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1. INTRODUCTION

Instead of giving a broad and necessarly superficial overview of the work which has been per-

formed so far at GANIL on the subject of exotic nuclei, I have picked out a single piece of work

which illustrates the necessity to look further than just at the bottom of the valley of stability to

understand nuclear properties. It will also show how useful heavy-ion beams are, when associated

with adequate equipment, in this domain of nuclear physics.

Therefore the title of my talk has been slightly modified since I will emphasize our mass mea-

surements of exotic fragments. First, I will show a summary of our data on the reaction cross-section

induced by exotic beams, data which can be reduced to the radius of exotic nuclei. I will then present

very recent and still preliminary data from our measurements in the N=20 region. Finally, I will end

by presenting two of our projects to be pursued in this field.

2. CROSS-SECTION MEASUREMENTS

Exploiting projectile fragmentation induced by heavy-ion beams at intermediate energies, we

have produced beams of exotic nuclei with enough intensities to induce secondary reactions. We

have then measured the total reaction cross section by measuring the outcoming gamma rays, neu-

trons and light charged particles and alternatively by measuring the energy loss of the beam. More

details about the experimental technique can be found in references 1 and 2. The first figure shows

the measured cross-sections, as the evolution of the reduced strong absorption radius TO as a function

of the isospin (or neutron excess) of a variety of isobars ranging between A=10 and A=16. The value

of TO was deduced from the following expression :

.1/3 , .1/3
V'3 + o i

where C(E) is an energy dependent term ; the definition of the other parameters is trivial. The fitted

parameters from reference 3 have been used. In this latest reference TO was found to be a constant

for a wide variety of target-projectile combination and energies. In our case, we find that r0 increases
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Figure 1: Variation of rg as a function of isospia : summary of the data from GANIL



strongly when an isobar becomes more neutron rich. These data expand similar observations made

for llLi and 10J5 at much higher energies4. The most common interpretation put forward explains

this appearant swelling of neutron rich nuclei with the existence of a neutron halo or of a long range

tail of the matter distribution or even the existence of a rather larger deformation. I do not want to

go into more details since this will be a topic of the next talk.

3. MASS-MEASUREMENTS

Before showing a set of our data, I will spend some time to explain the novel technique which

has been developed at GANIL to perform mass measurements and also which kind of accuracy we

presently reach5. The primary beams (40Ar, 86Kr, 48Ca) are accelerated in the two consecutive

cyclotrons of GANIL to energies between 40 and 90 A.MeV. After extraction from the second cy-

clotron, the primary beam hits a thick Ta target. The projectile is fragmented into a variety of

isotopes which are scattered in the forward direction at velocities close to the beam velocity. The

fragments are then collected and selected in the alpha-spectrometer according to their A/Q ratio

where Q is their charge state (for the lighter primary projectile Q = Z). They are transported to the

SPEG-spectrometer where we measure their magnetic rigidity (Bp). This value is deduced from a

transverse position measurement in a dispersive section of the spectrometer combined with a position

measurement in a non dispersive section. The atomic number of the fragments is deduced from their

energy loss in a thin solid state detector located in the focal plane of SPEG. Finally, the velocity of

the fragments is deduced from their time of flight along a constant flight path of 80 m, between the

exit of the a-spectrometer and the focal plane of SPEG. The beam line is tuned in an achromatic

mode to ensure that all produced fragments travel exactly on the same length independent of angle.

Combining these various measurements, the mass (M) of the fragments is deduced from the following

relation :

^ifidhv;
where /3 = ^.

The accuracy with which the mass is measured depends on the resolution power of SPEG, and

the accuracy with which one can measure the path of the fragments and the time of flight. For SPEG,

and with the current detection system, ^ ^ = 10~4. The total time of flight of approximatively l//s

can be measured with a resolution of about 200 ps. This resolution depend on the energy loss of the

particles. We then end with a resolution on the mass of about 3.10~4. The final precision depends

on the statistical error
AAf 3.10-4

M

where N is the number of fragments of a given type which have been collected.



Figure 2 shows an identification matrix where all the collected fragments are shown as a function

of A/Z and Z. These data have been obtained with a 48Ca primary beam at 40 MeV/u and the beam

line tuned to Bp = 2.7 Tm. The choice of 48Ca is not random : it enhances the production of neutron

rich fragments, since the isotopic distribution of the fragments reflects the A/Z of the primary beam.

What I want to emphasize is the generous amount of fragments which are identified with a single

setting and for which the mass can be measured. Among those are plenty of nuclei with well known

masses. We use them as calibration points, and also to detect the systematic errors induced by the

method. The latter give an extra uncertainty which is added to our final errors. At this point, it is a

good time, to tell what can be learned from the mass of exotic nuclei. It is not necessary, I think, to

emphasize the importance of the ground state binding energy, which is the lowest eigenvalue of the

total Hamiltonian. In fact, our goal is not to systematically perform the measurement op. every single

nucleus with the best possible accuracy but to scan over the broadest possible domain of the nuclear

chart with an accuracy good enough to detect any irregularity in the mass surface. Once such an

irregularity has been found, one should pursue this irregularity with more accurate measurements and

with a complete spectroscopic study in order to reveal its origin. We have seen that our technique

is able to achieve this goal since exotic nuclei are produced in abundance and since the achieved

accuracy, between 0.5 and 1.5 MeV, is well suited to observe the gross features of the mass surfaces

and even, in some cases, to discriminate among models used for mass calculations.

The best way to observe irregularities in the mass surface is to plot differences in masses along

pathes on this surface. We have opted to look for the variation of the two-neutron separation energy

(Szn) along isotopic chains. In such a representation, two kinds of departures from a smooth trend

have been observed. The first one appears when one crosses a closed shell: the two extra neutrons

will be less bound than expected from the continuation of the smooth trend and the S^n curve will

experiment a sharp decrease before it becomes smooth again. The magnitude of the step provides

a quantitative idea of the intensity of the shell effect. The second kind of "accident" results in a

slope inversion and a nucleus is found more bound than what is expected from the smooth trend.

The extra binding energy is given to the nucleus by a new structure such as the transition from a

spherical shape to a prolate shape.

It has been known for several years6, that N=20 loses its magicity in the Na isotopes and the

observed effect has been discussed in terms of shape transition7. In order to test furthermore the

magicity of N=20, we have extended the existing mass measurements accross the whole /7/2 shell

from Z = 10 to Z = 17 and also at the end of the d3/2 shell for F. All of our data are shown in

figure 3, together with data from the Wapstra and Audi table for the less exotic nuclei. This data

should be considered as preliminary at least as far as the error bars are concerned. One clearly sees,

although weakly, the step at N=20 for the heavier isotopes, as is expected for a shell closure. But for
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Figure 2: A/Z versus identification matrix of fragments from a 48Ca induced reactions.
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Figure 3: $2n variation as a function of the neutron number for isotopes with Z=10 to Z=17.

Z below 15, the step completely disapears and instead one observes a slope inversion which curiously

appears at higher N values when Z increases : N=20 in the Ne chain, N=21 in Na and Mg, N=22

for Al, N=23 for P. In order to have an insight in what is going on, we will consider shell model

calculations. Complete calculations have been performed by Warburton et al.8. The interaction they

have utilized has been designed to operate in the full sd and fp space. The results of their calculation

are shown in figure 4. Indeed they observe the slope inversion in the S2n curve for the Na isotopes,

but they predict it to appear at higher N values. They give as the main reason for this effect an

increase of the neutron-neutron and the neutron-proton interaction and a decrease of the (sd) (fp)

gap. Unfortunately, no predictions exist so far for heavier nuclei above Na.

4. CONCLUSIONS AND PERSPECTIVES

This example illustrates the new insight in nuclear structure one gains by investigating a broad

range of nuclei. All nuclei have to be considered -not every single one of course- but those which

show unexpected behaviour as may be the case when one comes closer to the ridges of stability.

Therefore in the nineties, *ve at GANIL will develop improved techniques to measure 1) masses

for heavier nuclei and 2) with better efficiencies. Further we intend to develop a radioactive beam
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Figure 4: S^n variation as a function of the neutron number.

facility. For the first goal we will use the first cyclotron to accelerate primary beams at 3 to 10 MeV/u

and induce fusion, deep inelastic, or transfer reactions. The exotic products will then be injected

into the second cyclotron where they will travel along an approximatively 4000 m long flight path.

This will enable the measurement of heavy exotic nuclei with an accuracy of the order of 5xlO~6.

Achieving better efficiency depends on an improvement of our present method. By the use of

two super-conducting solenoids, most of the fragments produced in a fragmentation reaction will be

collected with an increased angular and momentum acceptance. Since this device with code name

SISSI will be located after the extraction out of the second cyclotron, the "exotic beam" will be made

available to all the target area of GANIL. The performances of the beams are listed in the Table 1

below and are compared to the actual performances and to what we can expect when the project to

Increase the primary beam intensity (code name OAI) will be achieved10.



LISE

a + SPEG

SISSI

SISSI x OAI

Ap/p

± 2.5%

±0.3%

± 0.75%

± 0.75%

€

(7Г mm mrad)

30

~ 15

~ 15

~ 15

I(pps)

17N 16C 11 Lj

107 106 ЗЛО2

< 106 < 105 < 30

108 107 ЗЛО3

109 ? 108 ? ЗЛО4 ?

Table 1 : Beam performances for various exotic beams produced with existing and planned facilities.
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