
I.P.N. - 91406 O R S A Y C E O E X

o
CO

CO

OC

Q_

HJJ
I—

CO
CC

CO
CC

IPNO DRE 93-08
Investigations of the Neutron Halo by Radioactive Beam
Experiments

Alex C. Mueller

IN2P3-CNRS, Institut de Physique Nucléaire, F91406 Orsay Cedex,
France

Invited tali given at the XXXI International Winter Meeting on Nu-
cfear Physics, Bormio (Italy) 1993, January 25th-30fh



IPNO DRE 93-08
Investigations of the Neutron Halo by Radioactive Beam
Experiments

Alex C, Mueller

IN2P3-CNRS, Institut de Physique Nucléaire, F91406 Orsay Cedex,
France

Invited tali given at the XXXI International Winter Meeting on Nu-
clear Physics, Boimio (Italy) 1993, January 25th-3(fh



Investigations of the Neutron Halo by Radioactive Beam
Experiments
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Abstract: Recently, a new tool has become available to study the behaviour of nuclei at
the limits of particle stability. Indeed, heavy-ion projectile fragmentation, in
combination with efficient recoil spectrometers, allows to prepare "exotic"
beams which can be used to induce secondary nuclear reactions. First
experiments have revealed surprising features in the reactions of the most
neutron-rich light nuclei.There is now conclusive evidence that the observed
effects are due to long-tail matter distributions ("neutron halo") which occur
for the last, very weakly bound neutrons. The present contribution shall
show, in this context, the results of some recent radioactive beam
experiments, made by means of the spectrometer LISE3 at GANIL.

1. Introduction

The light nuclei hold a special place in the field of nuclei far from stability. For

the foreseeable future, it is only for systems with very few protons that we are actually

able to produce nuclei with such an excess of neutrons that the limits of particle stability

are reached. Yet it is for the weakly bound systems, at the neutron drip-line, that one

might expect new and unusual phenomena to occur. Historically, it was by nuclear

spectroscopy that first experimental information became available about the most

neutron-rich light nuclei. During the last years, however, a completely new technique

has given rise to a very rapid increase of our knowledge of the "exotic" species situated

at the neutron drip-line. Nuclear reactions can be induced and studied by means of the

exotic nuclear teams generated in heavy-ion projectile fragmentation..

The possibility of producing secondary nuclear beams of very neutron-rich

isotopes by means of heavy-ion projectile fragmentation has been discovered in the late

1970s by Symons, Westfall and co-workers at Berkeley1'2). The persistence of the

characteristic features of the high-energy fragmentation in the Fermi-energy domain3),

allowed, since 1984, the development of a large experimental program at the

spectrometer LISE at GANIL4).



2. The use of LISE3 for the production and separation of radioactive
beams.

At least as of today, an important advantage of the lower bombarding energy is,

that the cyclotrons which are used in that regime offer substantially higher beam currents

than synchrotrons, needed for the acceleration of heavy ions to relativistic energies. This

is true in particular for the room-temperature separated-sector cyclotrons of GANIL

which presently deliver beams of a power of up to 600 W. One may note that

developments are under the way at GANIL ("OAI 2") which will allow to transport

several kilowatts of beam power.

On the other hand, one should be aware that, due the cinematical properties of the

reaction mechanism, the "efficiency" of the spectrometer used for the separation of the

projectile-like fragments is much improved at higher energy. Not only is the

transmission in a spectrometer of given angular and momentum acceptance considerably

increased, but the quality of isotopic separation (provided by magnetic rigidity and

energy-loss) is usually better. A detailed discussion of all the important factors (for

instance the maximum useable target thickness) entering in the final "production yield"

of drip-line isotope beams is, however, not in the scope of the present paper which is

more aimed at presenting some recent results of reaction studies with beams of halo

nuclei. Two years ago the spectrometer LISE has been upgraded to "LISES"5-6). Indeed,

the addition of a WIEN-type velocity filter to the original LISE allows a substantial

increase in the isotopic purity of the secondary beam produced at intermediate energy.

This is of course of particular importance for drip-line isotopes which, since they have

the lowest production cross sections, are subjected to contamination by their more

abundant neighbors.

The spectrometer LJSE3 is shown in Fig. 1. The primary heavy-ion beam from the

accelerator GANIL is focused onto the target by means of four magnetic quadrupole

lenses qi,2,3,4 The following analyzing and dispersion-compensating sections are not

exactly symmetric, in particular, there are four quadrupole lenses Qv.g.c.io, in order to

match in any configuration the position and angle parameters in the horizontal and vertical

plane (x,y,e,<p). Thus it is possible, for example, to refocus the secondary projectile-like

fragment beam to small size high-performance detectors at the achromatic focal points, or

to provide parallel beams important for experiments using secondary reactions.

The analyzing section (maximum magnetic rigidity Bp=3.2Tm) consists of the

magnetic dipole Dl and its associated quadrupole lenses Qi,2,3,4- The momentum

acceptance is selected in the focal plane by means of slits. Their full aperture of

±4.5 cm corresponds to a maximum momentum acceptance of Ap/p = 5.26%, the

dispersion being D = 1.71 cm/%. The object size at the target, at full primary beam



intensity (several 1012pps for light particles), is typically XO = ±0.15cm. This gives a
resolution ABp/Bp = xoG/D = 1.3 x 10-3 (the magnification is G = 0.75).

A thin position-sensitive parallel-plate

counter may be inserted in the intermediate
focal plane for measuring Bp of individual

fragments. Also, it is possible, to install at

this point, mounted on rotating frames, foil

strippers or energy-degraders. The latter

introduce a selection in the atomic number of

the transmitted fragments, in addition to the

cut in the momentum distribution by the slits

(proportionnally to A/Z). After the dispersive

focal plane, the double achromatism is

achieved by means of the two lenses Q5 and

Q6 and the second magnetic dipole D2 which

is identical to Dl. These optical elements

allow for adjusting the chromatic terms for

different uses of LISE, in particular they can

restore achromatism for particles having

undergone a specific momentum-loss in the

energy-degrader in the intermediate focal

plane. Many experiments have been made

from 1984 to 1990 in this configuration

("LISE") at the focal point Fl, references

have been quoted in extenso3). LISE3

consists in three upgradings:

i) the line directing the primary beam onto the

production target, initially fixed at 0° got a

variable incidence (0°-3.5°) with respect to the

analyzing section. This allows a very

efficient suppression of remaining in-

completely stripped charge-states of the

primary beam and thus a more efficient use of

heavier incident projectiles.

Figure 1: The spectrometer LISE3



ii) High-speed rotating wheel targets were made in order to accept the heat effects of very

intense heavy-ion beams.

iii) The third modification, which we will shortly describe in the following, is the

installation of an extension of LISE, see fig.l beyond the first focal point Fl, providing

much increased beam purity.

Its essential part is a (Wien-type) electrostatic/electromagnetic cross-field velocity

filter. The principal characteristics are a total length of 5m and a component design high

voltage of ±250kV applied to a 10cm gap. The electrostatic tank is, for mechanical

reasons, actually divided in two 2.5m subsections which are imbedded in the magnetic

field (0.05-0. IT, 50cm gap). Two quadmpole triplets provide, in the center of the filter,

a point-parallel relationship and an amplitude relationship in the dispersive plane.

Furthermore, they allow to select the magnification in both horizontal and vertical

direction at the final focal point. In order to implement the velocity filter in the given

environment of the GANIL experimental hall, two 15° deviations had to be constructed.

We have chosen a doubly achromatic line with a magnification of unity. The overall

length of LISE has grown to 43m, thus providing an excellent time-of-flight basis. This,

in turn, permits an easy mass-identification of heavy fragments.

3. Reaction studies with secondary beams of very neutron-rich nuclei
It has been in the mid-80's that first "use" has been made of the energy of the

secondary fragment beams. Tanihata and collaborators "simply" directed these beams

onto a target, and measured, in transmission-type experiments, the total interaction cross

section o\. From these, they were able to deduce precise nuclear matter radii of very

neutron-rich isotopes7^. As quite well known today, an unexpected and very large

increase of the matter radius was observed for the nucleus 11Li, strongly deviating e.g.

from a droplet model picture which well describes the nuclei around stability. A first

reaction type experiment with exotic beams from LISE used a 47r-y detector in order to

count the number of occuring nuclear reactions (at about 40 MeV/u) through a

measurement of the associated y-radiation8). An overall agreement with the results by

Tanihata et al. was observed, whereas the radius increase for 1 1Li was not as pronounced

as for the high-energy data. The sharp increase in the matter radius has been explained by

Hansen and Jonson with the occurrence of a spatially extended di-neutron halo for

weakly bound systems9). They furthermore had predicted that Coulomb stripping of halo

neutrons (i.e. 11Li-»9Li+2n, 11Be-* 10Be+n, etc.) should play a very important role at

intermediate energies. The neutrons from this reaction, strongly forward peaked and

travelling with the incident secondary beam velocity, were indeeed missed by the 47T-y

detector used at LISE, thus explaining the less pronounced effect compared to Tanihata's



experiments. Consecutive experiments at LISE10'12) were specifically aimed at the

detection of these fast neutrons. In the following I shall briefly describe these

experiments starting, for the sake of simplicity of the presentation, with the study of the

reactions leading to the break-up of the one-neutron-halo system ' 1Be (although this

chronologically was the most recent investigation at LISE.
11Be is a nucleus in which the last neutron is bound by only 504 keV13\ For its

production at GANIL, we have used a primary beam of 18O (1.5xl012 pps) impinging,

at the entry of LISE3, onto a 540 mg/cm2 beryllium target at an energy of 63 MeV/u. An

achromatic dégrader (485 mg/cm2 of aluminum) installed in the intermediate focal plane,

separated 11Be projectile-like fragments of a mean energy of 41 MeV/u in order to

bombard the secondary-reaction targets (370 mg/cm2 beryllium, 450 mg/cm2 titanium,

723 mg/cm2 gold) at the exit of the spectrometer. Setting the momentum acceptance

LISE3 to Ap/p=0.5% and the dispersion of the Wien filter to 1.1 mm/%, the 11Be beam

had a purity of better than 99.99% and an intensity of 1500 pps. The charged fragments

from the reactions were recorded in a Si-detector telescope and the neutrons were

detected in BC-501 liquid scintillator counters. These counters formed an array

(figure 2) covering an angular range of -30° to 100° with respect to the beam axis. It

consisted of 32 detectors of different size, 9 small cylindrical detectors (02"x4") were

placed between +5° and -5° in order to have high granularity at small angles, whereas big

barrels (012"x6") were mounted at large angles to compensate for low count rates.

Figure 2: Schematic experimental set-up: the neutron hodoscope surrounds, at a distance of 3 m the
reaction chamber at the end of LJSE3



The obtained exclusive angular distributions are given in figure 3, together with the

results of two calculations, both based on a Yukawa wave function for the "halo-

neutron". The Coulomb calculation closely followed Bertulani and Baur14'. The almost

quantitative agreement for the high-Z gold target at small angles indicates strong

(essentially full particle strength) El transitions to the continuum. For the beryllium

target, however, the distribution is very broad which may be understood in terms of a

diffraction dissociation on the small target nucleus, whereas the Coulomb part is

negligible :n this case (see figure 3). The nuclear contribution (dashed curve in figure 3)

has been calculated in analogy to the "black-disk" model used by Glauber15) for his

calculation of diffraction dissociation and absorption of the deuteron. Expressing this

exclusive angular distribution in terms of momentum width, one obtains, roughly, r=130

MeV/c. This is in qualitative agreement with Kobayashi et al.16) who extracted

180MeV/c at high energy (80OMeVAi), a result, which indeed we had interpreted

earlier as due to diffraction dissociation10). The satisfying reproduction of the

experimental data by these quite simple ingredients reflects the fact that the halo is a

phenomenum essentially accounting for effects at large distances or small momenta, with

litte influence of the core.

41 MeV/u 11Be

26 { En ( 80 MeV

O 10 20 30
Neutron Lab. Angle (deg.)

Figure 3: Exclusive cross-sections for ' 1Be at 41 MeV/u on different targets. The calculated differential
cross-sections for Coulomb excitation by gold and beryllium targets are shown as full drawn lines, the
dashed line is the calculated diffraction dissociation on beryllium. Note that no free parameters are in
these calculations which use the same simple wave function.



The exclusive differential cross-sections are almost not distinguishable from the

single neutron inclusive distributions, whereas for a light (beryllium) target (see figure

4) there is a vast difference. The substantially larger inclusive cross-section reflects

contributions from core-core collisions: a broad one of fast neutrons from core

fragmentation and "punch-through" of the light target in addition to the (narrow)
contribution from the halo neutron.
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MeV/u on a beryllium and gold target, respectively.
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The results from a similar experiment for the most neutron-rich lithium isotopes

are given in figures 5 and 6 which show angular distributions of the neutrons observed in
the break-up ofl1Li and 9Li at about 30 MeVAi.

On the gold target, for example,

the break-up cross section of11Li

into 9Li is very large (10.8 barn!)

3 r x i and the angular distribution very

narrow with an opening angle of

about 3.4° (!). In contrast to that,

the angle is 8.5° for the neutrons

observed from the break-up of 9Li.
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Figure 5. Angular distribution of
neutrons from secondary beams of 9Li
and ' ' Li incident at the same velocity on
a Be target.
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Figure 6. Differential cross-sections for
the observation of a neutron in
coincidence with a 'Li fragment for a 29
MeV/u ' ' Li beam incident on Be, Ni
and Au targets.

The solid lines in figure 6 correspond to, in the framework of the neutron-halo

picture by Hansen and Jonson9), a zero-range Yukawa approximation with an extension

of the halo of about 12 fm10\ We have also measured data for 8He and 14Be. Cross-

sections and widths of neutron distributions for many different reaction channels have

been published in reference 1^. Here is no place for an extensive discussion of all the

data, but one may point out the consistent relationship between the binding energy of the

last two neutrons and the size of the spatial extension of the halo, as predicted by the

model of Hansen and Jonson. 11Li and alike nuclei, which have been called

"Borromean" by Vaagen et al.17), because they form a bound three-body system while

none of the binary subsystems is stable, contain the same basic simple ingredients as a

one-neutron halo system, although the three body aspects certainly give rise to important

modifications. Many theoretical investigations of11Li can be found in the proceedings of

the conference at Niigata19l

An amazing feature found of the data in figure 6, is that (almost) no target

dépendance is visible. It has been noted, that there is a possible link to the parallel

momentum distributions of the recoiling 9Li, measured at MSU, which behave

similarly20'. Fitting their data with a Lorentzian, Orr et al. report a width (FWHM) of

FR= 37MeV/c. On the other hand, one obtains the same width Tin fr°m the Yukawa

wavefunction which best fits the data in figure 6, rn=24 MeV/c, if one assumes no

correlation between the neutrons, because ^n= V2 Tn= 34MeV/c. This is also consistent

with the neutron-neutron coincidences which we were able to record for * 1Li impinging

on the gold target11). In this case, the signal was well above the cross-talk between the

neutron detectors and the width of the neutron-neutron distribution equaled (with a rather

large uncertainty) that of the single neutron one. A recent experiment at MSU, with



28 MeVAi 11Li impinging on a lead target comes to the same conclusion at a level of

much improved statistics21\

For stable nuclei, elastic scattering has been the "classical" way to obtain detailed

information about the proton and neutron distributions. Concerning the halo nuclei, the

aim of our first experiment in this direction was to investigate the idea of a "non-

destructive" study of ! ! Li and to appreciate the feasiblity of elastic scattering experiments

with weak secondary beams. The beams of 25.4 MeV/u 7Li (lOOOpps) and 29 MeV/u
11Li (150pps) were produced by the fragmentation of a 76 MeV/u 18O beam on a 3.2

g/cm composite Be+C target, simultaneously used for slowing down. Under such

conditions isotopic purities of better than 98% are obtained with LISE3. The trajectory of

the secondary particles was reconstructed event-by-event by means of two position

sensitive X-Y Si detectors placed at the final focal point of LISE3. The second detector

served as an active target (104mg/cm2). The angles and energies of the diffused particles

were measured by means of two circular Si strip detectors placed further downstream. A

matrix of 7 BGO cristals was used to determine the residual energy of each particle.

Fig. 7 shows the angular distribution of elastically scattered 11Li which was

obtained in this way22). Certainly, the thickness of the target, the limited angular

resolution (1.5°) and contributions from inelastic scattering flatten the diffractional pattern

somewhat. Furthermore the statistical precision is also limited using a relatively short

beamtime for this first try. Yet the obtained distribution for 7Li is in agreement with

precise measurement in similar systems.
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Figure 7. Measured angular distribution and coupled-channel calculation for the elastic scattering of 29
MeV/u ' 1Li on a silicon target22).



The distribution Of11Li, however, has a rather unusai behaviour: The ratio O/OR

stays almost constant over th< whole angular range which has been measured. Also, the

value of O/OR is substantially higher than the one we observed for 7Li. The fits in figure

7 represent coupled-channel calculations, taking (or not) into account the neutron halo.

Details can be found in a publication by Lewitowicz et al.22) which is presently in press.

A very interesting issue is that of bound excited states in the very weakly bound

systems. The presently known halo nuclei may not have any, excepted the 320 keV 1/2-

state in 11Be23). Using several vsry large volume germanium v-spectrometers for the

observation of the E !-transition back to the l/2+ ground-state, we24) have recently been

able to populate this 1/2' state by means of Coulomb excitation with a beam of only

5xl04 11Be, at an energy of 45MeVAi from LISE3 at GANIL. Despite the mediocre

beam quality (high emittance, large momentum width) of secondary beams from

projectile fragmentation and the large Doppler shift and broadening due to the high

energy we believe this to be a very useful development for radioactive beam experiments.

Naturally its application goes beyond the search for excited states in the halo nuclei and

this method could become a very useful tool in connection with postaccelerated beams

behind ISOL systems, particularly in view of the much better beam quality and the more

appropriated (i.e. lower) beam energy.

4. Concluding remark

The studies of neutron drip-line isotopes at LISE witness the possibilities of

experiments where secondary nuclear reactions are induced by exotic nuclear beams.

Because of the imperfect optica' properties of the secondary beams from projectile

fragmentation (i.e. divergence and momentum spread) the experiments are still somewhat

crude and, in particular, limited L: ihe useable energy-range (well above the Coulomb

barrier). Postaccelerated radioactive beams after an ISOL system hold a great promise in

this respect. It will be very interesting to appreciate, in the future, the progress made at

the many active places in the world for the development of this method18I
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