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Abstract 
The study of nuclei far from stability interacting with simple target 

nuclei, such as protons, deuterons, SHe and 4He implies the use of inverse 
kinematics. The very special kinematics, together with the low inten
sities of the beams calls for special techniques. Here some examples of 
the results and techniques used in elastic, inelastic scattering and trans
fer reactions will be described. Special target techniques and detectors 
that were developped or are under development in this domain will be 
described. 

Introduction 

The link between nuclear structure, effective nuclear interactions, nucleon
nucleon potentials and theories such as QCD is still not achieved in a fondamen
tal and quantitative way. In this context, it is very important to get the largest 
amount of information on nuclear properties in a broad domain. Here we are 
concerned about nuclei far from stability, where the variable is the isospin, or 
the difference of neutron and proton numbers (N-Z). The variation ofisospin (or 
more exactly of the z-component of the isospin) has several consequences. When 
approaching the drip-lines, the binding energy of the last nucleons approaches 
zero, and this will cause long tails of the wave function at least for low angular 
momentum. Low density regions of nuclear matter will result, where special 
correlations may occur. Appropriate measurements, such as elastic scattering, 
may explore the nuclear interaction in this region. 

The spin-orbit interaction is related to surface properties. This is why there 
are strong presumptions that the spin-orbit interaction and hence magic num
bers may change very significantly far from stability. The study of single particle 
properties by transfer reactions is a privileged tool for this subject. 

If we want to study the nature of nuclei far from stability, it is best to have 
interactions with simple particles, such as electrons, protons and other light par
ticles of well understood structure. The lifetime of the nuclei far from stability 
being too short to prepare targets in nearly all cases, it will be necessary to 
inverse the role of target and projectile, and targets of H and He will be needed. 
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The experiments in this domain need a very good sensitivity in order to detect 
rare events with high efficiency, combined with high resolution in order to have 
the maximum of information possible with low statistics. High resolution is 
often necessary too, to have a very good signal to background ratio in order to 
find for example a process with one event per day in a background of thousands 
of events per second. 

In the study of reactions in inverse kinematics, the information of interest 
can be deduced by measuring either the kinematical characteristics of the heavy 
residue and/or of the light fragment. In the case of the heavy residue, the 
detection efficiency is increased by the forward focusing of the reaction, and 
the large velocity allows for the use of relatively thick targets. However, the 
detection of the heavy fragment is possible only for the reactions where it is 
bound or has a lifetime long enough to reach the detection system. Moreover, 
the angular center of mass resolution which can be obtained becomes rather 
poor, as soon as the mass of the projectile exceeds a few mass units. In these 
cases, the measurement of the energy and diffusion angle of the light recoil 
fragment allows to reconstruct the kinematics of the reaction. We will illustrate 
these considerations by the description of the techniques employed in these 
experiments and the results obtained. 

2 Detection methods 

It follows from the angular constraints of the inverse kinematics that a good 
detection system is the combination of a spectrometer for the forward focussed 
heavy ion, and of an array of position sensitive silicon detectors for the light par
ticle. We will use the SPEG spectrometer[l] and the MUST array[2], which are 
currently used at Ganil for the experiments under consideration in the present 
paper, to give quantitative examples of the experimental achievements and con
straints. Similar combinations are used at MSU, whereas RIKEN employs other 
methods (see below). 

2.1 Detection of the heavy residue 

In reverse kinematics, the heavy ion is emitted at very forward angles in the 
laboratory frame. This is an advantage from the point of view of the detection 
efficiency: a small angular coverage is sufficient to measure a complete angu
lar distribution. For example, with the ±2 deg angular aperture of SPEG in 
the horizontal and vertical plane, the angular distribution of elastic scattering 
for 11 Be on proton can be covered with only one angular position of SPEG. 
However, the kinematic focusing also implies a very good angular resolution in 
the laboratory angle, in order to achieve even a moderate angular resolution in 
the center of mass frame. For elastic scattering, detecting the heavy partner, 
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the rule ()cm=()lab *(Mtarget+Mbeam)/Mtarget is approximately valid. In prac
tice, due to angular straggling in the detectors, the optimum resolution with 
present detection systems is of the order of one tenth of a degree. With the 
example of elastic scattering for 11 Be on proton, this corresponds to 1.2 deg 
in the center of mass and to an energy resolution of 200 keV, which is already 
marginal to clearly separate the first excited state in 11 Be at 320 keV. The sit
uation becomes more and more critical as the mass of the projectile increases, 
which limits the use of spectrometers for the detection of the heavy residue to 
relatively light projectiles. Another problem arises because of the dispersion in 
the focal plane of the spectrometer (8 cm/% in the case of SPEG): the kine
matics of the reaction varies too rapidly to be covered in a single Bp setting. 
The momentum dispersion of a spectrometer allows the measurement of transfer 
reactions at 0 deg, as illustrated on Figure 1 in the case of the charge exchange 
reaction p(6He,6Li)n at 41.6 MeV/nucleon. Furthermore, if the spectrometer is 
operated in energy-loss mode, the energy spread of the secondary beam, usually 
of the order of 1% or more, is automatically compensated through dispersion 
matching. 
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Figure 1: Scatter-plot of the angle versus position in the focal plane of SPEG for 
the p(6He,6Li)n charge-exchange reaction. The narrow peak corresponds to the 
stripping in the target of a 6Li2+ secondary beam. The other peaks correspond 
to the (p,n) reaction populating the ground state (right) and lAS (left) ° 
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2.2 Detection of the light recoil particle 

When the detection of the heavy residue is not satisfying, either because it 
is not bound or because the angular resolution requirements are too severe, the 
alternative method is to measure the energy and angle of the recoiling particle. 
In the case of elastic and inelastic scattering, the light particle is emitted in the 
forward hemisphere and up to fhab=90 deg. The measurement of the forward 
center of mass angles requires a very low energy threshold, of the order of 500 
keY for protons. The detectors must therefore cover the energy range from 0.5 
up to about 50 MeV protons. The excitation energy resolution depends, too, on 
the angular resolution in the laboratory frame: to obtain 1 MeV resolution in the 
case of inelastic scattering of 32Mg on proton, an angular resolution better than 
0.5 deg must be achieved. In the case of transfer reactions, the light particles 
are emitted either at backward (stripping) or forward (pick-up) angles. Here 
the excitation energy resolution is strongly dependent on the energy resolution 
of the light particle measurement, which should not be worse than 100 keY. 
This implies, too, energy losses in the target of the same order or less. The 
MUST array was designed to meet all these criteria, and to cover a large solid 
angle. It consists of 8 telescopes composed of a 300j.tm thick 60x60 mm2 double 
sided silicon strip detectors with strips 1mm wide, backed by a 3mm thick 
Si(Li) detector and a 15mm thick CsI cristal read out by a photodiode. The 
particle identification is achieved over the full energy range, either by ~E-E or 
by ~E-TOF measurements. The mechanics of the array are modular and can be 
adapted to various experimental requirements. For example, the experimental 
set-up used in a recent experiment at GANIL is presented in Figure 2: 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. 

2.3 Coincidences 

In the study of direct reactions, the nuclei of interest are very often lost in a 
huge background arising for example from break-up processes or from scattered 
beam particles. This background can be removed by requiring a coincidence 
with the recoil light particle from the two-body reaction at the appropriate 
kinematic angle. 
A further advantage of the coincidence technique is the separation of events 
arising from the transfer reaction on hydrogen from those arising from the same 
reaction on other constituents of the target, for example carbon in the case of 
a polymer target. 
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Figure 2: Experimental set up in the SPEG reaction chamber. 
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2.4 Beam tracking detectors 

The experiments performed with secondary beams produced by fragmenta
tion are faced to two main difficulties: the low intensity of the beams, which can 
be partly compensated by using detection set-ups with high angular coverage, 
and their poor optical qualities. This problem is solved by the measurement 
of the angular and/or ene~gy characteristics of each incident particle, which is 
made possible by the low intensity of the secondary beams. Beam tracking de
tectors have been developed, which are able to stand counting rates up to 106 

pps, and which allow to reconstruct the incident angles with a resolution similar 
to that of the reaction products detectors. For example at Ganil, these beam 
tracking detectors are of three types. With drift chambers filled with isobutane 
at 20 mbar, the position is measured by the drift time of the electrons. The 
measurement of the angle is obtained with two detectors distant by roughly 1 
m. Each detector consists of 4 individual drift chamber modules, two for the 
horizontal position (right and left), and two for vertical position (up and down). 
Their active area is 70x70 mm2. With the use of multi-hits electronics, the ef
ficiency of such detectors is 75 to 80% for a counting rate up to 8xl05 pps[3]. 

The second type of beam tracking detectors consists of two low pressure 
multiwire proportional chambers with one plane of anode wires placed between 
two cathode planes, respectively segmented into 28 vertical or horizontal strips, 
2.54 mm wide. The anode wires deliver a time signal allowing a time of flight 
measurement with an accuracy between 500 ps and 1.2 ns, depending on the en
ergy loss of incident particle in the detector. The cathode strips are individually 
read out and the position of incoming particles is reconstructed using a charge 
centroid finding algorithm[4]. For both type of detectors the spatial resolution 
is better than 1 mm, even at high counting rate. 

For particles with Z2: 8, Jlchannel devices have very good efficiency and very 
thin detector foils (~100 p,g/cm2). They are at the moment the detector system 
which causes the minimum perturbation of the particle characteristics. Detec
tors of the other types have typically thicknesses of at least 1 mg/cm2 • Spatial 
resolution achieved is better than 1 mm, if magnetic focusing of secondary elec
trons is used(5] . 

3 Target Techniques 

3.1 Cryogenic targets 

The need of simple targets implies the use of H, D,3,4He. Hand D can be 
used as chemical compounds, and polyethylene, CH2 and CD2 , is commonly 
used. Due to the carbon in this compound, for the same energy loss, the target 
contains 3 times less hydrogen than would be possible for a pure hydrogen target. 
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The Carbon provokes a background that either must be determined by making 
a measurement with a pure C target, or must be eliminated by coincidences. 
For He the only possibility is a gas or liquid target. 

In these cases an entrance window is necessary. The thickness of this un
desired window will be proportional to the pressure. Thus in order to increase 
the target thickness for a given window, the only way is to decrease the tem
perature. Standard coldheads for cryogenic pumps go down to about 15K. This 
implies a gain of a factor 20 with respect to room temperature. For Hand D, 
it is most convenient to work somewhat above the critical point for the coex
istence of liquid-gas, at about 30K. For a 1cm thick target at 30K and 5atm, 
5mg/cm2 of H2 are obtained. At this pressure a 10pm Havar window is needed 
for a diameter of 20mm. 

HZ supply 

He supply=======:.....:=====~ 

Figure 3: Schematic vue of the target that allows formation of homogeneous 
solid H2 or D2 without window deformation. 

For thicker targets, either liquid or solid targets should be used. The filling of 
the target implies high pressures, in the case of H2 at least 100mb are necessary 
to remain above the triple point (coexistence of vapour, liquid and solid at 14K 
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and 70mbar). To avoid window deformations that will result in inhomogeneous 
targets, two methods have been used. The first one is to use a mold, that 
confines the H2 during solidification in a well defined volume. This method 
was tested at Riken[6]. At Ganil we tested another method using a double 
window illustrated on Figure 3 [7]. During the formation of the solid hydrogen, 
a pressure of He of exactly the same value as in the inner cell maintains the 
inner windows free from constraints. Once the solid is formed, the He can be 
taken out. The total window thickness can be as low as about Img/cm2 of 
mylar. Hydrogen thicknesses down to Imm corresponding to 7mg/cm2 can be 
achieved. 

The phase transition in this target observed during cooling down is shown 
on Figure 4. 

Figure 4: Phase transition in the cryogenic target schematized on Figure 3 [7]. 

3.2 Active targets 

The problem of loss of resolution due to thick targets can be avoided by 
the use of active targets, this is, the target is simultaneaously a good resolution 
detector. Effectively, H2; D2, and He are good detector gases. By the detection 
of the scattered particle and the recoiling target nucleus a 100% efficient 471" 
detection is achieved. The archetype of such a detector is IKAR[8], that was 
recently used to measure high quality data of elastic scattering of e.g. 4,6,8He 
at 700MeV/nucleon[9]. 

Once again, low temperature may be used to achieve high target density. The 
price to pay for such high densities is the very long drift time of the electrons in 
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the gas if reasonable fields are applied. 
As an example we show on Figure 5 an energy spectrum obtained with a 

small ionisation chamber at lOatm of hydrogen at 30K[lO]. 
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Figure 5: Pulse height spectrum obtained with a 3 peak Q source in a high 
pressure(lOatm), low temperature(30K) ionisation chamber. The resolution is 
80keV (FWHM). 

Elastic, inelastic scattering and charge exchange 
reaction 

Elastic scattering with stable nuclei provided most of the available informa
tion on the nuclear interaction potential, especially in the case of light projec
tiles, where both phenomenological[ll, 12, 13, 14] and microscopic [15, 16] op
tical potential models have been developed to describe experimental results[17, 
18, 19]. With the secondary beams, these studies have gained renewed inter
est, since it became possible to measure elastic scattering for nuclei lying far 
from stability, and to compare the potentials developed for stable nuclei with 
the ones obtained for these exotic nuclei. These elastic scattering experiments 
constituted a first generation of experiments, with rather large cross sections, 
possible with the low intensity of the secondary beams. They are, too, a first 
step, necessary and important to obtain the interaction potentials needed to 
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analyse inelastic scattering or transfer reaction cross sections. 

In particular many experiments were devoted to the study of halo nuclei[9, 
20, 21, 22, 23, 24], for which the weak binding energy is expected to lead to 
modifications of the optical potential. The first results showed that the angu
lar distributions obtained for light neutron rich nuclei such as 9Li, lOBe could 
be very well reproduced with the global parametrisation CH89[11], or within 
the JLM approach[15] by using HF or gaussian density distributions with the 
usual normalisation factors for real (Av =1.0) and imaginary (Aw =0.8) poten
tials [21](see Figure 6). However the cross sections for neutron halo or skin 
nuclei such as 6He, 8He, 11 Li or 11Be were systematically overestimated by the 
calculated angular distributions. To obtain a good description of the data, the 
interaction potential had to be modified either by reducing the real part or in
creasing the imaginary part. This effect was interpreted as a manifestation of 
break up processes which should be important for these loosely bound nuclei. 

New data on 6He elastic scattering[25] measured more recently over a greater 
angular range, with the MUST array were analysed in conjunction with the 
charge exchange reaction p(6He,6LiIAs)n angular distribution[26] and the reac
tion cross-section for the system 6He+p[27] at energy close to 40 MeV/nucleon. 
These results show that, by using density distributions which include the halo 
effect[28, 29], all these experimental results can be very well reproduced within 
the JLM approach, with only a slight normalisation of the real and imaginary 
potentials (Av =0.9, Aw =0.85) , but an important increase of the isovector part 
of the interaction (Aiv =1.4), thus confirming the previous conclusions concern
ing the underestimation of the isovector part in the JLM approach[30] . The 
inelastic scattering data to the first 2+ excited state, measured by detecting 
the recoil protons in the MUST array show a remarkable sensitivity to the halo 
structure of 6Re over the entire angular distribution[25], contrary to elastic or 
charge exchange reaction which are sensitive to the detailed structure of the 
wave function only at very large angles. 

In the case of 6He, the elastic scattering on a 4He gas target measured at 
25 MeV/nucleon at JINR Dubna[23] showed a backward rise in the cross sec
tions, which could be reproduced by taking into account a two-neutron exchange 
mechanism. The DWBA calculations presented on Figure 7 use the 6He ground 
state wave function estimated within a three body model (a+n+n)[31] which 
presents two distinct spatial components: a di-neutron and a "cigar-like" com
ponent. These calculations show that the 2-neutron exchange can be very well 
accounted for with the di-neutron configuration, and that the cigar-like compo
nent contributes only negligibly to the backward rise. Such an effect was not 
observed in the elastic scattering of 8He on 4He[32]. 

Elastic scattering at high energy has also been measured to obtain quan
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Figure 6: Measured elastic scattering angular distributions compared to calcu
lations performed within the JLM approach. The data are from [20, 21, 22]. 
The solid curves correspond to the standard JLM normalisation, the dashed 
(dotted) lines to the best fit obtained when the real (imaginary) part of the 
potential is adjusted. 

titative information on the radial shape of exotic nuclei. Indeed, the Glauber 
scattering theory allows to connect the investigated nuclear distributions to the 
measured cross section in a quite direct way[33]. 

Elastic scattering of He isotopes has been measured at 700 MeVjnucleon 
on protons inside the hydrogen filled ionisation chamber IKAR which served 
simultaneously as gas target and recoil detector[9]. From the slope of the differ
ential cross section dO' jdt, the matter radii of 4,6,8He have been deduced, which 
are in close agreement with the values obtained from reaction cross sections[34] . 
Since the difference between the elementary pp and pn cross sections is small 
at this energy, the sensitivity of the calculated p-nucleus cross section to the 
difference between the proton and neutron density distributions is also rather 
weak. The values deduced from such experiments on the neutron distributions 
rely therefore on some assumptions for the proton distributions, for example 
that the protons are contained only in the core of the halo nucleus. However, 
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Figure 7: Elastic scattering angular distribution measured for 6He+4He at 25 
MeV/nucleon(from ref. [23]). Curve 1 corresponds to the angular distribution 
calculated with WS parameters very close to those obtained for the system 
4He+6 Li. Curve 2 shows the cross section calculated for the transfer with the 
full wave function, and curve 3, with the di-neutron component removed. 

concerning the matter radii extracted from the data, the authors of Ref. [9] claim 
that the fact that they are the same for the four density distributions consid
ered, shows that this determination is model independent. This affirmation is 
contested by studies which show that reaction calculations are highly sensitive 
to the details of the wave function inputs beyond their r.m.s. radii[35] . By 
considering few-body approach which includes cluster correlations and realistic 
2n-halo asymptotics[36], the r.m.s. matter radius deduced for 6He was 2.5 fm 
instead of 2.3 fm found in the minimally correlated density distribution used in 
[9]. This result confirms the increased transparency observed in reaction cross 
section calculations which include an explicit treatment of the few-body nature 
of halo nuclei [37]. 

Some experiments were devoted to the study of inelastic scattering in re
verse kinematics on light targets[22, 25, 38]. This kind of measurement is com
plementary to those obtained by Coulomb excitation because electromagnetic 
excitation mainly probes the protons in the nucleus, while in proton, or more 
generally low-Z targets, inelastic scattering, it is the nuclear excitation which 
is dominant. By combining the two types of measurements, it is possible to 
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separate the neutron and proton deformation. These studies are useful, too, to 
establish the level scheme of nuclei at the limits of stability. Most of the very 
light neutron rich nuclei have only a bound ground state. Therefore inelastic 
scattering studies proceed via two experimental methods: the recoil particle 
detection or the invariant mass reconstruction where the decay products of the 
excited unstable nucleus are detected in coincidence. 

B'oth methods were used to search for excited states in 8He[22]. An exited 
state at E* = 3.57 ± 0.12 MeV, f= 0.5 ± 0.35 MeV was observed, in good 
agreement with previous results using multiple transfer reactions with stable 
beams[39]. From the analysis of the angular distribution J7T = 2+ was assigned 
to this state. Another possible structure was seen at E* ,...., 5-6 MeV, but with 
very low statistics. 

Inelastic scattering of 11 Li + P was also studied [38] by detecting in coinci
dence the recoil protons, charged particles and the neutrons resulting from the 
breakup of 11 Li. The coincidence spectra show a clear peak at E* = 1.3 ± 0.1 
MeV, f =0.75 ± 0.6 MeV. The angular distribution measured for this state cor
responds to L=1. On the basis of orbital momentum composition of 9Li and the 
two neutrons of the halo, this state is found consistent with quantum number in 
the system n+n+9Li J7T = 0- or 1- (omitting the intrinsic spin of 9Li). The con
clusion was that the ground state of 11 Li cannot have a structure with valence 
neutrons in pure s orbital, but must contain some component of the P1/2 orbital. 

Elastic and inelastic scattering was also studied for heavier nuclei such as 
the oxygen, sulfur and argon isotopes on protons[40, 41, 42, 43, 44]. In this 
case, the detection of the scattered beam would require an angular resolution in 
the laboratory system which was not achievable and therefore both elastic and 
inelastic scattering angular distributions were measured by the detection of the 
recoiling protons in coincidence with the projectile or its residue. The results 
obtained for inelastic scattering to the first 2+ state in 2°0 are particularly 
interesting[43]. By combining the proton scattering data with electromagnetic 
measurements, an experimental value of the neutron to proton multipole matrix 
elements Mn/Mp could be deduced. The experimental value of this ratio for the 
2+ states changes very rapidly from 180 where Mn/Mp ,...., N/Z as expected for a 
purely isoscalar transition, to 2°0 where this ratio is much larger than N/Z. This 
observation demonstrates the isovector character of the 2+ excitation, driven by 
the neutrons, and the rapid change in the nature of the excitation, as a function 
of increasing number of the valence neutrons. 

Transfer Reactions 

Transfer reactions have been since several decades an essential tool for single 
particle nuclear structure studies. They allow to determine the level schemes of 
nuclei, even if they are located beyond the drip line. The transferred momenta, 
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and subsequently the spins and parities of the states can be deduced from the 
shape of the angular distributions, while the spectroscopic factors and there
fore the probability of finding a nucleon in a given shell model orbit. Hence, 
one-nucleon transfer reactions are especially well suited to study shell effects 
in nuclei, since the exchange of one nucleon between the projectile and target 
populates selectively one-particule or one-hole nuclear states. Secondary beams 
with reasonable intensities made a new generation of experiments achievable, 
where transfer reactions on light targets are used to study the spectroscopy of 
nuclei at the limit of stability and even beyond. The cross sections for single 
tranfer are sufficiently large to perform these experiments with secondary beams 
of intensity as low as a few 104 pps. DWBA and coupled channel calculations 
have demonstrated in the past the reliability of their predictions for transfer 
reactions, so that the experimental results can be interpreted unambiguously. 

The first experiments performed up to now have been interested mainly 
in (p,d), (d,3He),(p,2p) reactions, i.e. neutron or proton pick-up, or stripping 
reactions such as (d,p). The nuclei of interest are the light most neutron rich 
nuclei such as 5,7H, 7,9He, llBe.... We will review the results obtained up to 
now on these very exotic nuclei, by order of increasing atomic number. 

5.1 Hydrogen isotopes 

The question of the possible existence of superheavy hydrogen isotopes is 
debated since many years, with conflicting results: various attempts to observe 
either a stable or resonant state of 5H yielded negative results[45] , while the 
observation of 5H among the products of reactions with pions[46, 47] and with 
stable (6Li)[48] and radioactive (6He)[49] was claimed, but with values of the 
energy and the width varying from one experiment to another. For 7H, no 
experimental evidence of a resonant state has been reported so far. Very re
cently, (p,2p) reaction was used to produce 5H (resp. 7H) with 6He (resp. 8He) 
beams at Dubna (resp. RIKEN) bombarding the GANIL gas target[50], 10mm 
thick, filled with pure hydrogen at a pressure of 11 atm and temperature of 
35K[51]. The target windows were 10 pm stainless steel foils. Figure 8 presents 
a schematic drawing of this cryogenic target. The RIKEN telescope involving 
8 annular Si-strip detectors detected the proton pairs from the (p,2p) in an an
gular range between 10 and 18 deg. The experiment performed at RIKEN is 
presently under analysis. As for the Dubna experiment, the energy of the 5H 
nucleus was deduced from the energies and angles of the two correlated protons 
detected in coincidence with the triton resulting from the decay 5H -+ n+n+3H 
at the most forward angles. This is analog to the missing mass method where 
the recoil particle (here the virtual state 2H) is unstable. Figure 9 presents the 
energy distribution obtained for the 5H system when the coincidence with 3H 
was required (left) or not (right). The resonant state of 5H is clearly seen as a 
maximum at ....., 2 MeV above the threshold for 5H -+ n+n+3H decay. The bump 
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on the right side of the spectra is due to phase space volume which produces 
a distribution of events limited on the left by zero energy and on the right by 
the energy threshold of the detectors. The thin line for the spectrum without 
the 3H coincidence shows the background obtained with the hydrogen gas evac
uated from the target. Only few background events were obtained when the 
coincidence was required. 

cryogenic gas feed lieao 

Figure 8: Cryogenic target. The two parts of the target have different thick
nesses: lcm (left) and 0.5 cm (right). From ref. [50]. 

5.2 Helium isotopes 

Among the odd neutron rich He isotopes, which are all unbound, 7He was 
studied repeatedly since many years. Its ground state resonance is well known, 
but no excited state could be observed until recently. It is expected that the 
first excited state has a neutron IPl/2 configuration. The first possible observa
tion of an excited state in 7He with E*=3.16 MeV, f=1.5 MeV was reported in 
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Figure 9: Energy distribution obtained for the 5H system formed in the reaction 
6He(p,2p) when the coincidence between the two protons and 3H resulting form 
the decay of sH was required (left) or not (right). From ref. [51]. 

transfer reactions with stable beams 9Be(ls N,17F)7He [39]. Almost simultane
ously an excited state was observed in 7He via the (p,d) reaction induced by 8He 
secondary beam at RIKEN on a CH2 target[52]. The experimental set-up used 
in this experiment is displayed on Figure 10. Multiwire proportional chambers 
were used as beam tracking detectors. The RIKEN telescope, placed at forward 
angles, detected the deuterons. The charged particles resulting from the decay 
of 7He were bent in the dipole magnet and identified by the drift chamber and 
the plastic scintillators of the hodoscope, while the neutrons were detected in a 
neutron wall of plastic scintillators. With the coincidence between the deuteron 
and the decay products of 7He, an excited state was observed at E*=2.9 ± 0.3 
MeV with f= 2.2 ± 0.3 MeV. Its characteristics are in relatively good agree
ment with the results of [39]. It decays mainly into 3n+4He, in spite of the 
larger n+6He decay energy. This observation is consistent with a structure for 
this state of a 6He core in 2+ state coupled to a IP1/2 neutron. The population 
of such a state with unusual structure via 8He(p,d) reaction confirms that the 
ground state wave function of SHe is dominated by the configuration with a 6He 
subsystem in the 2+ exited state [52]. 

The pick up reaction d(6He,7He)p was also used to search for new excited 
states in the 7He nucleus[51]. In this reaction, a relatively high population prob
ability, comparable to that of the ground state, for the single particle 1/2- state 
is expected via a single step transfer. The experiment was performed on AC
CULINNA at JINR Dubna with the Ganil gas target operated with deuterium 
at 3 atm and 40K. Three annular Si-Strip detectors from the RIKEN telescope 
were installed at backward angles (f}lab=154.3-170.7 deg) to detect low energy 
protons (E=2.5-6 MeV) emitted at small center of mass angles in (d,p) reaction. 
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Figure 10: Experimental setup used at RIKEN. From ref. [52]. 

The peak corresponding to the 7He ground state resonance was very clearly seen 
in this experiment, and the underlying background was negligible. However, no 
other resonance could be observed in the excitation energy region extending 
up to 8 MeV, which indicates that 7He does not have well pronounced narrow 
excited states with single particle structure. 

5.3 The structure of 11 Be ground state 

One characteristic feature of the 11 Be nucleus is the parity inversion ob
served for its ground state which has J" = 1/2+ in contradiction to sim
ple shell model and spherical Hartree Fock predictions of 1/2-. The recent 
calculations[53, 54, 55, 56, 57, 58, 59] of the 11Be ground state structure cor
rectly reproduce this parity inversion, and describe the ground state in terms of 
coupling between the lOBe core states and the valence neutron. However their 
predictions concerning the degree of coupling of an Sl/2 neutron to the lOBe 
ground state relative to the coupling of a dS/ 2 neutron to a lOBe core in its first 
2 + state vary by one order of magnitude. A direct test of the models can be 
provided by the measurement of the relative cross sections feeding the 0 + and 
2 + states of lOBe. For this purpose the p(ll Be, lOBe)d reaction was studied 
with the high resolution magnetic spectrometer SPEG at GANIL[60, 61]. The 
energy and scattering angle of lOBe fragments were measured in the focal plane 
of SPEG in coincidence with deuterons detected with the CHARISSA array[62] 
located in the reaction chamber between 5 and 35 deg. Figure 11 presents the 
lOBe spectra in singles (top) and in coincidence with the deuterons (bottom). 
The black spectrum superimposed on the upper panel is a spectrum taken on 
carbon target, normalised to the same number of beam particles and equivalent 
target thickness. 
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Figure 11: lOBe focal plane spectra, in singles (top), and in coincidence with 
deuterons (bottom).From ref. [61.]. 

A first DWBA analysis with single particle form factor gave a core excitation 
admixture larger or equal to 30%. However more refined calculation of the form 
factors within the particle vibration coupling model[56, 57] show that the radial 
wave function of the dS/ 2 transferred neutron is strongly modified by the lOBe 
deformed core. The coupled channel calculations performed with these form 
factors enhance significantly the cross sections for the 2+01ds/ 2 configuration 
compared to the single particle form factors. The present" best estimate" of the 
11Be ground state wave function is a dominant [0+02s1/ 2] component with a 
0.16 [2+01ds/ 2] core excitation admixture. This result is in good agreement with 
other recent ones obtained from high energy knock-out reactions with a 11Be 
beam[63]' from the measurement of magnetic moment of 11 Be at ISOLDE[64] 
and finally from new reaction calculations which deduce from the reaction cross 
section values the average radius of the halo and subsequently the percentage of 
s-wave component in the 11Be wave function(65]. All these results confirm that 
the s-wave function is dominant in 11Be ground state with a d-wave admixture 
of at most 20%. 
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6 Association of direct reactions and I detection 

It is trivial to say that in a direct reaction it is necessary to determine which 
is the final state populated, however this is difficult to realise experimentally. A 
resolution in the final state energy of the order of 100keV is needed. If the heavy 
reaction product is detected, this implies a high D-.E/ E resolution, e.g. 10-4 in 
the case of A=20 at 50MeV/nucleon. This is difficult to achieve with the large 
emittance of secondary beams and the thick targets needed. This difficulty can 
be overcome when 'Y rays are detected. As an example we show the results 
of a knock-out reaction studied at M8U [63]. The beam was llBe, hitting a 
9Be target, that was surrounded by a 47T' NaI 'Y detector. The ejectile after 
abrasion of one neutron, lOBe, was observed at zero degrees with a magnetic 
spectrograph, the 8800. The Doppler corrected 'Y spectrum is shown on Figure 
12. From this spectrum the cross-sections for the different levels, including the 
ground state, were deduced, taking into account the possible cascades. The cross 
sections obtained were, within the errors, compatible with spectroscopic factors 
predicted by a shell model calculation, of 0.74 and 0.18 for the configurations 
[0+02s1/2J and [2+01ds/ 2J respectively. This result is in good agreement with 
the one obtained in the (p,d) reaction discussed before. 

7 Conclusion and Perspectives 

Experimental sensitivity was greatly increased during the last decade thus 
allowing detailed direct reaction cross section studies down to intensities of 102 

to 104 radioactive ions per second.The fact that the nucleus under study is the 
projectile calls for simple target nuclei, such as p,d,3H,4He, and most efficiently 
these targets can be provided by cryogenic techniques, already used or under 
development. Many results have already been obtained, mainly for light nuclei, 
enlightning many of the special features of nuclei near drip lines. These light 
nuclei have strong cluster structures that could be studied. For mean field prop
erties far from stability, it will be more suited to study heavier nuclei with A~20. 

Together with upgrades of beam intensities, higher resolution and even higher 
efficiency will be needed. Cheaper high granularity detectors and electronics 
will help to develop such devices. Active targets will be needed to be able to 
work with thick targets without loosing resolution. Spectrometers at 0 deg will 
be used for tagging and background reduction. The resolution necessary to re
solve discrete nuclear states in inverse kinematics by the detection of the heavy 
residue is difficult to achieve due to the need of thick targets. This difficulty 
may be overcome by the use of active targets. Coincidence with 'Y devices is 
and will be an important tool to resolve states. High granularity is necessary to 
reduce strong Doppler broadening in inverse kinematics. Knock-out reactions 
at intermediate energy complement lower energy pick-up reactions in inverse 
kinematics. 
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Figure 12: Doppler corrected energy spectrum measured with the Nal array 
in coincidence with lOBe fragments of a 60MeV/nucleon 11 Be beam, detected 
in the magnetic spectrometer. The solid curve is the final fit to the data, and 
contains the sum of the simulated response functions (gray curves) for the four 
/ energies indicated (see insert too), and a background parametrisation (dashed 
dotted line).From ref. [63]. 

The combination of elastic, inelastic scattering and transfer reactions will 
enable us to explore the properties of weak radioactive beams, pushing our 
knowledge to the edge of the nuclear chart. 
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