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Abstract. Recent developments in the study of exotic nuclei are presented. A method
to measure the ground-state mass is presented and the results are compared with standard
models. Total reaction cross section measurements for exotic nuclei are also presented and
interpreted in terms of matter distribution in the nucleus.

1. Introduction

Before I take you on this journey into the land of exoticism, I would like to give a
few arguments as to why so much effort is expended to produce, identify and study
nuclei on the borders of stability. Besides the pleasure and excitement of hunting for
previously unknown species, there exists a real and fundamental need for knowledge
of the existence and properties of nuclei far from the valley of stability. A broad
systematic study of exotic nuclei should provide an understanding of the behavior of
the nuclear force whe one exposes the isospin degree of freedom at its most extreme
values. Of course, the purpose of the game is not to fill in systematically all the
gaps—and there are many, only about one third to one half of the predicted stable
nuclei have been discovered so far—but to choose those particular nuclei which will
provide the strongest constraints on the various models which try to explain the
properties of an assembly of neutrons and protons. For example, the demonstration
of the existence of, let us say, 1 70 will not change dramatically our knowledge of
nuclear physics. If, however, we obtain the same information for 2 6 0 , it is certainly
not a trivial fact and will by itself put an additional constraint on the models.
This points to nuclei in the vicinity of the neutron and proton drip lines as the
most interesting region of the chart of nuclei. Because these limits are most easily
reached at the beginning of the chart, the scope of my talk will be limited to light
neutron and proton rich nuclei.

In the first part of the talk, I will briefly review the mechanism which is used to
produce exotic nuclei at intermediate energies and the performances of the resultant
exotic beams. I will then describe how we measure with a high accuracy the mass
of the nuclei and indicate what we have learned from the systematic behavior of
their binding energies. Finally, I will present a method which uses exotic beams
to induce secondary reactions and describe how the results can be interpreted in
terms of the matter distribution in the nucleus.



2. The production mechanism

Most known reaction mechanisms involving light or heavy projectiles are used to
produced exotic nuclei. With the availability of high intensity beams at interme-
diate energy heavy-ion accelerators such as GANIL, a new experimental technique
has appeared which greatly increases the number of nuclear species open to inves-
tigation. The mechanism of interest is a fragmentation-like process that yields a
usable number of fragments, the rather low cross sections being counterbalanced
at GANIL by intensities of about 1012 ions per second - intensities which have not
been reached at accelerators of higher energies. This process is in many aspects
similar to the fragmentation reactions observed with relativistic heavy-ions. The
characteristics of the projectile-like fragments (PLF), as they have been observed
at energies between 30 and 100 MeV/nucleon, are the following:
1. The PLF are emitted with velocities very close to the beam velocity.
2. The angular distribution is forward peaked, but broader than a pure fragmenta-

tion model would predict.
3. The isotopic distribution of the fragments reflects the N/Z ratio of not only the

projectile but also of the target. The more neutron rich the projectile (target),
the more neutron rich the fragments.
With these properties, the fragments are best collected and identified using frag-

ment separators such as the LISE and SPEG spectrometer of GANIL. The un-
ambiguous identification of the fragments is achieved by measuring the magnetic
rigidity B/o, the energy loss in a AE-E solid state detector and the time of flight
(TOF) along a constant path. The combination of the following equations permits
the determination of A and Z for each detected fragment,

Q-Bp
v is the velocity and Q the charge state (in most cases Q = Z). As an example, with
the full momentum acceptance of SPEG (6%) and starting with a primary beam
of 1012 ions Bar second, secondary beams of 39C1 with 107 particles per second and
20N with 10 particles per minutes can be produced. This produces enough exotic
fragments to perform detailed studies of their ground-state properties, and for the
most intense beams allows secondary reactions to be induced for which the cross
section can be measured.

3. The masses of exotic nuclei

3.1. Mass and nuclear structure

Since 1935, the masses of almost all known stable isotopes have been measured
with an accuracy of the order of 10~5 and von Weizsacker elaborated his now fa-
mous semi-empirical mass formula. Systematic mass measurements have lead to



improved accuracy ( 10~7 - 10~8) and helped to refine the mass formulae includ-
ing both macroscopic and microscopic aspects of the nucleus. As an example, one
can mention the macroscopic-microscopic formula derived by Moller et al [1]. The
macroscopic part of the nucleus is described in the framework of the finite-range
droplet model, and has been corrected for microscopic effects using the Strutinsky
method on single particle levels calculated in a folded-Yukawa single-particle po-
tential. Figure 1. shows the results calculated for close to 1600 nuclei and makes a
comparison with experimentally determined masses.
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Figure 1. Comparison of experimental and calculated ground-state microscopic energies for 1593
nuclei.

Although there exists a global agreement between calculation and experiment,
the average discrepancy is of the order of 800 keV, and reaches even a few MeV
in some regions (N=20 for example). Note that most masses have been measured
with an accuracy of better than 100 keV. The larger discrepancies are attributed
to microscopic effects which are not present in the mass formula. A very serious
test of such formulae is their ability to predict masses far from stability: will the
parameters adjusted for stable nuclei or those close to stability still be valid? Does
one need to introduce new concepts to interpret the properties of nuclear matter
far from stability? We already have partial answers to these questions. We know
that in general the predictive power of mass formula of any kind is poor and to
reproduce new masses it is often necessary to introduce new parameters the origins
of which are not always understood.



A different and more fundamental approach consists of solving the Schrodinger
equation for an A-body system with a realistic nucleon-nucleon force. Because of
the complexity of such a problem, one generally ends up, after several approxima-
tions, with an effective force and several free parameters. This effective interaction
must contain the microscopic effects such as shell closure and deformation. In com-
parison mass formulae can account for these effects only when they have been found
experimentally. The accuracy of the calculated masses within such a framework is
generally worse than the ones obtained via mass formulae, but the predictive power
is much better and one has a handle on the physics behind the different parameters.

From figure 1. one can already see that following the evolution of the mass
along an isotopic chain reveals structural information concerning the nucleus such
as shell closures. An other means to display such effects consists of following the
two-neutron binding energy (San) along an isotopic chain,

£2« = M(A - 2, Z) - M(A, Z) + 2> Mnc
2

San is preferred to Sin in order to avoid the odd-even structure due to the pairing
energy. Two types of departure from a smooth decrease of 83 n with increasing neu-
tron number (N) have been observed. First, a sharp drop is consistently associated
with the crossing of a magic number. It corresponds to the onset of the filling of
a new neutron shell of lower binding energy. Second, as observed in a few notable
cases, the decrease of S^n may level off and even turn upwards with increasing N.
This reflects the fact that a new structure with a binding energy stronger than
that extrapolated from less exotic nuclei has become available. This behavior is
associated with the occurrence of deformation. A typical variation of San is shown
in figure 2. for rare earth nuclei: the shell closure at N = 82 and the region of
deformation for N > 90 are clearly seen.

Whether one tries to compare the measured masses with theoretical predictions
or one tries to reveal structural effects, it is necessary to achieve a measurement
with the best possible accuracy. Most of the time a precision of the order of several
hundred keV is required and sometimes less than 100 keV. This kind of precision
remains experimentally possible and the next section will describe the method we
have adopted.

3.2. The mass measurements [2,3]

The direct mass measurement experiments are performed using the beams deliv-
ered by the GANIL accelerators impinging on a thick tantalum target (150 - 350
mg/cm2) located after the beam extraction of the last cyclotron. The resultant nu-
clei are then transported to the focal plane of SPEC, an energy-loss spectrometer
(see figure 3.)

The beam transport parameters are adjusted in order to maximize the transmis-
sion of the line after the target. Moreover, the line from the target to the focal plane
is doubly achromatic. To first order, this property implies a "pseudo-isochronism",
i.e. the length of all trajectories will only (and weakly) depend on the momentum
of the particles and not longer on the scattering angle or position on the target.
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Figure 2. Two-neutron binding energies in the rare earth region

The mass values are then obtained from an accurate measurement for each particle
of both the magnetic rigidity Bp and the time of flight t, which are related by,

so that,
me* <xBp-t

where p, m and Q are the momentum, mass and charge of the analyzed particles.
The last relation is convenient to describe the principle of the method but must be
corrected for relativistic effects. The magnetic rigidity of each nucleus is deduced
from its dispersion in the horizontal plane at the standart target position, measured
in a position sensitive parallel plate counter and corrected for finite image size as
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Figure 3 . Experimental setup: the beam is shown at the exit of the second GANIL cyclotron; t
represents the target position and sf the location of a stripping foil. At the focal plane of SPEC
a AE-E telescope is set behind two drift chambers

determined from a double X,Y measurement obtained with a position sensitive (i-
channel device and a Si-AE detector. For SPEC and its standard detection system
a resolution of the order of 10~4 is achieved. Recent developments [4] on the
detec*.p>n system lead to an improved precision by a factor 2.

The fast signal of a micro-channel plates detector, set 80 meters away from the
focal plane, is used as a direct START signal for the time of flight measurement.
The STOP signal is obtained from the position sensitive /^-channel device in the
focal plane. At velocities of the order of 30% of the speed of light, typical flight
times are of the order of 1000 ns which can be measured with a resolution of 2.5-



10~4. The final mass resolution which has been achieved with this set set up is
equal to 5- 10~4.

Special care is taken in order to keep the systematic errors as low as possible.
The dispersion obtained on mass values due to these errors is typically equal to 5 •

io-6.
Many nuclei produced in the experiments 'have already been measured with an

uncertainty of lower than 150 keV. These values extracted from the Audi-Wapstra
tables are used as a reference from which we calculate in each case the uncertainty
ffayat introduced by the method. A mass is deduced from an interpolation between
these references, with a total uncertainty <r,

where eratat stands for the statistical uncertainty. In the case of a mass deduced by
extrapolation one needs to add an extrapolation error <re which may amount to up
to 5 * 10~6. In figure 4. this error is represented by the shaded area.

Figure 4. Deviation from one of the ratio between the measured mass and the tabulated mass
as a function of A/Z. The error bars only stand for the statistical error.

Most of the new masses have been measured with uncertainties of between 500
keV and 140 keV. The most exotic nuclei, where the statistical error is the dominant
one, could only be measured with an uncertainty of the order of 1 MeV.

3.3. The new mosses measured at GANIL

The experiments have focused on the light neutron-rich nuclei. Various beams have
been used in order to cover different regions in the chart of nuclei. Argon beams



of 40 MeV/nucleon [2] and 60 MeV/nucleon [3] lead to data on the lighter nuclei
whereas a Kr beam of 43 MeV/nucleon gave access to the heavier isotopes. With
a given beam regions of the chart of the nuclides can be swept by selecting various
Bp settings of the transport line and by changing the target thickness.

Figure 5. shows a typical identification matrix (A/Z,Z) obtained with the Kr
beam. It is seen that in "one shot" it is possible to measure masses over a wide
range of nuclei— from A/Z—2 to A/Z=3 for this example.
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Figure 5. A/Z versus Z matrix measured with a S6Kr beam at 43 MeV/nucleon

In this run we could measure the masses of isotopes with Z ranging from Z=18
(Ar) to Z=24 (Cr) and crossing the N=28 shell closure. In order to examine possible
effects due to the microscopic structure for these nuclei, we have removed from the
measured masses a macroscopic term calculated using the formalism proposed by
Moller e< al [1]. A zero deformation is assumed. The remaining part A, which
should only contain information on the structure, is displayed in figure 6.

One clearly sees the shell closure effect as a the deep hole in the variation of A
around the neutron number N=28. It is interesting to note that the absolute inten-
sity of the minimum in A gradually decreases as the atomic number Z increases.
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Figure 6. Difference between the measured mass and the macroscopic part of the mass formula
[1] (calculated for a spherical shape) as a function of the neutron number.

This effect could indicate a modification of the neutron single-particle levels for in-
creasing Z, or the onset of a deformation which would make the macroscopic term
larger than the one calculated for a spherical shape.

The runs using the Argon beam enabled an extension of the systematic for the
sd-shell nuclei toward the N=20 shell closure (see also in Vieira et al [5] for similar
data). Figure 7. shows the results obtained for the oxygen isotopes when compared
to predictions of several mass formulae. It is found that the heavier isotopes,
21~24O, are more bound than expected. Furthermore the 8211 value of 24O is still
quite large. It is thus an open question as to whether 2 6 0, not yet observed, is the
last bound oxygen isotope as predicted, or if 2 80 is also bound. Thus, even the
identification, or not, of these nuclei will provide valuable information.

In the same figure the measured masses are compared to an exact calculation
[7] using the shell model in the sd single-particle space (black squares). It is seen
that the predictions for the most exotic isotopes are much better than those of any
mass formula, which confirms the earlier assertion of the predictive powers of the
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Figure 7. Difference between experiment".? tn.tss excesses and predictions [6,7] for the oxygen
isotopes.

two different approaches.
When reaching the N=20 neutron number for the heavier isotopes a rapid de-

crease in the variation of the S2n curve is observed, as expected for a shell closure
(figure 8). This trend is present down to the phosphorus (Z=15) and silicon (Z=14)
isotopes. The situation changes for the sodium (Z=ll) and the magnesium (Z=12)
isotope where an strong increase of the two neutron binding energy has been ob-
served [8] and interpreted as the onset of a new region of deformation.

With our results, each isotopic distribution is extended by one or more nuclei,
some with good accuracy. The Fluorine (2=9) and Neon (Z=10) isotopes are not
exotic enough to test the shell closure. The magic nature of the N=20 neutron
number, however, seems to be restored for the aluminum (Z=13) isotopes. 30Na
and 31Na are found to be less bound than reported in reference [8], although the
values agree with the errors. 32Na was identified with a very low counting rate.
As far as Magnesium isotopes are concerned, due to the -rather large uncertainties,
no final statement can be made about the evolution of the San curve. A flattening
cannot be excluded and would confirm the onset of deformation as expected from
the low energy measured for the first 2+ state of 32Mg [9]. To clarify the situation
and confirm the absence of the shell closure for the Magnesium and Sodium isotopes

10
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Figure 8. S2n curves as a function of neutron number. The more neutron rich sodium isotopes
(N > 19) measured at CERN [8] are represented by a star.

it is necessary to extend our measurement to larger N values for these isotopes with
an improved precision.

4. The radius of exotic nuclei

4-1. The interaction cross section and nuclear radii

An other parameter of importance in testing various models is the radius of nuclei
or more precisely their matter density distribution. If nuclear matter was incom-
pressible, the radii of nuclei would follow a simple law in A1/3. But we know that
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this is not the case and that the surface energy tends to shrink the nucleus whereas
the coulomb energy and the loss of cohesion due to neutron excess cause the nu-
cleus to dilate to a larger radius. Since the relative importance of these effects
varies through the periodic table, some nuclei are smaller and some are larger than
is predicted by the A1/3 law.

An interesting question to answer is what the influence of a large proton or
neutron excess is on the matter distribution and if it possible to observe a swelling
of nuclei with a large isospin. A possible method capable of providing this kind
of information involves the measurement of the interaction cross section which can
then be related to the interaction radius,

<n ***[s*t +tiff

where R\ and JZj are the target and projectile interaction radii respectively. It is
less trivial to deduce from this a mass distribution. One way to do this is to calculate
the interaction cross section using a Glauber model from which the effective root-
mean-square radius is deduced [10]. While this approach is valid at high energy,
there does not exist at intermediate energies a reasonable theory to connect the
nucleon distribution to the interaction cross section or the reaction cross section.
Instead, one can find an empirical formula which relates the cross section to the
target and projectile mass. Such a formula has been derived by Kox et al [11] and
parametrized for stable nuclei over a wide range of bombarding energies,

l/3 .1/3
'

Ec

where C(E) is an energy dependent term which reflects the increasing transparency
of nuclei with increasing bombarding energy, and the last factor is the Coulomb
term. Within this formulation to is the reduced strong absorption radius and should
be considered as a parameter independent of the bombarding energy and of the
target and projectile mass. For stable nuclei, this parameter was found equal to
1.05 fm.

4-2. Measuring the reaction cross section

Our goal is to measure the reaction cross section using very low intensity radioactive
beams. For the very exotic nuclei like 9C or 20N, the production rate is around 10
particles/minutes, which strongly limits the method and the quantities which can
be measured. In order to increase the reaction probability, we have measured the
energy-integrated reaction cross section. Since the beam is stopped in the target,
the measured quantity is related to the energy-dependent cross section as follows,

where R is the range of the incident particle in the target.
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The technique we have chosen to measure ar is the associated 7-ray method
where it is assumed that each nuclear reaction (scattering processes excluded) is
necessarily followed by the emission of at least one 7-ray — or a detectable energetic
light particle. The probability of a reaction occuring is then deduced from the
probability to detect a 7-ray as follow,

where N»nc is the number of incident particles and e7 the 7-detection efficiency.
The integrated cross section is obtained via the following relation,

_ _ -M«-lQg(l-.Preac)

NA-R<Tr =

where M* is the target mass given in a.m.u. and N.A is the Avogadro number.
Combining the different relations, we can now easily extract the energy indepen-

dent parameter ro.
Secondary beams are produced as described earlier and transported to the focal

plane of SPEC. A telescope consisting of two Si-surface barrier detectors of 50
jum (AE) was used for Z-identification. Time of flight together with B/> and Z
provide unique identification for all incident particles. A detector array consisting
of 16 hexagonal Nal(Tl) crystals, covering nearly 47T, surrounded the target. The
7-detection efficiency for a single photon was 73%. This arrangement essentially
detected the associated 7-rays and, with a lower probability, neutrons. To estimate
the influence of the target, we have performed the measurement with two different
targets, Si and Cu. Any possible influence of the bombarding energy has been
checked by selecting several values for the Bp of the transport line.

4.3. The results

All the available data on reaction cross sections available for isobars with A rang-
ing from A=8 to A=15 have been analyzed as described in the previous section.
This includes the data from Tanihata et d [10] which have been taken at 800
MeV/nucleon. We have also analyzed our data in two different ways. In order to
deduce the reaction probability, the first approach takes into account the 7-rays
as well the light particles detected in an almost 4jr geometry, whereas the second
approach only considers the 7-rays. The results of the latter should be compared
with those of reference [12]. Recently we have developed a third method where we
have direct access to the reaction cross section by measuring the Q-value of the
particles after they have interacted in the target. The data from all three methods
are displayed in figure 9. in terms of variation of ro for various isobars as a function
of isospin.

The first conclusion one can draw from this figure is that the value of ro deduced
from the different experiments and analysis agree rather nicely. Nevertheless one
observes somewhat larger values when one also considers the charged particles as
compared to the method which only take into account 7-rays. This effect becomes
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as compared to the method which only take into account 7-rays. This effect be-
comes stronger when one reaches the more neutron rich nuclei. Indeed for these
nuclei, the breakup reaction leading to a nucleus in its ground-state or at low ex-
citation energy plus one or several neutrons is expected to increase significantly.
This is a severe limitation on the associated 7-ray technique, which in this case will
underestimate the reaction cross section and thus ro. It is best illustrated by the
large discrepancy observed for nLi, where the value obtained via the 7-ray tech-
nique in ref. [12] is lower by three standard deviations than the r0 deduced from
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the data of reference [10]. We have heard at this conference [13] that the group of
Tanihata have confirmed their earlier result obtained for nLi.

All the data reveal a strong influence on the isospin for all the measured isobars
(remember that the value of r<j is expected to stay constant for any A and TZ
as deduced from the systematic over stable nuclei). One observes an increase of TO

when one goes to the neutron or the proton rich side of any of the measured isobars.
In order to have an idea of the mean behavior of all nuclei, independent of A, we
have calculated an average deviation 8 from the standard value ro=1.05 fm given
in reference [11]. We have added to the experimental data an artificial uncertainty
of 5% in order to wash out shell effects for each element. The final deviation, 6,
plotted as a function of the neutron excess is shown in figure 10. The shadowed
area represents the results and the uncertainty in a linear fit to both of the neutron
and proton-rich sides, assuming a |N — Z| dependence of 6. We can see that the
increase of FQ is real and that the mean effect is of the order of 7% for N-Z=10.

aos -

5 (N-Z)

Figure 10. Average deviation £ as a function of (N-Z). The shadowed zone represents the result
and the error of a linear fit to both sides, neutron and proton-rich, assuming a |N - Z| dependence
of TQ.

Recent self-consistent calculations [14] of light nuclei followed the evolution of
the nuclear radii with neutron number. The results indicate that, whereas the root-
mean-square (nns) radius of the matter distribution follows a A1/3 law, the rms
radius of the neutron distribution strongly increases with increasing neutron excess.
This effect is due to the last barely bound neutrons which populates barely confined
orbital of unusually large radius. Since, at the energies under consideration here,
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the total cross section is only sensitive to the tail of the matter distribution, the
deduced increase of r0 may be identified with the predicted increase of the rms
radius of the neutron distribution.

It may also be possible that such exotic nuclei develop a strong deformation.
Hartree-Fock calculations performed so far [10] are unable to reproduce the large
values measured for the effective rms radius.

In his talk, P.G. Hansen [13] will develop the idea of the building-up of a giant
neutron halo in nuclei close to the neutron drip line.

5. Conclusion

The use of the GANIL facility as an exotic nuclei "factory" has proven to be very
successful in extending the domain of nuclei which can be experimentally accessed.
Not only has it been possible to discover new exotic species close to the drip lines,
but also, as a result of the excellent qualities of the exotic beams, it has proven
possible to undertake detailed spectroscopic studies on these nuclei.

Combining a long flight-path with a very accurate measurement of magnetic
rigidity has allowed the determination for the first time, and with a remarkable pre-
cision, the ground-state masses of a wide variety of nuclei at the limits of stability.
A systematic study of the binding energies has proven very fruitful in modifying
the various models which are used to predict this quantity. It has also revealed
new structural effects such as the disappearance of the N=20 shell closure for the
Sodium and possibly the Magnesium isotopes. The limiting factors in attaining a
better precision for this kind of measurement are the rates of production of exotic
nuclei, the efficiency with which they may be collected and the precision of the time
of. flight measurement! To solve the former problems we at GANIL have studied
means to improve the intensity of the primary beam and to enhance the collection
efficiency of the fragments. The solution should enable us to increase at least by
two orders of magnitude the intensities of the exotic beams. To solve the problem
of the flight time accuracy, we are currently studying a method to inject exotic
beams into the second cyclotron. A typical flight path will then be of the order
of 5,000 m and the expected corresponding precision in mass should be about 5 •
10~6.

Finally, even with the low intensities, such as several counts/minutes, it has
proven possible to measure total reaction cross sections. We have interpreted the
results by reducing the cross section to an energy and mass independent parame-
ter — the reduced strong absorption radius. We have shown that this parameter,
expected to be constant, varies with isospin for all the isobars we have measured.
This result can be tentatively interpreted as a swelling of nuclei with a large excess
of neutrons or protons. Unfortunately, from our measurements it is not a straight-
forward task to make any statement about the real mass distribution in the nucleus.
It is therefore necessary to develop microscopic theories which relate the nucleon
distribution to the reaction cross section in a unified way from intermediate to high
energy.
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