakup mechanisms is based on the fact that light charged particles
emitted in the stripping reaction after the hard interaction of target with the neutron halo add
an extra energy in the reaction detector. Therefore, a cross section integrated over the detector
thickness can be obtained for stripping. In the case of a dissociation, due to the fact that the
velocity is close to that of the projectile, the stopping power of the propagating particle does
not change. The energy loss in the reaction detector is very close to that of ! Be passing without
reaction and the reaction detector can not be unambiguously assigned. Instead, the reaction
energy can be estimated from the total energy deposited in telescope with the assumption that
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Figure 1: (a) One neutron breakup cross sections as a function of energy. Experimental data
are shown by symbols. The full line is the result of the extended Glauber model. Coulomb
dissociation is shown separately by dotted line. (b) Energy of the '°Be core at the exit of
reaction detector for stripping reactions in the third detector of the telescope. The continuous
line represents the contribution of dumped collision breakup. The spectrum resulted after
subtraction is plotted in the inset together with the simulation that fits the data. The dashed
line is a simulation in which the longitudinal momentum of the core has been set to 0.

23



the energy of the core-fragment after breakup is in ration mcore/mpr0;.=10/11 to the reaction
energy at the reaction instant. Thus, a reaction energy spectrum is obtained and transformed
in an excitation function. The procedure has been carefully tested on Monte Carlo simulated
events [1, 3]. The cross sections results are plotted in Fig. 1(a). The fall of the experimental
dissociation cross section around the incident energy is due to the deviation of core energy from
the mentioned mean energy and gives access to the longitudinal momentum distribution of the
core. A width of FWHM=40.5£1.5 MeV/c has been extracted for dissociation.

The longitudinal momentum distribution for stripping is determined form the energy of
the core-fragment after the reaction detector. Such a spectrum is plotted in Fig. 1(b) for
stripping in the third detector. The neutron measurements, after geometrical and intrinsic
efficiency corrections, reveal that the about 50% of the '°Be present in the left side tail of
the distribution have an accompanying neutron with a velocity close to that of the projectile.
We conclude that for these events the core energy is dumped in the collision with the target
and some light charged particles are emitted that account for the extra energy loss in the
reaction detector. The core nucleus survives, while the neutron could be or not absorbed in
target. The new breakup mechanism was called dumped collision breakup. The contribution
of this mechanism is drawn in Fig. 1(b). Its shape is given by the distribution of neutron
coincident events. After subtraction, the distribution remains simetric and the deduced width
of longitudinal momentum distribution is FWHM=4442 MeV/c..

The two-neutron breakup cross section of 'Be and the charge-changing cross section for
both 'Be and °Be have also been measured. A total reaction cross section of 2.1740.07 b
was then estimated for !'Be at 30 MeV /nucleon. Angular and energy distributions of neutrons
coincident with various reaction channels have been obtained, too.

An extended version of the Glauber model has been used to interpret these data. Special
emphasis been put on the role played by the halo wave function in the integrated cross sections
and momentum distributions. It has been shown that cross section can be expressed as an
integral over the impact parameter of a distortion kernel and the halo valence density. The
distortion kernel selects localization probabilities in the asymptotic region in a similar way as
the Hiifner-Nemes model [4].

The same kernels enter momentum distributions for both mechanisms. Similarly, distortion
kernels select only surface momentum components in the Wigner transform of the halo wave
function. These features show that breakup reactions are surface peaked reactions and can be
also used for astrophysical purposes.
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The ®He nucleus is now currently used as one of the benchmark nuclei to study
the halo phenomenon and 3-body correlations [1], especially because the a-core can
very well be represented as inert. However, in order to have a complete and detailed
description of the ®He wave function, the question arises whether the only contribu-
tions are the cigar and di-neutron configurations, where only *He and 2-n clusters
intervene, or if some t+t clustering is also present.

In the case of 6Li nucleus, it was shown that it was possible to have considerable
a+d and 3He+t clustering at the same time, and the importance of both configura-
tions was studied by analysing angular distributions of the ®Li(p,3He)*He reactions
[2]. Following the same ideas, we measured recently at GANIL the complete angular
distribution for the *He(p,®H)*He with the SPEG spectrometer and the MUST array,
with a special emphasis on the most forward and backward angles which could not be
measured in a previous experiment performed at JINR Dubna [3]. The figure presents
the experimental set-up used in the present experiment : from right to left, two drift
chambers used as beam tracking detectors, the target ladder, and the MUST array
divided in two blocks at two symmetric positions around the entrance slits of SPEG.
The data are presently under analysis.

Target Beam detectors

8i-Si(Li)-Csl device

Figure 1: Experimental set-up in the SPEG reaction chamber
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Motivations. The weak binding of light neutron-rich nuclei leads to “exotic” features
such as halos [1, 2]. Nuclei such as ®He exhibit much larger sizes than expected based on
the short-range properties of the strong interaction. The halo is a direct consequence of
the weak binding energies of the valence nucleons (Ss, {®He} = 975 keV), which allows the
wave functions to extend far from the core potential. The nucleus ®He is the prototypical
example of a two-neutron halo.

Another important effect of the weak binding is that the particle threshold for these
nuclei is close to their ground state, which favours couplings to the continuum during
their interaction with a target. For these nuclei one must take into account the interaction
potential term due to transitions going to the excited states and then back to the ground
state [3]. However its precise calculation requires the knowledge of the spectroscopy of
the nucleus and also the knowledge of low-lying resonant states and couplings to the
continuum. This term is called “polarization potential”. It includes the couplings to
the continuum. Our aim in the analysis of the elastic scattering is to know whether the
weak binding of exotic nuclei should appreciably enhance the polarization potential and
to determine a general form of this potential. We also wanted to know whether models
and effective NN interactions in general well adapted to calculate the nucleus-nucleus
interaction for stable nuclei, should be equally valid in the case of light exotic nuclei with
a small neutron separation energy. Thus, to study the effect of this weak binding on
the interaction potential between a light exotic nucleus and a target, we have measured
cross sections for the elastic scattering of the neutron-rich nucleus ®He on '2C and proton
targets at low energy at GANIL.

Experimental set-up. The sécondary beam of ®He was produced at an energy of E/A
= 38.3 MeV with an intensity of 10° particles/s, by fragmentation of a 75 MeV /nucleon
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primary !'3C-beam on a carbon production target located between the two supercon-
ducting solenoids of the SISSI device. Cross sections for the elastic scattering of ®He on a
polypropylene target were measured with the high resolution spectrometer SPEG [4]. The
polypropylene target contains both hydrogen and carbon nuclei allowing a simultaneous
measurement of the cross sections on '?C and protons. The energy resolution %E =10"3
of the SPEG allows the measurement of elastic scattering angular distributions of light
nuclei without the contaminations from target excitations. The angular resolution is of
the order of 0.5° in the laboratory sytem.

Analysis of the elastic scattering on protons. Nucleus-nucleon elastic scattering
can be described using the complex microscopic potential JLM [5] which only depends on
the scattering energy and on the neutron and proton densities of the nucleus. The poten-
tial is deduced from calculations in infinite symmetric nuclear matter with the Brueckner
" matrix including the Reid hard-core nucleon-nucleon interaction. For nucleon energies
up to 160 MeV, the nucleus-nucleon potential is obtained by applying the local density
approximation. In the case of stable nuclei, it reproduces successfully a large range of
proton and neutron elastic scattering angular distributions [6]. For light nuclei, it was
demonstrated [7] that the JLM potential could reproduce the data by renormalizing the
imaginary potential (Aw ~ 0.8) and without any renormalization of the real part (Ay=1).
This prescription will be referred to below as the “standard JLM”. The elastic data for
SHe + p are analyzed using the JLM potential, and presented in Fig. 1. In a three-body
model [8], ®Ile can be described as a tightly bound alpha particle plus two valence neu-
trons. The ®Ie density used in the JLM calculation was a three-body density with a -
matter root mean squarce (rms) radius of 2.55 fm, which is close to the value obtained in
the three-body model analysis [9] of the clastic scattering of °He by protons at intermedi-
ate energies, 700 MeV /nucleon {10]. The angular distributions of ®He on proton are better
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Figure 1: Ezperimental cross sections for the elastic scattering of *He + p at E/A = 38.3
MeV compared to calculations using the JLM potential. The full circles correspona to the
present data. The open circles are the data measured at 41.6 MeV/nucleon in a previous
ezperiment [13]. Full line (respectively dotted line) corresponds to calculations in which

the real part (imaginary) was renormalized. The dashed line corresponds to the standard

JLM potential. .
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reproduced when the real part of the JLM potential is reduced [11, 12], as seen in Fig. 1.
We have applied this method successfully [12] to other data for ®He on proton, measured
at Riken [14] at E/A = 71 MeV and at Dubna [15] at E/A = 25 MeV. The origin of
this effect was discussed in Ref. [3] and may be explained within the theory developed by
Feshbach [16]. According to this theory, the interaction potential should be written as
U =V + Upo where V is the usual real potential and U, is the dynamical polarization
potential (DPP). V can be seen as the folding potential or the elastic potential described
by microscopic or phenomenological models. It includes only the interaction between the
projectile and the target ground states. U,y is complex, non-local and energy-deperndent,
it arises from couplings to inelastic channels. With U,, = Vo + tWpa, the total optical
potential can be written as U = V + V,,; 4+ iW with W including W,,. For well-bound
nuclei, the probability to excite during the elastic scattering is weak, and the main fon—
tribution is imaginary, represented by the usual phenomenological imaginary part W.
For weakly-bound nuclei, the enhancement of the coupling to the continuum leads’'to a
greater influence of U,, and then to the reduction of the real part of the nuclear poten-
tial. It corresponds to the observed effect in the ®He+p scattering, analyzed with the
JLM potential as shown in Fig. 1. A complex surface potential, with a repulsive real
part, is expected to simulate the surface effects generated by the polarization potential
[17]. As in Ref. [18] we have adopted a repulsive surface potential without a radius. It
reduces the real part of the interaction potential. In the analysis described in Ref. [12],
we have adopted for simplicity the CH89 optical potential parametrization [19] and the
DPP U,, is added to the CH89 potential for the SHe-+p reaction at 38.3 .\Ifé?\{»"'/nucleon.
The elastic cross sections are then calculated with the ECIS97 code [20]. The result for
the °He + p system is given in Fig. 2. As for the JLAL the ('HSY potential alone does
not allow the data below 40° (dashed line) to be reproduced. But if we take into account
the effects generated by the polarization potential, and use the DPP, the *He + p data
are well reproduced (solid line). With the same method, either a renormalization of the
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Figure 2: Experimental cross sections of elastic scattering for € He + p at E/A = 38.3
MeV (circles) compared to calculations described in the text.

JLM potential or a similar shape for the DPP as for ®He + p, a set of da’b?i_fo’r the elastic
scattering of ®He on protons [14] have then been successfully reproduced {11, 12]. Similar
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effects are observed when analyzing the %!'Be +p data [11].

Nucleus-nucleus potential for the elastic scattering on carbon. The energy
resolution was good enough to separate the elastic scattering from inelastic contributions.
The real part of the potential of interaction between the exotic projectile and target was
calculated within the framework of the folding model [21], by double folding over the
effective NN interaction and over the matter density distributions of the projectile and
of the target. The '?C matter density is deduced from electron scattering measurements.
The imaginary part is assumed to be a Woods-Saxon potential with three free parame-
ters, as done in Ref. [21]. New density-dependent interactions were recently developed
and applied successfully [22] to nucleus-nucleus systems for which the elastic scattering
presented strong refractive patterns, as for instance, in the case of @ + nucleus. The NN
interaction we use is one of these interactions, namely the CDM3Y6 interaction. Starting
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Figure 3: Cross sections for the elastic scattering of *He + '2C at E/A = 38.3 MeV
compared to calculations using the folded potential (CDM3Y6-Paris). The solid curve is
obtained by adding a complex surface potential simulating the DPP.

from the imaginary part deduced from the analysis of Alpha elastic scattering on carbon
[11], an imaginary potential W for ®He on '2C is obtained, together with the real part
of the polarization potential V,,, without renormalizing the real part of the potential.
Vpot 1s of the same type as the polarization potential, deduced through the analysis of the
scattering on protons.

In Fig.3, data are compared to calculations using the CDM3Y®6 interaction, with and
without the DPP. With the imaginary part W (W; = 20 MeV, r; = 1.13 fm and a; =0.63
fm) and the DPP V,,;, the agreement with the data is satisfactory.

Conclusions. By taking into account the polarization potential, either with the
surface DPP potential or the normalization of the real part of the nuclear potential, we
have reproduced successfully the elastic scattering data for ®He on proton.

For the nucleus-nucleus interaction, we have shown that with a density-dependent NN
interaction like CDM3Y6 the folding model, together with a complex surface potential
simulating the DPP, can describe the elastic scattering of a weakly bound nucleus like

He on a !?C target.
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The obtained features for the polarization potential are in agreement with the theoretical
work made by Y. Sakuragi [23] for the elastic scattering of the stable weakly bound nucleus
6Li. He showed that the coupling to the continuum produces a surface reduction of the
usual elastic potential. Here, we have shown that it is a more general effect, and proved
that the weak binding energy of an exotic nucleus involves an increase of the coupling
probabilities to the continuum, which leads to a decrease of the elastic real potential.
This effect must be taken into account in the study of reaction mechanisms at low energy

(E/A < 100 MeV).
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The two neutrons in the halo of °He, !'Li and *Be
are a unique example of how the n-n interaction may
lead to the particle stability of a nucleus, in which
the core-n and n-n subsytems are unbound. The dis-
sociation of these three nuclei by a Pb target into
core+n+n has been measured at GANIL with the
neutron (DEMON) and charged particle (CHARISSA)
detector arrays [1]. :

The technique of intensity interferometry, widely ex-
ploited in nuclear and particle physics, measures dis-
tances —in the frn range— between particles through
the investigation of their correlations in momentum
space. The rejection of neutron cross-talk [2] allowed
us to apply this technique to the n-n data and there-
fore use DEMON as a “femtometer” of the halo [3].

The idea behind interferometry is that the differen-
tial cross-section measured corresponds to the phase
space available to the particle pair modified by the in-
teraction in the final state*. By mixing particles from
different events one extracts the phase-space contribu-
tion, and then the ratio of measured-to-mixed distri-
butions, the correlation function, isolates the effects of
the interaction.

The correlation functions measured where compared
to an analytical formalism depending on three para-
meters: the n-n scattering length and effective range,
known, and the average n-n distance [3]. The values
extracted for the three systems, r"'* ~ 6 fm, appear
to preclude any strong dineutron component in the
halo wave function at breakup.

The same analysis was applied to breakup of !'Li
and 'Be on a C target, and somewhat larger sep-
rms ~ 8 fm, were obtained. As core-n
FSI/resonances in the exit channel would delay the
emission of one of the neutrons, a three-body analysis
was introduced [4] through the combination of n-n in-
terferometry and Dalitz plots, which are extensively
used in particle physics for the search of resonances in
three-particle decays.

arations, 7

*Also by quantum statistics for identical particles.
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The results indicate that the n-n interaction dom-
inates dissociation by Pb, while in dissociation by C
the n-n interaction effects decrease at the same time
that core-n resonances appear. This new technique al-
lows us to determine not only the n-n distance in the
halo, but also the energy of the core-n resonances and
the delay they introduce in the emission of the second
neutron (their lifetime) [4].

These techniques have been recently applied to a
spontaneous process in which two neutrons are emit-
ted, the “n-n radioactivity” of !'Li [5]. Preliminary
results suggest that the decay into °Be+n-+n proceeds
through excited states in !!Be, and that the neutron
pair is emitted simultaneously.
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Proton elastic scattering and inelastic scattering to the first excited state of *He have been measured
over a wide angular range using a 40.94 MeV ®He beam. The data have been analyzed with a fully
microscopic model of proton-nucleus scattering using *He wave functions generated from large space shell
model calculations. The inelastic scattering data show a remarkable sensitivity to the halo structure of
5He.

It is well known that neutron rich weakly bound light nuclei have abnormally large radii [1]. Consider-
able experimental and theoretical efforts have been devoted to the understanding of the structure of these
so-called halo nuclei [2,3]. However, due to the low intensities of the available exotic beams, it is only
recently that inelastic scattering and transfer reactions on light particles, which are among the best tools
to probe deeply the structure of nuclei, could be undertaken under good conditions. Experimentally, the
Borromean ®He nucleus is a very good candidate for this kind of study since the first excited state is the
2% state at 1.87 MeV [4]. To study the microscopic structure of °He we measured elastic and inelastic
scattering of ®He from protons by making use of a new large acceptance detector array MUST [5].

The experiment was performed at the GANIL facility with a 40.94 MeV ®He radioactive ion beam
produced by fragmentation of a primary 754 MeV 3C beam on a 8.45 mm thick C target. The secondary
beam was purified with a 0.9 mm thick Al degrader. The beam intensity on the polypropylene (CH;)s
reaction target was 10° particles per second with a 2% total contamination of 8Li and Be. As the
beam spot on the target covered  cm? with a maximum angular divergence of 1°, two X and Y position
sensitive detectors, CATS [6], were placed at 155 cm and 27 cm in front of the target as illustrated in
Fig. 1.

3> Sh-atrip
desectors

SILS detectors

Flastic wall

FIG. 1. The experimental set up.
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The recoiling protons were detected in MUST [5], an array of 8 three-stage telescopes 6 cmi x 6 cm each.
The first stages consist in double-sided Si-strip detectors (300 gm). They were placed at 15 cm from
the target and covered the angular range between 46 and 90° in the laboratory frame. At this distance,
the 1 mm wide strips result in an angular resolution of 0.4° in both X and Y directions. Protons of less
than 6 MeV were stopped in these detectors and were identified down to 0.5 MeV by measurement of
energy versus time of flight (E-TOF). The start of the TOF measurement was given by the passage of the
incident particle in one CATS tracking detector and the overall time resolution was 1.2 ns. Protons in the
energy range of 6 to 25 MeV were stopped in the second SiLi stage (3 mm) of the telescopes while those
in the energy range from 25 to 70 MeV were stopped in the third CsI stage (15 mm). They were identified
by the AE — E method. The ejectile was detected in coincidence with the recoiling proton to suppress
the protons emitted from excited nuclei produced in central collisions of ®He on the carbon contained in
the target. The coincidence allowed also suppression of protons coming from reactions induced by the
beam contaminants on the target. The ejectile was detected in a plastic wall, 50 cm x 50 cm situated at
75 cm behind the target. The large angular coverage of the wall was imposed by the in flight decay of ®He
(*He — a + 2n) that occurs for excitation energies higher than the 2n separation energy of 0.9 MeV [4].
Identification and counting of the beam particles were achieved in a plastic scintillator with a diameter
of 2.8 cm and centered at zero degrees.

To measure angular distributions down to 10° in the center of mass (85° in the laboratory) where
the energy of the recoiling protons decreases down to 0.5 MeV, h48 mg/cm? thick polypropylene target
{density, 0.896 g/cm®) was used. Good statistics at larger angles was obtained by using a 8.25 mg/cm?
thick target. Elastic {respectively inelastic) events were extracted by.requiring that a proton be detected
in coincidence with a ®He (respectively alpha particle). The background under the 2% peak was estimated
for each bin of 2° in the laboratory. It represents between 10% and 30% of the peak depending on the
angle. The uncertainty on this value stands at +5% for all angles. Elastic and 2% state contributions were
“extracted for each 1° bin in the laboratory frame and normalized with the acceptance of the detection
system, the target thickness (5% uncertainty) and the number of incident ®He (£3% uncertainty).

Angular distributions in the center of mass are presented in Fig. 2. The error bars given for elastic

. .
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FIG. 2. Differential cross sections for the (a) elastic and (b) inelastic scattering to the of 2% state at 1.87 MeV
of ®He from hydrogen at 40.94 MeV. The present data (circles) are compared to the results of Lhc calculations
assuming no halo (dashed line) and halo (solid line) conditions.

scattering are purely statistical whereas the error bars quoted for the inelastic scattering include, in
addition, the error due to the background subtraction.

Calculations for the elastic proton scattering data were made using a fully ricroscopic modei of the
optical potential [7]. In this model, the potential is obtained in coordinate space by folding a complex
energy- and density-dependent effective nucleon-nucleon (N N) interaction with the one-body density-
matrix elements (OBDME) and single particle bound states of the target generated by shell model
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calculations. Calculations of the transition amplitudes for the inelastic scattering have been done within
the distorted wave approximation (DWA). The same effective N N interaction and shell model calculations
used to make the g folding optical potential have been respectively used for the transition operator and
the transition OBDME. The validity of the 40 MeV effective interaction has been verified by calculations
of cross sections and analyzing powers of proton elastic scattering for different stable nuclei [9].

For the structure of °He we used the complete 6fiw wave functions of ref [10] or the complete 45w
wave functions of ref [11] to specify the relevant ground state and 0t — 2% transition OBDME for ®He.
However, in both models the binding energy of the last neutron is larger than the experimental separation
energy 1.87 MeV [4]. That would indicate that the size of the model spaces used is still too small to give
the correct asymptotic behavior of the neutron density. i

The p—®He g folding optical potential made with the shell model prescribed HO functions is almost
~ phase shift equivalent to that obtained using WS functions which allow to fit electron scattering for form
factor of ®Li [8]. This led us to use these WS functions but in order to specify the neutron halo in *He we
changed the bound state WS potential so that the Op-shell binding energy became 2 MeV which is close
to the single neutron separation energy. The optical potential obtained using these adjusted WS single
particle wave functions leads to the cross section hereafter designated as halo. Hence, the use of the HO
single particle wave functions given by either shell model leads to the cross section that we designated as
no. halo.

~ The elastic scattering data [12] are compared in Fig. 2(a) to the halo (solid line) and no halo (dashed
line) calculations. The two calculations are very similar up to 60° and notably differ at larger angles. The
agreement of the calculations with the data is very good up to 60°. The few data beyond these angles
are better reproduced by the halo description but it is clear that data at larger momentum transfers are
required to use elastic scattering as a probe of the halo structure of $He.

The very good agreement obtained with the elastic scattering data is essential since it validates the g
folding optical potential used to define the distorted waves in the DWA analysis of the inelastic scattering
leading to the 2%;T = 1 state. Halo (solid line) and no halo (dashed line) calculated cross sections for
the 2% state are presented in Fig. 2(b). Contrary to the elastic scattering, the sensitivity to the halo is
important over the entire angular domain. The data [12] are very well reproduced by the halo calculation.
The validity of the models used to predict the present data is corroborated by the very good agreement
for the reaction cross section obtained between the halo result of the 4Aw model (353 mb and 406 mb for
the no-halo and halo cases, respectively) and the experimental value (409 4 22 mb [13]).

The sensitivity of the inelastic scattering data to the structure of ®He and the success of the coordinate
space scattering theories, based upon effective NN interactions used successfully in analyses of proton
scattering from stable nuclei, open large perspectives for the study of the microscopic structure of exotic
systems.:
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The correlations within the n-n halo, introduced in
the preceeding contribution, were also investigated by
an independent probe, radiative capture of protons.
Owing to the lower cross-section of capture, only the
Borromean system lying closer to stability, ®He, was
studied. The photon emitted in the collision of a He
beam at 40 MeV /N with a liquid Hydrogen target was
measured with the “Chateau de Cristal” BaF, array
[1,2].
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A previous investigation of coherent bremsstrahlung
production in the reaction a(p,y) demonstrated that
the high-energy photon spectrum was dominated by
capture to form °Li [3]. Such results motivated the
extension of this technique to study ®He. Given a
proton wavelength of 0.7 fm at 40 MeV, it could be
possible to observe direct capture, as a quasi-free pro-
cess, on the constituents of ®He in addition to capture
into 7Li.

Moreover, the different quasi-free capture processes
should lead to different E, in the range 20-40 MeV;,
importantly, the photon is not affected by FSI. The
74 BaF, of the Chateau were used for the first time to
measure such high-energy photons.

Events were observed corresponding to capture on
5He, the °He cluster, the a core and one halo neut-
ron. The absence of capture on the dineutron sub-
system suggests that the dominant configuration is a-
n-n in which the n-n separation is relatively large, in
agreement with the interferometry measurements un-

dertaken with DEMON.
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Reaction cross sections are of fundamental interest in nuclear physics, since they
provide a measurement of the size of the nucleus. They are an effective tool for
revealing unusual features in nuclei such as extended halo or neutron skins. They
also complement elastic scattering data to obtain information on the nuclear inter-
action potential. Indeed, absorbing processes affect the elastic scattering angular
distributions, therefore reaction cross sections can place restrictions on the amount
of absorption, as represented by the imaginary potential.

In order to get a better understanding of the potential for neutron rich nuclei,
reaction cross sections were measured for some stable and neutron rich nuclei( **He,
7-9Li, °~11Be, 21-24F, 22-26Ne 25-29Na and 2°73?Mg) via the transmission method
at intermediate energies (~ 34-76 A MeV) and using a cryogenic hydrogen target. For
the stable nuclei “He, “Li and ?Be, only one single data point existed previously for
Be in the energy range between 48 and 100 MeV. The experimental values obtained
in the present work therefore fill this gap and are in good agreement with the general
trend observed at lower and higher energy.

The data were compared to values calculated with either global phenomenological
parametrizations [1-3] or the microscopic JLM approach [4], using different types of
density distributions [5-7]. The value measured for ®He can be reproduced within the
JLM approach with normalization factors very close to the standard values for the
isoscalar part of the potential, provided that a normalization of 1.4 was applied to
the isovector part, thus confirming the weakness of the isovector potential in the JLM
approach [8]. It should be noted that a simultaneous analysis of elastic scattering and
charge exchange angular distributions with the present reaction cross section data
for ®He showed that the three data sets could be adequately reproduced with these
normalization factors [9]. A significant increase of the imaginary part of the potential
was necessary in order to reproduce the p+!!Be reaction cross section.
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For the heavier nuclei studied in the present work, the values calculated with
the CH89 parametrization of the optical potential systematically overestimated the
data, while the GLOBAL parametrization yielded very satisfactory results (see Fig.1).
Two types of calculations were performed within the JLM approach. The results
obtained within the original approach with standard normalization factors were in
rather good overall agreement with the data, while the values obtained within the
modified approach significantly overestimated the experimental results, due to the
larger strength of the imaginary potential. It should be mentioned that the modified
JLM approach produced results in much better agreement with the present data when
the imaginary normalization factor A, =0.8 was used. This result is an indication that
the imaginary potential deduced from data for nuclei in the mass range A>40 cannot
be directly extrapolated to the lighter nuclei considered in the present work, maybe
due to local effects of the LDA approximation.
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Figure 1: Experimental reaction cross sections for F, Ne, Na and Mg isotopes com-
pared to calculated values obtained with the CH89 and GLOBAL optical potentials
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The nuclei %!1C, like the other carbon isotopes described in the theory of the Antisym-
metrized Molecular Dynamics (AMD) [1] are expected to have a proton density with an
oblate deformation. Interesting phenomena can be seen along the carbon isotopic chain,
from proton-drip line (8C) to neutron-drip line (*2C) : the neutron density is more and
more diffuse as the neutron number is increasing, and neutron halo features are expected,
associated to the loosely bound nuclei, such as !719:22C,

In the case of 1!!'C, we want to know whether these nuclei have neutron densities dif-
ferently deformed from the proton densities. The aim of the "' C(p,p’) experiment was
to obtain structure information for these two neutron-deficient radioactive nuclei and to
compare data to calculations performed with different models, predicting the ground state
and transition densities. The spectroscopy of 1®*'C is known and also the B(E2,2t — 0t)
value for °C [2]. By (p,p’) we probe the structure and we can test the prediction of
models (either cluster or mean field models) for the densities. The nucleus-nucleon inter-
action for the elastic scattering on protons is calculated using the microscopic, complex
and parameter-free JLM potential [3]. The JLM potential is used to perform the DWBA
calculations leading to the inelastic (p,p’) cross sections. These calculated cross sections
are sensitive to the M, /M, factor, which is the ratio of the radial moments of the transi-

tion densities, M, ,, = fdrrl“p;’;n.

We liave measured at GANIL, with the MUST telescopes, elastic scattering and inelas-
tic scattering transitious to the first excited states, below the proton separation threshold,
for the nuclei '®!1C. Inelastic scattering on proton, to the first excited state (2 at 3.35
MeV), for 1°C, were measured at Ej,;, = 45.3 MeV /nucleon (for ' C, at 40.6 MeV /nucleon).
For (p,p’) reactions, the experimental apparatus MUST [4], an array of three-stage tele-
scopes (a set of Si-strips, Sili and Csl telescopes) specifically designed to detect recoiling
light charged particles, is used to measure angular distributions for elastic and inelastic
scattering of radioactive beams on proton. The MUST detector has detected the recoil
proton in coincidence with a plastic scintillator measuring the heavy nucleus focused at
forward angle. The '9!!1C secondary beams were produced successively by fragmentation
of a 95 A.MeV '2C beam on a thick '*C target located in the SISSI device. The profile
of the incident beam was given by two multi-wire chambers (CATS), developed by the
DAPNIA/SED. We fully reconstructed the kinematics of the (p,p’). In Fig. 1, the elastic
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Figure 1: Experimental cross sections of the p(}°C,p’) elastic (left part) and inelastic
scattering (right part) for the 2% state (E; = 3.35 MeV). The curves are calculated with
the JLM potential. Details are in the text.

scattering results for °C are compared to the calculations using neutron and proton den-
sities given within the HF + BCS framework. A good description is obtained with the
HF densities, and with a renormalization of the real part of JLM by a factor 0.9 (left part
of Fig. 1). This factor is then applied in the inelastic scattering analysis. Our analysis -
of the '°C(p,p’) data using the JLM model is consistent with an extended matter root
mean square (rms) radius (2.45 £ 0.1 fm) of this nucleus which is greater than the value
obtained for *C (rms = 2.3 fm [5]).

But neither the AMD transition densities [1] or the HF+ QRPA incorporated in our
JLM calculations allow to reproduce the inelastic (p,p’) data. In the right part of Fig. 1,
we show three calculations : one taking the AMD densities of the mirror nucleus (*°Be)
and using mirror symmetry (solid line), the other (dotted line) with a M, /M, factor equal
to N/Z and the last one with the AMD proton transition density and a value for the M,
moment adjusted on the data. Moreover, our data, analyzed using JLM and a Tassie
model {6], indicate a value for the M, integral of 5.67 & 1.24 fm?. Further studies of the
transition densities of these neutron deficient nuclei are in progress, which will help in
determining il the cluster structure is relevant for the ground and excited states of >!1C,

References

[1] Y. Kanada-En’yo and H. Horiuchi, Phys. Rev. C 55, 2860 (1997).

[2] P.Raghavan, At. Data Nucl. Data Tables 42, 189 (1989).

[3] J.P. Jeukenne, A.Lejeune and C.Mahaux, Phys. Rev. C 16, 80 (1977).
[4] The MUST collaboration, NIM A 421 (1999) 471-491.

[5] Atomic Data and Nuclear Data Tables, Vol. 39, No. 2, July 1988.

[6] G.R. Satchler, Direct Nuclear Reactions, CLARENDON PRESS, Oxford University
Press 1983.
-39



Elastic and inelastic proton scattering from the unstable 3°S and 3¢Ar
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Proton scattering experiments at an energy of few tens of MeV were recently
performed on the neutron-rich unstable isotopes 384°S [1] and *>%4Ar [2]. Through
comparison with Coulomb excitation measurements, phenomena such as the be-
havior of the N=20 and N=28 shell closures far from stability, neutron skins and
the isoscalar/isovector character of low-lying collective excitations can be studied.
For instance the neutron-rich S nucleus appeared to have a strong neutron contri-
bution to its 27 excitation. In order to complete the study of these isotopic chains,
the measurement of proton scattering from the proton-rich nuclei 3°S and 34Ar was
undertaken.

Direct reactions on unstable nuclei are performed in inverse kinematics, where a
secondary beam of the radioactive nucleus of interest bombards a target containing
the light particles. Here the secondary beams of 3°S and 3*Ar were produced by
fragmentation of a 95 MeV /A %Ar primary beam with an intensity of 2 euA on
a 12C target. The beams were purified by traversing a plastic degrader placed
in the dispersive plane of the a spectrometer. The final intensities on target of
the 53 MeV/A 3°S and 47 MeV/A 3*Ar beams were 15x10* and 13x10* pps and
the purities were 10% and 94% respectively. Due to the large emittance of these
secondary beams, the incident nuclei were tracked event-by-event using two low
pressure multiwire proportional chambers (CATS) [3] located 1.5 m and 0.3 m
upstream from the target. The secondary beams impinged on a 2.7 mg/cm? (C H,),,
target. In order to select the elastic and inelastic reaction channels and reject
beam impurities the scattered heavy nuclei were momentum analyzed by using the
SPEG spectrometer and identified by energy loss and time-of-flight measurements.
. To gain access to the excitation energy and the scattering angle characterizing the
reaction, the energy and angle of the recoiling protons were measured using the
MUST array [4].consisting of eight silicon-strip detectors, placed at 20 cm from the
target, backed by Si(Li) diodes and CsI crystals. The doubled-sided silicon strip



detectors were 300 um thick with 60 strips 1 mm wide on each side providing for
localization in X and Y. The telescopes covered laboratory angles between 54° and
87°.

The extracted elastic, 2f (and 3] in the case of 3*Ar) angular distributions are
shown on figure Fig.1. The dotted lines correspond to CCBA calculations using
the Becchetti-Greenlees potential and allow to extract the multipolar deformation
parameters : 3, = 0.32(3) for *S and B2 = 0.27(2), B3 = 0.39(3) for 3*Ar. In order
to perform a microscopic analysis of the data, we have employed self-consistent
HF+BCS and QRPA microscopic models with Skyrme effective interactions, de-
scribed in ref. [5]. The results shown here have been obtained using the SGII
parameterization. In order to calculate angular distributions, complex optical and
transition potentials were obtained by injecting the calculated ground state and
transition densities into the Jeukenne, Lejeune and Mahaux (JLM) density depen-
dent optical potential. Calculated angular distributions for the ground and excited
states are shown by the solid lines in Fig.1. The agreement is very good, for the
elastic and 2§ states. The magnitude of the 37 angular distribution is slightly un-
derestimated by the calculations. The calculated densities are thus well suited to
analyze the microscopic properties of these nuclei. For both nuclei the proton and
neutron densities are similar, excluding the presence of a proton skin, in contrast
to the neutron-rich nuclei. The ratio of the multipole transition matrix elements
M,./M,, indicates that the 2{ excitation are isoscalar for both nuclei.
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FIGURE 1. Left : 53 MeV/A (p,p’) *S elastic and inelastic angular distributions for the 2]
state. The dotted lines correspond to CCBA calculations using the Becchetti-Greenlees potential
and the solid lines correspond to DWBA calculations using the JLM interaction folded with
ground state and transition densities obtained with HF+BCS and QRIPA models. Right : same
for 47 MeV /A 3 Ar elastic and inelastic angular distributions for the 2] and the 3] states
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The study of nuclei produced in their isomeric states is one of the important tools in order to
investigate the nuclear structure in fragments close as well as far from the projectile. It might be
also employed to obtain information about the role of different reaction mechanisms in population
of excited states. A better understanding of the fragmentation-like reaction mechanism and, in
particular, of the transfer of angular momentum can be achieved by measuring the isomeric ratio
F (vumber of fragments produced in the isomeric state divided by the total number of fragments
for a given A and Z) as a function of the velocity of the outgoing fragment, which for peripheral
reactions, to some extend, is related to the impact parameter. ‘

The isomeric ratio F observed in fragmentation-like reactions varies from several to almost
100% [1, 2, 3]. In particular, the population of the Yrast and non-Yrast isomeric states has been
observed to be significantly different, which reflects a complicated interplay between the structure
of the produced isomer and the reaction mechanism involved.

2Te¢ (+1p,-1n) **Mo (-2n) 8°Rb (-5p,-7n)

[ @ 424 [ (© o 36+

Isomeric ratio F (%) Production yield (pps)

TTY T ULE LIS R A UL R
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Figure 1: Yields (top) and isomeric ratios (bottom) for several isomers measured as a function
of the ratio of the fragment velocity v over the beam velocity v squared. Solid lines represent
the calculated yield spectra (top) and the feeding of states with the spin greater (or lower for the
92T¢) than the one of the isomer (bottom).

Isomeric ratios and momentum distributions of nuclei produced in the fragmentation of a
60AMeV °2Mo beam on a thin 27Al target have been studied in detail [4]. A strong dependence of
the isomeric ratio on the structure of the isomer and on the reaction mechanism has been observed
for the first time at intermediate energies. In the present work the isomeric ratio was measured
for a large range of fragments as well as close as far from the projectile. This in turn allowed to
study the angular momentum as a function of the number of transferred nucleons.
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In this study, it has been observed that the isomeric ratio strongly depends on the fragment
momentum distribution. As shown in figure 1 the measured distribution F(v) reaches its minimum
(if Jisom. > Jg) or maximum (if Jiyom. < Jy¢) value at the beam velocity. The F(v) distribution
becomes almost flat for fragments far from the projectile (3°Rb). These results have been qual-
itatively reproduced in the framework of a simple model of nuciear fragmentation [4, 5, 6, 7].
Calculations using the kinematical fragmentation model {4, 5, 6] are presented in solid lines in
figure 1. A strong correlation between the angular and linear momentum transfer in peripheral
collision is indicated.

The results obtained in the present work have demonstrated the strong dependence of the
isomeric states population in intermediate energy fragmentation reaction on the initial angular
momentum transfer as well as on the nuclear structure of the final fragment.
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We report on the measurement of the initial spin orientation of 2B, 13B and

4B produced in a fragmentation reaction of 2O on a Be target. To perform
this experiment we have used the S-LMR method, which is a unique tool sen-
sitive to both the spin polarization and the spin alignment [1]. Understanding
the spin-orientation process is the key to allow studies of nuclear moments of
nuclear states far from stability.
The aim of the study is to understand the change in the spin alignment as a
function of the abraded nucleons in the fragmentation reaction. We have chosen
a series of Boron isotopes of which the magnetic moment and the quadrupole
interaction in a Mg single crystal are known. Consequently the magnetic field
value where the resonances occur are known, so the nuclear spin orientation
can be monitored. The spin alignment as well as the spin polarization can be
deduced from the change in amplitude of the resonances by inverting the direc-
tion of the field [1].
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Figure 1: LMR of 1?BMg for negative and positive magnetic fields.



A qualitative model assumes that the spin orientation is changing as a functiou
of the momentum selection in the spectrometer {2, 3, 4]. To have an experimen-
tal proof of this signal in case of an aligned fragment beam, we have measured
the spin alignment of the 12B fragment for 5 different momentum selections.
Figure 1 shows an online result of a spin alignment measurement of !?B in onc of
the momentum selections. At negative field values a resonance with a positive
amplitude and at positive field values with a negative amplitude is measured.
The inverting sign of the -resonance is a signal of spin alignment [1]. If the
amplitude of the positive and negative resonance differ, also spin polarization
is present. The analysis is being done and the details of the experiment and
the final result will be published later.

This work has been supported by the Access to Large Scale Facility of the
EU under contract No. HPRICT199900019. D. Borremans is an assistent re-
searcher and G. Neyens is a post doctoral researcher of the Flemish Science
Foundation (FWO-Vlaanderen).
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A secondary spin-polarised beam has been produced for the first time at the GANIL facility ,
using the LISE3 spectrometer. The secondary beams of interest, 2’Na and 31 Al were coming from
the projectile fragmentation of a 3S beam at 77.5 AMeV onto a Be target.

The spin-polarisation of the produced fragments was detected by using the 3-NMR experi-
mental technique [1]. In order to have spin-polarisation, the primary beam has been tilted by an
angle of 2° with respect to the secondary beam direction. This method was successfully applied
for the first time by using the target located at the entrance of the LISE3 spectrometer. The
experimental spin-polarisation obtained for different cuts in the momentum distribution is pre-
sented in figure 1. This shows that the spin-polarisation still exists for fragments far from the
projectile (3°S — 2"Na), which opens new possibilities for investigations on the nuclear matter
close to the drip-lines. In order to derive the spin-orientation at the reaction place, the amount
of the experimentally detected spin-polarisation has to be corrected by geometrical and scattering
effects which might destroy this orientation. GEANT simulations on this aspect are in progress.
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Figure 1: Production yields (top) and experimentally detected spin-polarisation (bottom) of the
2"Na and 3!Al fragments. The solid lines correspond to the prediction of the kinematical frag-
mentation model. Note that the theoretical curves have been scaled by a factor of 1/12 and 1/60
for the 2’Na and 3! Al respectively.

Experimental results have been quantitatively reproduced in the framework of a kinematical

fragmentation model [2, 3, 4], using a spectator-participant picture with the position of the removed
‘participant’ part (the reaction angle 6) as a reaction parameter [3]. In the kinematical calculations
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which where performed within this model, the angular momentum J, which is transferred to the
prefragment in the projectile rest frame, is taken into account as:

J=Rxk

where R is the vector position of the abraded part and k its linear momentuin.

By considering the z-axis as the beam axis it is then possible to obtain the amount of spin-
polarisation P of the produced fragment as a function of the linear momentum. The spin-
polarisation along the axis perpendicular to the reaction plane is defined by the classical expression:

Jz

The dependence of the experimental spin-polarisation has been compared with calculations per-
formed within the framework of the kinematical fragmentation model (solid lines in figure 1). We
found that data were best reproduced for a reaction angle #=10° [3] and assuming one evaporated
nucleon per 2 abraded nucleons. By using this model, we are able to calculate qualitatively the
spin-polarisation of outgoing fragments. In turn, the predictive power of these calculations gives
the possibility to perform successful experiments with the aim to measure the spin, quadrupole
and magnetic moments of ground or isomeric states for nuclei far from the valley of stability.

This work have been supported by the European foundation Access to Research infrastructures
action of the Improving Human Potential Program under Contract No. HPRI-CT-1999-00019.
D.B. and G.N. acknowledges the FWO-V]aanderen Belgium fellowships.
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A program of experiments on the production and study of super-heavy nuclei has
been undertaken at Ganil, taking advantage of the powerful velocity filter LISE3 (crossed
magnetic and electric fields) and the very high intensity ECR Ion Sources.

A complete set-up has been built and tested (see figure). The main tool is the Wien
filter, divided in two identical halves, and its triplets of quadrupoles. It was designed
for the purification of exotic beams produced by the LISE magnetic device and several
modifications were found to be necessary for the production and transport of complete
fusion evaporation residues and the rejection of the primary beam :- a reaction chamber
was added just before LISE3, - the upper plate in the first half of the filter was moved up,
(the beam is thus deflected after this first half without hiting the plate and stopped on a
water-cooled plate) - two pairs of independently movable slits and a beam profiler were
installed at mid-filter. The suppression of unwanted products is improved by a dipole
magnet located after the velocity filter.

The reaction chamber contains a wheel bearing 35 targets on a diameter of 670 mm and
rotating at 2000 RPM, allowing targets with a low melting temperature (Pb, Bi) to sustain
intense beams (several particle-pA). The time structure of the beam is synchronized with
the rotation and a Si detector continuously monitors the status of each target. Smaller
rotating targets are used for targets having a higher melting temperature.

The velocity of each product is obtained with 2 aluminized mylar foils and micro-
channel plate detectors; its kinetic energy and localization are given by a X-Y Si implan-
tation detector (Imp). The energy of « particles and fission fragments escaping from Imp
is measured with a "tunnel” of 8 Si detectors. A Si veto detector is installed behind Imp
to reject light particles which might punch through it. In order to measure long half-lives,
when emission of « particles or fission fragment in the Imp is identified via electronics,
the beam is immediately stopped for a short while, during which Imp1 is moved out and
Imp2 comes in; then the beam is sent again. « particles escaping from Impl are then
detected by Facel. It is thus possible to study « emission or spontaneous fission on long
durations without any background. Specific electronics and data acquisition systems were
developped. A fast analysis program allows us to identify decays via a or spontaneaous
fission on line.

The transmission of fusion nuclei from the target position through the quadrupoles,
filter and final dipole was studied via a simulation code, ZGOUBI. The optics was checked
and the Wien filter was calibrated using low energy (0.25 MeV/u) ions. The response
of the whole set-up was checked via fusion reactions with known cross sections and «
decay chains: 204=2%Fr nuclei formed via 8Kr + ™*!Sb with cross sections of 10 to 300 ub,
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260,26156(106) nuclei formed via **Cr + 2%Pb with cross sections of 300-500 nb [1]. In this
last case, a transmission efficiency above 60 % and a suppression factor of the primary
beam of 2*10° were achieved.

Measurements were made on the system 36Kr-+2%Pb at 5.27 MeV/u for which long «
chains attributed to element 118 were observed {2]. With a total dose of 1.1x10'8 ious on
300 ug/cm? targets, no such event was observed, in agreement with the results of SHIP
[1].

A program based on cold fusion reactions will follow two_directions: - use of "®Ge or
823e projectiles in order to directly produce isotopes of Z=108-111 having two neutrons
more than isotopes directly produced with 2°Pb or 209Bi targets. - use of Pb and U pro-
jectiles in order to benefit from the advantages of inverse kinematics (gains in beam time
and efficiency, improved quality of data) and make detailed studies of the characteristics
of already observed isotopes and to produce new isotopes and new elements.

In the future, neutron-rich projectiles produced by SPIRAL will also be used.

[1} S. Hofmann and G. Miinzenberg, Rev. Mod. Phys. (2000)
(2] V. Ninov et al., Phys. Rev. Lett. 83 (1999) 1108
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Figure: Experimental set-up.
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An 22 Al beam (60 pps, 95 % purity) was produced in the E313 experiment using the LISE3
magnetic spectrometer and by the fragmentation of an 3¢ Ar primary ions at 95 MeV/nucleon.
The detection system was composed of three silicon detectors and a Ge clover detector in a
close geometry.

After implantation of the separated fragments in the downstream edge of the second silicon
detector, an energy spectrum in this detector of the 3-delayed charged particles was obtained
as shown in the figure 1, in white without any condition and in dark in coincidence with
B-particles emitted in the direction of the last thick SiLi detector. This condition minimize
the (3 energy loss in the second detector, providing a better resolution for the determination
of the proton lines.

This study has much higher statistics than previous experiments ([1],[2],[3]) and has the
added advantages of a greatly improved energy resolution and the measurement of the co-
incident v-rays. As a result, a more precise assignment of the proton, 2p and « lines have
been made as shown in the figure 2.

Nb de coups ( 9 keV/canal )

: &
000 2000 3000 +000 5000 6000 7000 8000
Energie (keV)

Figure 1: Energy spectrum of ?2Al (B-delayed charged particles . In white, without any
coincidence. In dark, in coincidence with B-particles emitted to the last detector.
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A reliable determination of the spin of the Al (not known) ground state has been
possible. Indeed, the measured intensities of the vy rays from 8 — v transitions was compared
to those predicted by shell model calculations. We concluded that the 22A/ ground state
spin is a 4T.
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Figure 2: Preliminary decay scheme of 22Al. The proton lines without y-rays coincidences
are in dashed lines.
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Decay spectroscopy with the TONNERRE array
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Decay studies provide one of the primary spectroscopic tools for the investigation of
nuclei far from stability. For nuclei very far from stability high decay energies (Qg> 10
MeV) along with relatively low proton or neutron separation energies in the daughter
nucleus are encountered. As a result P-delayed particle emission often becomes the
dominant decay mode. Access to the location and structure of unbound levels requires the
measurement of the delayed particles - in particular the energies. For very neutron-rich
nuclei, delayed neutron emission dominates, with delayed multi-neutron emission occurring
in many cases. In the decay of ''Li, for example, the delayed neutron emission probability,
Pn is 92%, with Pln = 88% and P2n= 4%. The spectroscopy of neutron-rich nuclei thus
requires a neutron detection system of high intrinsic efficiency and large acceptance. In this
context the TONNERRE (“TONneau pour NEutrons REtardés”) array was recently
constructed by LPC-Caen in collaboration with IFIN-Bucharest [1].

The characteristics of the array have been determined using a *>>Cf neutron source
and during a comissioning run at GANIL using beams of known delay-neutron emitters:
5B, 16C, "N and ''Li [2] . In addition to the neutrons of known energies, a new neutron line
at 3.3 MeV was observed in the B-decay of 'C (see figure). The very low branching ratio
(~1%) [3], and the fact that this transition had not been observed in previous experiments
performed elsewhere indicate the utility of TONNERRE.

55



6000

2 B
: .
§ - En = 1.7 MeV
4000 E—
— 0.8 MeV
”
2000 E—
0

[-delayed neutron TOF spectrum for the decay of 5cr3).

More recently an experiment concerning the decay of 32¥Mg and ** ¥ Al was
performed [4]. The goal was to investigate the collapse in the N=20 shell closure. In
addition to TONNERRE, two clover detectors, a LEPS and eight low energy ncutron
counters were employed to undertake the measurements. Preliminary analysis shows three
peaks in the delayed neutron spectrum of 32Mg, and four in that of 33Mg. The resulting
spectroscopic information should provide a useful test of large scale shell model
calculations including np-nh excitations aimed at understanding the structural effects
occurring in this region.

[1] T. Martin, Ph.D Thesis, Université de Caen LPCC T98-03, November 1998.
[2] A.Butaet al, NIMA 455 (2000) 412-423.

[3] S. Grévy et al, PRC, 63 (2001).

[4] J.C. Angélique et al, GANIL Proposal E333 and references therein.
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Decay of proton-rich nuclei between **T% and **Ni
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The main purpose of the present experiment E312a at the LISE3 facility was first the
observation of doubly-magic **N: [1]. However, the experimental setup allowed also for
the study of the decay of very proton rich nuclei in the A = 40 to 50 mass region. Most
isotopes observed in this work are 3-delayed two-proton emitters, and some of them are
good candidates for the yet unobserved two-proton radioactivty [2, 3, 4] like 3°T'i, 42Cr,
5 Fe and N, . -

The exotic nuclei were produced in the fragmentation of a 38 Ni?°* beam at 74.5 MeV/nucleon
on a natural nickel target. The isotopes were selected with the Alpha spectrometer and
the LISE3 separator using a shaped beryllium degrader at the intermediate focal plane
and the Wien filter. The secondary beam was implanted in a silicon telescope that al-
lowed several energy, energy-loss and time of flight measurements on an event by event
identification of the ions.

The decay occured in the implantation detector where the decay energy and its time
characteristics were measured. The telescope was surrounded with 3 germanium detectors
for the observation of v deexcitation in coincidence with the decay.

During the expeximent, we could obtain new information concerning the decay of 37T',
12.43Cr, ¥ Mn, 544" Fe and *° Ni. For the most exotic ones, ¥?C'r, ° Fe and *° N, the half-
life could be measured for the first time, while it has been determined with an increased
accuracy for the other isotopes (see table 1).

Although many (-delayed proton transitions have been observed, only a few of them
could be placed in a decay scheme. This requires coincidences with v rays from the
nuclear deexcitation, and the statistics were too low, except in the cases of **Cr and
47Fe for which a first decay scheme could be deduced. For some identified transitions, we
could deduce the excitation energy of the isobaric analog state in the daughter nucleus
and estimate the mass excess of the decaying isotope from the isobaric multiplet mass
equation.

The present experiment yielded no evidence for two-proton radioactivity from 3°T%, 42Cr
or ¥*Ni, and the proton energy distributions, together with the half-life estimates, are
strongly in favour of a weak-interaction decay. In the case of **Fe and *®Ni, higher
statistics and an improved detection setup will be required to search for this decay mode.
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[1] B. Blank et al., Phys. Rev. Lett. 84, 1116 (2000).
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isotope theoretical prediction experimen tal half-life
Gross Theory [5] Ormand [3] Hirsch et al. [6] |previous work this work
07 56 56 - 54 £2[8] 53.5%x25
52.7 £ 1.5 7]
397y 28 29 - 2678 [9] 3178
BCr | 21 14 23 - 57 21+4[10] 21.6+0.7
207 21.2 17 12 - 33 _ - 13.473¢
6 Mn 35 37 - 4117 [10) 34.0%33
TFe 27.3 - 22 - 57 27+32 110  21.8 £0.7
e 24.3 18 15 - 30 20720 [10] 9.7+32
Bpe 11.7 7 7-30 - 6.0127
YNy 10.7 - 7-20 - 1213

Table 1: Comparison of theoretical predictions for #-decay half-lives to results from pre-
vious experiments and from the present work. All half-lives are given in ms.
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The neutron-deficient Krypton isotopes have a long-standing history as candi-
dates for the occurence of coexistence between well-deformed prolate and oblate
shapes. The presence of pronounced shell gaps for large prolate and oblate deforma-
tions for a proton number Z=36 is the main reason to expect this phenomenon. The
neutron orbitals favour spherical shapes for the stable Krypton isotopes (A > 78)
whereas pronounced deformation can occur for the lighter ones. The mixing of
the prolate and the oblate 0% states is a function of the energy difference between
them. Close to the N=Z line, prolate and oblate 0% states are expected within a
few hundred keV of excitation energy.

Previous experiments have been performed to study the properties of neutron-
deficient Krypton isotopes: the lightest isotope in which a long-lived, excited 0% state
(“shape isomer”) has been observed is "Kr studied by in-beam v-ray and conversion-
electron spectroscopy after fragmentation [1] and fusion-evaporation reactions [2].

Ge detectors

Kapton foil

A L

Si geteciors

7 Veto

Si(Li) electron detector

Figure 1: Fig. 1. Focal plane detection setup.

In our experiment, performed in August 2000, we have investigated isomeric
states in very neutron-deficient nuclei around A=70. For the first time, we have
performed a combined conversion-electron and vy-ray spectroscopy after a fragmen-
tation reaction at GANIL. A 73 MeV.A "Kr beam on a Be target produced different
fragments which were separated by the LISE3 spectrometer and implanted into a
thin Kapton foil. The y-ray and electron detection was performed at the focal plane
of the spectrometer (Fig. 1): two segmented Clover detectors from the EXOGAM
collaboration, one coaxial germanium detector and one LEPS for low energy ~-rays
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were used for v detection. Electrons were measured with a two fold segmented Si(Li)
detector mounted close to the implantation foil. With this method, isomeric transi-
tions can be assigned event-by-event to a given fragment.

We observed at an excitation energy of 508 keV the isomeric state previously seen
and assigned it unambigously to "Kr. Moreover, we have observed, in coincidence
with ?Kr fragments, K and L conversion lines in the electron spectrum correspond-
ing to a 671 keV transition (see Fig. 2). No evidence for this transition was found in
the v-spectrum, identifying it as an EQ transition between an excited 0% state and
the ground state . The lifetime of this state has been determined to be about 42 ns.
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Figure 2: Fig. 2. Electron and time spectra for "?Kr: decay of the 0* isomer.

Due to the energy and the lifetime of this state as well as the systematics of the
heavier isotopes, the new excited state is interpreted as a prolate deformed shape
isomer. For "?Kr, the ground state is oblate. This is the first observation of a shape
isomer in a N=7 nucleus. Lifetime measurements allow us to extract transition matrix
elements that can be interpreted in a systematics of Krypton isotopes. In addition,

it is particularly interesting to study the change in ground state shape from *°Kr
(prolate) to "?Kr (oblate).
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Sparce experimental information exists on heavy Ni nuclei, and thus the shell model (SM)
results are well ahead of the experimental facts [1]. The situation is getting particularly interesting
at %8Ni, where the low-j p-orbits are filled and the next neutron goes into the large-j gg /2 orbit. A
strong pairing of gg/2 neutrons was proposed in order to explain the presence of ps-isomers around
"ONi. A hint is given by sequences of vy rays de-exciting the ps-isomers in ®°Ni (148-593-1044-594
keV) and " Cu (133-494-939-1188 keV), which have energies similar to the 183-448-970-1259 keV
cascade in "ONi suggested as a sequence of E2 4-rays de-exciting the 8%, 6+, 47 and 27 levels
[2,3]. Assuming E2 nature of the 148, 133 and 183-keV isomeric transitions, their B(E2)’s fall
into a narrow range of 0.6-2.2 W.u. The SM calculations reproduce [1] the energy sequence and
isomeric lifetimes, but besides ps-lifetimes, and v-ray intensities and energies, no other experimental
information has been available to support interpretation of these high-spin structures.

We have employed a novel fast timing technique to determine the level lifetimes, which then
serve to verify the proposed E2 nature of the 593-, 448-) and 494-keV transitions listed above
and the 694-keV +-ray in 7Ni. The measurements on the neutron-rich nuclei around A=70 were
performed at the LISE spectrometer in GANIL following fragmentation of the "®Ge 61.8 MeV /u
beam on a ?Be target. We used a 512 pun Be target, which effective thickness could be increased by
rotating it. In order to improve the selectivity of the fragments of interest a degrader of 220.5 pm Be
was placed between two dipoles of the LISE spectrometer. For the identification and implantation
of the ions we used a telescope made of three Si detectors. Two of them had the thickness of 300
pm while the position sensitive detector of 500 pm, in which the ions were implanted, was tilted
at 45 degrees, and thus had an effective thickness of about 700 pzm. The separation of the ions was
mainly achieved from the energy loss in the second Si detector and the time of flight between the
rf of the cyclotron and the time signal from the second Si detector.

Two settings of the LISE spectrometer were utilized in order to enhance studies of selected
rare isotopes. In the first setting the intensity of the primary beam was about 400 enA and the
effective target thickness was 738 pm, which allowed to sustain a counting rate of 200 pps and
400 pps for °Ni and "Cu, respectively, and smaller rates for 7'Cu and "*Ni. The total counting
rate in the implantation detector was about 1200 pps. In the second setting the intensity of the
primary beam was about 110 enA while the effective target thickness was 520 pem. The counting
rate was 580 pps for 87Ni and 830 pps for 8°Cu. The total counting rate was about 2000 pps.

In this measurement a novel time-delayed technique using an array of four small BaF, detectors
prepared and calibrated at the OSIRIS separator at Studsvik, was employed to search for level
lifetimes from ~20 ns down to about 10 ps. The energy resolution of the BaFs detectors was about
10% at 661 keV and the time resolution was about 130 ps for a pair of two detectors measured
at ~1.2 MeV +y-energy using a 8°Co source. Some details of the Advanced Time-Delyed Method
calibrations and analysis techniques are described in [4,5]. Table 1 lists some of the measured
lifetimes determined in the experiment.

The agreement of the experimental B(E2) values with the Shell Model predictions (using stan-
dard parameters for this region) is very close, implying a good predictive power of the calculations
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Table 1: Level half-lives measured using Advanced Time-Delayed Method in nuclei around "°Ni.
Table includes also the experimental and Shell Model calculated B(E2) rates in Weisskopf units.

Nucleus Level De-exciting ~ Multi- B(E2)**? B(E2)%,,
E; (keV) J7 T1/2 y-ray (keV) polarity (W.u.) (W.u.)
5Ni 694 5/2~  156(5) ps 694 E2 1.4 1.0 %)
9Nj 2552 13/2=  517(24) ps 593 E2 0.63 1.3 9)
"ONj 2677 6+ 1057(31) ps 448 E2 1.7 1.8 %)
Cu 2600 15/2=  328(17) ps 494 E2 2.9 4.4 %)
2Cu 138 3~ 18.0(10) ns 138 El

@) using the effective charges of e, = 1.0 e and e, = 1.5 e.
5 withe, = 1.5 eand e, = 1.0 e.

e e o
67Ni

T,,,=156(5)ps

e Ll

POV R DR 1 L
1230 1360 380 V230 1450 1800

and supporting the model interpretation of these nuclei. In particular, Ty ;2=156(5) ps for the 694-
keV level in ¥7Ni (the time-delayed spectrum is shown above) gives B(E2) = 1.4 W.u. consistent
with its proposed [1,6] v f5/2—vp1/2 shell model interpretation. Table 1 lists also the lifetime of
the 138 keV level in 72Cu, which together with the lifetime limit for the 219 keV level did allow
for the interpretation of the decay scheme of the 1.8 us isomer in 7Cu (shown below); for more
details see [7]. A successful application of the BaFy array opens new possibilities for measurements
of dynamic moments {via ps-lifetimes) in very exotic nuclei produced with low intensity.

T2
6- © 270 1.76(3) us
< 8] o 219  ~90ps
= ©
&
3- = 137 18.0 (10) ns
o
2+ 0
72
Cu
29 43
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Short-lived (from few nanosecond to several microsecond) isomers have been studied for several
years. The study of isomeric states is an important tool in order to obtain spectroscopic informa-
tion on the nuclear structure of nuclei far from the valley of stability. The present experiment was
performed in order to search and study new isomeric states in neutron rich nuclei in the potassium
to germanium region produced by the fragmentation reaction of a 8Kr beam. It is a continuation
of the previous survey experiment where new spectroscopic information has been obtained for 13
isomeric states [1]. In this experiment, evidence for the existence of 10 more isomeric states was
shown.

The experiment has been performed at GANIL using the LISE spectrometer [2]. The neutron
rich 8Kr beam with an energy of 60.5 AMeV impinged on a rotating 100gm thick "?!Ni target. A
500um thick Be backing placed behind the target allowed a reduction of the width of the charge
states distribution of produced fragments. A 50um thick Be wedge was used in the first dispersive
plane of the spectrometer to remove light fragments and to further suppress non-fully-stripped
ions. In order to reduce the time of flight of fragments to less than 200 ns (compared with 1.2us
in our previous experiment[1]) the experimental set-up was placed in the first achromatic focal
point of LISE. The heavy ions were detected by a three-element Si-detector telescope. The silicon
detectors were 300pm, 300pum and 500um thick, respectively. The last detector was x and y
position sensitive and it was mounted at an angle of 45° with respect to the beam axis. The last
Si-detector was surrounded by 4 high-purity germanium detectors: one four-crystal clover of 120%
relative efficiency (add-back including), two coaxial-type of 90% and 80% efficiency respectively
and one low energy photon spectrometer (LEPS). In order to increase the geometrical efficiency
of the setup, two detectors with the highest efficiency, were placed at about 1.5cm from the
implantation Si-detector. The distance between the other two Ge-detectors and the beam axis
was about bem. The sensitivity range for y-ray energies was between 30 keV and 4 MeV. The
total photopeak efficiency was measured to be 6.2(1)% for 1.3 MeV v-rays. All detectors were
mounted perpendicularly to the beam axis.

The lifetimes of isomeric states were measured by storing the time difference between the heavy
ion implantation signal and delayed vy-rays. Two separate time ranges of up to 500 ns and 40 us
respectively were recorded for each Ge crystal using standard time-to-digital converter (TDC) and
time-to-amplitude converter (TAC) modules respectively.
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The identification of fragments in mass, atomic number and atomic charge was achieved by
means of energy-loss, total-kinetlic-energy and time-of-flight measurements. The indepeudent, con-
firmation of the fragment identification comes from the observation of chiaracteristic y-rays corre-
sponding to the previously identified isomeric decays. All isomeric states reported in ref. [1] were
observed also'in the present experiment, in most cases, with much higher statistics.

In the table 1, a summary of the measured gamma rays and half-lives for the new observed

isomeric states is presented.

Nucleus E* Ti/2 1" F E,
(keV) {ns) (%) (kev)
5om ¢ 171.4 125(40) (3-) | 100(26) | 101, 127.4,171.4
70, 40
omly 202.1 320(90) (4%) 98.9
60m2y 103.2 13(3) (2%) 103.2
82mMn | y+113.3 95(2) (4,5%) | 43(14) 113.3
88mCo 48.4 101(10) 48.4
mCo | 437.3 54(10) (47) 5(1) | 155.8, 273.2, 164.1
smiCy 66.5 193(15) 66.5
m2Cy | 61.8 | 1500(1000) 61.8
8mzn 2673 319(9) g+ 12(1) 144.7, 908.3
889.9, 729.6
®mGa | 498.9 110(3) (5) | 21.4(10) | 46.1, 157.5, 217.8
498.9,453.9, 60.2
341.3,281.3

Table 1: List of isomers observed with 8Kr beam. For each isomers are given the deduced
excitation energy, half-lives, tentative spin, isomeric ratio and energies of the observed v-lines

where assumed isomeric transitions are printed in bold.

Especially, a new isomeric state in "®Zn has been identified and studied {3]. This result consists
the first experimental evidence of the persistance of the N=50 shell gap in the vicinity of 35 Niz0.
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In the last few years one observes an increased experimental and theoretical interest towards
the neutron-rich nuclei around ®Ni triggered by an indirect evidence for existence of a sub-
shell closure at N = 40 implied by the large excitation energy of the 2i state in %Ni [1].
On the other hand systematics of the two neutron separation energies (Sa,) at %8Ni, do
not provide evidence for such a change in the orbital spacing away of stability [2] and puts
into question the suggested sub-shell closure. In order to provide additional experimental
evidence on these nuclei, we have applied the TDPAD technique to measure g factors of the
isomeric states around ®8Ni. The g factors of the nuclear states represent a sensitive probe
of the nuclear structure and can shed light on the detailed composition of the nuclear wave
functions. ,
‘This was the first application of the TDPAD technique on species produced in projectile-
fragmentation reactions. A successful application of this technique became possible by com-
bining it with the time-delayed 7 -ion correlation technique and utilizing the alignment of
the nuclear ensemble provided by the reaction mechanism.
The neutron-rich nuclei were produced by the fragmentation of a "®Ge, 61.6 MeV/u. beam
on a Be target at GANIL, France. The LISE spectrometer was used to select the nuclei
of interest and their identification was obtained by the AFE vs. TOF technique. The iso-
mers in *6Co (T;/,=830ns), 5"Ni (T;/2=13.3us) and **Cu (T;/,=350mns), previously studied
in deep-inelastic and projectile-fragmentation reactions [3, 4, 5, 6], were investigated after
their implantation into a Cu foil. The foil was mounted between the poles of an electro-
magnet producing a constant magnetic field in vertical direction. The time dependent y-ray
anisotropy from the isomeric transitions was observed using 2 Ge Clover detectors positioned
in the horizontal plane.
Some typical results of the observed oscillation patterns are presented in Fig. 1. The mea-
sured g factor of ™Cu (|g| = 0.195(9)) is well reproduced by the shell-model calculations,
which favor 7p3/2 ® vpi1/299/2 as main component of the wave function of the isomer. The
‘result for ®"Ni (|g| = 0.126(4)) implies that core polarization effects may play an important
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role in its structure.” The experimental g factor can be theoretically reproduced by introduc-
ing a 1.7% mixing of the spin-flip = ( f7“/§ fs/2)1+ ® vgg/2 configuration into the wave function,
which otherwise has mainly a vgg/, component. This result is discussed in more details in
Ref. [7]. As for the T;/,=830 ns isomeric state in %Co, it is quite difficult to interpret the
measured g factor (|g| = 0.157(8)), since neither spins nor parities have been determined for
the ground and the isomeric states. Nevertheless, the g factor value suggests presence of the
vgy/2 particles in its wave function.
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Figure 1: TDPAD pattern obtained for 8™ Cu, ™ Ni, and %™ Co.

The results of this experiment demonstrate the sensitivity of the g-factor observable to the
details of the nuclear structure and the feasibility of such a type of measurements on isomeric
states in the neutron rich region of the nuclidic chart produced by projectile-fragmentation
reaction.
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We have measured the magnetic moment of the 77/, = 640 ms ground state of
31 Al [1] using the B-Nuclear Magnetic Resonance (NMR) technique [2]. In order to
produce spin-polarized projectile fragments, the 3515+ primary beam (77.5 MeV /u)
was tilted by 2° with respect to the secondary beam that was selected by the LISE
spectrometer. A rotating ®Be-target in the LISE target chamber was used (177
mg/cm?). The possibility to produce a spin-polarized secondary beam, was verified
by measuring the known magnetic moment of 2'Na [3]. A 99% pure secondary
beam of 3! Al was selected using the LISE-spectrometer and implanted in a cubic
MgO single crystal at room temperature. A static magnetic field By up to 2000 G
was induced by two coils positioned above and below the vacuum chamber in which
the crystal was mounted. Around the MgO crystal, a small teflon RF-coil induced
a small RF-field B, (perpendicular to the static magnetic field) with a constant
frequency v,¢. The presence of these two magnetic interactions will resonantly
destroy the spin-polarization at a magnetic field which is proportional to the g-
factor. These resonances are measured by monitoring the 8 asymmetry as a function
of the static magnetic field strength [4]. The RF-frequency was modulated such that
in a first rough scan a wide g-factor range could be covered in 6 data points at fields
between By = 430G and By = 920G. A frequency modulation of Avyy = 35kHz
with v,y = 450 kHz was used. The 3! Al fragments were selected in the outer wing
of the momentum distribution (denoted p; in fig.1d). The target was tilted by 56°.
After this rough scan, we made two fine scans at v,y = 1 M Hz, Av,p = 12 kHz with
different selections of the momentum distribution: one at the outer wing (p; ), like in
the rough scan and one in the middle of the wing, i.e. the target at 51° (denoted p,
in fig.1d). The experimental data confirm the dependence of the spin-polarization
and the momentum of the fragments, predicted in the existing kinematic models of
spin-orientation in projectile-fragmentation reactions [5, 6].

We have measured a g-factor of |g| = 1.52(2). According to shell model calculations
in a sd model space using the USD interaction [7], the g-factor for the I"™ = 3/2+
state is 0.8, while for the I™ = 5/2% it is 1.52. Thus the ground state spin of
31Al is unambiguously assigned as I™ = 5/2F. In this state the 7d} ,vd] ,53 ,d3 ,
configuration contributes to 57% of the wave function [8].
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TMR. program of the EU, under contract nr. HPRI-CT-1999-00019. G.N., N.AS.
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Figure 1: (a) Rough scan with v,y = (450+35) kHz, B,y = 8 G and Wien filter on.
(b-c) Fine scans with v,y = (1000 £ 12) kHz, B,y = 10G and the Wien filter off.
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section (c) to pg.

(d) Ezperimental polarization and fragment yield as a function of the momentum
distribution.
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The persistence of magic numbers far from stability has
been an issue of much interest ever since the neutron-rich
Na and Mg nuclei around N=20 were found to be more
bound than expected from a spherical closed-shell pre-
scription [1]. Shell model calculations [2-6] have demon-
strated that for the Z=10-12, N=19-22 nuclei, the 2hw
configurations, arising from the excitation of a pair of
neutrons across the N=20 shell gap to the fp-orbits, are
more strongly bound than the 0hw states and dominate
the ground-state configurations, producing the so-called
”island of inversion” [3]. A related question is whether
the deformation of proton and neutron distributions is
identical or if a decoupling of the corresponding densities
occurs. ldentical deformations are predicted in the rela-
tivistic mean field {7] and in the antisymmetrized molec-
ular dynamics model {8], whereas in the Hartree-Fock-
Bogoliubov (HFB) [9] and in the shell model [6] different
deformations are obtained. Recent constrained HF cal-
culations with a separable monopole interaction [10] pre-
dict similar proton and neutron deformations. An exper-
imental determination of the neutron and proton defor-
mations of 2430:32Mg was undertaken at GANIL (Caen)
via inelastic scattering of secondary 243%32Mg beams on
208ph and 12C targets. For the N=Z 2*Mg nucleus, these
parameters are well known [11] and the present data were
thus used to test our experimental methods.

The inelastic scattering events were identified by the
~v-ray deexcitation measured in coincidence with the Mg
nuclei. . The y-detection system consisted of two sets of 7
hexagonal Nal detectors around the target at ~ 90° rel-
ative to the beam axis above and below the target. The
Doppler-shift and broadening due to the in-flight v-ray
emission of the scattered Mg nuclei was corrected event-
by-event using the relative angle between the scattered
Mg nuclei detected in Si telescopes and the Nal detector.
In fig.1 we display the vy-ray energy spectra for 32Mg+12C
and *°Mg+12C inelastic scattering summed over all Nal
detectors. A peak at 0.885 MeV is clearly seen in the
32Mg spectrum corresponding to the transition from the
first 2% state to the ground-state [15]. In the 3°Mg spec-
trum the 1.482 MeV transition from the first 2% state to
the ground-state [16] is observed. The experimental an-
gle integrated de-excitation cross-section, @ezp, is defined

as,

Ncoin

Texp = 57—
NincNtarget €

(1)

where Njn. is the total number of incident Mg projec-
tiles, Niarge: the number of target atoms per cm?, € the
experimental efficiency of the Nal and Si detectors.

The contribution of higher lying excited states, which
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FIG. 1. Doppler corrected y-ray spectra for the 2*Mg,3* Mg
and **Mg projectiles on a '2C target.

decay to the first 2t state - the feeding cross-section,
Tteed(J™ — 2%) - had to be subtracted to obtain the final
experimental excitation cross-sections, gezp(0F — 27).

In the case of 2*Mg the level scheme 1s known and
the feeding cross section was calculated using the code
ECIS94 [17] : it was found to contribute for 20% to the
total cross section. The higher lying excited states of
30.32Mg are not so well known as for 2*Mg, thus pre-
cluding a detailed calculation of the feeding contribu-
tions. The feeding contributions for 3%32Mg were con-
sequently estimated by scaling the feeding cross-section
of 2*Mg according to the particle separation energies in
24Mg, 3°Mg and 2?Mg. This correction is based on the
assumptions that the total feeding cross-section sliould
be proportional to the highest excitation energy which
still decays by ~v-emission. The detailed calculations for
the feeding contribution included all possible higher lying
states.

The ECIS94 code with a symmetric rotational form
factor was used to calculate the excitation cross-section
ocat(0F — 2%) with two deformation lengths as free
parameters, the charge and optical deformation lengths
BeRe and fBope Rope, In order to reproduce the experimen-
tal excitation cross-sections @ezp(0* — 27) for both tar-
gets. The mass deformation length was obtained under
the assumption By Ry = fopt Ropt . The inelastic excita-



This work Ref. [7] - Rel. [6] Rel. [10] |

Be BN BcRe BnRy BcRe!  BNRn|  BcRe|  ByRy| BR| BaRN
‘Mg 0.57+0.04 0.57+0.05 1.97+0.14 1.97+0.18 1.45 1.37 - _ 2.50 2.35
SMg| 0.5240.035]  0.5040.045 1.95+0.13 1.8630.17 0.91 0.73 - 0- 1.97 1.82
Mg| 0.61+0.045 0.54+0.05 2.31£0.17]  2.08+0.19 1.34 141 1.45 0.91 1.96 1.84

TABLE 1. The deformation parameters and deformation lengths of 42932 Mg compared with different calculations.

This work Ref. [12] Ref. [13] Ref. [6] Ref. {20] Ref. [10] Ref. [21] ||

B(E2)e*fm’ B(F2)e*fm" B(E£2)e*fm® B(FE2)e*fm* B(E2)e*fm*|  B(E2)e’fm’ B(F2)e*fm’
“TMg 383153 - - - - 616 -
Mg 435 +58 - 295426 242 200 442 182
Mg 622490 454478 333470 490/650 333 456 593

TABLE [I. The reduced transition probabilities B(E2,0t — 2+) of 24932 Mg compared to previous experimental results
and calculations. The B(E2) valucs of ref.[6] were obtained from 2p-2h and 4p-4h ground-state configurations for **Mg and

0p-0h for **Mg.

tion induced by ?°8Pb depends mainly on 8. R, and lit-
tle on By Ry over the angular range considered here. In
the case of 2C induced excitation and due to the low
atomic number of the target, the main contribution arises
from ByRy. When describing the scattering of each
Mg isotope on both targets, we use the same Coulomb
and nuclear deformation lengths S.R. and Gy Ry (with
Re=Rn=1.20A1/3 fin). The calculations were performed
with different optical potentials and the final uncertainty
in the S-values includes this cffect of the uncertainty in
the optical potentials.

The deformation parameters 8. and By deduced in
this way for 3®Mg and 32Mg arc presented in Table I to-
gether with the results of different calculations. An im-
portant fcature can be observed immediately: the charge
and mass deformations are identical within the uncer-
taintics for both nuclei. This result is in agreenent with
the predictions of Ref. [7,8,10] and disagrees with the
predictions of Ref. [6,9].

The B(L2) values were calculated from the f. values
using R.=1.20AY>fin and

B(E2,0% — 2%) = [(3/47) Ze R2B. ] ()

They arc presented in Table II with previous experimen-
tal results and theory. Qur B(£2) value for 32Mg agrees
within uncertainties with the results of [12], while our
B(E2) values for 3°32Mg are sizeably higher than the
values reported in Ref. [13], For *2Mg, the results of the
shell model [4,6] calculations are in reasonable agreement
with our measured values. The HFB calculations of Ref.
[20] predict lower transition probabilities both for Mg
and 3?Mg. The constrained HF calculations of Ref. {10]
with a separable interaction predict similar and large de-
formations for 3932Mg. In Refl. [21], 39323'Mg were cal-
culated using a quadrupole constrained mean-field basis
and an angular momentum projected energy. For 3?Mg,
the B(F2) value agrees very well with our experimental
value, while for 3°Mg, the predicted B(E2) value is much
lower.

In conclusion, we have measured the Coulomb and nu-
clear deformation lengths of 30:32Mg through the inelas-
tic excitation of intermediate energy secondary beams on
208p} and '2C targets. Both nuclei exhibit similarly large

charge and mass deformations. The analysis within
the collective model resulted in identical mass and charge
deformations, showing thus no hint of a large decoupling
of neutron and proton deformations in this region. The
3%Mg nucleus exhibits a much larger transition strength
than predicted previously raising the question of a strong
collective behaviour and its belonging to the ”island of
inversion”.
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The neutron-rich 22Ti-27Co isotopes have been produced at GANIL by the fragmentation of a 61.8
A.MeV "5Ge beam of mean intensity 1.2 exA onto a %8Nj target of 140 um-thickness. A carbon foil of
9.5 mg.cm ™% was placed behind the production target to act as a stripper. Fragments of interest were
separated by the LISE3 achromatic spectrometer. A wedge-shaped Be foil of 219 pm-thickness was
placed in the intermediate focal plane of the spectrometer in order to reduce the rate of nuclei close
to stability. Nuclei transmitted during this experiment are shown in Fig. 1. The selected nuclei were
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Figure 1: Identification of the nuclei produced in the experiment by their energy loss (DE) and time
of flight (t.0.f).

identified by means of 3 consecutive 300, 300, 1500 um silicon detectors placed close to the final focal
plane of LISE3. They were implanted in the last detector divided in sixteen 3 mm-wide, 46 mm-height
vertical strips. In each strip, the energy and time for heavy ions as well as for the S-particles coming
from their decay were measured. Each time a nucleus was implanted, the primary beam was switched
off during 1 second to prevent the implantation of other nuclei which would act as 3-contaminants.
A (B-event was considered as valid if occuring in the same strip #i as the precursor nucleus or in
one of the neighbouring strips #i-1 and #i+1. With these requirements, a clean correlation between
the precursor nucleus and its §’s is found, with a beta-efficiency of €4 ~ 95%. The fitting procedure
to determine the half-lives of nuclei is described in [1]. Half-lives of five new nuclei (°0Ti,83V, 65Cr,
69,70Fe) have been determined, and better accuracy is obtained in the decay-study of 61:62y, 62-64Cy
68Fe. Four Ge detectors were placed in a cross geometry around the implantation detector for the
detection of the main v transitions. For instance, the strong y-lines observed in the decay of ¥V and
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62V have been attributed to the 2% — 01 transitions in even-even nuclei %°Cr and 52Cr, respectively.
Preliminary results concerning these decays are shown in Fig.2.
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Figure 2: left: Decay curves of 9V and %2V. right: Gamma-spectra obtained from the beta-decay of
60V and 52V to 90Cr and %2Cr respectively.

The 2% energy of 0Cr, 646(1) keV, is much lower than that of the isotones %6Zn, 4Ni and %?Fe
at 1039, 1345 and 877 keV respectively. Similarily, the 2t energy of %2Cr, E(21)=446(1) keV, is the
lowest among N=38 isotones. The steep decrease in energy in the Cr chain indicates that the Cr
isotopes are strongly deformed. On the basis of the low 2% energies in gg‘szCr and the significant drop
of 2t energy in §¢Feqq [2], it is very likely that 3Crsg would be the most deformed N=40 nucleus. The
spherical shell-gap at N=40 (as evidenced in §§Ni) is not strong enough to overcome the development
of deformation at Z=24, which corresponds to a half occupancy of =f75 shell. The four protons
above Z=20 are filling two downsloping orbitals in the Nilsson picture as the deformation parameter
is increased. Important astrophysical consequences of this subshell effect disappearance are foreseen.
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Melting of the N=28 shell closure in neutron rich S and Ar nuclei
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Structure of the neutron rich #04244S and 4>%6 Ar nuclei has been investigated through in-
beam 1y spectroscopic study of fragmentation of a 60 Mev-A “*Ca beam on a thin Be target. E,,
L,, yy-coincidence and for the first time at intermediate energy y-ray angular distributions were
measured.

It has been shown that the angular momentum of the projectile like fragments is aligned, and
as a result of it, the -y rays emitted from the reaction have an unisotropic angular distribution.
From the angular distributions measured relative to the angular distribution of the strong 1577
keV stretched E2 transition in *6Ar the angular momentum transferred by the v rays could be
deduced.

Using the results of the yy-coincidence measurements and the multiplicity dependence of
the -y intensities, which corresponds to an inclusive coincidence measurement, the level schemes
previously containing only a single -y transition were significantly extended. An additional help
was provided for the level scheme construction by the finding, according to which the intensity
of the ground state population in all the nuclei produced is nearly the same and is proportional to
the photo peak efficiency. On the basis of the deduced angular momentum transfer spin—parity
values were also deduced for the excited states. ‘

The E+/Eyy ratios in *S and **S are 2.5 and 3.0, respectively, suggesting that *’S has a
transitional character, while 428 is a rotor. The energy of the 27 state, and the weakness of the
25 — 0f transition suggest that *2S is triaxial with an average vy value of 23-25°.

As a consequence of a decreased f/2 - p3/2 neutron energy difference both the mean field
theories and the Monte-Carlo shell model calculations predict a prolate/oblate shape coexistence
" in *4S. The experimental data are in coincidence with such a hypotheses, and suggest the newly
found 1620 keV state to be the oblate 07.

The presence of a low lying low energy AJ=1 transition in “*Ar similarly to the case in
41 Ar, indicates that the f;/5 neutron state is not a simple hole on the closed N = 28 shell, but
contains a strong f{/g component, too. This means that some of the neutrons are pushed up to
higher lying states, thus the V = 28 shell closure is broken even in the Ar isotopes, in spite of
the fact that these nuclei are not deformed.
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66,68Nj nuclei have been produced in the fragmentation of a 65.9-A MeV 79Zn2%+ beam onto 140um-
thick °8Ni target. They have been selected by the LISE3 spectrometer in two different magnetic rigidity
settings. A wedge-shaped Be-foil of 217um thickness was inserted between the two dipoles of LISE3 to
perform an additional energy-loss selection. Beam rates of 18000s~! and 15000s™! have been obtained
for 9Ni and 98Ni isotopes respectively. Coulomb excitation of these two nuclei at v/c ~ 0.3 was
induced by a 99% pure 293Pb target of 220 mg/cm? thickness located at the final focal plane of LISE3.
The target was surrounded by four segmented clover Ge detectors placed at 90 degrees at a distance
of 5.5 cm of the target, yielding a photopeak efficiency of ¢,=4.0% at 1.3 MeV . Two annular silicon
detectors were mounted 50 cm behind the lead target in order to identify the deflected nuclei by their
energy losses and residual energies. Nuclei coming out of the target with angles smaller than 1.5 degree
were detected in a plastic scintillator two meters downstream. This detector also served to monitor the
secondary beam intensity and determine the total number of implanted nuclei N,,. Photons emitted
in flight in coincidence with the scattered nuclei were detected in segmented Ge clover-detectors. Each
Ge crystal representing a “leaf” of the clover is longitudinally segmented in four quadrants, reducing
the angular acceptance of the individual detector elements. The add-back mode has been used for the
detection of the high-energy v-lines, increasing the efficiency by 40% for a v at 2.033 MeV, leading to
€y=3.4%. The Doppler-corrected spectra for the Coulomb excitation of 60Ni and %8Ni are shown in
Fig.1. From the total number of v rays with respect to the number N,, of nuclei impinging onto the
target, B(E2) values have been determined [1] (Fig. 2).

The ‘bell-shape” behaviour of the B(E2 1) values (Fig. 2) in the Ni isotopes provides a clear
illustration of the structural evolution between the two magic nuclei °°Ni and %8Ni. As neutrons
are added to %ONi, possibilities of creating 2% excitations via particle(s)-hole(s) excitations (p-h) are
gradually increased until the number of p-h reaches a maximum value at the mid fp-shell, e.g. at
62Ni. While filling the fp orbits up to N=40, the amount of quadrupole excitations is drastically
reduced to a value which is about three times smaller than that of °°Ni 3, 4]. The low B(E2) of 58Ni,
265(60)e? fm?, is a specific feature of doubly magic nucleus. Its value is comparable in Weisskopf units
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Figure 1: +-energy spectra obtained in the Ge-clover detectors from the Coulomb excitation of
60Ni(left) and 8Ni(right). These spectra are Doppler-corrected.
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Figure 2: Experimental 2% energies and B(E2) values for %°Ni to ®Ni nuclei. Empty squares in the
B(E2) curve indicate the new results. B(E2) of %~64Ni are taken from [2].

(3.2(7) W.u.) to the cases of the doubly magic 00 (3.3(3) W.u.), 4°Ca (2.3(4) W.u.) and *3Ca (1.6(5)
W.u.). The hindrance of 2% excitations across N=40 comes from two reasons: The first is the presence
of an energy gap across N=40 which hampers the excitation of neutrons. The second is that a change
in parity is occuring across N=40 between the fp and gd orbitals since these two groups of levels
originate from different Harmonic-Oscillator shells. Therefore, positive parity excitations as 2% ones,
cannot be made by 1p-1h excitations when the fp shells are completely filled. The only possibility left
is to promote a pair of neutrons from one of the fp orbitals into the g shell, and to couple them to
2+, This requires more energy, i.e. E(2f’) increases, and B(E2;0T — 2%) decreases, as this transition
can proceed only via small admixtures in the wavefunction.
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A 50MeV/A 'O beam impinged on a thin (350pg/cm?) self-supported
208ph target. The scattered ions were measured after a dispersive dipole. Two
drift chambers allowed the reconstruction of their trajectories near the focal
plane of the spectrometer with a resolution of 350 um. This lead to the de-
termination of the energy and the scattering angle of the ions. A ionization
chamber and a scintillating plastic detector provided the energy loss and the
total energy for a mass and charge identification.

The giant resonance region appears as a broad increase of the cross section
above the particle emission threshold, that is from 7MeV up to ~20 MeV for
208Ph as shown in 1. Seven peaks were observed on this broad bump for energies
of 7.5, 8.1, 9.05, 9.45, 10.2, 10.8, 11.3 MeV respectively. They were consistent
with the position of peaks observed in other experiments using different probes
like electron (Kilgus & al [4]) and proton scattering (Bertrand & al [3]) or photo
absorption measurements (Belayev [2]). There is an ambiguity in the literature
concerning the multipolarity assignment of the structures which differs from
one experiment to another. With the present experimental data we expect to
" raise these ambiguities.

The first step of the analysis was to disentangle the contributions in the
spectra due to the GQR and GDR excitation. The nuclear continuum un-
derlying the resonances was taken as a straight line fitted to the high energy
part of the spectra and joined smoothly to a curve which decreased to zero at
the neutron separation threshold. The GQR was assumed to have a gaussian
shape of mean energy 10.6 MeV and 2.4 MeV FWHM. The shape of the GDR
(Lorentzian) was obtained from photo absorption measurements. The expo-
nential dependence of the Coulomb excitation probability results in a strong
enhancement of the low-energy portion of the GDR and to a shift of its cen-
troid. The resulting response function is a deformed lorentzian curve with a
mean energy of 12.6 MeV (see figure 1). The angular distributions of the GQR
and GDR were compared to coupled-channel calculations using phenomeno-
logical optical potentials. They exhaust 100% (GDR), and 60% (GQR) of the
energy weighted sum rule. This is consistent with previous experimental results

[1].
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Iigure 1: Contributions of giant dipole (GDR) and quadrupole (GQR) reso-
nances on the top of the background. Visible structures above 9 McV are also
represented by gaussian peaks.

The second step of the analysis consisted of subtracting the contributions
due to the giant resonances and to the background from the experimental spec-
tra, for different scattering angles, in order to obtain the angular distribution of
the remaining part of the strength function. It was described by several gaus-
sian curves (figure 1). The small statistics of these structures did not allow to
plot precise angular distributions. We have plotted the angular distributions
for two wide angular ranges : between 4.25 and 5° (center of mass) and 5.25
to 6°, in order to pin down the difference between the L=1 and L=2 struc-
tures. Due to the large uncertainties and the low statistics, we cannot draw
firm conclusions on the multipolarity of the structures located in the higher
energy part of the spectra. However, our results show that the structures from
7 to 9.5MeV of excitation energy have a main L=1 component. Indeed, this
result is also confirmed by a high resolution photo absorption measurement, in
which the same structures and at the same excitation energy [2] were observed.
Due to the strong coulombian enhancement of the low energy portion of the
GDR, the present experiment is very sensitive to dipole excitations. This effect
is absent in the (e,e’) or (p,p’) reactions, making the observation of such small
L=1 structures difficult in a region where the L=2 component is strong.

The Lorentzian shape of the GDR, was obtained by a first order fit of photo
absorption measurements. In a further step of the analysis instead of using a
Lorentzian to describe the GDR, we have used the measured high resolution
photo absorption results. The contribution of the GDR to our spectra was
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thus precisely determined. After subtraction of this component and of the
background from the spectra we obtain the distribution of the L=2 strength
or concomitantly the distribution of the B(E2) strength (see figure 2). This
analysis shows that the distribution of the L=2 strength has a shape which
is close to the commonly used Gaussian shape. The comparison of this L=2
strength distribution with theoretical calculations ( [5], [6]) has still to be done.
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Figure 2: Contribution of giant dipolar resonance deduced from photoabsorp-
tion measurements (see text) and remaining strength function {mainly L=2).

In summary, we have shown that heavy ion inelastic scattering measure-
ments can be used to obtain inforination on the fine structure of excited states.
These measurements provide also valuable information on the B(E2) strength
distribution in 298Pb in the giant resonance region.
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Multiphonon excitations built with giant resonances are a good tool to probe the elasticity of the
atomic nucleus [1]. Not only the excitation energy of the double and triple phonons are relevant
but also their excitation cross section will shed light on the coupling between phonons, hence the
anharmonicity of the nucleus.

Previous experiments have shown the characteristic decay of the second giant quadrupole
resonance in several nuclei with the use of a weak solid angle proton (or neutron) detector (~2%
of 4m). This new experiment aimed at the measurement of the inelastic scattering of *°Ca on a
*Ca at 50 MeV/A by measuring both the ejectile in the spectrometer SPEG and the decaying
charged particles in 240 Csl of the INDRA detector covering 94% of 4n. This large covering
allows the measurement of complete decaying events using the new drift chambers of SPEG
detection and a thin target (200 pg/cm?). An energy resolution of 300 keV was achieved for the

Ca ejectile instead of the 800 keV obtained in previous experiments.

As for the INDRA detectors the identification and

the energy calibration is now achieved for the 8 10° ———r : .
protons. A missing energy spectrum has been 4 6107 F 24 a)
extracted for the giant resonance region and is § ,,2L * . ]
compared to the one from a previous experiment S 2tk Y. A . 1
on the same reaction in Fig.1. The ground state of o] o ' e,
the daughter *’K as well as the first excited states, o1 W
largely due to direct decay as already measured in 810" L & )_
ref.[2], are observed. Note the improvement in ; .
energy resolution of a factor 2. z 610" - . ]
sl . - 4
- The calibration of INDRA for the other light .. %S
charged particles is under way as well as a  21°°f ML il
classification of the complete events with all 0 105 buaats 1 "uﬁ oy
decaying charged particles, allowing for a - 0 25& vy B

reconstruction of the excitation energies of the
daughter **Ar and *’Cl nuclei. The multiphonon
region and its characteristic direct decay pattern
will be looked for.
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The fission times of excited nuclei are expected to be quite sensitive to the magnitude of the
nuclear dissipation involved during the fission process [1] and should therefore provide valuable
pieces of information on the dynamics of this process. The possibility to determine nuclear
lifetimes using the blocking technique in single crystals was suggested in 1965 [2] and various
experimental efforts have been undertaken since that time to apply this technique to the very
complex fission process [3]. Three major improvements to this application have been recently
carried out in experiments performed at GANIL in order to determine the fission times of ura-
nium [4, 5] and lead nuclei. For these experiments, silicon single crystals have been bombarded
either with uranium or lead projectiles at 24 and 29 MeV /nucleon, respectively. The first im-
provement results from the use of reverse kinematics to form, in peripheral nuclear reactions,
excited projectile-like nuclei that undergo fission: the rather high projectile-like velocities shift
the sensitivity limit of the blocking technique towards shorter times [4]. Furthermore, these
high velocities give access to an unambiguous identification of the fissioning nuclei from the
measured atomic numbers of the coincident fission fragments. The second improvement results
from the determination of the fissioning nucleus excitation energy using ORION, a 47 neutron
detector: the fission time evolution can be followed over a wide range of temperature in a single
data taking. The third improvement arises from the inclusion in the data analyses of post-
scission emission [5]: this emission was not considered in the previous blocking experiments,
leading to an overestimation of the times.

Figure 1 presents the evolution of the blocking ratio BR with excitation energy for uranium
and lead-like nuclei. BR is a quantitative representation of the blocking pattern filling [5].
BR = 1 corresponds to fission times longer than 10~!s, whereas the BR values indicated by
the dashed lines correspond to fission times shorter than, or equal to, 3x1071%. For the uranium
nuclei, a very strong evolution is observed and fission times have been already determined for
excitation energies up to 250 MeV [5]. With the Pb projectiles, no significant data could be
collected for excitation energies lower than 130 MeV due to the low fission probabilities resulting
from the higher fission barriers involved. However, for excitation energies between 130 MeV
and about 260 MeV, the BR values, as well as the shape of the blocking patterns, indicate
fission times longer than 3 x 107!'%s. Therefore, the very direct blocking technique in single
crystals indicates both for uranium and lead-like nuclei much longer fission times than those
usually inferred from simulations performed with statistical models in order to reproduce data
like pre-scission multiplicities, fission probabilities or heavy residue productions. Nevertheless,
the results of these simulations are strongly dependent on assumptions made on the entrance
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Figure 1: Blocking ratio as a function of the initial excitation energy.

channel reaction mechanisms, on the level density parameters and on their evolution with
excitation energy and deformation. Therefore, our straightforward measurements of fission
times should impose quite strong constraints on the statistical model parameters.
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One among the many theories developed to explain multifragmentation considers vol-
ume instabilities of the spinodal type. Indeed, during a collision the nuclear system
may enter the liquid-gas phase coexistence region (at low density) and even the unsta-
ble spinodal region (domain of negative incompressibility) where the growth of density
fluctuations may induce multifragmentation. Within this theoretical scenario a breakup
into nearly equal-sized “primitive” fragments should be favored in relation with the wave-
lengths of the most unstable modes present in the spinodal region. However this simple
picture is expected to be strongly blurred by several effects, and only a weak proportion
of multifragmentation events with nearly equal-sized fragments is expected. We investi-
gated, using a very sensitive method of charge correlations, the occurrence of equal-sized
fragment partitions in a selected sample of experimental events, corresponding to a fused
system undergoing multifragmentation.

Charged reaction products from central 12°Xe +"** Sn collisions at 32 MeV /nucleon
were detected with the INDRA 47 array at the GANIL accelerator. Thanks to the high
performances of INDRA, all fragments with charge Z<20 were identified with a resolution
of one charge unit. The event selection for fused systems required the detection of at least
80% of the charge of the system, and that the event flow angle be larger than 60°.

The correlation method used is appropriate to search for weak signals; its original-
ity consists of the fact that all information on fragments of one event is condensed in

two variables to construct the charge correlation,defined by the expression: ?Y,i(i—g% u

where Y(AZ, < Z >) is the yield of selected events with < Z > and AZ values; M is the
fragment (Z> 4) multiplicity, < Z > denotes the average fragment charge of the event
and AZ the standard deviation; the denominator represents the uncorrelated yield. If
" events with nearly equal-sized fragments are produced, we expect to see peaks appearing
in the first AZ bin (0-1) and it is indeed what is observed for each fragment multiplicity?

To estimate whether the enhancement of events with equal-sized fragments is statisti-
" cally significant and quantify their occurrence, we built charge correlations for all selected
events, whatever their multiplicity, by replacing the variable < Z > by Z;,; = Mx < Z >.
Uncorrelated events are thus built and weighted in proportion to real events of each mul-
tiplicity. Higher order correlation functions for the first bin in AZ are displayed in Fig. 1
with their statistical errors; the solid line corresponds to an extrapolated “background”.?
All events corresponding to the three points whose error bar is fully located above this line
correspond to a statistically significant enhancement of equal-sized fragment partitions.
The probabilities that these values which are higher than the background simply arise
from statistical fluctuations are 0.048 (Z,,;=45), 0.038 (Z:t=51) and 0.022 (Z,,=57).
The number of significant events amounts to 0.1% of selected fusion events.

Dynamical stochastic mean-field simulations! were performed for head-on collisions
only. Spinodal decomposition is simulated using the Brownian one-Body (BoB) dynamics
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which consists in employing a Brownian force in the kinetic equations. In a following
step the fragment deexcitation was followed while preserving space-time correlations. Fi-
nally the events were filtered to account for the experimental device. These complete
simulations well reproduce multiplicity and charge distributions of fragments and their
average kinetic energies.! To refine the comparison, higher-order charge correlations were
calculated for the simulated events. Although all events in the simulation arise from spin-
odal decomposition, only a very small fraction, similar (0.15%) to the experimental one,
exhibits fina] partitions with equal-sized fragments, as suspected for finite systems. A de-
tailed quantitative comparison is displayed in fig. 1. The similarities between experimental
and calculated events allow one to attribute all experimental fusion-multifragmentation
events to spinodal decomposition. The peaks observed near AZ=0 in the higher-order
charge correlations are thus fossil fingerprints of the partitions expected from spinodal
decomposition.

It is interesting to underline that a sample of SMM events, which account for mul-
tiplicity and Z distributions and for the average kinetic energy of fragments,® shows no
partition with AZ <2. )

In summary, charge correlation functions for fusion events which undergo multifrag-
mentation show a weak but unambiguously enhanced production of events with equal-
sized fragments. Supported by theoretical simulations we interpret this enhancement as a
signature of spinodal instabilities as the origin of multifragmentation in the Fermi energy
domain. Spinodal instabilities are thus shown for the first time in a finite system. More-
over the occurrence of spinodal decomposition demonstrates the presence of a liquid-gas
coexistence region and gives a strong argument in favor of the existence of a first order
liquid-gas phase transition in finite nuclear systems.
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Charge correlation from a one-source pattern in Ni + Au collisions
at intermediate energies: a signal for spinodal disassembly 7
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for the INDRA Collaboration
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2 Institut de Physique Nucléaire, IN2P3-CNRS, F-91406 Orsay Cedex, France.

1 Introduction

The search for characteristic signals able to evidence critical behaviours in multifragmenting hot nuclei shows
presently a large gain of interest [1, 2, 3]. It has recently been proposed [4] a sensitive method to find, in second
order charge correlations, some "fossile" track of a spinodal decay characterized by a yield of fragments of same
sizes, as predicted by recent theoretical developments [5].. Such an approach has been recently applied on the
Xe+Sn system at 32 MeV/u by the INDRA Collaboration [6, 7]: evidence has been claimed for a significant
enhancement in the correlation pattern between the mean value and the standard deviation of the charge of the
fragments pertaining to events with five IMF’s (Intermediate Mass Fragments). We examine these correlation
patterns in a set of fusion-like data selected in 32 MeV/u and 52 MeV/u Ni + Au central collisions. This
selection was performed by an original method which rests upon a Factorial Discriminant Analysis (FDA).

2 Single Source Event Selection

The FDA procedure developped in [8, 9] leads to use a powerful Discriminant variable Dv built up as a multilinear
combination of observables. It is first constructed from simulated filtered events, and then calculated with the
experimental ones and was shown to provide a clear separation between single and poly-source events.

Fig.1 shows its selective power: the Dv variable is fitted by the sum of two gaussiens; the right one represents
the "poly-source" contribution and the left one the single-source contribution. The grey and hatched parts select
"pure"” samples of them [9]. The bottom diagrams illustrate each case with the correlation between the two
biggest fragments; the right one, devoted to the poly-source sample exhibits mainly the projectile-like component
(i.e. Zmazl < 28 with a rather small Zmaz2 < 2). This characterizes a binary-like pattern (most the the
target-like contribution is undetected because of the energy threshold of INDRA). At reverse the left diagram
shows the large IMF distribution resulting of the fusion-like emitter. This confirms the efficiency of the Dv
variable to disentangle various reaction mechanisms and to identify a single-source emission.

The IMF decay of that fusion-like sample suggests that the process has overcome the multifragmentation
threshold, and is a very good candidate for such an investigation of critical signals with IMF’s multiplicities
ranging from Mimf = 3 to 5. Similar conclusions might be derived for the system Ni + Au at 32 MeV /u: the
same FDA procedure leads to the selection of single source events — the IMF decay of which is characterized by
the correlation Zmax2 versus Zmax1. The hot single-source selected in the Ni + Au system gathers most of the
initial mass estimated to be about 215 nucleons over 256.

3 The charge correlation function

The correlation method consists in calculating the ratio C = 1+R = N/D, where N(<Z>,0) is the number
of coincident events for given mean value and standard deviation of its charges. D(<Z>,0) stands for the
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Figure 1: Top: Dv distribution for Ni+-Au 52 MéV/u collisions, and two gaussien fit. Bottom: corrclation plots
between the two biggest fragments of the event (Zmazl > Zmax2), for central (left) and peripheral (right)
collisions.

"uncorrelated background". Its suitable definition is the most difficult point of the method. The usc of a
correlation technics rests upon the following idea: at the time of the supposed spinodal decomnposition, primary
fragments of equal sizes are simultaneously produced more or less excited; then they endeavour sequential decay
which smears out most of the primary information on the fragment size which — at the cold final stage of the
reaction — is a "fossil" signature, i.e. a very small signal among a huge background (de-correlated component).
This background has to be estimated in a realistic way since it is expected to contain every step of the process
story: out-of-equilibrium contamination, formation and decay of the hot nucleus and also the filtering cffect of
the detector.

This background is usually built up by taking fragments from different cvents for a given IMF multiplicity
and then calculating their mean value and standard deviation. This procedure has to be repeated several times
in order to explore all possible partitions. We use another method which is strictly equivalent to an infinite
number of random sortings. Indeed the denominator can be calculated algebrically [10]. We only need the
normalized experimental charge distribution for that given fragment multiplicity.

A

4 Results

The charge correlation patterns associated with the IMF decay of the fusion-like emitters are presented in fig.
2 and 3. The bin in standard deviation was fixed to one atomic number unit. No clear signal is visible in the 32
MeV /u case. Reversely, one observes an enhancement at 52 MeV /u around <Z>=~12 and <Z>~9 which rises
significantly above the background for both Mimf = 3 and 4 respectively. An estimate of its shape extrapolated
to ¢ = 0 allows the signal subtraction with a confidence level of 95%. The presence of the signal might be
directly due to the difference in convertible energy. The excitation energies have been cvaluated to 5 and 7
MeV/u at 32 and 52 MeV /u respectively [11]: one may infer that a higher excitation energy causes a wider
opening of the multifragmentation channel and hereto increases the probability of spinodal decay. Indeed the
increase of the incident energy leads to a higher initial compression ot the systein; this compression is supposed
to allow the system to enter more deeply the spinodal region [5]. This result is confirmed by the fact that the
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Figure 3: Top: same as 2, for 52 MeV/u. Bottom: evolution of the correlation function with o, for <Z>=12
(left) and <Z>=9 (right).
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phenomenon is observed in Xe+Sn collisions at 32 MeV /u (260 nucleons, excitation energy 7 MeV/u), i.e. in
very similar conditions of size and excitation energy. It seems that the signal manifests itself in a rather narrow
gate of excitation energy: it is not seen in Xe+Sn at higher beam energy (50 MeV/u leading to 12 MeV/u for
the hot source). One may suggest that such critical phenomena are restricted to a small window in excitation
energy.

5 Outlooks

The method needs some improvement, especially for a non ambiguous estimate of the denominator. An attempt
to calculate it accounting for the role of experimental effects (total measured charge of the fusion-like nucleus;
‘charge dependant detection efficiency of the decay IMF’s) and the effects of charge conservation is now in
progress.

Nevertheless, the charge correlation patterns presented here in the case of two incident encrgies 32 and 52
MeV /u leads to the following conclusion: the signal is observed in the latter and not in the former; this result
suggests that the occurence of the signal should be very sensitive to the excitation energy since it scems that the
phenomenon only appears in a rather small domain of it. At that time, other approaches, presently in progress
seem to bring some coherent conclusions between the observation (or non observation) of both negative branch
of caloric capacities and Z correlations; for instance, both are observed in Xe+Sn collisions at 32 MeV /u; and
not at 50 MeV /u. Similar conclusions are given concerning the Ni+Au system [13]. Systematic studies including
several systeins implying various sizes and excitation energies are needed to derive convincing conclusions on
this fascinating topic of possible spinodal phase transitions in nuclear matter.
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Thermal hard-photons in the reaction ?*Xe-+!12Sn at 504 MeV
R. Ortega®, L. Aphecetche?, H. Delagrange®, D. d’Enterria®®, G. Martinez®, M. Mora?,
and Y. Schutz? for the TAPS collaboration
a) UAB (Barcelona), b) SUBATECH (Nantes)

It has been observed in heavy-ion reactions at intermediate bombarding energies (204
MeV <€, < 1004 MeV) that aside from the dominant hard-photon (E, > 30 MeV) emis-
sion in preequilibrium proton-neutron bremsstrahlung collisions, a softer hard-photon com-
ponent is emitted in secondary NN collisions during the intermediate dissipative stages
of the reaction [1, 2]. The main goal of experiment E300 performed at GANIL in May
1998 is to investigate such thermal hard-photon production in multifragmentation reac-
tions of the 2Xe-+"%Sn at 504 McV system. It has been recently demoustrated that,
-in Ar-induced reactions at 60A MeV-, this second hard-photon component really emerges
from a thermalized source [3] during the time scale when the multifragmentation process
is supposed to take place (50 fm/c-200 fm/c). Experiment E300 aims at confirming the
validity of such conclusion in multifragment collisions of a more symmetric system with
higher excitation energy. The final goal is to pin down the physical mechanism leading to
multifragmentation and to study the possible connection of this nuclear decay-channel with
the liquid-gas phase transition of nuclear matter. To carry out this investigation, inclusive
and exclusive hard-photon measurements are analyzed, exploiting the performances of a
complete detection system. The TAPS photon spectrometer was coupled for the first time
with three different charged-particle multidetectors: the “Silicon Strip Detector” (SSD),
the Washington University “Dwarf Ball” (DB) and the KVI “Forward Wall” (FW).

The double-source analysis (a double exponential fit with two different inverse slope
paramcters) of the inclusive hard-photon spectrum measured in 2*Xe+"*Sn (fig. 1) in-
dicates that the hard-photon distribution can be described with a direct plus a thermal
bremsstrahlung contributions, accounting for 78 % and 22 % of the total hard-photon yield,
respectively. The inclusive hard-photon angular distribution confirms also this result [4].
The measured thermal slope, Ef, follows the recently observed linear dependence on the
available energy in the nucleus-nucleus center-of-mass, EA2, [3] consistent with a thermal
bremsstrahlung emission from secondary NIV collisions. The thermal slope is directly cor-
related with the temperature of the source [2] yielding a value of Ta 5 MeV [5]. In the
present moment, exclusive thermal bremsstrahlung emission in central and multifragimen-
tation exit-channels are being analyzed.
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Figure 1: The experimental inclusive hard-photon spectrum measured for the reaction
1299Xe 4 "8n in the NN center-of-mass frame. The thermal (dashed line) and direct
(solid line) exponential contributions are shown.
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Figure 2: Thermal hard-photon slopes Ej, measured at ny"b = 90°, plotted as a function
of the Coulomb corrected nucleus-nucleus center-of-mass energy EAA. The measurements
correspond to different TAPS experiments including the reaction reported here. From [4].
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Study of fusion-like heavy residue and IMF production in
heavy-ion collisions close to the onset of multifragmentation

J.D. Frankland, A. Chbihi, I. Dauvin, S. Hudan and A. Mignon
for the INDRA collaboration

GANIL, B.P. 55027, 14076 CAEN Cedez 05, FRANCE

129X e4+m%!Sn collisions were measured with the INDRA 47 charged product array [1]
during the first campaign of measures conducted at GANIL and since then many new
and interesting analyses and results have been published using these data [2]. However,
as most of these studies concentrated on the phenomenon of nuclear multifragmentation
commonly associated with central collisions at around and above the Fermi energy, the
lowest measured bombarding energy of 25 AMeV received little attention until recently.
We have undertaken a new study of these data which shows that once again low cross-
section central collisions observed with such a powerful microscope as INDRA reveal new
and unusual features which can help to understand the origins of multifragmentation.
129% o(25AMeV)+™'Sn INDRA M>4 Fig.. 1 shows the mea-

sured yield of heavy residues
(being the largest identified
nucleus in each event, atomic
number Z,,,;) in the 25 A-
MeV collisions as a function
of recoil velocity and coin-
cident multiplicity of light
charged particles (LCP, iso-
topes of hydrogen and he-
vif¥es lium). For residues with
Z > 48 two contributions
are clearly distingushable.
One corresponds to recoil ve-
locities near the projectile
velocity ( v//~2vcm. ) and
is associated with low LCP
multiplicities: this contribu-
tion, which disappears for
residues larger than Z,,,, ~
57, can be attributed to resi-
dues of projectile-like nuclei
_ produced after deeply-inelas-
Fig.1: Heavy residue yield as a function of charge, velocity and tic interactions with the tar-
LCP multiplicity get. The second contribu-
tion associates large LCP multiplicities (> 10 particles) with (on average) centre-of-mass
velocity residues, as one expects in the case of (incomplete) fusion for a symmetric system,
or at the least in the case of very large transfers of mass and charge between projectile
and target. This contribution has been observed for residues up to Z,,,» = 70, suggesting
that we have measured the heavy residues of some kind of (incomplete) fusion reaction.
Indeed, coincident LCP are compatible with evaporation by a single heavy nucleus at rest
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in the centre of mass frame.

In order to make a controlled study of these fusion-like reactions, we restricted our
analysis to events for which we were able to unambiguously separate out the residue
belonging to the centre-of-mass velocity component. It should be noted that we were
unable to clearly distinguish between the two components for residues smaller than Z,,,, =
48, therefore our highly restrictive selection introduces an unphysical cut-off in the residue
distribution (see Fig.2). It is certain that our selection only retains the tail of the whole
distribution of residue sizes and the measured cross-section of 12mb is a lower limit.

Fig.2 shows the yield of A

IMF’s (Z > 3) observed in PXe(25AMeV)+"'Sn INDRA (Z__E) cuts
coincidence with the selected { = ’

residues (HR on the figure). 2 )

On average, 2 IMF’s are de- T HR
tected in each event with a : b

mean total charge of around 310 -25—

15 units. It should be noted & F o

that for the sclected events 10 = E

the mean total detected charge £ E '
(including HR, IMF and LCP) 10 F .
is equal to around 85% of ‘ I FATII Wr

]lllllllllll]lllll[—llilll
10 20 30 40 50

the sum of projectile and tar- Fragment charge Z
get Z, therefore INDRA pro-

vides very exclusive measure-
ments of such reactions. For
12950 1matGn collisions at 25 recotl energy (see text).

MeV /nucleon the available energy is around 6 AMeV, so we can expect in the case of
incomplete fusion (central collisions) the formation of heavy nuclei (Z ~ 80 — 90) with
excitation energies (~3-5 AMeV) associated with the onset of multifragmentation. It is
therefore very interesting to examine the associated IMF production in detail.

1295 0(25AMeV)+"Sn INDRA HR events IMF’s produced by the multifragmen-
- tation (phase transition) of some thermally

Fig.2: Charge distributions of heavy residues (HR) and IMF
detected in ¢vents selected according to HR charge and laboratory

IMF angular correlation M, =2

excited nuclear source, or by the scquen-

- ¢ tial equilibrated decay (evaporation) of the
6001{ ® o same, should be statistically independent
~ §§§* and uncorrelated apart from kinematic (i.e.
%" 5001;_5 & momentum conservation) and exit-channel
> |e ® (Coulomb) interaction effects (see for ex-
% 400 §! ® ample [3]). Fig.3 shows the distribution of
g" 3000 .‘x _ Q,oi the polar angle between the. momenta of
= ; ?Q e the 2 IMF’s detected in coincidence with a
= 200 heavy residue. In addition to an isotropic
100k ‘background’ compatible with a statistical

' process, small relative angles are favoured
%~20""40"60'30 100 120 140 160 180 showing that the 2 IMF’s can be corre-

IMF-IMF relative angle 6, , - lated in velocity space. A simple subtrac-
F1g3 IMF-IMF relative angle distribution fOT‘ tion gives an estimate of the importanc€
HR + IMFEF + IMF events. Vertical bars show sta- of this Correlated production which corre-

tistical errors. sponds to 25% of 2-IMF events.
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In order to interpret this
result we have performed three-

body Coulomb tra jectory cal- * tcass=100 fm/c
culations to test different kine- 0.1k * tcass=250 fm/c
matical scenarios [4]. We 0.09r * tcass=350 fm/c PY

were unable to reproduce the
small-angle correlations of Fig.
3 (6ret < 90°) assuming se-
quential isotropic emission of B
IMF’s by the excited parent CD%O'M-
of the heavy residue, what- &7
ever the time-scale of the pro-

cess (‘evaporation’ and ‘multi-

~ fragmentation’ scenarios). On 0.02
the other hand one can re-

produce the observed corre-

lations by assuming that the

2 IMF’s are the result of the | | | | | | [ l Y

0,01 Lot
break-up of a small remnant -1 08 -06 -04 -02 O 02 04 06 038 1
of either projectile or target Angle d’alignement ealign

after a massive transfer to-
wards the other partner of
the reaction. Our simula-
tions have allowed us to ex-
tract the time-scale for this
process, the data being best reproduced when the remnant undergoes break-up 250-350
fm/c after the projectile-target interaction (Fig.4). In this scenario, the deduced mean
charge of the initial excited heavy nucleus is Z =~ 90.

Fig.4: Comparison of data with three-body Coulomb trajectory
calculations. Histogram: data for correlated IMF pairs (0re <
50°). Baiign s the angle between the IMF-IMF relative velocity
and the direction of motion of the centre-of-mass of the IMF’s.

In conclusion, we found that central collisions of 12°Xe+"%!Sn at 25 MeV /nucleon can
produce heavy fusion-like residues with Z < 70. For such a heavy symmetric system
(2123 = 2700) this may be due to fusion or to deeply-inelastic reactions involving very
large mass transfers from one to the other of the participating nuclei. In addition, part
of the coincident IMF yield, expected to signal the onset of multifragmentation and the
nuclear liquid-gas phase transition at these energies, may be explained by an entrance-
channel (dynamic) effect unrelated to the decay of the hot compound system, which mainly
evaporates light particles.

One may wonder to what extent these two observations are related. In this scenario,
the correlated IMF production drains excitation energy that would otherwise have been
deposited in the compound nucleus, thereby increasing the survival probability of a heavy
residue. At the same time the two IMF, being small nuclei (Z; + Z2 = 15), are most
probably neutron ‘poor’ (N = Z) and we may speculate that they act also to ‘drain’
protons from the compound nucleus, increasing its N/Z ratio and hence its fission survival
probability.

At the time of writing (April 2001) a new INDRA experiment is underway at GANIL in
order to test these hypotheses at lower bombarding energies (Ej,. < 20 MeV/nucleon) [5].
One of the first results of these measures will be the excitation function for the production
of heavy residues in central collisions of 12°Xe+"%*Sn from ~ 10 to ~ 30 MeV /nucleon.
At lower energies the evolution of the size of the heavy residue should tell us whether the
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reaction mechanism is dominated by fusion or by massive transfers. Also, the addition to
INDRA of a few high-resolution telescopes permitting isotopic identification of fragments
up to oxygen will allow to measure the average N/Z of the correlated IMF yield.
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Light particle production in Ar+Ni induced reactions (E207)

P. Buchet, J.L. Charvet, R. Dayras, D. Doré, A. Hiirstel, R. Legrain, L. Nalpas, C. Volant
DAPNIA/SPhN, CEA/Saclay, 91191 Gif-sur-Yvette Cedez, France
and the INDRA collaboration

The properties of light charged particles (LCP) produced in the 3¢Ar+%8Ni reaction have
been investigated from 32 to 95 A.MeV bombarding energies with the 47 detection array IN-
DRA. An important fraction of these particles is produced around mid-rapidity with unusually
high transverse energies and peculiar emission patterns [1] which preclude the achievement of
a global thermal equilibrium. From these observations, we took a phenomenological approach
consisting in disentangling the various sources of LCP emission [2, 3, 4]. As a first step, we
assumed three sources of emission, each in thermal equilibrium. Two sources are assimilated
to the excited quasi-projectiles (QP) and quasi-targets (QT) and the third one to the zone of
overlap between the projectile and the target. The atomic number Z,,,. of the detected QP is
taken as an indicator of the centrality of the collision: large QP’s are produced in peripheral
collisions whereas light QP’s are produced in more central collisions.
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Figure 1: Left panel: Characteristics of the protons emitted in the 36 Ar+°8Ni induced reactions at 95 A.MeV
vs. the quasi-projectile (QP) atomic number Zyq,. Top: Fractions of the protons emitted by the QP’s, the
QT’s and at mid-rapidity (MR). Botfom: apparent temperatures of the three emission sources. Right panel: .
Transverse energy spectra of protons emitted in coincidence with'a QP of Z,,4, =14 for 4 different bins, 0.1 unit
wide, in reduced rapidity. The full histograms are the experimental data. The dotted, grey, dash-dotted and
dashed lines represent respectively the contributions of the QT, mid-rapidity, QP sources and of their sum. The
observed structures in the spectra are due to the detector granularity.

A good description of all proton characteristics (kinetic and transverse energies, angular
distributions) is obtained at all bombarding energies. At 95 A.MeV, the main results are
summarised in fig. 1. The left top panel shows the contribution of each source to the proton
production as a function of the QP atomic number Z,,,,. The left bottom panel shows the
evolution of the apparent temperatures 7,,, of the sources as a function of Z,,;. The temper-
atures of the QP and QT sources increase slowly from ~ 3 MeV in peripheral collisions to ~ 5
MeV in central collisions. The apparent temperature of the mid-rapidity source is much higher
and is very close to the available c.m. energy per nucleon (22.3 A.MeV). The right panel of
fig. 1 is a comparison between the experimental transverse energy spectra for protons emitted
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Figure 2: Top panel. Experimental rapidity spectrum (grey curve) for a-particles produced in the *®Ar+°8Ni
reaction at 95 A.MeV bombarding energy in coincidence with a PLF of Zn.,=14. The overall fit is indicated
by the black curve. The PLF and TLF components are shown by the black dashed curves, the MR component
by the black dot-dashed curve and the two sources corresponding to nucleon-& and a-nucleon scattering by the
dotted curves. Botiom panel. Average transverse energy < Ey. > as a function of the reduced rapidity Y/Y,
for the same a-particles. The data are the open diamonds, the result of the fit is given by the black curve.

in coincidence with QP’s of Z,,.-=14 for 4 different bins in reduced rapidity, and the spectra
calculated with the fit parameters. Near the rapidities of the QT (Y/Y,=0.0) and of the QP
(Y/Y,=0.9), one clearly notices a low energy component (evaporation from the QT or the QP)
and a high energy component due to mid-rapidity emission.

For composite particles (d, ¢,> He, a), these three-source fits are less successful in reproducing
the data. Indced, rapidity spectra show an excess of high energy particles in the {front of the TLI
source and in the back of the PLF source at reduced rapidities which correspond respectively
to the nucleon-cluster and cluster-nucleon rapidities. Considering those two extra sources of
emission, the results are presented in fig. 2, for a-particles emitted in coincidence with a PLI®
of Zez=14 at 95 A.MeV. The agreement with the experimental data is excellent. With this
prescription, the properties (velocity and temperature) of the QP and QT sources become
independent of the emitted light particle type as they should for truly thermalized evaporating
sources. Concerning the MR source, its velocity 1s close to the c.m. velocity and its temperature
close to available c.m. energy per nucleon.

In view of these results, it is clear that global thermal equilibrium is not reached during
the collision. The QP and QT excitation energies are much smaller than previously estimated
assuming a pure binary scenario and full thermalization of the excitation energy stored inside

the QT and QP remnants [5)].
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The goal of R&D work undertaken by the SIRa group is to increase the diversity, the intensity
and the reliability of radioactive beams.

1. Targets for radioactive Argon and Neon beams

The target is made from carbon graphite composed of lum grains (see Figure 1).
Yields of radioactive isotopes ''*'*Ne were measured with a 400W incident beam on SIRa.
Extrapolated yields before acceleration calculated for SPIRAL with 2kW intensity are, for a
5" charge state: 2.6 10® for ""Ne, 4.6 107 for ®Ne, and 9.0 10° for '"Ne. This target has been
tested off-line during 50 10-hour periods (total duration 20 days); for this purpose, an ohmic
power of 1900W (giving an estimated on-axis temperature of 2300K) was set on its central
axis. The target has undergone 50 rapid temperature variations, allowing tests of the
thermomechanical constraints due to expansion. Such a target was used on-line with success
for the first SPIRAL experiment.

Figure 1: Carbon graphite targets used for (left) Argon and Neon radioactive beams (right) Helium
radioactive beams.

2. Targets for radioactive Helium beams

This target, made of 1um carbon grains, consists of 2 parts in order to benefit from
both projectile and target fragmentation (see Figure 1). Thermal simulations and tests have
shown that it should withstand 1 5kW of primary beam. Auxiliary ohmic heating power of
800W (for SHe) or 1000W (for ®He) is necessary in the 2™ part of the target in order to get
enough temperature for fast diffusion. *He requires a higher temperature than ®*He (1600K
instead of 1200K) in order to diffuse faster out of the grain without loss, due to its very short
radioactive half-life (119ms). This 2nd part of the target has been tested during 30 days with an
on-axis auxiliary ohmic power of 1200W. It underwent 75 rapid temperature variations
without apparent damage.
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Tests will be necessary during the first trials of SPIRAL in order to determine the
reliability between 1.5kW and 2kW. Losses for Helium beams are principally due to the
ionisation efficiency in the Nanogan-III source which is only ~10%, of which 90% for the 1"
charge state and 10% for the 2.

3. Research into short—perlod radioactive beams *'Ar (15ms), ""Ne (108ms), O (8ms),
1Lj (8.5ms)

Current targets are composed of thin strips (0.5mm) made of 1um carbon grains.
Diffusion-effusion measurements were made for isotopes '"Ne (108ms), *He (807ms) (see
Figure 2), and ®He (119ms) in order to better understand the measured beam currents and, in
particular, why 1 Ar (15ms) was not observed with this 1pm-grain target. Effusion times of
the order of 130ms and 80ms were deduced for target strip thicknesses of 1.5mm and 0.5mm
respectively. These values seem to be independent of the temperature (in the measured range)
and independent of the isotope (*He, *He, '"Ne). If these targets are st111 relatively well
adapted for the production of relatively short-lived isotopes such as '"Ne (108ms), *He
(119ms) and’ Ar (98ms), they pose a problem for very short-lived isotopes such as MAr
(15ms), O (8ms) and ''Li (8.5ms).

Before the making of a new target, it is important to measure >' Ar production with the
current target and the 2kW SPIRAL beam because the temperature distribution with the 2kW
beam will be more favourable to the diffusion of **Ar out of the grain than the 400W beam on
SIRa with 1.6kW auxiliary heating.

In any case, a new target requiring R&D will need to be realised in orde1 to increase
intensities: either we will retain carbon targets with thinner strips made by electroerosion in
order to decrease inter-grain effusion or we will use another graphite with faster diffusion, or
another possibility would be to construct tantalum targets with ~3um-thick strips. A
comparative study of the diffusion-effusion properties of Ta and different C targets should be
made.

o
o

Diffusion effusion efficiency of 6He

500 1000 T(K) 1500 2000

Figure 2: Diffusion-effusion efficiency of 6He measured for different thicknesses of carbon targets.

4. Improvement of the Monolithe target-ion source dedicated to alkaline elements

The alkaline elements require a surface ionisation source. The first production system
showed that the tungsten oxide ioniser was not stable at high temperatures. The target-ion
source has been modified in order to be rebuilt along the lines of a hot cavity source made of
carbon. This system should be suited to K, Na and Li beams with however some reservations
as regards very short-lived isotopes (<100ms), as it has been shown for 3 Ar. This system
should be tested in beam in 2002.
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VAMOS : A High Resolution Large Momentum and Angular Acceptance
Spectrometer Especially Designed for the Use with Radioactive Ion Beams
from SPIRAL

The radioactive ion beams (RIB) that are and will be delivered by the SPIRAL
cyclotron of the large-scale facility GANIL need a high transmission transport system from
the ion source to the target and an efficient detection system. High angular acceptance can and
has been achieved using high field superconducting solenoids, such as the SISSI device at
Ganil. Here supplementary conditions must be satisfied, especially space around the target
must be available for efficient coincidence experiments, and good particle identification must
be possible. Choice and optimisation of all constituents for these combined conditions was the
subject of the spectrometer project.

Hence, the following spectrometer configurations were examined in detail: a gas-filled
spectrometer, a big bore superconducting solenoid combined with a dipole analyser, and a
superconducting solenoid doublet in front of the existing spectrometer LISE, a velocity filter
such as the FMA at Atlas(Argonne,USA). All these solutions included high field
superconducting magnets near the target. This however implies very high stray fields, of the
order of several tesla near the solenoids. These stray fields render the use of ancillary
detectors, in particular of phototubes for y-detection very difficult. This is why in the final
solution a doublet of very huge Q-poles replaces the solenoids. The geometrical aberrations
were the object of a difficult and lengthy study. It was found that standard descriptions of
fringe fields give completely erroneous results in the case of large solid angles as in the
present case. Higher order corrections were found to be necessary, and will be introduced in
the final Q-pole construction. A Wien velocity filter was added with respect to the initial
project. The final original solution elaborated has the possibility to work in different optical
modes. It renders possible the combination of the characteristics of different spectrometers
used in this domain, as resumed in the table below:

mode lements in operation function
}Q-poles lyes SOLENO
1 Eipole no type wide acceptance
ilter no facility
Q-poles yes SUSAN-
2 Dipole yes type dispersive
Filter no facility
Q-poles yes GANIL/Lieselll or
3 Dipole : yes SHIP type beam
’Fi]ter yes rejection and/or M/Q}
resolution

Here Soleno, Liselll and Ship are spectrometers in operation at IPN/Orsay, Ganil/Caen and
GSI/Darmstadt respectively. Susan was a project in the U.K. These unique characteristics
made us call this spectrometer VAMOS, VAriable MOde high acceptance Spectrometer for
identifying products of reactions induced by SPIRAL beams. The flexibility of use is
increased further by a variable distance between the target and doublet of Q-poles. Besides the
variable optics, the spectrometer is unique by its very big solid angle of 100msr. A big effort
was done to define the detection system associated with the spectrometer. The use of light
radioactive beams will very often imply the necessity of the detection and identification of
very low energy recoil reaction products. Special detectors for such low energies are presently
under development. Combination of different detection systems will make it possible to
detect and identify ions with energies from 100keV/nucleon to 25MeV/nucleon. In June 1998,
a memorandum of Understanding was signed for the construction of the spectrometer that
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started immediately after. The spectrometer is scheduled to become operational in begin of
2001. An up to date description can be found on the internet at the address
http://www.ganil.fr/vamos/index.html.

The following mechanisms will be probably the main reactions to be studied in
conjunction with SPIRAL:

a) Elastic and inelastic scattering in reverse kinematics; reverse kinematics
transfer reactions

This field allows the study of interaction potential properties, matter distributions
and properties of independent particles far from stability. This involves A(p,p'), A(d,p), ...
type reactions where A is the incident beam and p or d the target. In a standard experiment in
this extreme reverse kinematics, the light recoil nuclei, p,d, ... are detected by a light particle
multidetector like MUST or MEGA. The energy and angle resolution will be obtained by
these multidetectors, which have a very good granularity and energy resolution. To obtain
spectra without too much background, it is nevertheless necessary to detect the ejected
particle by coincidence. Due to the reverse kinematics, the maximum angle of the ejectile is
below 10 degrees in all the cases of interest. As the recoil angles are very close to O degrees,
the direct beam must be eliminated. The ejectile energy is typically 5 to 20 MeV/nucleon and
identification of M and Z is desirable.

b) Deep inelastic scattering

This type of reaction can be used to produce new nuclei; the experiments at Dubna
in the 70's showed the power of this method, which has, nevertheless, been little used, since
the angle covered by the reaction products is very wide and collecting the nuclei is thus
difficult. A very wide solid angle spectrometer is thus a preferred instrument for this domain.
Recent model calculations also predict that this reaction starting with secondary beams should
give cross sections for nuclei far from stability by some orders of magnitude above those
obtained with stable beams.

Studying mechanisms of the N/Z ratio equilibration as a function of the isospin is
- another subject of great interest with the secondary beams.

For these two topics, M and N must be identified for nuclei with M values that are
often above 100. The energy of the reaction products is from 1 to 5 MeV/nucleon, maximum
acceptance is required, as well as detection angles up to around 90o.

¢) Fusion-evaporation

By using secondary beams, new nuclei are going to be accessible by this reaction
channel, both on the side of proton-rich nuclei, in particular close to the N=Z line, and
neutron-rich nuclei, generally not accessible by stable beams due to high neutron evaporation
at the beginning of the evaporation cascade. With the SPIRAL beams foreseen in the first
phase, and even more with the secondary beams obtained by fission induced by a deuton
beam, the formation of new transuranic nuclei should also be possible.

The majority of the experiments in this domain are going to be realised with direct
kinematics, with rather low energies of the evaporation residues, the order of 0.1 to 1
MeV/nucleon. Highly specific detectors will be required to obtain good identifications at such
low energies. The residues will be identified by coincidence with prompt radiations (gamma,
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n, p,...) observed by detectors around the target, or with delayed radiations (gamma, p, n,
fission, ...) by implantation-disintegration correlations.

M/Q and M identification will have to be possible for the heaviest masses (A>250).
The low energy of the reaction products implies that very wide angles (5 to 10 degrees) will
have to be covered. Rejection of the direct beam is indispensable for these experiments which
are, necessarily, centered at O degrees.

Only very high resolution experiments, but with a greatly reduced efficiency could be
performed using the existing SPEG and LISE spectrometers.

The above considerations were formulated in three working meetings, each of them
with around one hundred participants. Starting with these conclusions, four meetings of more
limited groups, with around 15 persons, have looked for the most suitable technical solution.
A report of all these meetings is available on request. This work was jointly financed by an
RTD (Research and Technical Development) European Union contract. This contract was
signed by GANIL, GSI, Daresbury, Surrey and Liverpool. Outside of this contract, other
institutions have actively participated in the conception and optimisation, in particular, the
IPN at Orsay, the SPhN at Saclay, the CRN at Bordeaux, and the Universities of Giessen ,
Manchester and Prague.

This collaboration elaborated an ensemble of characteristics has allowed us to define a
new type of spectrometer having a solid angle an order of magnitude greater than those
existing and with different operating modes. It combines a good resolution spectrometer with
a velocity filter allowing either M/Q dispersion or rejection of the beam for 0 degrees
measurements and also with a focusing without dispersion operating mode similar to a
solenoid.

The time shedule for the project was the following:

1996: prospection of most promising physics domains and appropriate technical solutions. A
quite quantitative evaluation is necessary in order to get realistic constraints for a project. This
prospection ended with the selection of two technical solutions for further study. In order to
achieve this very technical aim, after the first large meetings on this subject involving about
one hundred participants, the number of participants was limited to persons being directly
implied in the subject and willing to contribute actively.

1997: One project was selected between those selected before, and was studied in sufficient
detail to achieve a complete project that could be submitted to the financing authorities, and
served as technical basis for the eventual construction. An intermediate report was made
available for mid 1997, in order to ask for financing in 1998.

1998: signature of a convention for the construction of a spectrometer; finalization of all
options; begin of construction if agreement of the financing authorities is obtained

1999-2001: construction

2001: first operation

A general view of the final spectrometer is shown on figure 1.
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Figure 1 General vue of the Vamos spectrometer

A very general problem with high acceptance spectrometers is the increase of aberrations.
This implies that software corrections will be necessary to get the final resolution. This
however nonetheless implies that the mesured quantities, such as final angle and position,
allow to reconstruct the quantities of physical interest without ambiguities. This would not
have been the case if the spectrometer would have been constricted without higher order
corrections. The main tool to do so was found to be in higher order corrections (up to 7*
order) in the pole shape of the 2™ Q-pole. Images of the expected focal angle versus position
can be seen on figure 2, before correction.
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Figure 2:aberrations in the focal plane x-t before corrections

These aberrations are calculated with full 3 dimensional TOSCA field maps. This
method can be used to introduce higher order corrections to reduce the aberrations. The most
suited place to do so was the second Q-pole, where the pole shapes where modelled to
introduce these correctionbs. The result is shown on figure 3.
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A first experimental result obtained with an alpha source in september is shown on
figure 4. It can be seen that the observed focal plane image corresponds very closely, even in
fine details, to the calculated one. This image shows, beside the fact that it illustrates that
VAMOS with its detection system became operational, the high predictive power of 3D field
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calculations coupled to ray tracing programs. The good agreement between the theory and
this experimental result let us hope that the reconstruction problem will be solved quite
rapidly, and that VAMOS will be in next future a versatile and powerful tool for the use of
secondary beams from Spiral.

H.Savajols, W.Mittig and R.Anne

Figure 4 Focal plane image obtained with an alpha source.
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The EXOGAM array : design, present status and
perspectives

G. de France, B. Cahan, J.M. Casandjian, C. Houarner, L. Olivier, B. Piguet, B. Raine,
F. Saillant, M. Tripon, A. Vigot, G. Voitolini and the EXOGAM collaboration

EXOGAM is a European collaboration to build a highly efficient and powerful gamma-ray spectrometer
for nuclear spectroscopy using the exotic radioactive beams from SPIRAL.

The Memorandum of Understanding - MoU - describes the project in detail and is available on the
GANIL web site. This include the physics case as well as a complete technical description of the
adopted design. The present contribution is partly extracted from the MoU and gives a brief description
of EXOGAM which is a high efficiency array of yray detectors with associated high voltage, autofill
system, cabling and mechanics and a dedicated electronics and data acquisition system. In addition, a
complete status of the implementation of EXOGAM at GANIL will be made and R & D works initiated
by the EXOGAM group at GANIL to go beyond the current possibilities of the array will be detailed.

1. The EXOGAM array

Radioactive beam spectroscopy presents new demands on the design of a yray spectrometer. The
beam intensity, at least at the start up of the new facility, is expected to be much lower than with stable
beams, by a factor of 10 or even 1000 lower. EXOGAM must therefore be designed to maximise the
total photopeak efficiency. This demand of very high efficiency must be achieved for both low (X-ray
energies) and high y-ray energy (i.e. 5-6 MeV). Such high energies will be observed, for example, in
Coulomb excitation of light nuclei or B-decay studies.

Whatever the type of nuclear reaction, the interest of the physicists is always in the very rare events.
In the analysis it must be possible to extract tiny peaks from a possibly huge background (correlated
Compton background; background from the radioactivity from the target; scattered beams within the
target chamber; etc.) To achieve this it is vital to have a very good peak to background ratio and
energy resolution.

The third fundamental criterion specific to the use of a multidetector array with radioactive beams is its
modularity. There will be a large variety of nuclear reactions using radioactive beams on which the
design of a detection system must be based. The experimental conditions will be very different from
one experiment to another in terms of y-ray energy (from X-rays of tens of keV to yray energies up to
5-8 MeV), of multiplicity (from one to ~15 coincident photons); of recoil velocity (from zero to ~ 10 % of
light velocity); and of kinematics of the reaction mechanism (from recoiling fusion products emitted at ~
0° or scattered particles between 0° and 180°). This variety means that the setup of the array must be
adapted for each experiment. This will also be a strong constraint not only on the choice of the
individual detector but also on the mechanical structure to maintain the high photopeak efficiency. The
radioactive nature of the beam is also a concern and shielding of the detectors becomes an important
design criterion.

It is also clear that in addition to the detection of gamma radiation it will be vital to have ancillary
detectors available to detect both light and heavy charged particles and neutrons.

To best fit with these sometime conflicting demands, EXOGAM will consist of an array of high
resolution germanium detectors. These will be arranged to give a high photopeak efficiency of 220 %
for 1.3 MeV gamma-rays.

Segmented Clover detectors will be used in the array to give the optimum coverage and performances
in a radioactive beam environment. Segmentation is required to optimize efficiency, energy resolution
for y-ray from recoiling reaction products, and minimisation of multiple-hit events. The EXOGAM
Clover will be based on the use of large Ge crystals, 60 mm in diameter and 90 mm long, before
shaping (se figure 1).
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Figure 1 : the EXOGAM Clover Figure 2 : CAD drawings of the EXOGAM array with 16. detectors
without shield and in the most compact configuration.

These Ge detectors will be separated by BGO suppression shields. They will also have passive heavy
metal collimators. The shields will be operated in two configurations. The first is with the back catcher
and rear-side element, configuration A, and the second with the additional side elements,
configuration B. A CAD drawings of EXOGAM in configuration A is shown in figure 2.

An electronics system is needed to process energy and timing information, make trigger decisions and
relay data onto an acquisition system. The electronics will be based on the VXI and VME electronics
systems in which the UK and France have expertise. It comprises a DT32 bus output from the VXI
electronics, an event builder using VME processors, a tape server and several workstations for event
monitoring and sorting. The data acquisition system is capable of recording data up to 2 Mbyte/s.

it is envisaged that the array will be used with several ancillary detectors as their use in association
with the gamma-ray array will be vital to obtain efficiently the data necessary to achieve the physics
goals. A major ancillary detector is the high resolution large acceptance spectrometer VAMOS. This
spectrometer imposes additional design considerations for EXOGAM such as the rotation of the array
or the shielding of the anti-Compton photomultiplier tubes against the fringent field from the first
quadrupole.

2. Status of the project
This section gives a summary of the status of the EXOGAM project as it is at the end of 2001.
2.1. Detectors

Two companies, Eurisys Mesures (EM) and Perkin Elmer (PE) have been contacted by the
EXOGAM collaboration for the provision of the Clovers. The UK, Finland and Sweden
ordered 8 detectors from PE whereas France (SPhN Saclay and GANIL) ordered 6 from
EM. The 2 remaining detectors are not yet attributed. The first prototypes, one from each
company, were delivered to the collaboration in the middle of 1999. Since then, detailed
measurements, tests and inspections have been performed in the various laboratories and
institutions of the collaboration. Several problems such as lack of efficiency in some
crystals, crosstalks, instability in the electronics of the detectors, problems on the overall
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quality of the internal cabling and electromagnetic compatibility (bad grounding, lack of HV
filter or poor mother board quality) have been identified in both of these prototypes and
modifications have been demanded for the serial detectors.

In a second step and after the modifications have been done, the first serial detectors were
delivered to GANIL (EM) and to Sweden (PE) in mid 2000. After a complete check, the EM
Clover has been decared to meet all the specifications and approved. The four following
detectors were then delivered at a rythm of one every 2 months. Unfortunately, the PE
Clover has been damaged during its journey to Sweden and was observed to be
microphonic. Therefore it has been sent back for repair and checking.

The last serial detector ordered to EM is expected to be delivered early January at GANIL.
The PE detectors are expected to be delivered in early 2002. Both prototype will be
brought up to the same specification as the series detectors oce delivery of the main series
detectors is complete. The main design specifications for the EXOGAM Clover are given in
the folowing table: .

Phot. Efficiency Energy resolution Energy resolution
(1.3 MeV, d=11cm) (inner contact) {outer contact)
Crystal 43
~1.7 10 ~2.3 keV ~3.2keV

In addition to these large Clovers, it has been agreed that the EXOGAM collaboration will
be in charge of the use, deployment and maintenance of the smaller EUROBALL size
segmented Clovers bought several years ago by some EXOGAM members. There are 4 of
these small Clovers (2 are from the UK, 1 from NBI and 1 from SPhN Saclay).

According the latest plan, it is hoped to have 9 large Clovers in addition to the 4 smailer
ones in March 2002, for the first EXOGAM experiment with SPIRAL. However, the
EXOGAM detectors have already been used many times at GANIL to study exotic nuclei
. produced via fragmentation of the beam. Germanium detectors have been requested
extensively, and indeed the schedule for the 6 first months of 2002 contains 13
experiments -91 days of beam time (in which 31 are SPIRAL)- using Clover detectors.

The anti-Compton shields are made up with three distinct layers (see figure 3) and can be
used in two configurations : the closed packed configuration A and the pulled back one,
configuration B. The first one consists in the side catcher (BGO) and the back catcher
(Csl), the combination of the two covering the rear part of the Ge while the front faces of
two neighbouring Clovers are touching each other.

Figure 3 : The three distinct pieces for the shield : the side shield (front), the side catcher
(left) and the back catcher.
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This configuration is the most compact (the front face of the Clovers are at about 11 ¢cm
from the target point) hence the most efficient at very low muiltiplicity. Configuration B will
be used when the number of coincident gamma rays is rather high (typically 15) when the
losses due to multiple hits is far too large if the distance to the target is maintained at 11
cm. In this geometry, the detectors are at 15 cm from the targets. Pulling back the
detectors allows for the third layer of BGO to be inserted between neighbouring detectors
which improves the peak to background ratio by about 20 %. The following table
summarizes the efficiencies and peak-to-background ratio for EXOGAM in configuration A
and B :

Phot. Efficiency (%) Peak/total (%)

. 662 keV__1.33 MeV | 662 keV _1.33 MeV
EXOGAM conf. A 28 20 57 47

(d~11cm)
EXOGAM conf. B 17 12 72 60
(d~15cm)

Today 12 complete shields have been ordered from SCIONIX, 6 are delivered, the rest is
expected before March 2002. These shields are designed in such a way that they can be
also used to veto the smali Clovers. Therefore, 12 suppressed Clovers should hopefully be
available in March 2002.

2.2. Electronics and data acquisition

VXl electronics will equip the various signals from the EXOGAM detectors. They consist in
signals ; from the crystals (high resolution) also called inner; from the segments (lower
resolution) also called outer and from the anti Compton shields. The electronics use the
VXI (VME extension for instrumentation) bus standard. This standard allows a large card
size to be used and the mixing of both high density analogue signal processing and digital
circuits on the same card. VXI cards are built for specific applications, for example,
detector signal processing, digitisation and event triggering.

Each Clover and associated shield generates 4 inner, 16 outer and 8 shield (4 BGO and 4
Csl) signals. For the full EXOGAM array, this is therefore 64 inner; 256 outer and 128
BGO+Csl channels. .

The VXI modules in the EXOGAM system will be:

Ge detector card electronics

BGO card (4 shields per card)

Master Trigger card (1 card)

Resource Managers, type STR8032 (1 per crate)
Crate readout cards, type STR8080 (1 per crate)

Each inner contact card comprises eight channels (i.e. two Clovers) measuring energy,
timing and radial hit position. The energy is measured in 2 ranges from 0-6 MeV and from
0-20 MeV (which can be switched to 0-3 MeV) with 16 bits ADCs. The timing is measured
from the time the CFD fires to either the next beam timing (RF) pulse or to the time of the
Fast Trigger (first level trigger, also acting as a global timing reference). The radial hit
position determination, combined with the segmentation of the detector, will enabie precise
hit localisation. The position is determined by analysis of a current pulse obtained by
differentiating the charge pulse from the preamplifiers. The pulse shape analysis method
will be either a digital processing using a DSP to analyze samples from a flash ADC (65
MHz), or an analogue processing using the steepest slope algorithm. The former method is
more versatile while the latter is simpler. The choice between the 2 methods will be made
after further tests. The inner contact cards have been designed by IPNO/CSNSM and they
are available for experiments. '
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One outer contact cards is capable to handle 4 crystals (each being electrically segmented
in 4 segments). Including one spare per crystal, this gives 20 channels per card. Each
channel will measure energy and timing informations as well as hit localisation in the same
way as for the inner contact card. This latter feature will be incoporated in a second step
but the design of the outer contact card already include this extension.

The design specifications for the outer contacts took a longer time since timing and hit
localization depend strongly on the quality of the preamplifier pulse. The improvement
observed on the prototype and even further on the serial Clover as compared with the first
estimate allows us to decide to include both of the possibilities. The prototypes will be
tested from February to April 2002. The outer contact cards have been designed by
GANIL/CSNSM. Before these cards are available, the segments are equipped with CAEN
16 channels amplifiers and the GANIL 64 ADC cards.

The suppression shields for each of the Ge detectors consist of many BGO crystals each
with a photomultiplier tube. The signals from the photomulitiplier tubes are buffered through
line drivers and are coupled close to the detector to give four signals per Clover shield. The
anti-Compton card is design to handle 4 complete shields.

The four signals from a shield will be handled by a single channel of electronics which will
measure the sum energy and the timing of the OR of the four inputs measured against
either the beam puise (RF) or the 1st level trigger Fast Trigger (FT). The choice of the
timing measurement will be controlled by the user. In addition to energy and timing, a 4 bit
hit pattern will be generated from each shield. One BGO VXI card will handle six
suppression shields. The BGO/Csl cards have been designed by CLRC
Daresbury/University of Liverpool. The prototype has been tested and the production has
started. They will be made available for March 2002,

The data acquisition system is based on the MIDAS package (Muitiple Instance Data
Acquisition System, which is a development of the software system initially developed for
Eurogam) associated with the standard GANIL acquisition system. A Graphical User
interface (GUI) running within a Unix environment is used for all interaction between the
user and the data acquisition electronics. All configurations of the system can be performed
dynamically using the graphical tools. Setup, control and monitoring of electronics in VXI,
CAMAC and VME is possible remotely using the GUI. )

The VXI crates are read out via a 32 bit data bus (DT32) into a VME crate (event builder)
where the data is checked and formatted for output to tape. The event builder passes the
formatted data via a broadcast data network (Fast Ethemet) to a Tape Server (a standard
VMS GANIL acquisition workstation which manages a farm of tape drives and outputs the
data to one or more of the drives.Event monitoring and sorting is performed by several
UNIX wokstations spying the data network. It can be also performed by the tape server
which offers this functionnality.

The complete setup including electronics has been extensively tested and debugged both
with sources and several beam time periods and is operational at GANIL.

2.3. Mechanics and infrastructure

The infrastructure required for EXOGAM itself include essentially the high voltage and LN2
automatic filling system as well as the installation of grounding plate common to both G1
and G2. In addition an electronics and detector laboratory have been completely setup in
order to ensure repairs and annealing of the detectors. One of the major auxiliary detector
expected to work with EXOGAM will be the VAMOS large acceptance recoil spectrometer.
It is therefore planned to interconnect in the most efficient way these two large devices.
The design of the various mechanical sub systems have been a difficult challenge since
each of these has firstly to cope with the VAMOS rotation and secondly to be common in
the two areas. These systems include :
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the platform with its cable ducts

the frame for supporting the EXQOGAM array
the target loader support frame

the array splitting mechanism

the lifting frame

the overall platform alignment mechanism
the clamping plate

® o & ¢ o o o

The design work has been done mainly in the UK in close contact with GANIL engineers.
The installation and assembly of all these parts will start mid January 2002 and will last for
2 months. This is a very important step forward in the project and it is planned to run the
first EXOGAM experiment with an ®He beam from SPIRAL early April in its final
configuration.

In addition to G1 and G2, the EXOGAM detectors are extensively used at the LISE focal
plane (decay experiments), around the SPEG target position (in-beam spectroscopy) and
also at the VAMOS focal plane for recoil decay tagging experiment. To safely used the
detectors in these variuos configurations, a mechanical structure and an LN2 automatic
filling system has been built and are available.

-3.  EXOGAM related R&D works

Finally, an R&D project, called PADT (PreAmplificateur pour Detecteur Tracking) has started at GANIL
initiated by EXOGAM. This project consists of the design and development of high quality
preamplifiers and associated mother boards for the EXQOGAM Clovers. The goals are several folds
and concern the necessity of a high quality maintenance, the cost effectiveness of it, the potentiality to
improve the performances and the local knowledge.

GANIL is involved in a very ambitious european project called AGATA (Advanced Gamma-ray
Tracking Array) aiming at the full reconstruction of a gamma-ray interaction in a Ge detector. This
requires the control of several challenging techniques such as the analysis of the preamplifier pulse
shapes and the localisation of the impact with a resolution better than a couple of millimeters, the
reconstruction of Compton scattering events, the identification of each single gamma-ray track within a
possibly large number of detected photons, etc. GANIL is involved in the detector electronics and it is
planned to improve step-by-step the preamplifier and the associated mother board designed for
EXOGAM in such a way that is can be used for tracking purposes. This require a lot of effort in
particular in the performances (noise, timing), miniaturization (37 or 65 segments per detector) and
consumption.

Today, a first design of preamplifier has been made and tested in a collaboration involving India and
Romania in addition to GANIL manpower and in discussion with european laboratories like GS| and
also with Berkeley. This preamplifier is under validation and will be installed on part of the EXOGAM
Clovers. A second design is already under test which looks very promising.
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dissipation mechanisms in heavy ion collisions around the Fermi energy

PIATELLI P. , SANTONOCITO D., BLUMENFELD Y., SUOMIJARVI T., AGODI C., ALAMANOS N., ALBAR,,
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Quasi-projectile and mid-rapidity characteristics in the *Ar+°Ni reaction at 95A MEV
DORE D. , BORDERIE B., CHARVET J.L., DAYRAS R., NALPAS L., RIVET M.F., ASSENARD M., AUGER
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NGUYEN A.D., BOUGAULT R., CHBIHI A., DURAND D., GULMINELLI F., LOPEZ O., SALOU S.,
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Two-neutron interferometry measurements
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SORTAIS P., BEX L., MAUNOURY L., LAMY T., VILLARI A.C.C.

GANIL - Caen, ISN - Grenoble

Review of Scientific instruments 69 (1998) 656.

7th INTERNATIONAL CONFERENCE ON ION SOURCES

TAORMINA (IT)

7 Septembre 1997

9814 H
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EXOGAM : A y-ray spectrometer for nuclear structure studies at
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GUERREAU D. ‘

GANIL - Caen

- Heavy lon Physics

VI International School-Seminar. Heavy lon Physics

DUBNA (RU)

22 Septembre 1997

98 141 S

Contraints due to the production of radioactive ion beams in the SPIRAL project
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LIMBE : Highly charged ion beams of low energy at GANIL

L. Maunoury‘, R. Lerof, T. Been', L. Guillaume', D. Leclerc', A. Lepoutrel,
V. Mouton', JM. Ramillionl, R. Vicquelinl, G. Gaubertz, Y. Pacquet2

'CIRIL, BP 5133, 14070 Caen Cedex 05
2GANIL, BP 5027, 14076 Caen Cedex 05

Since 1990, different ECRIS ("Electron Cyclotron Resonance Ion Source") named ECR3,
ECR4, ECR4M, SuperShypie and NanoganlIl have been used for Ion-surface, Ion-atom and
Ion-molecule research. The CIRIL (Centre Interdisciplinaire de Recherche Ions-Laser -
Caen), LPAN (Laboratoire de Physique Atomique et Nucléaire - Paris) and HMI (Hahn-
Meitner Institut — Berlin) have been the main user laboratories.

Whether the ECRIS quality, placed at our disposal by the GANIL, has allowed to obtain many
physics results leading to numerous thesis and publications, the rather poor beam qualities
have restricted the development of new experiments. In this way, the LIMBE conception has
been decided. Now, LIMBE has already been mounted, tested and the first beam has been
delivered in the middle of 2000.

LIMBE is composed of an ECR ion source named "SUPERHYPIE" [1] and two beam lines.
The SUPERSHYPIE ECR ion source is able to provide many highly charged ion beams as we
can see on the table 1. The typical intensities were measured with a Faraday cup placed at the
focal plane of the analysing dipole magnet and for an energy of about 17 keV/q. The ECRIS
is mounted on a high voltage platform able to furnish a beam with an energy range between
1.5 and 25 keV/q. At this time, the maximum magnetic rigidity is 0.05 T.m. Two beam lines
can be alternately used. They are dedicated to transport high current intensities with very high
emittance up to 150 t.mm.mrad.

Ion Current |Ion Current

"SUPERSHyPIE" ECRIS

Beam line

[1500 pA_

He®  |1500 uA |He

c* 250uA |0 450 uA
o 140uA |N7” 3.5 LA

Ne ™ 170pA  |Ne™ 1.2 yA

Ar*™ 250 pA  |Ar™ 23 uA

P o e ®

Ar™  11.9pA  |Ar™ 1008 UA | mapirgsriSEal

Beam line

B4Kr19+ 15 ”A 84Kr24+ 4 yA magnet
1Xe ™ 11 yA Xe 7 4.2 A _
Table 1 ' Figure 1
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The vacuum values inside the beam lines are around 5.10"° mbar and limit greatly the charge
exchange with residual gas. The transmission is very high: better than 80% for L3 and better
than 60% for L4. In order to tune the beam, LIMBE is equipped with five beam profile
monitors and three Faraday cups. The beam can be cut by a set of horizontal slices placed at
- the focal plane of the analysing dipole magnet. All procedures (adjustment of dipole and
quadrupole currents, beam profiling, vacuum, etc...) are supervised and visualised by
computers.

Beam time request is examined by the Program Advisory Committee for Interdisciplinary
Research at GANIL. The first experiment was managed by the team of F. Frémont et al.: this
experiment was devoted to collisions between O'" + CO and He* + CO [2]. Twelve
experiments have been accepted up to now and about six [3,4,5,6] have been successfully
performed (by mid may 2001).

For the future, two projects will be realised. The first one will be the magnetic rigidity
increase up to 0.136 T.m by the exchange of the analysing dipole magnet (102° switched for a
90°). The second one will be the merging of the AIM (Grenoble) facility with the LIMBE
facility. In the medium term, six beam lines and two ECR ion sources will be available for
Physicists.
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IRRSUD : New irradiation facility at GANIL

This line has been built up by the GANIL groups in collaboration with the CIRIL laboratory.

Figure: End of the beam line implanted near the cyclotron injectors of the GANIL accelerator.

A new irradiation facility has been mounted at the output of the two first compact cyclotrons (C01
and C02) of the GANIL accelerator. When one of the cyclotron is used to produce a beam for high
energy physics, the second cyclotron can deliver a beam for material irradiation. Compared to the
previous existing irradiation points, the characteristics of beams accelerated by CO01 or CO02
available at IRRSUD will be as shown in the table below. It is expected that the first beam will be
delivered by the autumn of this year.

Injectors (C01, C02) SME (CSS1) HE (CSS2)
Ion flux(note) energy flux energy o flux . energy

Ton.cm™ MeV/iamu Ion.cm™ MeV/u ' Ion.cm™ MeV/u
Ne 510% 0.3-1 - 110" 3.7-13.4 2102 23-95
Ar 2107 0.3 -1 510'" 3.7-13.6 810" 23-95
Kr 510" 0.3-0.9 210" 3.7-11.5 4 101 23-73
Xe 310" 0.3-0.7 8 10'° 3.7-7 1.6 10" 23 - 44
Pb 210" 0.3-045 210 ' 37-45 210° 23-29

Table: JRRSUD energy and intensity beam characteristics. Note that flux and maximal energy
depend on the charge state chosen at the source output.
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UHYV chamber for studies of secondary particle emission from surfaces
M. Caron%, M. Jung§, F. Haranger, V. Mouton, D. Leliévre, H. Rothard

Centre Interdisciplinaire de Recherche Ions Lasers CIRIL (CEA-CNRS-ISMRA),
Rue Claude Bloch, BP 5133, F-14070 Caen Cedex 05, France

*now at: PHILIPS GmbH, Philips Research Laboratories, »
Luminescence and Electron Emission D303, Weisshausstrasse 2, D-52066 Aachen, Germany
Snow at: ELS - Elektronik Laser System GmbH, Reinheimer Str. 11, D-64846 Grof3-Zimmern, Germany

The interaction of a swift heavy ion with solids leads to the emission of a large number of secondary
particles (electrons, ions, neutrals) which serve as messenger for the mechanisms of energy
deposition and damage creation. Up to now, most studies at large accelerators have only been
performed in standard vacuum with uncontrolled surfaces. Therefore, we developed an ultrahigh
vacuum (UHV) set-up especially designed for experiments on secondary particle emission from
surfaces at GANIL. Results concerning high charge effects in electron emission and first studies of
electronic sputtering and desorption are reported elsewhere in this compilation.

time-of-flight
spectrometer

|
Tl

Faraday cup

electron
gun

electrostatic
spectrometer

The whole set-up was mounted on a mobile support for easy transportation and rapid installation.
Differential pumping chambers (p ~ 10 mbar) upstream and downstream of the main UHV
chamber (p = 5.107° mbar) allow mounting on standard vacuum beam lines (p ~ 10”7 mbar). It is
equipped with an ion sputter gun (Ar ions of 500 eV energy) for surface cleaning. An electrostatic
spectrometer allows the measurement of electron spectra (also Auger electrons for surface control).
The set-up is also equipped with a quadrupole mass analyzer for residual gas analysis. A Time-of-
Flight spectrometer is used for measurements of secondary ion gjection. In addition to external ion
beams, a pulsed electron gun (energy range 0.3 - 10 keV) can be used as primary particle source.

Literature: M. Caron et al., Nucl. Instrum. Meth. B146 (1998) 126.
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2 - COLLISIONS OF IONS
WITH ATOMS AND MOLECULES



One- and two-K-shell vacancy production in Li by 95 MeV/u Ar'®*

N. Stolterfoht', J.-Y. Chesnelz, B. Sulik® , F. Frémontz, D. Hennecartz, X. Hussonz, D. Leclerz,
A. Cassimiz, J.-P. Grandinz, J. Rangamaz, B. Skogval]', J.-H. Bremer‘, and J.A. Tanis*

'Hahn-Meitner-Institut GmbH, Bereich F estkorperphysik, D-14109 Beriin, Germany
“CIRIL, Unité Mixte CEA-CNRS-ISMRA et Université de Caen, F-14050 Caen Cedex 4, France
Institute of Nuclear Research (ATOMKI), H-4001 Debrecen, Hungary
"Department of Physics, Western Michigan University, Kalamazoo, Michigan 49008

A comprehensive study of single K-shell excitation and double-K-shell-vacancy production in
atomic Li induced by 95 MeV/u Ar'®* projectiles was performed in collaboration with the group of
atomic physics at CIRIL (P460). At this high velocity (v/c = 0.42), excitation and ionisation should
be well described by perturbation theories, and connections to photoinduced processes are expected.
High-resolution spectra for Auger-electron emission, resulting from the deexcitation of singly- or
doubly-excited states, were measured for various electron emission angles. A typical high-
resolution spectrum is shown in Fig. 1. Both single-K-shell excitation and double-K-shell vacancy
production show strong dependencies on the electron emission angle. Single-K-shell excitation
results mainly from dipole-like transitions, showing that the fast ions can be considered a source of
virtual photons. Experimental anisotropy parameters for the (I1s2snp) P states resulting from single-
K-shell excitation were found to be in good agreement with predictions of the Born approximation.
In the case of double-K-shell-vacancy production, the two K vacancies come about mainly by
ionisation plus excitation of the atomic Li target, giving rise to excited states in Li*. Strong line
intensities from the 2s” 'S and 2s3s S excited states are explained in terms of shake processes [1],
providing direct spectral identification for the electron-electron (e-¢) interaction in producing the
doubly vacant K-shell configurations. Production of the 2s3s °S state, with intensity larger than that
of the 2s” 'S state, is attributed to a correlated double-shake process [2] that involves a dynamical
manifestation of the Pauli exclusion principle. Production of the 2s2p *P state is attributed partly to
the dielectronic [3] manifestation of the e-e interaction, resulting from slow electron emission, in
which the mutual interaction of the two electrons leads to an exchange of angular momentum. To
identify separately the dielectronic contribution to the 2s2p 3P state an additional experiment (P509)
has later been performed at GANIL by using a 60-MeV/u Kr*** ions of roughly the same velocity as
the present projectiles, but with a charge about two times larger.

References:

[1] J.H. McGuire, Electron Correlation Dynamics in Atomic Collisions, Cambridge Univ. Press, 1997
(2] J.A. Tanis et al., Phys. Rev. Lett. 83, 1131 (1999) ; Phys. Rev. A 62, 032715 (2000).
[3] N. Stolterfoht, Nucl. Instr. Meth. Phys. Res. B 53, 477 (1991).
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Production of double-K-shell vacancies in Li by 60.2 MeV/u Kr34+_

N. Stolterfoht], J. Rangamaz, J.-Y. Chesnelz, JA. Tanisz’3, B. Sulik4, F. Frémontz, D. Hennecartz,
X. Husson?, A. Cassimi, V. Hoffmann', and B. Skogvall'
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CIRIL, Unité Mixte CEA-CNRS-ISMRA et Université de Caen, F-14050 Caen Cedex 4, France
3Department of Physics, Western Michigan University, Kalamazoo, Michigan 49008
*Institute of Nuclear Research (ATOMKI ), H-4001 Debrecen, Hungary

Production of K-shell-vacancies in atomic Li induced by 60.2 MeV/u Kr**" projectiles was
investigated (P509) to complement the experiment P460 performed previously at GANIL with 95
MeV/u Ar'® jons. In fast collisions, the perturbation strength of the projectile scales with Z/v,
where Z and v are the projectile charge and velocity, respectively. Hence; the perturbation strength
of 60.2 MeV/u Kr*** projectiles (Z/v=0.7 a.u.) differs from that of 95 MeV/u Ar'®* projectiles
(Z/v=10.3 a.u.) by a factor larger than two. High-resolution spectra for Auger-electron emission,
resulting from the deexcitation of doubly-excited states of lithium, were measured for various
electron emission angles. A typical high-resolution s]pectrum is shown in Fig. 1, and compared with
a spectrum obtained previously with a 95-MeV/u Ar'®" ion beam (P460).
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The spectra show that the two K vacancies come about mainly by ionisation plus excitation of the
atomic Li target, giving rise to excited states in Li*. Double K-shell vacancy production in Li is
primarily produced by two mechanisms: (i) TS2 where the incident projectile interacts
independently with each electron in a single collision and (ii) TS1 where a single projectile-electron
interaction is followed by an electron-electron (e-e) interaction.
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The e-e interaction has two aspects corresponding on whether the first electron is emitted slowly or
suddenly. For slow emission, subsequent transition of a second electron involves the mutual
interaction of the two active electrons, which is the dielectronic [1] manifestation of the e-e
interaction. On the other hand, sudden emission can result in a shake process [2], where the
subsequent transition is due to the change in the potential seen by the second electron. From
perturbation theory it follows that the transition probability for TS1 depends on (Z/v)* whereas the
transition probability for TS2 depends on (Z/v)*. Hence, the study of double K-vacancy production
at various Z/v values allows for a detailed investigation of the mechanisms.

The production of the S states is due to a shake process [(P460), 3], following the sudden emission
of the first active electron. In contrast to the S states, the production of the P and D states can
originate from the TS2 process and/or from the dielectronic e-e interaction. Hence, in accordance
with perturbation theory, the enhancement of the relative population of the P and D states observed
when using Kr**" projectiles (see Fig. 1) is due to the fact that the relative contribution of TS2
increases with increasing Z/v. From the comparison between the spectra obtained with Ar and Kr,
the TS1 and TS2 contributions to the mechanisms producing the P and D states can separately be
identified and evaluated. Since the P and D states cannot be produced by shake [3], identification of
the TS1 contribution to the P and D states makes it possible to separate the dielectronic contribution
to the e-e interaction. Thus, combination of the present results with those obtained previously
during the experiment P460 shows that the shake and dielectronic contributions to the e-¢
interaction can be separately identified from spectral intensities alone.

Lastly, it should be noted that at the beginning of the beam time preliminary measurements were
performed using a H, gas target. The two-center molecular structure of H, makes it an interesting
target when bombarded with fast ions. A detailed analysis of the test spectra combined with theory
has given evidence for interference effects produced by the coherent emission of electrons from the
two H atoms (in analogy with Young’s two-slit experiment).
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Mechanisms responsible for the capture of inner-shell electrons

in slow He2+ + CO collisions

P. Sobocinski, J. Rangama, J.-Y. Chesnel, M. Tarisien, L. Adoui, A. Cassimi, X. Husson and
F. Frémont,

Centre Interdisciplinaire de Recherche lons Lasers, Unité Mixte CEA-CNRS-ISMRA-
Université de Caen Basse Normandie, 6 Bd du Maréchal Juin, F-14050 Caen Cedex, France

2
Electron capture in slow He "+ CO collisions has been studied using Auger electron
spectroscopy at the ECR source of GANIL. Electrons ranging from 1 to 500 eV were

detected. For the system He2+ + CO at a projectile energy of 16 keV, it was first shown that
the major contribution of the total cross section is due to non fragmented CO’ ions. However,
a large production of CO3+ molecular ions (~ 17%), compared to the production of CO2+ ions
(~ 28%) was found.

. . . . 2+
This result was surprising, since He can capture only two electrons from the target, and

direct ionization of the target is unlikely to occur at low impact energies. Moreover, the

. 3+,
kinetic energy release (KER) during the dissociation of co” and CO” ions was found to be
significantly different from that observed in photon-induced or swift heavy ion-induced
dissociation.

To explain these trends, the primary collision process was discussed in terms of the extended

3
over-barrier model (EOBM). From the EOBM calculations, it was suggested that the CO "
production is due to double capture involving outer and inner electrons from the target. Thus,

2+ o
after the capture the residual CO ion may decay by means of a Auger transition.

Hence, we have investigated the capture mechanisms in order to gain insights into the role of
inner- and outer-CO electrons. We measured energy spectra of autoionization arising from

2 — . . .
collisions of He on CO molecules at a projectile velocity of about 0.4 atomic units. A

2+ .. .
particular effort was devoted to low energy spectra following He + CO collisions to give
evidence for the capture of inner-valence electrons.



Velocity dependence of the n/m, distributions produced
by state-selective electron capture in slow Ar®*-X {X=alkaline target}

V. Bazin, P. Boduch P., M. Chantepie, E. Jacquet , H. Kucal, C. Laulhé, D. Lecler, J. Pascale

CIRIL (CEA-CNRS-ISMRA), 6 bd. du Maréchal Juin, F-14050 Caen Cedex 04

Collisions between slow Ar®* produced by an ECR source at GANIL and an alkaline target in its
ground state or in its first excited configuration were performed in the 0.1-5 keV/u energy collision
range by photon spectroscopy in the 200-600 nm wavelength domain. For this energy range, the -
prevailing process is the capture of the external electron of the target into excited radiative states
defined by n (the principal quantum number), ¢ ( the orbital quantum number) and m, (the magnetic
quantum number) : Ar®" + Li (1s’2s) — Ar’'(n/m,)* + Li*

Detection of the corresponding emitted photons allows to determine the production cross section
o(nf) for each populated configuration versus the collision energy. A typical n/ distributions for the
Ar¥-Li(2s) system are shown in figure 1 for n = 8 and a slow collision energy ( 0.5 keV/u) and
compared to CTMC simulation for the same system and for the iso-charged system O®'-Li(2s).
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The present n{ distribution is not statistic: only low and high ¢ values configurations are mainly
populated. Such a distribution is the result of the competition between the core electron effect of the
projectile and the Stark effect of the residual ion target. The high ¢ value configurations are nearly
degenerated and can be mixed by Stark effect thus leading to the population of the highest £ values.
The production of the low ¢ value configurations is due to the core electron effect. These
configurations are not degenerated and cannot be mixed by the Stark effect. This explanation is
confirmed by the comparison with the CTMC simulation on the O%-Li(2s). In this case, the
projectile is a bare ion and all n¢ configurations of the O’* ions are degenerated and can be mixed by
Stark effect (figure 1). This core electron effect is velocity dependent and vanishes at higher
collision energy.
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Concerning the collision system Ar®*-Cs(6p) with a laser excited target, new lines are observed.
They correspond to the shift of the reaction window to higher n values (for example n=14).
Concerning the n/ distribution, only lines from high ¢ value configurations are observed and the
corresponding distribution is the same as in a system with a non-excited target. In this kind of
experiment, the target can be excited and aligned either parallel or perpendicularly to the ion bean
direction. No anisotropy effect due to this initial alignment is observed on the n/ distribution.

The m, distribution is determined from the polarisation degree of each single electron capture lines

I, -1
and from CTMC simulations. The polarisation degree is defined as P=-"—2~ where I is the

+ 1

/" L

light intensity polarised parallel to the ion beam direction and I, the light intensity polarised perpen-
dicular to the ion beam direction. P can be expressed in terms of the 6(m,) production cross section
in the m, sub-states. Such cross sections are calculated with the CTMC method. If the agreement
between the experimental and theoretical values of the polarisation degrees is good, we can assume
that the m/ CTMC should be a good picture of the real m, distribution. An example of the evolution
of the polarisation degrees (exp. + theo., versus collision energy) for the Ar**-Li(2s) system is
shown in figure 2.
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The experimental and theoretical results are in a very good agreement. For the higher collision ener-
gy, the polarization degree is positive and of the order of 30%. The corresponding m/ distribution is

very sharp around low m, values (m,=0 and m,~=*1). The initial populated states are redistributed by
Stark effect and intershell rotational couplings. As the collision energy decreases, P decreases, too :

the m/ distribution becomes wider. Due to the presence of the core electrons, the rotational coupling
becomes an intrashell coupling yielding to a widening of the m/ distribution. For the system with an
excited target, no alignment effect is observed on m/ distribution.

Literature: C. Laulhé et al., J. Phys. B 30 1517 (1997); C. Laulhé et al., J. Phys. B 30 2899 (1997);
V. Bazin et al., PRA 62 52706 (2000); V. Bazin et al., PRA, submitted (2001).
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Fragmentation of H, following the impact of highly charged ions at low velocity
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The fragmentation of H}'

ions following double capture in slow Xe’

11 rue P. et M. Curie, F-75231 Paris Cedex, France

*+ H,and O°F + H,

collisions has been studied at the ECR source (GANIL). The emitted protons have been
detected as a function of the observation angle. For both systems, the energy distribution of
the ionic fragments was found to depend significantly onto the detection angle, whereas the
Franck-Condon picture predicts a transition leading to an energy of about 9.5 eV for each
fragment. To explain the deviation from the Franck-Condon picture, two models have been
introduced. The first model, which does not take into account the influence of the projectile
on each fragment (post-collision interaction) shows that, at a projectile velocity of ~ 0.4 a.u.,
the proton energies originate mainly from both the recoil energy of the center of mass of the
ionized molecule during the collision, and the molecular dissociation energy (~ 9.5 eV).
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To give evidence for the specific role of the projectile, measurements were performed at

lower impact energies. For the system Xe?

* + H,, the analysis

of the fragment emission cross

sections reveals that the protons are repulsed in backward directions (see ﬁgure) due to the
Coulomb forces induced by the pro;ectlle
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Molecular fragmentation following swift collisions with multicharged ions:
beyond the "Coulomb Explosion" picture
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The recent emergence of imaging technique gives rise to a growing interest in the understanding of
ion-molecule fragmentation dynamics as one can expect to go further in the description of all of the
stages of the collision. Information on the fragmentation dynamics is obtained from the coincident
measurement of the momentum vector of all the fragments. Recoil lon Momentum Spectroscopy is
improved to match high Kinetic Energy Release (KER) resolution for a wide range of collision
energies together with angular distribution measurement. The principle of RIMS technique has been
widely detailed especially when applied to ion-atom collision studies [1]. From the time of flight and
the impact position measurements of all the fragments on a Position Sensitive Detector (PSD), the
initial momentum of each fragment is deduced via simple algebra. The main adaptations of this
technique to the molecule fragmentation study concerns the multihit capability requirements and the
strong electric field needed to maintain the 4w solid angle efficiency. The time and the position
resolutions lead to an achievable momentum resolution Ap/p of about 5.10° corresponding to an
energy resolution of 250 meV for recoil energies of the order of 10eV. All of the projectiles used in
this study were provided by the GANIL facilities (Caen, France). The experiments with swift
projectiles (11.4 MeV/u O™ and 8 MeV/u Ni**") were performed on the SME (Sortie Moyenne
Energie) line (P469), while the low-energy projectiles (few keV/u) were produced by the 14.5GHz
electron cyclotron resonance source of LIMBE (Ligne d’lons Multichargés de Basse Energie).

Numerous experiments have recently been devoted to the multiple ionization of small molecules such
as CO or N, by various high energy projectiles and to the dissociation of subsequent (CO)*" or (N,)**
ions. The deviation of the KER distribution widths compared to those predicted by the simple
Coulomb Explosion Model has been the motivation to go further in the description of the scenario of
the fragmentation. The KER distributions for the (CO)** — C* + O" dissociation channel induced by
8 MeV/u Ni*** projectiles is presented in figure 1. A similar structure has been observed in the case
of 114 MeV/iu O™ projectiles [2]. The 250 meV KER resolution together with high-level
computations of dication potential energy curves (65 excited states were considered) and application
of time-dependent wavepacket dynamics lead to a succesful attempt to assign each line of the
observed structure in the KER to an excited state of the transient molecular dication produced during
the collision [2]. This is a direct experimental evidence of the limitations of the coulombic
representation (which predicts a 12.8¢V mean energy value) to reproduce the molecular
fragmentation dynamics induced by ion impact. These results demonstrate the ability of this
technique to investigate molecular ion spectroscopy and to test the validity of computed theoretical
molecular potential energy surfaces. The direction of the molecular axis with regard to the beam
direction is derived from the momenta measurement. The alignment dependence for one selected
fragmentation channel (CO)** — C** + 0" is presented in figure 2. The angular distribution exhibits
no angular preference as do/d® can be well approached by a sin 0 law where 0 is the angle between
the molecule internuclear axis and the ion beam direction. This result is qualitatively understood in
terms of mean impact parameter b value : the more distant the electron removal takes place, the more
blurred this alignment dependence. This is the case in the very high velocity-high charge regime.
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line) projectiles.

A dependence of the KER distributions upon the K=Q/v ratio (where Q is the projectile charge state
and v its velocity) usually defined to characterize the interaction strength between the projectile and
the target is also realized by a comparison with the swift 11.4 MeV/u O’" ion-induced results. This
comparison between the high energy O’" (K = 0.3) and Ni*** (K = 1.3) projectiles for the same
(CO)** — C* + O" dissociation channel is presented in figure 1. It indicates that an increase in the
interaction strength results in a more efficient population of high-lying dissociating states and
consequently in an increase of the mean kinetic energy value. Similar behaviour has already been
reported in this interaction regime.

The experiment was also performed with low-energy 4 keV/u O’ projectiles in order to compare
the dissociation induced by two different primary processes (i.e. by electron capture process rather
than by ionization). The results are also shown in figure 1. If the main structures are similar in both
cases, a difference between the relative dication excited-state populations produced either by elec-
tron capture or by direct ionization is evidenced. The enhanced line intensity for high KER values,
in the high projectile energy case, is attributed to the fact that electronic excitation during the
collision is more likely to occur in this energy regime. This interpretation is strengthened dealing
with the component below 2 eV and attributed to highly excited CO" states autoionizing to a dis-
sociative state leading to a C* + O™ ion pair below the threshold for metastable CO** formation [2].

The high density of molecular excited states makes impossible a similar line assignment (as realised
for q = 2) for more highly charged molecular ion (CO)®" with q > 3. Very recently, in order to
overcome this difficulty, Siegmann et al. [3] developped a more elaborate semi-phenomeno-logical
model of Coulomb fragmentation based on a statistical description of the individual potential
energy curves of the molecular ion. They attribute the increase of the width distribution for high q
values to the spread of the potential energy curves due to the mutual polarization of the molecular
fragments. The mean energy value and the width of the KER distribution are well reproduced by
this model.

References: [1] Cassimi A., Nouvelles du GANIL 63, 13 (1998)
[2] Tarisien et al., J. Phys. B : At. Mol. Opt. Phys. 33, L11 (2000).
[3] Siegmann, B., Wemer, U., Mann, R., Kabachnik, N.M. and Lutz H.O.,
Phys. Rev. A 62, 022718 (2000)
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Multi-fragmentation dynamics in molecular physics
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The measurement of the momentum vector of each fragment becomes of the first importance
to characterize the fragmentation dynamics in the case of a tri-atomic molecule such as CO,
and fixed-in-space molecule experiments are possible. Even a slight bend of the tri-atomic
molecule leads the fragments to move in a plane rather than on an axis as in the case of
diatomic molecules. We present here preliminary results for the 8 MeV/u Ni*** -induced CO,
fragmentation (P460). In order to explore the geometry modification of the molecule during
the dissociation process for each fragmentation channel (CO,)** — C4* + 0%* + 0%, we
define as characteristic variables the angles 0
and 7, where 0 (the so-called "bend angle") and
x are defined in fig.l. These velocity-space
coordinates can be used to discriminate if the
dissociation process is "concerted" (the two C-O
bonds break simultaneously, ie. on a time
shorter than the .other characteristic times) or
"sequential” (one C-O bond is broken, then the
othgr one breaks eventually after a rotation of the Fig.1: Definition of the velocity-space
residual molecular fragment center-of-mass). _g—a,,gles in the case of the CO, molecule.

The results for 6 and y distributions are presented in figure 2 in the case of C* + O" + O" exit
channel. The y distribution is found to be strongly peaked at a value of 90°, characteristic of a
concerted fragmentation. The width of the distribution is of the same order than that in the
case of the H" + H" + O channel coming from the fragmentation of the H,O molecule {1]. In
this latter work, the width was well reproduced by an ab initio calculation taking into account
the few lowest excited state of the transient (H20)3+ and assuming a purely concerted breakup.
The 6 distribution is presented compared to the ground-state zero point distribution of the
neutral molecule. The most probable value is in this case shifted toward the smaller values of
-0 -the molecule slightly bends before breaking- but we can note above all the extension of this
distribution down to approximately 100°. No such bending has yet been observed in low-
energy Ar®* [2] or in laser [3] —induced CO, fragmentation. The analysis of the evolution of
each fragment momentum on the whole range of KER accessible for this dissociation channel
(approximately from 15 to 80 eV) leads to the conclusion that for all of those energies, the
fragmentation is mainly concerted with a C* fragment nearly at rest and two O' fragments
leaving "simultaneously” in opposite directions.

The same angular distributions are also determined in the case of the (CO2)*"" — C*+ 0" + 0
dissociation channel. Since the neutral fragments are not detected, these results are derived
from the C* and O' coincidences. The ¥ distribution is now found to be quite uniform in the
90°-180° range (figure 3). A stepwise interpretation of the fragmentation is thus possible for
this channel. The 0 distribution shifts slightly to smaller values. More interesting is the
analysis of the momentum of each fragment versus the KER values. If we choose to define as
the x-axis of the frame of reference in the fragmentation plane (xOy) the O direction, then
the three collision partners contribute to the momentum balance in the x-direction while the
C" and O fragments have opposite momentum component in the y-direction.
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We present in figure 4 this x-momentum component versus the KER value. We can see that
the O" fragment momentum is found to increase with the KER values for the three fragments.
Most of the events are clustered close to the maximum kinematically accessible by the energy
and momentum conservation rules. This maximum corresponds to the configuration where the
O" fragment is emitted in one direction with a momentum which compensates the momentum
of the center-of-mass of the residual (CO)" molecular ion. We can see, for example, that for a
KER value of approximately 10 eV, the C* and O fragments are emitted in the opposite
direction compared to the O" fragment and share approximately equally the momentum.
Then, increasing the KER value (i.e. going to higher excited molecular ion states), the
situation tends to look like the one observed for the C* + O" + O" dissociation channel. In
conclusion, the (CO,)**" — C* + O' + O dissociation seems to be rather sequential with
preferentially first a O - (CO)" intermediate stage and then a fragmentation of the residual
molecular ion in its center-of-mass. Further data analysis are still in progress but these first
results are promising to enlighten the fragmentation dynamics of more complex systems.

References: [1] Wermner, U., Beckord, K., Becker, J. and Lutz, H.O.,
Phys. Rev. Letters 74 1962 (1995).
[2] Sanderson J.H., et al, Phys. Rev. A 59 4817 (1999). _
[3] Bryan W.A. et al, J. Phys. B : At. Mol. Opt. Phys. 33 745 (2000).
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Fast electron ejection from swift heavy ion collisions with solids
studied with the multidetector ARGOS
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A. Anzalone2, N, Arenal, S. Cavallaroz, E. Geraciz, M.Geraci', F. Giustolisiz,
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This experiment (P525) concerns the application of the powerful large detector array ARGOS,
initially designed for nuclear physics studies, to atomic collision experiments at GANIL (with 95 A
MeV Ar and 29 A MeV Pb beams). The aim was to measure absolute doubly differential cross
sections for fast electron ejection from solid foils. Such data are important for modelling energy
deposition in condensed matter in view of applications of heavy ion beams in radiobiology and
materials science. This experiment is an example for a fruitful interdisciplinary collaboration of
atomic, solid state and nuclear physicists. The measurements took place in the large scattering
chamber NAUTILUS of GANIL, which was recently removed from cave G1 and re-installed in cave
G4. Thanks to the important efforts of the GANIL staff, NAUTILUS became fully operational in
2000, and the experiment could be performed as planned. The measurements with a high quality
Argon beam of good time resolution made the determination of absolute electron emission cross
sections possible.
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" As an example, we show forward - (fig.1) and backward electron spectra (fig.2) for the collision
systems 95 A MeV *®Ar on C, Ni, Ar and Au. In the forward spectra, two distinct components are
observed : convoy electrons travelling with approximately projectile velocity, and electrons from
binary projectile - target electron collisions. Binary encounter electron ejection in forward direction
can be well described by relativistic ionisation and electron transport theory [1,2].

95 MeV/A Ar + C,Ag,Au
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An unexpectedly large fraction of high energy electrons at large emission angles and in backward
direction (see fig. 2) and a high velocity wing on the BE peak was observed [3,4]. These effects are
related to electron transport in solids. A possible mechanism involves multiple collision sequences of
electrons between target and projectile nuclei. This is often referred to as "Fermi-shuttle". A part of
the BE electrons produced in the collision interacts with the target atoms along the ion trajectory and
are scattered back with a certain probability of colliding again with an incoming nucleus. The
probability of such higher order processes may be sharply enhanced in ion-solid compared to ion-
atom collisions, because of the high target nucleus density. The importance of this effect seems to
increase with projectile atomic number. Also, the target dependence of convoy electron emission
reveals interesting features [4]. Further analysis of the data from the Ar (July 2000) and the Pb
(November 2000) experiments is going on.
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‘High charge effects in electron emission
induced by swift highly charged ion impact on carbon
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The most basic consequence of the interaction of ions with matter is ionisation and
subsequent electron emission. It is a long-standing question which scaling laws apply to
heavy ion induced electron ejection from solids. Commonly assumed scaling factors are the
electronic stopping power or the perturbation parameter (qp/vp)°. Strong deviations from such
simple scaling were observed for low energy electron ejection with increasing perturbation
(e.g., increasing ion charge at fixed velocity).

Recent experimental results and theoretical calculations point towards so-called "saturation
effects" in primary ionisation, whereas often assumed collective effects on low energy
- electron transport seem to be of minor importance [1]. Here, we report on studies of high
charge effects at the medium energy facility SME of GANIL (P476). Energy spectra and total
yields of electrons emitted from sputter-cleaned amorphous carbon targets bombarded with
swift ions were recorded with a UHV set-up (which is described elsewhere in this
compilation). The velocity of the ions was held constant (E,/M, = 9 MeV/u, vp = 19 at. u.),
while the charge of the projectile q, was changed from 6 to 45.
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The shape of these spectra strongly depends on g, as can be seen from figure 1. It shows
electron spectra induced by a light ion (C®") and a medium heavy ion (Ni*"") and their ratio
(divided by q%). At large electron energy, a simple qu scaling law is observed (i.e., the ratio
normalised to the square of the charge equals 1). In contrast, for low electron energy (below
the Is ionisation threshold) a strong reduction effect with increasing q, appears [2]. We
observed similar high charge effects concerning the projectile dependence of electron yields
from carbon foils [1].
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On the high energy side of the well known carbon KLL Auger peak at 270 eV appears the
hypersatellite K’LL line due to the double ionisation of the K shell [2] for high projectile
charge only (figure 2). The corresponding Auger transition of one electron from the
completely filled L shell to the doubly ionised K shell can be observed at about 312 eV. The
dependence of this multiple ionisation process (which is a specific strong perturbation effect
being negligible for low ionising radiation) as a function of g, increases from a threshold up
to a saturation. .

Furthermore, from a careful analysis of the shape of these carbon Auger spectra including
background subtraction and deconvolution techniques (for instrumental transmission, and for
electron transport accounted for by a numerical simulation), we clearly observe a projectile
charge dependence of the shape of the primary Auger electron spectrum. This effect is
strongly connected to a modification of the electronic structure of the solid target at the
moment of the Auger decay. Different possible interpretations of this effect exist (see [3] and
references therein), such an increase of the "electronic temperature” or a structural
modification of the material. :
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Ar'"* exited state populations through solid and gaseous carbon targets:
a new sensitive test for transport theories
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Transport of electrons in excited states of fast ions through solids as a probe of ion-solid
interactions is a subject of current investigation. A complete understanding of this problem, directly
related to ion stopping power, is also important, for instance, in the optimization of the production
of high intensity ion beams. The complexity of the problem is due to the fact that various aspects of
the interaction have to be taken into account. Namely, the multiple collisions that projectile
electrons suffer with particles in the solid, the strong target polarization induced by the incoming
highly charged ions (the wake field) and the radiative decay of the ion.

Thus, studies on the production and on the transport of core-excited states have been performed
with a different degree of sensitivity to either the individual process involved (like total or partial
ionization and excitation cross sections) and/or to the dynamical screening induced by the wake
field. The most recent results have been obtained in the case of the transport of Kr** inner-shells
initially populated either by capture or by excitation processes?*. The use of a large range of
carbon target thickness has allowed to study the transport from single collision conditions to
equilibrium. The major part of the evolution of np (n<4) core state populations with thickness is
relatively well described by the collisional aspect of the interaction contrary to the evolution of 3Jj
excited sub-states which gives a direct signature of the collective response of the medium.
Precisely, the 3/j populations are sensitive to this response for very thin foils for which Stark mixing
is dominant whereas collisional processes become important for thicker foils. We also have shown
that the knowledge of the initial state of the ion prior to transport is an essential parameter.

To get quantitative information on the relative importance of collisional and dynamical mixing and
also on the initial conditions, we have studied Ar”fr excited states produced by capture through
solid and gaseous (CH,) carbon targets at impact velocity of 23 a.u. (P500). Actually, the
population of the projectile excited states is more sensitive, for this system, to the dynamical
response of the medium than in the case of Kr ions on carbon foils. Great improvements in the
resolving power of the crystal spectrometers on one hand, and an optimization of the intensity and
quality of the beam, on the other hand, allowed us to obtain a wide range of experimental data. We
have recorded spectra of the entire np—1s Lyman series, of the 2E1 decay mode of the 2s,
metastable state and, also of helium-like transitions (mainly 1s2p—>1s®). Concerning the Lyman
lines, we were able to distinguish the »p states for n < 12, as well as the 2p;,; substate from the 2ps;
one. Comparisons between the_gaseous and solid targets (see, for instance, figure 1, where both
spectra are normalized to the 2p3,— 15|, transition) show already an enhancement in the population
of 2p1;» substate compared to the 2ps, component for solid targets. This effect is a direct signature
of a specific solid target effect predicted by our most recent calculations, and consistent with our
previous observations on the 2s-2p mixingz. Besides this difference, the study of the entire series of
np states will provide information on the projectile electron — target electron interactions of two
types: direct electron - electron interaction through collisional processes (like excitation) and/or
through the collective response of the target electrons (the wake field). Concerning the helium-like
transitions, we have evaluated the evolution of the >P/ lPl ratio as a function of the target thickness
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(figure 2); ratio which will give even more information on the wake field since induced Stark effect
is not any more linear for these states and radiative decay times are also very different.

In parallel, many efforts have been recently devoted to the development of ion transport
descriptions. Nowadays, we are able to take 1nt0 account both aspects of the target response and,
this, for two different types of approximation®. The first one is a quantum mechanical approach,
solving a set of master equations, which allows selectively turning "on" or "off" the collisional and
dynamical mixing on different projectile excited states. In figure 3, we can visualize the effect of
wake field on the evolution of the 2s,,, population with target thickness. The second model is based
on a Monte Carlo simulation and can be performed using both classical and quantum approaches in
the calculation. A completely comparison with the experimental data provides a very sensitive test
for quantum effects.
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Channeling of fast Pb " jons in a thin silicon crystal:
simultaneous measurements of energy loss, charge exchange
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L.Adoui l, A.Bisllebaud ’ F. Barrué” A Cassim1 M. Chevalher , C. Cohen D Dauvergne ,
C.Demonchy , L. Giot R. KII'SCh , AL’ H01r W Mlttlg S. P1ta J. C P01zat C.Ray ,
H. Rothard P.Roussel- Chomaz and M. Toulemonde

C]RIL, BP 5133, 14070 Caen Cedex 05, France
2 Institut des Sciences Nucléaires, 38026 Grenoble Cedex, France
> Institut de Physzgue Nucléaire de Lyon, Univ. Lyon I, 69622 Villeurbanne Cedex, France
G’PS 2 Place Jussieu, 75251 Paris Cedex 05, France
GANIL, BP 5027, 14076 Caen Cedex 5, France

We sent 29 MeV/u Pb56+ions along axial and planar directions of a 1.4um thick silicon
crystal. In this event-by-event experiment we observed the correlation between energy loss
(measured with high resolution), charge exchange, and the multiplicity of the electron
emission from entrance and emergence surfaces of the crystal (P542). X-ray emission was
also recorded. The trajectory of a given ion in the crystal can be deduced quite precisely from
the study of the correlation. The multiplicity distribution of backward electron emission is
observed to be tightly connected to the impact parameter of the projectile when it enters the
crystal, and, much less markedly, on the entrance angle of the projectile trajectory.. This
demonstrates that backward electron emission is dominated by very near surface interaction.
This is true also, but to a much lesser extent, for forward electron emission, to which bulk
interaction contributes significantly. Our experiments provide precise information. on the
electronic interaction of hyperchanneled projectiles frozen in their initial charge state and on
projectiles with critical transverse energy, that spend a si gmﬁcant part of their dwell time in
atomic rows or planes.
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Sputtering at low projectile energies due to elastic collisions is rather well understood. In
contrast, much less is known about the mechanisms leading to sputtering by electronic energy
loss ("electronic sputtering") at high energies and with highly charged ions. Therefore,
sputtering of nitrogen on carbon was studied as a function of the electronic energy loss dE/dx
and the projectile charge q with swift highly charged heavy ions at GANIL-SME (P471, Z =
6-73, q = 6-54, E = 6-13 MeV/u) in the UHV set-up for secondary particle emission of CIRIL
(described elsewhere in this compilation). An indirect method based on the extremely surface
sensitive electron yield measurement was used to deduce the cross section on,c for sputtering
of nitrogen from sputter-cleaned amorphous carbon targets previously exposed to nitrogen.

A strong correlation is found |

with the parameter dE/dx and in
a lesser extend with q: Onc
varies approximately as G ~
(dE/dx)'® or 6 ~ q**. This g-
dependence is close to the cubic
charge dependence observed for
the emission of H' secondary

“ions which are believed to be 10" B

emitted from the very surface.
However, the power law ¢ ~
(dE/dx)*®*, 8 related to the
“electronic energy loss gives the
best empirical description. It is

.65 ;
Gy =02 (dE/dx)’

Ta>*" (6 MeV/u)
e““+ (8 MeV/u)

Ge®" (9 MeV/u)
Ni*** (11 MeV/u) |

Ar'" (13 MeVhu)

c* MeV/u)

close to a quadratic law thus
rather pointing towards a
thermal evaporation-like effect.

10° 10"

dE/dx [keV/(ugcm )]
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Electronic sputtering of ""polymer-like amorphous carbon
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Mixed hydrogenated and deuterated amorphous carbon films have been irradiated at GANIL
in the MeV/u energy range with an electronic stopping power varying between 1 keV nm’'
and 13 keV nm™' (P376).

These films contain 10% of hydrogen and 30% of deuterium. Hydrogen (H) and deuterium
(D) contents versus dE/dx and fluence were determined by Elastic Recoil Detection Analysis.
The content evolution of C-H and C-D bondings was determined by infrared absorption
measurements. A

The main effects due to MeV/u ion irradiations are the decrease of C-D bondings content and
deuterium relative content (D/C atomic ratio) as a function of fluence. A long time after the
irradiation C-H bondings content and the hydrogen relative concentration (H/C atomic ratio)
increase.

The hydrogen absorption cross section is equal to the deuterium effusion cross section within
the experimental errors whatever is the physical characterisations (ion beam analysis or
infrared absorption). Moreover, both techniques give the same cross sections and the deduced
track radii are reported in figure 1. It appears that such a process appears above a S, threshold
value of 0.4 keV/nm [1]. ‘

‘Hence the following interpretation is proposed: during irradiation hydrogen and deuterium
atoms are ejected from the ion tracks leaving carbon dangling bonds. Afterwards these
dangling bonds are compensated by hydrogen atoms coming from the ambient air and
“diffusing inside the irradiated material along the latent track.

147



~e-—radius (nm) —=— Sputtering Carbon yield

8 4 104
@)
- )
6 |- 3104 gr
_ 3
5 @
) c
3 4+ 2104 &
© =,
© 3
<.
2 1104 &

0 0

0 2 4 6 8 10 12 14
dE/dx (keV/nm)

Figure 1: latent track radii versus dE/dx compare to carbon sputtering yield.

Using Rutherford backscattering RBS, the remaining carbon contents versus the fluence have
been quantified [2]. The yield of carbon sputtering is then deduced and reported in the figure
1. It increases significantly above a S, threshold value of 0.8 keV/nm, equal or slightly higher
than the S, threshold value of deuterium effusion. It is shown that at the highest value of S,
(Pb and U) the electronic stopping power sputtering is very efficient: around 10* carbon per

incident ion.
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Velocity effect in the sputtering of yttrium iron garnet by swift heavy ions
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The sputtering of yttrium iron gamnet (Y3;FesO;2) has been studied in the electronic stopping
power regime in order to verify that the so called “velocity effect” observed in the track
formation [1] does also exist when measuring the total sputtering. Single crystal of Y3FesO,»
have been irradiated at room temperature with Xe ions at 19 MeV/u through a pure aluminum
foil placed 1 mm in front of the sample (P442). The sputtered atoms are collected on this
aluminum foil called the catcher. Several irradiations spots were used in front of the same
catcher in order to avoid track damage overlapping. The maximum fluence per points were
10'? Xe/em® while the total fluence used were 10> Xe/cm?. The catcher was analyzed using
Rutherford backscattering spectrometry (RBS) with a 12C beam. With such a carbon beam the
sensitivity is as low as 2*10'' Fe/cm?.
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The yields of the sputtered Fe and Y atoms are presented in the figure, and compared to
previous measurements of sputtering made with ions at a mean energy of 2 MeV/u [2]. It is
clear that, for the nearly same value of electronic stopping power (35 keV/nm), the sputtering
yield is lower at high energy (19 MeV/u) compared to the low energy (2 MeV/u) irradiation.
This confirms that the “velocity effect” is also observed for the total sputtering yield.
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Neutral uranium atoms sputtered by electronic excitation in uranium dioxide
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The high density of electronic excitation induced in the track of a swift heavy ion is responsible of
extend damage in many materials. The mechanisms of conversion of electronic excitation into
atomic displacements are still debated. At the material surface, the emission of particles under
irradiation with swift heavy ions comes probably from the same mechanisms. Thus, information
about these mechanisms may be obtained from the analyses of the angular and velocity distributions

of the emitted particles.

In the first approach, the experiments consist in
measuring the angular distribution of the neutral
uranium atoms ejected from a surface of uranium
dioxide bombarded by different ions accelerated
at the GANIL medium energy beamline (P403,
P442, P467). The sputtered Uranium atoms have
been collected on the surface of a mica foil and
detected by a subsequent fission of the >*°U in a
flux of thermal neutron in the Orphée nuclear
reactor (CEA-Saclay). The Uranium fission
fragments produced tracks in the mica foil, which
are counted after chemical etching. The angular
distribution of the sputtered atoms is deduced
from the etched track density. The figure 1 shows
an example of angular distribution obtained after
an irradiation with xenon ions.

The main results are the following:
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Figure 1: Angular distribution of the uranium
ejected from a uranium dioxide surface by the
impact of Xe ions at energy of 7.6 MeV/u.

In UO,, the sputtering by electronic excitation is efficient above an electronic stopping power of
about 10 keV/nm.

For an electronic stopping power of 55 keV/nm, the total sputtering yield is equal to 100
Uranium atoms per incident ion.

The uranium atoms are preferentially emitted along the perpendicular to the target surface. The
best fit of the angular distribution is obtained with a supersonic gas expansion law (figure 1) in -
accordance with a collective-emission of atoms.

The preferential direction of the emission is always perpendicular to the surface target whatever
the projectile incidence angle may be.

In the next future, the experiments will consist in the determination of the angular distribution of the
uranium clusters emitted from the surface and the measurement of the velocity distribution of the
neutral atoms and of the ions sputtered by electronic excitation.
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First experiments on sputtering induced by the interaction of slow highly charged ions with solid
targets (L5) were performed at LIMBE (described elsewhere in this compilation) in September
2000. A uranium dioxide target was bombarded with Xe*" ions of 81 keV kinetic energy (charge
states q = 9+ and q = 23+ extracted at 9 keV/q and 3.56 keV/q, respectively). The total sputtering
yield and, simultaneously, the angular distribution of the sputtered particles were measured as a
function of the projectile charge q by means of the "collector method", where the emitted particles
are deposited on collectors such as ultra-pure aluminium or mica. The choice of the UO; target was,
on one hand, guided by the fairly large number of existing results obtained with swift (MeV/u)
heavy ions provided by GANIL using the same experimental set up [1]. On the other hand, UO;
makes it possible to use two different independent methods for the determination of the sputtering
yield and its angular distribution from the analysis of the number of deposited sputtered particles on
the collector. The first one relies on the use of mica collectors where the fission products of uranium
atoms induced by subsequent neutron irradiation can create latent ion tracks which can be
individually counted with a microscope. The second method uses a catcher made of a ultra pure
aluminium foil where the collected uranium atoms can readily be analysed by the Rutherford
Backscattering Spectrometry (RBS) technique.

The results reported here show an 15
enhancement of the yield with the 10 ‘
incident ion charge in agreement i s s GF o
with the results obtained by other I Propctﬂe. Xe™ (81 keV)
groups, and the angular
distribution follows a cosine to the
2.8 th power law similar to the
observations made with swift
heavy ions for the lower charge
state g= 9 [1]. In contrast, for q =
23, deviations from such a simple
scaling are observed. This is
possibly related to the influence of
the high projectile  charge
(electronic  excitation, potential
sputtering). Experiments  with
other charge states are planned.
Also, attempts are being made to
measure the velocity distribution - - — : : ,
of the sputtered nparticles, still 0.5 0.6 0.7 0.8 0.9 1
using a collector analysed by the :
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Reference: [1] S. Bouffard, J.P. Duraud, M. Mosbah, S. Schlutig,
Nucl. Instrum. Meth. B141 (1998) 372.

151



Transient thermal processes in heavy ion irradiation
of crystalline inorganic insulators

M. Toulemonde', Ch. Dufour’, A. Meftah® , E.Paumier'?

! CIRIZ, Laboratoire CEA-CNRS-ISMRA, BP5133, 14070 Caen-cedex 5, (France)
2 LERMAT-ISMRA, Université de Caen, B* du Maréchal Juin, 14050 Caen-cedex, (France)
3 LIRM, ENSET, BP 26, Merdj-eddib, 21000 Skikda, (Algeria)

A review of matter transformation induced in crystalline inorganic insulators by swift heavy
ions [1,2] was made. The emphasis is made on results obtained on amorphisable materials like
Si0O; quartz and Gd3;GasO;, and on non-amorphisable ones like LiF and CaF,. Assuming that
the latent tracks result from a transient thermal process, a quantitative development of an
inelastic thermal spike model is proposed [2]. In this model, only one free parameter is used:
the electron-lattice interaction mean free path A directly linked to the electron-phonon
coupling constant g [2]. With this parameter it is possible to describe all the observations
assuming that latent tracks may result either from a rapid quenching of a cylinder of matter in
which the energy transferred from the electrons has overcome the energy necessary to reach a
quasi-molten phase in the case of amorphisable materials or from a rapid quenching of a
cylinder of matter which has overcome the sublimation energy in the case of non-
amorphisable materials. The evolution of the A (and g) parameter is presented in the figure.
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As described by Haglung and Kelly [3], the electron phonon coupling increases when the band
gap energy increases. This supports the hypothesis that a transient thermal process could be
the mechanism of the track formation.
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The room-temperature dc conductivity is used to monitor the damage and structural modifications
induced by swift heavy ion irradiations in yttrium iron garnet (Y3FesO), or YIG) epitaxial layers
doped with calcium (CaYIG) or silicon (SiYIG), with a variable conductivity due to a variable
degree of compensation, and amorphous Y1G layers. Irradiations are performed with heavy ions in
the 0.8-6 MeV amu™' energy range, in the electronic slowing down regime, with an electronic
stopping power ranging between 7 and 41 MeV um™ above the amorphous track formation
threshold (4.5 MeV pum™) in this low-ion velocity range. A conductivity decrease versus ion
fluence is found in the case of the high-conductivity uncompensated epilayers whereas an increase
occurs for the low-conductivity compensated ones, either p-type (CaYIG) or n-type (S1YIG).
These results are discussed by considering the competing effects of disorder on the carrier density
and mobility in the case of compensated and uncompensated semiconductors.

In both cases, the low-fluence data display a plateau at around the same conductivity value
corresponding to the amorphous YIG above an amorphous fraction around 50% regardless of the
ions. All the high-fluence data exhibit a power-law behaviour without saturation, above a
threshold fluence decreasing with increasing amorphisation cross-section (A). These results are
interpreted by the formation of amorphous tracks and of a more conducting nanophase after
recrystallisation of the tracks under ion impacts. All the data are rescaled versus the product of A
times fluence (¢) where amorphisation dominates for A¢<1, whereas recrystallisation dominates
for Ap>10. However, significantly larger A values than the ones previously determined from the
RBS-channeling data are derived from a mean-field analysis of the low-fluence conductivity data
with a 2D Bruggeman model. These deviations are ascribed to a contribution of the crystalline
track-halos where internal stresses are accumulated due to the atomic density difference between
the crystal and amorphous phase.

A simple phenomenological approach of the amorphisation and recrystallisation processes is
proposed on the basis of two kinetic rate equations with a recrystallisation cross-section (S) at
least one order of magnitude smaller than A. These S values are in agreement with a thermal spike
model assuming vaporisation of the amorphous YIG phase along the ion path. At such high
temperatures in the ion tracks, the garnet phase may. decompose into a more conducting
nanocrystalline phase. Finally, an exp(-T)'”4 law for the thermal dependence of conductivity at
low temperature is found in the nanophase like in the amorphous one, most probably because of
the strong contribution of the disordered grain boundary cores in the conduction process.

Literature: Journal of Applied Physics, 87 (2000) 4164-4174.
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Interaction of fast heavy ions with a surface and subsurface layer of crystals
at grazing angles of incidence

I. Vorobyova
Department of Crystal Physics, Kharkov National University, 61077, Ukraine

Tracks induced on surfaces of layered (gypsum, mica) and nonlayered (lithium fluoride, fluorite)
crystals by Sn and Ta ions with energy of 1 MeV-u' (experiment numbers: P 430, P 456), and Pb
ions with energy of 4,46 MeV/u (experiment number: P 515) were studied by the method of shadow
replica electron microscopy. The irradiations were carried out at angles of 0,5°, 1°, 2° and 3°
relative to the surface plane of the crystals. Lengths and widths of two kinds of tracks induced by
the same ions were compared: 1) surface tracks which are formed on a clean crystal surface and
2) island tracks which are formed in an island film of gold (with island radius and separation of
< 5 nm) deposited on the crystal surface prior to irradiation. The following points were established:

1. At angles of ion incidence of 1°, 2° and 3°, the initial part of the surface track is a groove whose
width first increases and then decreases as the ion passes from the surface deeper into the crystal.
On the second part the groove is transformed into a hump whose height decreases along the length
of the track. The groove and hump lengths are practically the same. Finally, the hump subsides at
the point where the ion has penetrated too deeply to continue contributing significant energy density
to the surface region. At angle of irradiation of 0,5°, the groove length is roughly two times longer
than the hump length. It is shown that at very small angles of ion incidence, the formation of a
surface track is initiated at a point where the ion has not yet penetrated the crystal surface, but rather
moves above the surface plane at distance of < Inm. But the following observation turned out
unexpected - the groove width is a many times greater than this distance. It is difficult to rationalize
such widths of the surface tracks without invoking collective effects whereby energy deposited in a
zone of limited size can affect a much wider region.

2. The island track is the strip on the crystal surfaces where islands have been removed by one
incident ion. Length and width of the island tracks are much greater than length and width of the
surface tracks at the same irradiation conditions. One incident Pb ion with an angle of incidence of r
0,5° removes from the surface more than 400 islands. Part of these islands are removed from a
portion of the crystal surface above the ion path where a surface track is not formed already, i.e.
where no plastic deformation of the surface occurs. The quantity and shape of the islands removed
from the surface during the track formation process were investigated with the help of collectors. It
was established that a portion of the islands are removed from the crystal surface without changing
of their size and shape. Moreover, a small pieces of the island film is removed from the crystal
surface in the track end, i.e. when the ion is moving in the subsurface layer of the crystal. It was
shown that two mechanisms play a main role in island track formation: 1) irradiation of the islands
by d-electrons; 2) the "dusting" of the islands under the interaction with the surface of a shock wave.

3. The lengths of both kinds of tracks are greater on the surfaces of layered crystals than on the
surfaces of nonlayered crystals. Moreover, at grazing angles of incidence, many ions are observed to
move at a depth < 20 nm parallel with the layered crystal surface resulting in formation of ultra-long
tracks. It is proposed that in the layered crystals the ions can reach the channeling regime even if
their angle of incidence is greater than a certain critical angle of channeling.

Literature: 1. Vorobyova, Nucl. Instrum. Meth. B174 (2001) 70.
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Study of ion beam induced swelling in fluorite as an inert matrix model
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In order to gain a better understanding of the mechanism leading to swelling in non-amorphisable
fluorite type materials in the electronic stopping power regime, calcium fluoride (CaF,) was used as
model material for inert matrices. CaF, single crystals were irradiated with various heavy ions (from
328 to 2°Bi) of specific energies between 1 and 12 MeV u’, covering the range of energy loss S,
between 1.5 and 27 keV/nm (P527). Using a profilometer, out-of-plane swelling was measured by
scanning over the border line between irradiated and virgin areas of the sample surface. Figure 1
shows the step height / evolution versus fluence ©.
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Fig.1: Mean step height evolution versus the fluence for different ions
at different energies in MeV/u.

Comparing the swelling measurement of various ion species, it is apparent that different saturation
values /s are obtained at high fluences (see Fig. 1). Dividing this saturation value by the range R, of
the irradiating ion allows to relate swelling to a relative density change in the irradiated material.
The obtained data are plotted as a function of the mean energy loss <S> (the total energy of the
incident ion divided by the range) in Fig. 2. At a value of about 5 keV nm”, the value, Is/Rp.
increases, indicating a change in the damage mechanism. Thereafter, it reaches a nearly constant
value corresponding to a relative density change Ap/Piniriat 0f 2.710.4 %o.
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Fig. 3: Initial swelling per ion normalised by
the range versus the mean energy loss (the ion
energy is indicated in MeV u'),

Fig. 2: Is/R, related to the relative density
change as a function of the mean energy loss.

Another quantitative comparison concerns the initial swelling rate in a fluence regime where track
overlapping can be neglected. For this purpose, we consider the initial slope (Al/A®)a-g of the step
height increase versus fluence divided by the ion range R,. This normalised initial swelling rate is
plotted as a function of <S.> in Figure 3. Contrary to previous observations [1,2,3], the present
evolution of the initial swelling does not appear to be linear.

The evolution of the step height from a linear regime to saturation (Fig. 2) indicates that swelling
can be associated with a cylindrical volume of transformed matter. Under this assumption, the linear
regime would correspond to single ion impacts while saturation is reached when several tracks
overlap. A law of the form / = I¢[1-exp(-m:+*®)] was fitted to the experimental results and an
effective radius » of the tracks was extracted which is quite large as compared to the electron
microscopy observations [4].
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Swelling of lithium fluoride under ion irradiation
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Under the irradiation with swift heavy ions, lithium fluoride crystals exhibit a remarkable volume -
increase. Quantitative studies were performed on 1 mm thick single crystals cleaved along one of
the (100) planes. Polished surfaces were irradiated using various ion species (C up to U) and
energies at a 7 MV tandem (Bruyéres-le-Chatel), at GANIL/Caen (P485), and at the Unilac (GSI).

The free expansion of the irradiated volume is limited by the constraint of the undamaged matrix.
As a consequence, the volume bulges outwards mainly normal to the sample surface. A
quantitative analysis of the out-of-plane swelling was performed with a profilometer (Dektak
8000). Typical scans with a diamond-tipped stylus over the border line between an irradiated and
a virgin area of the sample surface are shown in Fig. 1.
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Fig. 1: Profilometer scans from a virgin (lefi) to an irradiated (right) area of crystals exposed
to Pb (4 MeV/u) and C (11 MeV/u) (inset) ions of various fluences (ions/cm?).
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Fig. 2. Step height of Pb and Mo irradiations as a function of the fluence.
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Depending on the electronic energy loss, the fluence, and the total range of the ions, the out-of-
plane swelling varied between 10 and 700 nm. For all ions, the evolution of the step height vs.
“fluence is characterised by an initial linear increase approaching saturation at high ion fluences
(Fig. 2) due to increased track overlapping.

In order to test the correlation between swelling and energy loss, we determined the relative
contribution of each single ion per unit damage length. This was done by plotting the mean
energy loss versus the swelling rate in the linear regime normalised by the projected ion range (Al
/ (A0*R)) (Fig. 3). The logarithmic presentation gives evidence for the extremely small swelling
of carbon ions which is in good agreement with volume changes due to the creation of single
Frenkel pairs. For heavier ions, above a critical energy loss of about 4.2 keV/nm, the swelling
becomes 2 to 3 orders of magnitude larger indicating more complex defects such as clusters and
voids. It is interesting to note that swelling appears at much lower energy losses than the
threshold of 10 keV/nm found earlier for track etching and small angle x-ray diffraction [1,2].
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Fig. 3: The initial swelling normalised by the ion range (Al/(AO*R)) vs. the mean energy loss.

At present, the nature of the damage responsible for this huge swelling in LiF is an open question.
In the case of oxide material (such as Al203, LiNbO3, SiO2 quartz, and Gd3Gas012 [3] ),
swelling is interpreted as a change of density of the irradiated part due to a transition from the
crystalline to the amorphous phase. Because of the strong ionic binding character, local
amorphisation is not expected for LiF.
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Semiconductors under irradiation
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a) Fundamental research

A few years ago, n-type germanium has been irradiated with low doses (dpamax =10'5) at room
temperature by different swift heavy ions (SHI) at the GANIL accelerator. By using Deep Level
Transient Spectroscopy (DLTS) and Hall effect measurements, a n to p-type transition has been
observed whatever the incident ion. The created defects have been identified: they are vacancy-
doping impurity, vacancy-oxygen complexes and divacancy. By simulating the Hall effect curves,
using the DLTS results, no specific effect of the electronic energy deposited had been evidenced
[1,2].

Moreover, we have performed recently new DLTS and Hall effect measurements on uranium and
lead (P360 experiment), proton and electron irradiated n-type germanium samples [3]. Different
behaviours have been observed according to the incident projectile. In the case of SHI and proton
irradiation, the Fermi level goes down in the forbidden band and draws near the valence band
whereas it stabilises in the middle of the gap in the case of electron irradiation. This difference
shows that a specific defect is created by SHI and proton in comparison with the electron
irradiation. The more realistic hypothesis is that this specific defect is a multivacancy complex
(including more than two vacancies) [4].

On the other hand, new experiments have been carried out by W. Assmann (Munich) on high doses
irradiated germanium (dpamax = 8). They used a few hundred of MeV heavy ion beams (such as
iodine or gold) and the samples have been characterised by using canalisation Rutherford Back-
Scattering (RBS-C), MEB and MET measurements. It has been shown that an agglomeration of
vacancies to voids appears, forming a buried layer with a porous structure. The sponge-like
structure takes place nor when the electronic energy loss is maximum, neither when the nuclear
collision are predominant but a few micrometers before the stopping area of the ions (when the ratio
of the electronic to the nuclear energy loss is about 10).

In.order to clarify the respective influence of some parameters such as the electronic and nuclear
energy deposited, the electronic energy density, the projectile velocity, an experiment has been
proposed (P497). The purpose was to link the specific defect created by SHI or proton to the voids
which appear when the dose increases. As a matter of fact, this defect is probably the precursor of
the voids which are created at high doses. With this aim in view, we carried out Hall Effect
measurements, RBS-C measurements at Munich with the help of W. Assmann and Annihilation
Positron Spectroscopy (PAS) measurements at Orléans with the help of M.F. Barthe and P.
Desgardin. All the samples have been irradiated with fluences so as the obtained values of dpa are
between 107 and 1. '
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Concerning the Hall effect measurements, the Fermi level draws very near the valence band so as
the germanium becomes degenerate. Meanwhile, it is possible to account for the observed
experimental variations by simulating the Hall coefficient versus the fluence for different ions. The
ﬁgure 1 shows the relative damage efficiency (Nexp/MtrM) Of €ach irradiation versus the electronic
energy deposited S.. As in the case of some metal, we observe an annealing. of defects for
intermediate values of S., and above a threshold (about 30 MeV.pum™), an increase of the defect
production due to the high value of Se. The first RBS-C results show that lead ions induce a
significant damage (31 % at 3.107 dpa) while in the case of argon ions, no damage has been
observed. By using PAS measurements, it seems that the number of vacancy inside the defects
increases with the dose whatever the incident ion. These measurements are actually in progress in
order to get accurate informations about the probable multivacancy defect.

b) Applied research

The aim of the following study (P387) was to understand the deterioration of detectors irradiated
with different projectiles at room temperature. In collaboration with the INFN of Milan, we have
irradiated both detectors and silicon substrate (from those they are elaborated). So, we have
interpreted the performance evolution of the detectors from the results obtained by Hall effect
measurements on the substrate. Beyond a fluence which depends on the projectile, the substrate -
reaches an intrinsic state, and the detectors are no longer running. As a matter of fact, we have
observed an increase in the leak current and a degradation of the capacity-voltage characteristics of
the detectors. '

The collaboration with the INFN goes on and we have obtained, from the GARI facility (AP 98-02),
new experiment schedule in order to test the behaviour of electronic devices (HF2C-MOS type)
elaborated from different doping concentration silicon. Besides, these devices have also been
irradiated with neutron at the ENEA of Rome.
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The purpose is to control the devices submitted to an hostile environment, in particular when they
are integrated in satellites. The first studies show that we can link the degradation of the gain to the
theoretical defect concentration (calculated with the TRIM’s code) [6]. We have plotted on the
figure 2 the degradation of the inverse of the gain versus the Frenkel pairs concentration. So, we are
able to forecast, whatever the incident projectile and for a value of damage, the gain degradation of
the devices [5]. .
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It is now well established that irradiation with GeV-energy monoatomic ions, where the electronic
energy loss is typically in the tens of keV/nm range, can induce defect creation, phase
transformation, as well as ion beam mixing in metallic systems. The mechanisms underlying these
effects are not yet entirely understood. The aim of this study is to investigate the mixing on an
atomic scale, which enables to identify the involved mechanisms.

For this purpose, the Fe/Zr multilayer system is ideal, since both Fe and Zr are known to be
sensitive to electronic energy transfer. Moreover, the formation of metastable amorphous FeZr
alloys is expected in a very large compositional range. Furthermore, the structural transition in the
FeZr system results in different magnetic properties: amorphous FeZri., compounds are
paramagnetic or diamagnetic depending on the value of x. ”

The Fe/Zr multilayers were grown by sputtering deposition in a high vacuum deposition room.
Equal thickness Fe and Zr layers were deposited, leading to a stochiometry of Fe,Zr, and the total
bilayer thickness was chosen to be 8 nm. For the as-deposited samples, the Zr layers are amorphous
while the Fe layers are polycrystalline having a strong <110> texture along the growth direction.
The irradiation of the samples was performed at 77 K using 0.94 GeV 2*Pb ions at GANIL
(Experiment P490). Damage generation during the irradiation was monitored by in-situ resistivity
measurements. Additionally, the changes in the crystal structure and the thickness of the Fe layers
were investigated using X-ray diffraction (with measurements taken in both high angle and low
angle symmetric geometry), backscattering >’Fe Mossbauer spectroscopy, and HRTEM. The same
techniques were also used to study the irradiation effects induced by low energy ions: 270 keV “OAr
and 130 keV *He, these latter irradiation experimerits were performed in LMP, at Poitiers.

The refinement of the high angle X-ray diffraction spectra yields information on both the
amorphisation of the Fe layers, and the interfacial evolution. The evolution of Fe amorphisation, as
obtained from both high-angle X-ray diffraction (Fig. 1) and Mdossbauer spectroscopy, points to a
two-stage structural transition mechanism:

- Atlow fluence (¢ < 4 10" Ijb/cmz), the amorphisation is almost exclusively due to an interfacial
reaction;

- At higher fluences, the abrupt increase in the amorphous fraction f;;, clearly shows that the
whole of the Fe layer becomes amorphous.

This two-stage transformation is also confirmed by the in-situ electrical resistivity measurements,
the behaviour of which corresponds to a sigmoidal curve.
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The first stage is associated with the planar growth of an Fe,Zr;.x amorphous interdiffused layer at
the interfaces. The ion-induced atomic rearrangements favour the relaxation of the initial
compressive residual stresses. The analysis of the kinetics of the mixing gives evidence for an
interfacial reaction inside the ion tracks. The extension is limited, it does not exceed 2 atomic planes
at each interface. Such a process, spontaneously observed as a solid state reaction during annealing,
may be enhanced by defect creation and migration. Nevertheless, the observed diffusion length
appears also consistent with a very prompt diffusion in a liquid state.

Figure 2: a. General view of a [Fe 394/Zr 37A4] %35 multilayer
after irradiation with 6.5 10" Pb/em’
b. Higher magnification image on the area shown by the rectangle in a.
c. Amorphous area in the central part of b.
d. Crystalline parts visible at the right of image b.

165



The second stage is a total amorphisation of the Fe layers, but without complete mixing. Indeed,
X-ray reflectometry experiments, as well as HRTEM observations on the samples irradiated at high
fluence show that the composition modulation is still visible. TEM shows a partial mixing, with
unequal bright and dark layer contrast. Actually, the layer mixing continues after amorphisation, but
with an extremely low efficiency.

In fact, the crystal to amorphous transition in the Fe layers takes place as the thickness of the
crystalline Fe layer becomes smaller than a critical value of egr.*(Pb)~34 A. That requires the
occurrence of successive ion impacts. The amorphisation of the crystalline Fe layers was also
carefully monitored for the low energy ion irradiation: for both He and Ar ions, a similar 2-stage
evolution of amorphisation was observed, but the saturation values for the interfacial process are.
different, leading to different values for the critical thickness (ep.*(Ar)~28 A and ep.*(He)~24 A).

HRTEM micrographs (Fig.2) taken on a sample irradiated with 6.5 10'* Pb/cm? are in agreement
with this interpretation: only some areas of the sample become amorphous whereas in the
neighbouring areas the Fe layers are remain crystalline, with a thickness just above 34 A. From
these results, we conclude that crystalline collapsing into an amorphous phase occurs as a result of
the combined effect of a critical thickness and a transient disorder and not by effect of the
dissolution of Zr atoms in the Fe layers.

To sum up, it has been shown that irradiation with GeV Pb ions induces a very efficient mixing via
electronic energy deposition. The kinetic analysis suggests a significant interfacial reaction in the
wake of ion. It has to be mentioned that low energy ion irradiation effects in Fe/Zr were also
analysed and consistently explained with purely ballistic mixing effects. Surprisingly, the
microstructural evolution under high-energy ion irradiation shows a very similar sequence.

Concluding, this study puts forward the occurrence in the ion path of a very high transient disorder

able to induce interfacial and intralayer atomic rearrangements but, due to the lack of specific
signature, it provides no real arguments in favour of a thermal spike mechanism.

References:

C. Jaouen, A. Michel, J. Pacaud, C. Dufour, Ph. Bauer, B. Gervais,
Nucl. Instr. Methods B 148 176-183 (1999)

A. Michel, C. Jaouen, J. Pacaud, C. Dufour, B. Gervais,
E-MRS Strasbourg, June 2000.

166



Interfacial reactions induced by high energy electronic excitations
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The aim of this work is to study the transformations of the interfaces in metallic multilayers
irradiated with swift heavy ions. We used nanometric Tb/Fe multilayers because their magnetic
properties are strongly influenced by the quality of interfaces and internal stresses [1]. °>'Fe probe
layers deposited at the interfaces were characterised by *’Fe conversion electron Mdssbauer
spectrometry (CEMS).

The multilayered samples were deposited onto a Si substrate by thermal evaporation in a ultra-
high vacuum system. The nominal thicknesses are 1.9 and 3.8 nm for the Tb and Fe layers
respectively. The Tb layers are amorphous while the Fe layers are nanocrystallised. Two
monolayers of >’Fe were deposited either at the top or the bottom of natural iron layers (containing
only 2.2 at. % of *’Fe). The corresponding Mdssbauer spectra are characteristics of the Tb-on-Fe
and Fe-on-Tb interfaces, respectively. The shape of these spectra shows that the Tb-on->’Fe
interface is sharp while the >’Fe-on-Tb interface is amorphous and diffuse (Fig. 1).

Irradiations were performed at the IRASME and IRABAT facilities of CIRIL using Ar, Kr, Sn, Pb
and U ions (P510) of increasing electronic stopping powers (S,). We investigated the effect of S,
the fluence and the ion beam direction on the environment of the probe atoms.

The spectra of the probe layers are left unchanged after Ar ion irradiation, but an in-plane
magnetic anisotropy is induced after Kr ion irradiation This evidences for an electronic stopping
power threshold, ranging between 6 and 18 keV/nm, for interfacial reactions induced by electronic
excitation in metallic multilayers.

For S, > 30 keV/nm, we showed that the transformations induced by irradiation depend on the
interface under consideration. Fig. 2 presents the evolution of the fraction of crystallised TFe
atoms as a function of the fluence for Sn (5,=36 keV/nm) and U ions (S.=63 keV/nm). The
continuous decrease of Fy for the initially sharp Th-on-Fe interface evidences for mixing between
Fe and Tb atoms.

For the diffuse Fe-on-Tb interface, a first increase of Fy at low fluence indicates recrystallisation
of a fraction of the probes induced by the electronic slowing down of the ions. At high fluence, the
decrease of F, while the fluence is raising indicates that interatomic mixing is the dominant
mechanism [2].
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Fig. 1. (top) Schematic representation of
the deposition of *'Fe probe layers at the
Tb-on-Fe (a) and Fe-on-Tb (b) interfaces in
the Tb/Fe multilayers.

(bottom) The corresponding Mdoss-
bauer spectra.

We have performed an original experiment with these probe layers to test the hypothesis of a
directional effect of the ion beam. Two pieces of the same sample were put face to face and
irradiated under normal incidence by a high energy Pb ion beam. This procedure allowed us to
investigate irradiation effects at a given interface irradiated with ions coming from Tb to Fe layers
and, in opposite direction, from Fe to Tb layers. There was no visible change in the Mdssbauer
spectra for the two directions of the ion beam, indicating that there is no directional effect for the
interfacial mixing induced by high energy electronic excitations in metallic multilayers [3].
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Heavy ions irradiation creates in oxides columnar defects of about 10 nm of diameter, all
across the samples on about 100 um. These defects are a very interesting tool in order to
study the pinning of the topological defects of the long range order. In the case of
ferromagnets, these defects are the magnetic domain boundaries, which are clearly pinned by
these defects, increasing a lot the coercive fields. In the case of superconducting cuprates,
they pin the vortices, increasing the critical currents and the position of the irreversibility
lines (P424, P470, P528).
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The system of vortex lines in irradiated layered high temperature superconductors constitutes an ideal
playground for the study of many-body systems interacting on large length scales, and is therefore of
interest to both statistical physics and condensed matter physics. Namely, the structure of the oxide
material imposes a stack-like structure on the vortex lines, each line being constituted of individual
"pancake vortices" in the CuO; layers. Furthermore, the irradiated material contains amorphous
columnar tracks of diameter comparable to the vortex core diameter - each such track is a preferred
“trap” or “pinning” site for a vortex line. Both the vortex line density and the trap density can be varied
over several orders of magnitude: while vortex density can be tuned by the external field to values typi-
cally between 5x10° to 5x10'" (1 G to 10 T), the accurate control of the ion fluence at CIRIL means
that the trap density can be varied over the same parameter range. The interactions between pancakes
and between pancakes and traps can be tuned by varying the material parameters by oxygen doping.

The vortex system in irradiated layered superconductors in also unique in that the critical current for
“pancake vortices” is high so that “pancakes™ are preferentially located on the tracks, and yet, the
pinning energy is low with respect to temperature, so that vortex segments can easily move between
traps (or “sites”). Hence, the magnetisation is reversible over a large part of the (B,T) diagram (i.e.
density versus temperature) of our "vortex matter". The reversible magnetisation, which is equivalent
to the vortex chemical potential, can therefore be directly measured, which allows us to extract the
separate components contributing to the vortex free energy: self-energy of the vortex line lattice,
pinning energy, and entropy. From this, one can deduce the distribution of the pancake vortices over
the systém of columns. It appears that if the columnar defect density is high with respect to the vortex
density, pancakes belonging to a given stack (vortex line) may spread out over different columns,
thereby increasing the entropy of the vortex lattice and decreasing its energy. In this regime, the critical
current of the superconductor disappears when “pancake stacks™ (i.e. vortex lines) overlap, i.e. when
vortex lines become entangled. At higher fields or low defect densities, pancakes vortices belonging to
a given stack (vortex line) are forced to line up on the same ion track, so that these stacks effectively
behave as coupled lines. In this regime, the vortex mobility is entirely determined by the number of
free (available) column sites - exactly as in the case of electronic transport in doped semiconductors.
This leads to the counterintuitive result that the threshold field at which the critical current disappears
decreases with increasing density of pinning sites.
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The science of magnetic nanostructures has boomed in the past 10 years thanks to the advent
of advanced thin film technology and lithographic techniques which allow the preparation of
2-D (films), 1-D (wires) and 0-D (dots) objects with a well controlled geometry. However,
conventional fabrication techniques based on photolithography are limited by diffraction
effects to 50-100 nm whether using light, X-rays or electrons. As swift heavy ions are known
to create defects at the nm-scale, it is tempting to use them to prepare truly nanometric
structures. The basic idea of such an approach lies in the structural dependence of the
magnetic properties, in particular for intermetallic rare-earth/transition metal alloys. For Co-
based alloys, for example, the crystalline state is non or weakly magnetic (low magnetisation,
low Curie temperature), whereas it exhibits a large magnetocrystalline anisotropy and hence a
large coercive field, while the amorphous state is ferromagnetic with a large magnetisation, a
high Curie temperature but a negligible macroscopic anisotropy. The only drawback of using
swift heavy ions is the metallic nature of the targets, which requires high stopping power ions
to overcome the amorphisation threshold (around 40 keV/nm in YCo,).

Two characteristic length scales have to be considered in magnetic materials : the exchange
length A, of the order of a few interatomic spacings and the domain wall width 8, which
varies from a few nanometers for permanent magnets to hundreds of nanometers for soft
magnetic materials. When the physical dimensions of a system become comparable to A,
strong modifications of the intrinsic magnetic properties are expected, such as the ordering
temperature, the magnetic anisotropy and the spontaneous magnetisation. This has been
indeed thoroughly investigated in ultra thin films a few monolayers-thick (2-D objects). When
the physical dimensions (grain size, particle size, defect size,..) are comparable to 0, one
expects modifications of the materials extrinsic magnetic properties such as the magnetic
domain configuration and the magnetisation processes. This is for example the case in
lithographically patterned submicronic arrays of ferromagnetic particles. We give here two
examples of irradiation-induced effects which illustrate effects on the intrinsic and extrinsic
properties.

Magnetic wires in YCo,: A truely 1-D magnetic nanostructure

Irradiation of pm-thick YCo, films with Pb and U ions (P466) result in a random array of
ferromagnetic wires with diameters in the range 1-2 nm, embedded in a paramagnetic matrix .
The most spectacular effect of this reduced dimensionnality is the enhanced temperature
dependence of the reduced magnetisation m=Ms(T)/Ms(T=10K) shown in figure 1. The data
are compared to those obtained for a bulk (3D) fully amorphous film. A strong deviation from
the bulk behaviour is observed as the wire diameter is decreased. The intrinsic nature of the
effect is confirmed by ferromagnetic resonance which probes magnetisation on a time scale
well below the thermal relaxation time. The data can be qualitatively described by
calculations of the spin wave excitation spectrum within the classical framework of spin wave
theory adapted to a 1-D geometry for a finite square lattice of ferromagnetic chains, in the
limit of long wavelength, non-interacting spin waves.’
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Domain wall pinning in bulk permanent magnets

Magnetisation reversal in permanent magnets occurs by the nucleation of a small reverse
domain at a defect, followed by the propagation of the created domain wall throughout the
bulk of the grain. One approach to increase the coercivity, hence the 'hardness' of the magnet,
is to hinder the motion of the domain walls by structural and/or anisotropy defects. Simple
one-dimensional models predict this so-called domain wall pinning to be most efficient for
defect sizes of the order of the domain wall width, i.e. 3-10 nm in large magnetocrystalline
anisotropy compounds.

The precipitation of latent tracks in SmpFe17N3 powders is accompanied by a five-fold
increase of the coercive field (figure 2). The virgin magnetisation curves exhibit a change in
behaviour typical of the onset of domain wall pinning. Such domain wall pinning, extrinsic by
nature, is attributed to the highly disordered latent tracks, in which the wall energy is
minimised due to the law magnetocrystalline anisotropy.
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Cross-links induced by swift heavy ion irradiation in polystyrene
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The description of the polymer cross-linking induced by irradiation with high-energy ions is a
difficult problem. Indeed, the cross-links are not induced randomly as under electron or gamma
irradiation: the probability to produce several events close to each other is high. Under swift heavy
ion irradiation, the production of large molecular masses directly in the path of a single ion is
favoured.

We have measured the evolution of the molecular mass distribution by steric exclusion
chromatography as a function of the dose absorbed by the polymer for different incident particules:
2 MeV electrons (LSI-Palaiseau), 2.5 MeV protons (Aramis CSNSM Orsay) and 9.4 MeV/u
Carbon, 11.4 MeV/u Sulphur, 60 and 7.8 MeV/u Krypton ions (GANIL, P283 and P333). The
figure 1 shows the evolution of the molecular mass distribution with the dose for an irradiation with
Carbon ions. From these mass distributions we can quantify the number of cross-links produced as a
function of the absorbed dose. The figure 2 shows the differential yield for cross-linking as a
function of the number of cross-links induced per chain. When the electronic stopping power
increases, the probability to produce a multiple cross-linking increases by several orders of

magnitude.
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Figure 1: Evolution of the molecular mass . Figure 2: Evolution, for different electronic
“distribution of polystyrene irradiated with stopping power - values, of the differential
9.4 MeV/amu Carbon ions at a dose ranging yield of cross-linking for polystyrene as a
from 0 to- 0.7 MGray. The diamond symbols Sfunction of the number of cross-links per
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Reference: Cross—lmks induced by swift heavy ion irradiation in polystyrene. .
: S. Bouffard E. Balanzat, C. Leroy, J.P. Busnel, G. Guevelou, NIM B131 (1997) 79 84
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LET effects on the molecular emission of aliphatic polymers
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Swift heavy ions induce a huge density of electron-hole pairs along their path. This high Linear
Energy Transfer, LET, gives rise to damage processes which are different to those prevailing under
classical electron or gamma-ray irradiations. We have during the last ten years systematically studied
the LET effects on aliphatic polymers using an on-line analysis of the irradiated films by Fourier
Transform InfraRed spectroscopy (FTIR).

Irradiation of polymers induces permanent modifications of the macromolecules and the concomitant
formation of small volatile molecules. Analysing the gas release is then an alternative experimental
approach for analysing the damage process. We have, during the last years, developed such
measurements on the Medium Energy Line (SME) of GANIL. The study of the both in-film damage
and gas release provided a complete picture of the damage process and a better understanding of what
is a latent track in a polymer.

We have used two different techniques to analyse the released molecules: 1) the analysis of the
~ residual vacuum of the irradiation chambers by mass spectroscopy 2) the analysis by infrared
spectroscopy of the gas mixture released. The last technique has provided more accurate
radiochemical yields for the most of the hydrocarbon molecules formed.

Three fully aliphatic polymers were studied: polyethylene (PE), polypropylene (PP) and Iiolybutene
(PB). They mainly differ by the nature of the side group (none for PE, -CH; for PP, -CH,CH; for PB).
Irradiations have been performed with particles of increasing LET: electron beams (LET = 3.5 10°

MeV/mg/cm?) and different ion beams within a LET range from = 2 to ~ 40 MeV/mg/cm’.

Increasing LET induces a huge increase of the yields of hydrocarbon molecules. We can distinguish
two LET domains. In the low LET range, the hydrocarbon emission is ruled by the side group
departure; the yield is zero for PE, moderated for PP and PB and formed by methane and two carbon
atom molecules in respectively PP and PB. Above a LET threshold at ~ 5 MeV/mg/cm?, a chain
fragmentation process is triggered. For the highest LET studied, the total hydrocarbon ylelds are very
high. They become similar in the three polymers (see figure 1).

After a LET transition zone, from the side group departure regime to the chain fragmentation regime,
the composition of the gas mixture released stabilises with respect to the LET variation; while the gas
yields always increase when increasing LET. So, at high LET, in each polymer, a typical gas mixture
is formed probably in a radius around the ion path that increases when increasing LET. Somme
common features characterise the gas mixture released at high TEL. We could mention the.
predominance of highly unsaturated molecules and the high yield of acetylene and propadiene.
Moreover, some isomer molecules as propyne and propadiene have systematically very -different
yields. This shows that some specific molecules have a much greater stability in the very chemically
reactive zone of the core track or shows that these molecules are the favourite by-products of chemical
reactions in this hot zone. Even at high LET, the chemical formula of each polymer has still a slight
influence. This is seen on the yields of some characteristic molecules.
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Fiﬁélly; in PB we could quantify the relative stability of bonds involving secondary and tertiary
carbons. For that, we have measured at low LET the yields of methane and two carbon atom

molecules.
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Figure 1: Infrared spectra of the
gas mixture released by PE, PP
and PB films irradiated by:

a) 1 MeV electrons LET = 3,5x10°
3 MeVmg".cm‘2

b 6 MeV/iA *Ni LET = 39
Me V.mg".cmz.

The film thickness is = 25 um; the
absorbed dose is =2 Mgy

At low LET the yields are small
and correspond to the departure
of the side group. The spectra are
very different for the three
polymers.

At high LET the yields are very
high and correspond to a chain
fragmentation  process. The
incidence of the nature of the

_polymer on the gas release is

weak. - -
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Swift heavy ion effects in polymers
N. Betz, A. Le Bouedec, S. Esnouf, C. Aymes-Chodur; A.‘Le‘ Moél
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Since 1986, our team,in-Saclay is interested in radiation effects in polymers. The pioneer work on the
swift heavy ion (SHI) effects:in polymers was performed in collaboration with the CIRIL, Caen,
France. These former studies focused- mainly on the polymer surface evolution under ionising
radiation. Since then, our interest grew in the field of chemical modifications induced by SHI in the
bulk of the polymer Modification of polymer properties was also investigated. When a polymer is
irradiated with 1omsmg radiations such as electrons or y-rays, modifications occurs which consists in
crosslinking, unsaturations (isolated and conjugated), chain scissions, gas evolution, amorphisation and
radical formation. These latter can have different life-times. The transient species can be observed at
low temperature while the stable ones exist at room temperature and can be detected several days or
months ]ater.-Among such radicals, those created in pdly(vinylidene fluoride) (PVDF) are especially
stable and have life-time of several years even if samples are kept at room temperature. Very few
publications deal with radicals induced in polymers by SHI, and none of them offers a clear
characterisation of the species observed, though these species are necessarily involved in the formation
of the other defects.’ The knowledge of radicals is crucial for the understanding of the formation
mechanism of the other defects. In addition, radicals confer to the polymer a chemical reactivity
responsible for post-irradiation processes and allowing grafting of monomers.

1) The study of radicals by electron spin resonance (ESR)

In earlier studies', it was found that some defects such as alkynes groups are created only when
polymers are irradiated with high electronic stopping power ((dE/dx)e) radiations such as SHI are.
Similarly, it was found that in PVDF and in addition to the usual alkyle and peroxy radicals, radicals
specific of the SHI/PVDF interaction exist’. This latter radical shows an isotropic ESR signal and no
hyperfine structure is resolved. The gyromagnetic factor is close to that of the free electron. Its shape is
close to a Lorentzian and its line-width is about 0.5 mT. The intensity of the ESR signal which
measures the electronic contribution of the magnetic susceptibility follows a Curie law which indicates
that these centres are isolated and allows the concentration of the paramagnetic species to be
determined. The absence of hyperfine structure indicates that the radical is localised in a highly
crosslinked carbon structure. Indeed the radical resembles those formed in pyrolysed polymers.
Therefore this radical is attributed to a dangling bond localised in a carbon cluster as observed in
amorphous carbon. It can be observed at very low absorbed doses when the polymer is not carbonised.
Crosslinking occurs in PVDF. Our solubility results show that the presence of an insoluble fraction
cortelates with the observation of the dangling bond’. Irradiations with various ions ranging from O to
Sn from the medium energy line facility in order to study the effect of (dE/dx)e on the formation of the
dangling bond have been performed. Analysis of the results is in progress. Though the dangling bond is
now spectroscopically well characterised, some questions still remain : Could it be formed in other
polymers than PVDF ? What is its formation mechanism, direct creation in the track core or is there an
effect of the overlapping of tracks ? Is the formation of such centres an indication of pyrolytic effects in
the swift heavy ion - polymer interaction ?

2) Radiation grafting

Once radicals are generated in the polymer bulk, grafting of monomers able to polymerise is possible.

The grafting of polystyrene (PS) occurs in the latent tracks and the anisotropy of the SHI/polymer

interaction is maintained. When the grafting yield increases, the surface is progressively covered until a

homogeneous layer is obtained as previously revealed using X-ray electron spectroscopy. We present
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here results obtained using scanning electron microscopy and ESR spectroscopy which stresses the
crucial role of crystallinity.

Figure 1: SEM micrographs (x
15000), a) virgin PVDF
showing its spherolitic
structure, b) PS grafted PVDF,
Ar irradiation, fluence : 4.23
10° cm2, absorbed dose : 10
kGy, grafting yield : 5 %, c)
same irradiation conditions,
grafting yield : 14 %.

The Figure 1 shows the surface of virgin PVDF compared to that of an Ar irradiated and PS grafted
PVDF PS-g-PVDF. Irradiated samples show the same surface than the virgin PVDF. It is observed that
a PS network appears as the grafting yield increases. Small nodules are seen which are linked to each
other by filaments thus conferring a dendritic-like structure to the PS grafted domains. This structure is
a perfect mime of the underlying spherolitic PVDF structure which is still observed at rather high
grafting yields (14%).

Analysis of the macromolecular weight distribution of the grafted chains was performed Parameters
such as the absorbed dose, the (dE/dx)e, the grafting time and the monomer concentration are varied.
Very long PS chains (number average molecular weight of 1600000) are formed in the very beginning
of grafting (30 min). At very high doses, interpretation of results are complicated by the presence of
crosslinking: Only the soluble fraction can be analyzed by steric exclusion chromatography while it is
observed that PS is embedded in the insoluble fraction and thus not analysed. The surface structure of
the grafted polymer, analysed using X-ray photoelectron spectroscopy, was also studied as a function
of (dE/dx)e. Several ions were used (O, Ar, Kr, Sn from the medium energy line facility) covering the
(dE/dx)e-range of 2 to 60 MeV.cm®’mg"'. Radiation grafting was also performed using 8 MeV
electrons in order to compare the different surface structures obtained. The grafting yields used for this
study are in all cases small so that the surface is only partially covered. When irradiation conditions are
such that a single latent track regime is obtained, the heterogeneity of grafting is large. When
overlapping of latent tracks occurs, the homogeneity of the grafted domains becomes comparable to
that of the electron grafting. When (dE/dx)e increases, the quantity of grafted PS per ion track
increases. As the number of radicals per ion track increases when (dE/dx)e increases, the length of the
grafted chains should become smaller as (dE/dx)e grows. This is what was observed in our preliminary
experiments.

These studies have been initiated. Another interesting point is to understand the grafting mechanism by
identifying the nature of the initiating radicals and the nature of the chemical bond ex1stmg between the
polymer substrate and the grafted chain. This work is in progress.
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Thin track etched membrane:
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Template synthesis of nanoscale materials by filling the porosity of a track etched membrane is a
method intensively used. It gives the opportunity to realise metallic or polymeric thin hollows or
full cylinders noteworthy for their high-aspect ratio (4] Such nanoscale materials are liable to
applications ! in e.g. electronics, optics, magnetism and materials or biomedical sciences, but
display also more fundamental interests as the nanowires properties may considerably differ from
the properties of the related bulk material !"""],

To have accurate membranes for the synthesis of geometrically controlled nanostructures, the
existing etching process has been significantly enhanced ['2"4]; it is now currently applied for the
lab-scale production of nanoporous membranes made from 20 pm thick PC film with perfectly
cylindrical pores in the 15-100 nm size range. However, experiments show that the synthesis of
nanomaterials in pores smaller than 30 nn is not obvious and the corresponding pore filling rate is
very low. Therefore, different options have been considered to improve this rate, as e.g. the use of a
thinner PC film.

In this work, the realisation of nanoporous membranes from 2 and 5 um thick films have been
considered. More precisely, these films have been first irradiated using two different heavy ion
beams -Ar @ 5.50 MeV/u and Pb @ 4.48 MeV/u- and then used for the preparation of nanoporous
membranes (P522). The etching kinetics, determined from the mean pore size measured by
scanning electron microscopy, has been determined (figure 1). From these results, it appears that
the used ion does not influence significantly the pore growing rate, at least for pore sizes smaller
than 40 nm. Above 40 nm, and probably due to the more extensive track, pore growing rate seems
to be higher with Pb irradiated films.
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These nanoporous membranes have been used as template for the chemical and electrochemical
-synthesis of polypyrrole nanotubules, and pores with a diameter around 20 nm have been
successfully filled.

Our attention is now focused on the realisation of supported nano?orous templates consisting in thin
PC layer (around 200 nm thick) deposited on a rigid support.[1 I We intend to realise ultrasmall
holes (<10 nm) for the synthesis of very tiny nanomaterials and for the study of their fundamental
properties.

Acknowledgements to S. Demoustier-Champagne and R. Legras
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Swift heavy ion irradiation grafting of polymers:
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Since 1980, numerous studies have been undertaken in the field of vascular prostheses, but no solution
has been found to prevent the formation of a blood clot in small diameter ones (internal diameter < 5
mm). Numerous ways of those biomaterials surfaces treatment have been developed, one of which
consists in producing « heparin-like » surfaces. We used the synthesis adjusted by Jozefonvicz et al.
[Fougnot C., Jozefonvicz J., Samana M. et Bara L., Ann. Biomed. Eng., 7, 429 (1779)], whose
protocol uses polystyrene (PS) chemically modified with the active groups of the heparin, a powerful
blood anti-clotting substance. We adapted this synthesis to two fluoropolymer films, poly(vinylidene
difluoride) (PVDF) and its copolymer with hexafluoropropylene (P(VDF/HFP)) which exhibit better
mechanical properties and ageing under blood stress than PS. The synthesis includes three steps:
irradiation, PS grafting, and functionalisation with COOH and SO,NH groups to confer the material
"heparin-like" properties [C. Aymes-Chodur, S. Dapoz, N. Betz, A. Le Moél, M.-C. Porté-Durrieu,
C. Baquey, Research at GANIL 1996-97 (1998) 157].

Swift heavy ions were chosen as irradiation mean rather than electron or y-ray irradiations, because
they are able to induce reactive sites in a polymer at very low doses, without modifying fluoropolymers
chemical and mechanical properties. The additional HFP group present in the PVDF copolymer,
increases its plasticity and allows the processing of P(VDF/HFP) in the form of tubing (500 um thick
and 4 mm internal diameter) which are closer to the vascular prostheses design shape. The High
Energy Line facility is required to irradiate tubing because of their thickness. Irradiations were
performed with ®Ar (84.19 MeV/a) under an oxygen atmosphere.

=+© =+ Argon’- 100 kGy - Fixe . ===+ Argon - 56 KGy - Toumant
N T
~—— Argon - 50 kGy - Fixe 80 H ! H —3— Argon - 39 kGy - Toumnant 1

T T [
S - -®-~ - Argon - 10 kGy - Fixe T i
80 s rgon yoFbe Jos 70 Fgt o
6

) L
/€ 60.— ......

50 [

- -@- - Argon - 10 kGy - Toumant

60

40

40

Tg pesée (%)

Ty pesée (%)

30 F

----- 20

20

----- : : 10

0
0 2 4 6 8 10 12 14 16 0 2 4 6

8 10 12 14 16
temps (h) temps (h}

Figure 1: Grafting kinetics of P(VDF/HFP) tubing, 500 um thickness,
left: non-rotating, and right: rotating

Two systems have been built, one for a static tubing irradiation and the other, motor equipped,
allowing the rotational movement of the tube on its axis. In the first assembly, several tubes can be
mounted on a frame scanned up and down perpendicularly to the ion beam. This system increases the
irradiation capacity as-the time necessary to get a dose of 100 kGy is long and as the number of
samples needed by the biological tests is very important. The second assembly has been built in order
to get a more uniform tubing irradiation. The tubing are mounted on a rotating rod, fixed on the frame
which scans vertically in front of the beam. As the irradiation time is much higher in this case than in
the former system, only few tubing have been irradiated, the aim being the comparison of grafting

yields for both systems. The main difference between the two systems lies in the absorbed dose
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distribution within the tubing thickness. In the first case, the ions go through a thickness varying from
1 mm to 3.1 mm (50 % variation) whereas in the second one, the beam is always radial to the tubing
and goes through the same 500 pm thickness (10 % variation between internal and external surfaces).

The Figure 1 shows PS grafting kinetics results obtained with the two irradiation systems. Comparison
is possible only for the absorbed doses of 10 et 50 (56) kGy. If the initial grafting rates are similar for
both systems, the inhibition period is much longer in the case of the rotating system (almost a factor of
10). As can be seen from Figure 2, a grafting front exists. These results suggest that an absorbed dose
of 40 kGy and grafting times of 4 h would be suitable for further experiments.
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Figure 2: Optical microscopy of PS grafted P(VDF/HFP) tubing, a) 4 hours of grafting, the
grafted zone is of roughly 150 um, the tubing is 500 um thick, b) 16 hours of grafting, grafting
occurs through the entire tubing thickness which increases up to 620 um, c) infrared microscopy
results on both samples, the grafting yield is calculated over the thickness every 20 um. (scale on
cliché a represents 1 mm and is valid for cliché b)

Two types of radicals can be observed in PVDF polymers and copolymers using ESR spectroscopy:
alkyl radicals originating from chain scission and atom abstraction from the main chain, and peroxy
radicals due to the reaction of the formers with oxygen. The concentration of alkyl radicals in the non-
rotating tubing, is twice lower than that of the peroxy radicals at 10 kGy. It increases as the absorbed
dose increases, and is 3 time-fold larger at 100 kGy. When the PS grafting is performed, the total
number of radicals decreases. Still, from comparison with results obtained on films, and with other
ionising radiation, it is reasonable to assume that only peroxy radicals induce the PS grafting. The
biological tests are done in Bordeaux (INSERM U443) at each step of the films synthesis on both
PVDF and P(VDF/HFP). These materials remain biocompatible after functionalisation which in
addition increases the haemocompatibility properties of the material. Hydrophilicity increases but
protein adsorption also. Understanding the protein adsorption mechanism is of importance for the
development of such materials. P(VDF/HFP) exhibiting lower surface rugosity seems to be more
adequate from this point of view. Functionalisation of tubing has to performed on waved or knitted
P(VDF/HFP) tubing to allow further experiments.
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under high LET Particles Irradiation :
Time-resolved and continuous eEperiments.
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Three chemical species resulting from the high LET irradiation of liquid water have been

investigated : hydrated electron e;;, superoxide anionO;” and hydrogen peroxide H,0,. This

latter one is a stable product which can be analysed a few minutes after irradiation. The two other
are unstable and react very early in the ion tracks. They need a time-resolved experiment to be
analysed a few nanoseconds after a pulse irradiation. Nevertheless, most of the papers in the
literature present the radiolytic yields determined with the scavenger method [see for instance
ref. 1. However this is not a direct method which thus cannot be accurate, although a time-
dependence of the yield could be obtained by a Laplace transform of the concentration-dependent
curve. A comparison with the results obtained with this method was also discussed [3,5-8].

These experiments (P461,P492) have been performed at the GANIL cyclotron (Caen-France) with
0% (95MeV/A) and “°Ar'®" (95MeV/A) particles whose Linear Energy Transfer
(LET = (dE/dx)eec) is, respectively, two (50 eV/nm) and three (250 eV/nm) orders of magnitude
greater than of electron beams or gamma rays. The LET value remains almost constant within the
thickness of the water samples due to the high energy of the particles. Most of time in the literature,
the yields were obtained with mean values of LET [1].

The chemistry in water is thus considerably modified at the first moments after the ionisation. More
particularly, the radiolytic yields of the radicals, like hydrated electron, decrease when the LET is
increased. It is then possible to show the inhomogeneity of the chemistry around the ion tracks and
to compare these results with Monte Carlo simulations.
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Pulsed radiolysis with heavy ion beams

e.. : a time-resolved absorption experiment

aq

An original experiment has been performed with O ion beam of 1 ns pulse duration, which has a
constant LET of 50 eV/nm in the water sample (Figure 1). After a fast formation within the pulse
duration, a very fast non-exponential decrease of hydrated electron is observed within the 50 ns
time range. This decrease is attributed to the chemical reactions of hydrated electrons in a very high
local concentration of radical species close to the ion track (named core track in the theory.

developed by Mozumder [2]).

Concentration (mole dm'3)

Figure 1 : Formation and decrease of hydrated electron concentration in
pure deaerated water after a [ns pulse of 0% ions (1.5 GeV).

6x107
5x107° f
4x10° f
3x10 f
2x10”° f

1x10°°

0

LET = 50 keV/um, A = 670 nm.

The.radiolytic yields determined after the end of the pulse are very low and correspond to a
concentration of about 10 mol.dm™ [3]. It then confirms that radical-radical reactions are

favoured in the tracks where concentrations of hydrated electron are very high. These results will
have to be compared with those obtained by Monte Carlo simulation. The preliminary simulations

already confirm this experimental behaviour [4].
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- O3 : a time resolved chemiluminescence experiment

The superoxide anion O}~ is produced with a radiolytic yield higher than zero in deaerated water

with high LET particles. This species has a great interest in radiobiology and therapy because of its
dismutation reaction leading to the highly oxidant species H,O, [5]. Several hypothesis has been
mentioned concerning its formation inside the tracks but without any proof. More over, like
hydrated electron, the yield measurements in high LET conditions were performed by analysing
final stable products after irradiation. This method is not direct, not precise and involves high
concentrations of reactive solutes (scavengers).

A method based on chemiluminescent reaction with luminol species has been developed to
determine superoxide yields at early times after irradiation. This method was calibrated with an
electron pulse [6] and allowed to detect very low concentrations of superoxide and hydroxyl radical

OH" between 10° M and 10® M. The yields obtained with a Ar'®" pulsed beam having a LET of
250 keV/um (pulse duration between 10ps and 2ms) are G(O57)2 2,7x10® mol.J' and

G(OH")=2,2x10® mol.J'[7].

Analysis of hydrogen peroxide escaped from the tracks

Hydrogen peroxide molecules are produced by the radical-radical reactions OH® +OH® . With high

LET particles irradiations, H,O, is formed in the tracks where the concentration of OH" is high. As
a result, its radiolytic yield increases with LET. The determination of the H,O, yields were often
deduced from the -calculation. In this work, the yields have been determined with
chemiluminescence measurements. The water solutions contained scavenger species that prevent

H,0, from reacting with OH® or e;c'l. Carbon ions were used for irradiations of the solutions.

These ions have enough energy to have a constant LET in the water. The results compared to those
obtained with other particles irradiation show that the LET parameter is not sufficient to depict the
local repartition of the radicals around the ionisation track. The energy of the particles, their charge,
their size have to be taken into account too [§].
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Detection of clustered lesions induced in plasmid DNA by heavy ions
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In the present experiment P495 (a follow-up of P374, P397 and P464), we proposed to detect locally
multiply damaged sites (LMDS) formed in DNA after exposure to a beam of heavy ions. This proposal
was part of a more global project aiming at better understanding the interaction of high LET radiation
with genetic material, and to gain insight into the mechanism of formation of DNA damage by ionising
radiation. The ultimate goal is to estimate how clustered lesions, likely the most deleterious damage
produced also, but at a lesser extent, by low LET radiation, are processed by the cellular machinery.

A simple tool, plasmid DNA (pBS, 2961bp) was irradiated in dry state, under vacuum, with'*C (12.4
MeV/u, LET 127 keV/um), **S (11.4 MeV/u, LET 1010 & 1650 keV/um), '*Te (3.88 MeV/u, LET
7830 keV/um), or with y rays from 137Cs source. Plasmid DNA was also irradiated in solution, at
various concentrations, with S (77.5 MeV/u, LET 224 & 429 keV/um) or with y rays. Single (SSB)
and double (DSB) strand breaks were quantified by electrophoresis and electron microscopy. Base
damage was revealed as sites sensitive to specific DNA repair enzyme (like Fpg protein), using similar
methodologies as for strand breaks.

Altogether data showed that SSB decreased with increasing LET, whereas DNA fragmentation is more
extensive at higher LET. When DNA was irradiated in solution, base damage was rather evenly
distributed; in opposite, when dry DNA was exposed to the beam, base damage was predominantly
observed in molecules that also carried a SSB or a DSB. Furthermore, the number of base lesions per
broken plasmid molecule increased with LET, as shown in the table. These last multiple damage
corresponds to the predicted clustered lesions, since it is produced by a single ion track. This is the
first direct observation of a type of LMDS. In addition, the results indicated that even though the same
types of lesions were formed by direct (dry state) and indirect (in solution) effect, there distribution
greatly varied. Damage induced by indirect effect is essentially sparsely distributed, whereas those
formed by direct effect are located in a spatially close proximity. We were able to show that the
complexity of the multiple damage increased with LET, as revealed by the table.

___NbofFpg |supercoiled plasmid molecules | damaged plasmid molecules
_proteinbound |
perplasmid _ lunirrad. "¢ . ¥s = " T lunirrad. " ¢ ¥g ™ 1q
O | .81 783 100 . 522 | 787 | 44 i 361 | 272
__4ormore [ FUDR RSN DU I S S 54

Distribution of DNA plasmid molecules as a function of the number of base lesions per plasmid. Base
damage is revealed by the covalent binding of Fpg protein at the damaged site and visualised by
electron microscopy.
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Effect of LET on the formation of oxidized DNA bases in cells exposed to
ionizing radiation -

Jean-Luc Ravanat, Jean-Pierre Pouget, Sandrine Frelon, Thierry Douki & Jean Cadet

Laboratoire ”Lésions des Acides Nucléiques”, DRFMC / SCIB UMR 5046, CEA/Grenoble,
F-38054 Grenoble Cedex 9, France (jravanat@cea.fr)

The purpose of the present work (experiments: P517 &P535) was to evaluate the effect of
linear energy transfer (LET) on the formation of DNA lesions in cells exposed to ionizing
radiations. The DNA lesions were measured in cells exposed either to low-LET radiation
produced by gamma rays from a ®°°Co source or to a beam of 2o particles. Such irradiation
conditions correspond to about 25 keV/um and 0.2 kev/um for irradiation by ?C®" particles or
upon gamma irradiation produced by the %¢Co source, respectively.

NH;
H
HN X H\ “ H\
o | N>’=o HNJ?[N CHO NT CHO
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FapyAde

To evaluate the damage to DNA,
lesions were measured by an high
performance liquid chromato-
graphic system coupled to tandem
mass spectrometry, consecutively to
DNA extraction and hydrolysis
[Frelon et al Chem. Res. Toxicol.
(2000) 13, 1002-1010]." Among the
different DNA lesions measured,
the four diastereomers of thymidine
glycols = (ThdGly, Figure 1)
constitute the main radiation-
induced base modifications with a
yield of about 0.1 and 0.06 lesion per 10° bases per Gy for gamma rays and carbon particles,
respectively. For both types of radiation four other DNA lesions were significantly generated
which importance was found to decrease in the following order : FapyGua> 5-HmdUrd > 5-
FordUrd > 8-0xodGuo. In addition, FapyAde and 8-oxodAdo are produced in about one order
of magnitude lower yields than those of the other modifications.
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Figure | : Structure of the DNA modifications measured in the presented study

" Table 1: Yield of formation of the

dgfgir_ent measured DNA lesions in cells exposed to either
+

gamma rays of high LET particles (°C**)

Lesion ThdGly 5-FordUrd |S5-HMdUrd |8-oxodGuo |FapyGua |8-oxodAdo |FapyAde
Gamma 0.097 0.022 0.029 0.020 0.039 0.003 0.005
2c* 0.062 0.011 0.012 0.010 0.022 0.003 0.001

As a striking observation (Table 1), the yield of formation of the measured DNA lesion was
found to be, on the average, two-fold lower under high LET (carbon particles) than for low-
LET radiation (gamma). The relative formation of the different DNA lesions was found to be
similar between the two types of irradiation, indicating that, even using high LET particles,
the indirect effect (radiolysis of water) of the ionizing radiation is the major process
responsible for the formation of the currently measured DNA lesions.
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High LET irradiation activates p38 kinase and its downstream target ATF2
in normal human fibroblasts

Jaap Kool*, Hans van Dam’, Alex van der Eb*, and Carrol Terleth®
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Cell Biology, Leiden University Medical Centre, Leiden, The Netherlands

Exposure of human cells to cellular stresses activates stress signalling pathways in the cell.
These signalling pathways regulate the response of the cell. Cellular stresses can induce, for
example, DNA or protein damage. Cells can be confronted with many stimuli causing
cellular stress, like UV irradiation, pH shifts, heat, mechanical stress, DNA-damaging drugs
and ionising radiation. Depending on type and severity of the cellular stress, different
responses are possible; cells can stop growing temporarily to repair the damage and continue
growing afterwards, they can enter a permanent growth arrest and they can also go into
apoptosis, i.e. programmed cell death.

The detection of stresses and the regulation of the responses to these stresses are essential to
proper cell functioning. Different signal transduction pathways in the cell are involved and
co-operate in stress signalling. These signal transduction pathways consist of proteins that
activate their substrates via the addition of a phosphate group to a specific amino acid in their
substrate. Signal transduction pathways regulate, among other, transcription factors that
control expression of genes. Via phosphorylation of transcription factors, expression of
certain genes can be enhanced or reduced. The mitogen activated protein kinases (MAPK’s)
play an essential role in signal transduction pathways. This family of proteins can be divided
in three groups. The c-Jun NH2 terminal kinases (JNK) and the p38 kinases, which seem to
be mainly involved in stress signalling, and the ERK family, which is predominantly
activated by signals that involve the regulation of cellular growth. JNK and p38 kinases and
their downstream targets can be activated by a range of stresses (reviewed by Tibbles and
Woodgett, 1999; Davis, 2000).

Ionising radiation causes mainly double strand DNA breaks, and we were interested to
examine the effects of ionising radiation, and in particular the effects of high LET irradiation,
on the stress signalling pathways. The effects were compared to effects of UV-light, another
agent giving rise to DNA damage, which is a potent activator of JNK and p38 and their
targets. Normal human fibroblasts (VH10) were irradiated with argon particles, and protein
samples were isolated at different times after radiation. Using Western blotting analysis,
activation of MAPK and their downstream targets was examined.
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Figure 1: Activation of p38 and ATF2 after high LET irradiation. Protein lysates were made
of normal VHI0 cells after irradiation with 15.1 0° particles of 95MeV/u argon. (a) Activation
of p38 was examined with antibodies raised against the phosphorylated form of p38.

(b) Activation of ATF2 was examined with an antibody against the ATF?2 protein, since
activated ATF2 has a lower electrophoretic mobility than the non-activated ATF2.

We found that in non-growing arrested cells irradiated with high LET (experiment number
P558) neither p38 nor JNK was activated (fig.1a). ATF2, a downstream transcription factor
of these MAPK’s, however, was phosphorylated, as becomes clear from the shift of the
protein in the gel (fig.1b). Also genes regulated by ATF2 showed increased expression (data
not shown). These results are reminiscent of results we obtained with X-rays, but in sharp
contrast to the effects of UV light, which activates JNK and p38 very strongly.

In asynchronously growing VH10 cells, that were high LET irradiated, a clear increase was
found in the amount of phosphorylated p38, indicating that in these cells p38 is activated after
irradiation (fig.1a). This suggests that activation of p38 is cell-cycle dependent. Upon X-ray
irradiation in different stages of the cell cycle, we have indeed found that clear differences
exist in the activation of p38 and its targets (data not shown). Further experiments are
required to determine in which stage of the cell cycle p38 and its targets are most sensitive to
high LET radiation. Furthermore, we are interested in determining which kinase(s) is
responsible for ATF2 activation in the arrested cells.
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Study of early damage induce in human cells irradiated with high-LET ions,
role in chromosomal instability
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High-LET ions have a high efficiency to induce many biological damage in irradiated cells. Some
lesions occurred soon after the exposure: DNA breaks, chromosome aberrations', modification of
gene or protein expression, cell death. But the irradiation can result in later damage such as
mutations, cell transformation, carcinogenesis, genomic and chromosomal instabilityz. The possible
links between early and late damage are still unclear and recent studies suggest that delayed effects
can appear in cells that have not been touched by any ion. This phenomenon, called "bystander
effect", would involve intercellular communication where extra-cellular factors or aberrant cell
signalling effects in hit cells produce these outcomes in neighbour un-hit cells’.

In the experiment P566 (following experiment P468) we aimed to measure some of the early stress
signals induced in the hours/days following irradiation of human cells and to correlate them to the
impact of an ion in a cell. We also planed to follow delayed chromosomal instability that could
appear in these cells a long time after their irradiation. Up to know, we mainly focused on the
analysis of chromosomal instability as the study of intercellular communications necessitated the
development of a special culture device where the cells could grown on track detector, be irradiated
in vertical position, and staining or immunocytochemistry performed on the detector.

Different kind of human cells were irradiated in these experiments. Three lines of fibrotic
fibroblasts (fibroblasts were collagen synthesis is up-regulated) and one line of primary fibroblasts
were irradiated in 1999 with *°Ar (95 MeV/u, LET 242 keV/um). We measured the cell mortalit
directly induced by the irradiation the days following the exposure to 10°, 5x10°, 10%, 2x10°, 5x10°,
10" and 10® particles/cm®. We observed no striking effect of the fluence delivered. The delayed
chromosomal instability was explored in the cells irradiated at 2x10° particles/cmZ. For this
purpose, the cells were maintained in culture and preparations for cytogenetic analyses were
realized 48 h after the irradiation (1* cell division) and then all the 3 passages (P) up to P9 after the
exposure. The cells have been frozen at different passages in order to continue the study after the
analysis of the first samples. '

At least 100 cells must be analyzed for chromosome aberrations for each points. To improve the
comparison of normal and fibrotic fibroblast, an another primary line was irradiated with 3%Ar, 95
MeV/u last march at 10° and 4x10° particles/cmz. The cultures are currently followed along cell
divisions as described above, control cells are at P12, whereas irradiated cells are at P10, thus
having a lower proliferation. In addition to chromosome preparation, a part of the cells have been
frozen at P10 (and will be it also at later passages) in order to extract and analyze DNA, RNA and
proteins which are involved in apoptosis, cell cycle regulation and telomere dynamic. All these
samples will be processed when cells reach senescence to allow comparisons along cell divisions.

In this experimment, we have also irradiated at low fluences cancer cells (HeLa) grown on track
detectors in order to correlate the induction of apoptosis to ion tracks. The cells were fixed and
stained for apoptosis detection just after the irradiation and then every 24 hours, during 5 days. We
are now acquiring images using a confocal microscope to localize precisely the apoptotic cells
(Figure 1). After these stage, we will proceed to the revelation of the ion tracks on the detectors
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(Figure 2) and will use again the confocal microscope to demonstrate if the emergence of apoptotis
in a cell is correlated to an ion hit or not. The part of this work is done in collaboration with the
GRECAN (Groupe Régional d'Etudes sur le Cancer, CJF INSERM 9603) where an automated
microscope coupled to image analysis is under development to identify, localize and retrieve
individual nuclei or intracellular molecules. With this system we expect better results than those
obtained up to now by the confocal analysis.
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Figure 1: HelLa cells 60h afier irradiation Figure 2: Track detector (CR 39) irradiated
with °Ar at 95 MeV/u, 2x10° particles/cm’ with °Ar at 95 MeV/u, 1.5x10° particles/cm’
(x63). Apoptotic cells (here, 2 cells) are (x20). Tracks are revealed in KOH 12N at
detected after fixation and staining of the 80°C.
DNA with DAPI (1 ug/mi).
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Effects of heavy ions on neuroimmune regulations
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During Russian and American short- and long-term space flights, neuroimmune dysregulations
have been observed in man and rats for up to three months after the return. During Extra-
Vehicular Activity, radiation exposure risk is greater to elicit short and/or long-term deleterious
effects on the functional capacity of the neuroimmune system. In order to assess the effects of
high LET events on neuroimmune networks, our preliminary ground-based study was to
investigate brain, neuroendocrine (hypothalamic-pituitary-adrenal (HPA) axis) and immune
responses in mouse after low dose radiation exposure with high LET particles. Of particular
importance is the interaction of these 3 systems, close related, and highly sensitive to ionizing
radiation. Moreover, they play an essential role in the maintenance of homeostasis, so the
alterations of one these activities may contribute to general dysfunction up to disease
susceptibility. It is thus of interest to study the effects of the heavy ions on the functional neuro-
immune regulatory networks and particularly the radiation-induced inflammatory process.

These studies constitute the ground base experiments of a space research project proposed and
accepted by the CNES in 1998 and 1999. Two proposals for Ganil experiments were submitted
and accepted by the committee in 1998 and 1999. Here is presented the summary of results
from the 2 first irradiation experiments (' ?C and '°0) using the GANIL accelerator.

Thus, results from dosages and biological tests done, allowed to get information on the brain
reaction, the HPA axis and the immune activation by heavy ions irradiation at low dose (42
mGy, 95 MeV/u, 2.10° particles/cmz) and on a long period (from hours up to 4 months).

Brain results:

v" Cytokine (interleukine-1) dosage showed that within hours after radiation an increase of
concentrations occurred compared to sham irradiated mice. This IL-1 result indicated
that a very early neuroimmune response was initiated at the brain level. As described,
this cytokine is widely implicated in the HPA axis activation/regulation and immune
reaction in various aggressive conditions. Thus that would suggest that neuroimmune
regulatory networks are very sensitive to very low dose of heavy ions, which could be
deleterious in case of long exposure for homeostasis.

v" Immunochemistry studies suggested that at long term (after 2 inonths) a diffuse
activation of inflammatory reaction by brain cells appeared throughout the cerebral
parenchyma.
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v" Electroencephalogram registration: For the dose of 42 mGy, any significant alteration of
EEG recording was observed in 3 irradiated mice versus sham. On contrary, for one
mouse, which received 84 mGy, a decrease of about 40 % of REM sleep occurred at
day 12, with the highest decrease at day 23 (about -80%) followed by a slight recovery
(-56%) at the end of the experiment.

Neuroendocrine results:

v' Three days after radiation exposure there seemed that an activation of HPA axis
(associated with an increase in neuroendocrine hormones) occurred, which could be a
response to developing radiation sickness as it has been previously described. ‘

Immune results:

v" No caspase activation, (an enzyme which activates numerous enzymes accounting for
the irreversible cell death) was detected in lymphoid organs following radiation
exposure. That would mean that in these experimental conditions, heavy ion radiation
did not induce a caspase-dependent apoptosis in these lymphoid organs. Moreover,
thymus and spleen weights and cellularity were not significantly modified after the
irradiation. However, the neuroendocrine alterations observed could induce immune
modifications such as the variation of the proportion of the different lymphocyte subsets
and the functionality of the immune system. Further experiments are necessary to test
this hypothesis.

Conclusions

Results of these first experiments suggest that brain is particularly sensitive to low dose of
heavy ions, and induced responses that suppose neuroimmune alterations. These various
radiation-induced reactions should be probably at the origin of an inflammatory response,
which is probably more deleterious for the organism and implicates endocrine, immune and
nervous cells. The mechanisms involved remain to be elucidated and further experiments are
necessary to complete and assess radiation-induced neuroimmune dysregulations. This question
is of importance because these reactions could be one of the parameters limiting the long-term
space missions.
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Introduction

During American and Russian short and long-term space flights neuroimmune dysregulations
have been observed in man and rats for up to three months after the return. During Extra-
Vehicular Activity, radiation exposure risk is greater to elicit short and/or long-term deleterious
effects on the functional capacity of the neuroimmune system. In order to assess the effects of
high LET events on neuroimmune networks, our preliminary ground-based study was to
investigate brain inflammatory responses in mouse after low dose radiation exposure with high
LET particles. Of particular importance is the interaction of the CNS and the hypothalamic-
pituitary-adrenal (HPA) axis the latter being most sensitive to ionizing radiation. Moreover, the
HPA axis plays an essential role in the maintenance of homeostasis, so the alterations in HPA
activity may contribute to disease susceptibility. It is thus of interest to study the effects of the
ionizing radiation on the functional neuro-immune regulatory networks and particularly the
radiation-induced inflammatory process.

Material and methods

Animals were anesthetized with Ketamine (150 mg/kg, i.p.), placed on a metal sheet and
irradiated to a dose of 42 mGy using a '>C beam (95 MeV/u, 2x10° particles/cm?, LET=300
keV/um) at the GANIL accelerator (Caen, France) on October 1998 (P469). The characteristics
of the ('2C, 95 MeV/u) beam makes the mouse irradiation homogeneous because of its range:
2.54 cm. Two tissue-equivalent chambers were placed at each ends of the metal sheet to verify
the absorbed dose. Sham-irradiated control mice were treated similarly, but not exposed to the
beam. Blood was collected rapidly at euthanasia by decapitation at 1 hour to 2 months
following radiation exposure or sham irradiation. All data are expressed as means * standard
deviation and compared using the non-parametric Mann-Whitney test. Significance levels were
set at p <0.05.

Results

. Just after the heavy ion exposure, we noticed a bilateral eye oedema in mice. This eye oedema
persisted for around 24 hours. Exposure of mice to heavy ions (’C, 95 MeV/a, 42 mGy)
significantly increased plasma corticosterone levels at 6 hours and 3 days compared with the
corticosterone levels at each of these times after sham irradiation (Fig. 1). It should be noted
that the plasma corticosterone levels 1-, 3-, 6-, 10- and 24 hours after sham irradiation were
significantly greater than the basal morning plasma corticosterone prior to any irradiation
procedure or at 3 days after radiation exposure. These values probably reflect both the diurnal
rhythm and the action of anesthetics on the release of corticosterone. The data in Fig. 2 show
the plasma ACTH levels following *C irradiation. A signiﬁcant increase in the level of
circulating ACTH was observed 3 days and 1 month after '“C irradiation compared with sham
irradiated ACTH levels. It is interesting to note that plasma ACTH levels of irradiated animals
are always greater than the corresponding controls. The reason for these observations is
unclear.
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1h 3h 6h 10h 24h D3 D7 D14 D28 2 months

Fig. 1: Plasma corticosterone levels in mice following (’C, 95MeVru, 42 mGy) irradiation.
Corticosterone was measured in plasma of sham-irradiated (®) or "’C irradiated mice ()
from 1 hour to 2 months following exposure. Corticosterone concentrations were assessed as
described in materials and methods. Values are means + sd of 3 animals. *: p<0.05

ACTH (pg/ml)
g 388 8 8

1ih 3h 6h 10h 24h D3 D7 D14 D28 2months

Fig. 2: Plasma ACTH levels in mice following (IZC, 95MeV/u, 42 mGy) irradiation. ACTH was
measured in plasma of sham-irradiated (®) or 2C irradiated mice M) from 1 hour to 2 months
following exposure. ACTH concentrations were assessed as described in materials and
methods. Values are means + sd of 3 animals. *: p< 0.05

Discussion

Our results show an activation of the HPA axis following heavy ion irradiation. Plasma
corticosterone increased in a biphasic manner, peaking approximately 6 hours and 3 days after
radiation exposure. The first phase could be a “stress response” and the later phase a response
to developing radiation sickness as it has been previously described. Three days after radiation
exposure there were concomitant changes in plasma levels of ACTH and corticosterone. This
late radiation-induced reaction is probably at the origin of an inflammatory response, which is
probably more deleterious for the organism and implicates endocrine, immune and nervous
cells. The mechanisms involved remain to be elucidated. This question is of importance
because this late reaction could be one of the parameters limiting the long-term space missions.

Another experiment was performed on June 1999 (P523) using a '®0 beam (95MeV/u, 2x10°
particles/cm?) at the GANIL accelerator, but our results concerning the HPA axis response
were no significant probably because of the non homogeneous irradiation of the mouse (**o
range: 1.88 cm).
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