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Abstract

The two-neutron removal reactions of beams of 11Li, 14Be and 8He upon Be,
Ni and Au targets were studied at 30 MeV/u. The cross-sections and the neutron
forward angular distributions were measured; they correlate strongly with the two-
neutron separation energy of the projectile. Even though the coverage of the neutron
detectors was limited, a rough neutron-neutron distribution could be extracted. A
simplified interpretation of the data is presented.
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1 Introduction

The deuteron is the archetype of a loosely bound nucleus with a low binding energj ind
a large average distance between its two nucléons. It has seemed to be an almost ui^que
case; but we have learnt during the last years that similar structures appear along the
neutron drip line. The low neutron separation energy there, in several cases appreciably
lower than the 2.2 MeV of the deuteron, leads to tunneling of the neutrons away from
the core, out to much larger distances than seen before. The treatment of these nuclei
can in several cases be modelled over earlier work on the deuteron but qualitatively new
phenomena also appear, in particular for nuclei with a low two-neutron separation energy
where genuine three-body effects seem to be present. The nuclei reported on here all
belong to this latter category.

The idea that almost unbound neutrons will extend far out from the nuclear core is
of course neither surprising, nor new. The earliest published discussion we are aware of
is by Baz', Gol'danskiï and Zel'dovich [I]. They state that: "It is physically clear that
nuclei, with an excess of neutrons and with energy close to threshold, must have very
much looser structure than the nuclei in the middle of the stability region. Because of
this, many of the properties of the nuclei located near the limits of the stability region may
differ markedly from the properties of their more stable colleagues. In particular, the use
of the self-consistent potential inside the nucleus may already be a poor approximation."
They also realized that the large radii would lead to a high probability for diffraction
break-up which would give a clear signal in reaction experiments (the argument was given
using a hypothetical stable dineutron).

All of the drip-line nuclei studied here have an even number of neutrons, the isotope
with one neutron less is in all cases unbound; pairing effects must therefore be important
Migdal's suggestion [2], that states that can be interpreted as dineutrons near the nuclear
surface might appear, must then be considered. Three-body effects [3, 4] might in general
be important for these nuclei to the extent that they can be thought of as being "clustered"
into a nuclear core and two loosly bound neutrons.

The recent interest in drip-line nuclei only appeared after these nuclei could be studied
in nuclear reactions, in particular due to the series of experiments carried out at Berkeley
by Tanihata et al. The evidence for an increased reaction cross-section found in the early
experiments [5, 6] suggested that drip line nuclei do have exceptionally large matter radii.
Further important information was obtained later [7, 8] with the finding of a narrow
momentum component for 9Li fragments and the indication for a substantial Coulomb part
of the cross-section for heavy targets. Experiments elsewhere have contributed [9, 10, 11],
e.g., with systematic measurements of the matter radii for heavier drip line nuclei .

The theoretical ideas mentioned above are combined in the simple, but fruitful, model
of 11Li as a 9Li core orbitted by a point dineutron [12]. Not only could a quantitative
relationship between the rms-radius of the nucleus and the separation energy of the last
two neutrons be derived, this model also led to the prediction of very large Coulomb cross-
sections in reactions with heavy targets due to the high polarizability of the system. Many
of these ideas were also present in the earlier work of Tang et al. [13, 14] who realized that
6He due to its small binding energy is rather diffuse; they used a simple dineutron model
to argue that 6He is larger than 6Li in an attempt to explain the experimental results of
Tanihata et al. [6].

So far only nuclear reaction data have been mentioned. A large body of data exists on



the beta-decay [15] (and ground-state [16]) properties of the very neutron rich nuclei, but
it has not been included in the attempts to understand their properties. Some connec-
tions appear, however, to be surfacing now [17]. Several groups have also looked at the
peripheral region in standard nuclei where the neutron density, although small, is much
larger than the proton density, as protons are held back by the Coulomb barrier, see e.g.
[18]. This neutron excess is superficially similar to the one of halo nuclei, but carries none
of the structural effects that the latter does.

The large Coulomb cross-sections should increase in size as the beam energy is lowered
[12]. We have therefore carried out an experiment on the drip line nuclei 11Li, 14Be and
8He at the LISE facility at GANIL at an energy of about 30 MeV/u, i.e., appreciably lower
than the previous experiments [8] that took place at 800 MeV/u. Part of our results on
the two-neutron fragmentation reactions of 11Li have already been published [19]. The
present paper is organized as follows: Section 2 gives the details of the experimental set-up
used, Section 3 describes the data analysis and gives the results, Section 4 compares the
results with theoretical predictions and tries to summarize the essential features needed
to explain the data and Section 5 gives our conclusions.

2 Experiment

The secondary beams were obtained through projectile fragmentation of an 18O pri-
mary beam impinging at 55 MeV/u onto a 542 mg/cm2 Be target. This production
reaction was preferred to the alternative fragmentation of 15N because of the possibility
of simultaneously generating a secondary beam of 11Li as well as of the next drip-line
isotope 14Be under exactly the same conditions.

The separation of the secondary beams was made by means of the doubly-achromatic
spectrometer LISE [20, 21]. The optimization of the production rate of 11Li is for the
extremely neutron-rich isotopes governed by the maximum magnetic rigidity of LISE,
limiting the energy of the secondary beam to about 35 MeV/u. A comparatively thick
production target is thus needed to slow the 11Li down to be accepted by LISE. This
has the disadvantage of leading to rather large momentum distributions of the secondary
fragment beam, limiting the transmission. The beam consisted at the exit of the first
LISE dipole, set to Bp = 3.1 Tm, of 8He, 11Li, 14Be and the fragments with A/Z = 3.
In order to purify this beam, a 150 mg/cm2 Al wedge-shaped dégrader was inserted in
the intermediate focal plane and the second dipole was set to a field about midstream
between the optimum values for 11Li and 14Be leading to similar production rates for both
isotopes. The total momentum spread of the transmitted beam was Ap/p ~ 5%. Under
these conditions, 170 s"1 11Li were observed for a primary 18O8+ beam current of 2 ejtA.
Detailed considerations relative to the production of secondary beams with LISE can be
found in [20, 22].

The experimental set-up at the exit of LISE is shown in figure 1. The secondary beam
particles were identified on an event-by-event basis through a measurement of their energy
loss and time-of-flight. A 300 /xm Si-detector, mounted in front of the secondary reaction
target was used in combination with the RF signal from the last GANIL cyclotron. The
secondary targets were mounted on a wheel allowing to expose to the secondary beam in
identical geometry i) a 544.7 mg/cm2 Be, U) a 868.3 mg/cm2 Ni, Ui) a 1141.5 mg/cm2

Au target and iv) an empty target frame. (The targets have roughly similar energy-loss.)



Figure 1: Experimental set-up. The secondary beam from LISE enters in the lower lefthand
part of the figure; it is identified in Si detectors in front of and after the target (the
inset). Neutrons from reactions in the target are detected in the array of liquid-scintillator
detectors that covers the solid angle around the beam direction and in regions to the left.

After the reaction target, a AE-E telescope, composed of a 300 /jm Si and a 5000 fim
Si(Li) detector, was installed for particle identification.

We give for reference the energy of the different beams at entrance and at exit from
the targets in table 1. The energies of the incoming beams are known from the magnetic
field setting of the LISE magnets; the energy losses in matter were calculated from ref.
[23]. The table contains also the transmission of the different beams, found as the ratio
of the number of events (incoming beam or fragments from reactions in the target) seen
in the Si telescope (AE2,E3) to the number seen as incoming beam in the identification
Si detector (AEj). Due to the mode of running where several radioactive isotopes were
transmitted simultaneously the transmission could not be optimized for all beams; the set-
up did therefore not allow total reaction cross-sections to be extracted. The transmissions
were slightly different for the different targets, this is reflected in the uncertainties given in

Table 1: Beam energies and transmissions.

Beam

11Li
14Be
9Li

E m (MeV/u)

27.4
32.4
35.4
31.6

Be
22.6
25.4
26.0
22.4

t (MeV/u)

Ni Au
21.1
22.9
22.6
19.2

21.9
24.2
24.3
20.9

Transmission"

0.12±0.03
0.58±0.03
0.82±0.01
0.79±0.05

"The error covers the spread for different targets.

L



table 1. In the case of 8He the transmission was especially low, it is furthermore somewhat
more uncertain than the others as this beam was not fully stopped in the telescope.

A total of 23 liquid-scintillation neutron detectors [24, 25] were placed 3 m downstream
from the target. The central detector of an array of 9 hexagonal detectors (each 3.33 /)
was situated near the beam axis (the beam axis differs slightly for the different isotopes).
The second array, consisting of one hexagon and six pentagons (2.58 /), was placed at 20°.
These detectors were all 15 cm thick. The third array consisted of 30 cm detectors and
covered angles out to 49°; neutrons reaching this array went through several cm of steel in
the target chamber and between one half and cwo thirds were absorbed there. The lower
threshold for the neutron detectors was set at 1 MeV equivalent electron energy. The
intrinsic efficiency of the hexagons and pentagons is 30 ± 5 % and the one of the larger
detectors 50 ± 8 % as evaluated from Monte Carlo simulations. The solid angle of the
hexagons was 2.25 10~3 sr corresponding to a detector diameter of 3.1°. The signal from
the AEi silicon detector served as start signal for the neutron time-of-flight measurement.
A further purification was obtained by pulse-shape discrimination of the liquid-scintillator
signals, this allowed neutrons to be distinguished from gamma rays .

The trigger of the experiment was provided by the identification of a particle of interest
in the Si detector in front of the target. The data from all Si and neutron detectors were
read out via CAMAC and were stored on magnetic tape. The runs without target,
which took place at an reduced beam energy, were used to estimate the background from
reactions in the Si detectors, in detector and target supports etc. A short run was made
on 9Li to have data also on neutron distributions from nuclei closer to stability.

3 Results

The main results on the (11Li1
9Li) reaction were given in the previous letter [19]. We

give here the corresponding results for incoming 8He and 14Be as well as more details on
the analysis.

3.1 Telescope data

As stated above, the energy loss in the Si detector in front of the secondary target
and the differences in time-of-flight from the production target to this detector sufficed
to identify the incoming isotope. The outgoing charged fragments were identified in the
telescope, the resolution obtained can be seen from figure 2. A gate was here set to
select incoming lHBe; since most of these do not react, the most prominent feature in
the figure is the peak corresponding to transmitted 14Be (note that the intensity scale is
logarithmic). The peak is elongated due to the energy spread in the beam and to the
spread of energy loss in the target. A low intensity tail along the energy loss curve stems
from 14Be ions that loose extra energy in collimators etc. To the left of the main peak
is a background from 14Be ions that loose energy in the detector support placed between
the two detectors in the telescope. Upon these, immediately to the left of the 14Be peak,
are the 12Be events. Below the Be events are seen the contributions from Li, He and
H isotopes produced in reactions in the target. The yield of the H isotopes cannot be
reliably extracted, partly due to the limited acceptance of the telescope, partly due to a
strong secondary triton beam that gives accidental coincidences. The different elements



produced are clearly separated; the cross-sections for production of isotopes with a lower
charge than the beam are thus easily extracted and are included in table 2.

100 200

E (MeV)

300

Figure 2: The spectrum recorded in the Si telescope for an incoming 14Be beam reacting
with a Be target. The energy deposited in the AE2 detector is displayed versus the energy
deposited in the E3 detector. The contours give the lines of constant intensity, they are
logarithmically spaced with a factor of e between consecutive lines. The elements Be, Li,
He and H are clearly separated. The dashed line represents the energy loss curve for 14Be,
see the text for details.

3.2 Cross-sections from ion data

The isotopes with the same charge as the incoming beam are partly covered by the
background due to the detector support; a further background comes from interactions
in the telescope itself. These backgrounds can be estimated from the runs with empty
target frame. The true events from reactions in the target have a finite energy spread,
but will all lie on an energy loss curve sligthly below the one for the incoming beam. In
order to visually enhance the true events one can add the events along the energy loss
curves, which in our energy region are characterized by having a constant value of AE E0-7,
AE and E being the energy deposited in the front and back detector of the telescope,
respectively. As an illustration, figure 3 shows the spectrum from the Au(14Be1

14Be)
reaction. The major uncertainty in the cross-sections extracted for such reactions comes
from the estimate of the background. The values obtained are also given in table 2. The
main noteworthy feature [19] is the large cross-sections for two-neutron removal on the Au
target, in accordance with the expectation [12] that Coulomb dissociation should become
dominant on heavy targets for nuclei with a small two-neutron separation energy. This



Table 2: Cross-sections, widths of neutron distributions.

Beam

8He

11Li

14Be

9Li

Observed
fragment
6He+n"

9Li+nb'c
9Li'
Hed

4He*

12Be+nb

12Be
Ud

Hed

ne

Cross-section (barn)
Be

0.41±0.15

0.65±0.12
0.47±0.10
0.14±0.02

0.37±0.08
0.44±0.10
0.08±0.02
0.14±0.01

Ni

2.1±0.4
1.3±0.4

0.17±0.03

n fin+0-30

U.0U_0.2i1.0±0.3
0.15±0.04
0.19±0.02

Au
2 9"*"̂

10.8±1.9
5.0±0.8

0.34±0.07

1 3 + 1 3

2.1±0.6
0.14±0.04
0.24±0.04

Be

6.2±1

3.17±0

6.0±0

4.8±0

.2

.24

.5

.5

61/2 {deg.)a

Ni
7.1±2.0

2.88±0.25

6.4±1.8

8.5±0.9/

Au
7±5

3.35±0.16

6.6±2.3

^Observed opening angle corresponding to half intensity, see text for corrections.
bCalculated as an integral over the neutron distribution.
cFromref. [19].
rfSum over all isotopes.
"From single neutron distributions.
^ Average over all targets.

is corroborated by the size of the cross-sections for 11Li and 14Be: they are equal on the
Be target but differ by more than a factor two on the Au target, 11Li with its smaller
separation energy having the largest cross-section.

We note in passing that a rough estimate can be made of the cross-section for the
Si(11Li1

9Li) reaction from the runs with empty target holder. The cross-section at 25
MeV/u turns out to be about 0.9 barn which is consistent with the general trend as given
in table 2. Although the value is not very accurate it serves as a check of the soundness
of the background subtraction.

3.3 Neutron detectors

The neutron time-of-flight was calibrated with prompt gamma rays (obtained in a short
run with a primary Pb beam) so that the absolute neutron energy could be deduced. The
gamma events were suppressed via the pulse shape discrimination method, but not many
were seen. The background was in general very low as can be seen from figure 4a. There
was clear evidence in the data for (n,7)-events in the neutron detectors, but these were
not included in the analysis. The response function for neutrons in the liquid scintillator
is approximately rectangular, see e.g. ref. [26]. This is also seen from the data in figure
4b where the response recorded in the central detector is displayed versus the neutron
energy as measured from the time-of-flight. A comparison with the background (figure
4a) shows that the tail of low energy events in the data comes mainly from background
events, e.g. reactions in the detector telescope. The mean neutron energy for 11Li after



r
160

100 200 300

AE E0-7 (arb. units)

400 500

Figure 3: The number of events with an energy loss, AE, equal to the one of Be isotopes
of beam velocity plotted versus AEE~*7 for 14Be reacting on a Au target. The full line
is the total spectrum where the peak from transmitted 14Be is off scale, the dashed line
is restricted in E to artificially cut down the 14Be peak. The produced 12Be is marked,
the background is due to beam particles that loose energy in the detector support and to
reactions in the E detector.

background subtraction is close to 25 MeV, i.e. about 3 MeV lower than the average
of the ion entrance and exit energy from the target, cf. table 1. Part of this difference
must be due to the retardation of the projectile in the Coulomb field of the target; simple
estimates give about 1 MeV for this effect for a Au target. The beam contained a rather
large component of tritons that penetrate the scattering chamber and reach the central
neutron detector. Random coincidences with these tritons occur with a probability of
about 10~4, but the events appear shifted in time (due to the different flight time through
the separator of the tritons and the ions) and thus form the easily distinguished vertical
band seen in figure 4b at a neutron energy of 5 MeV.

The overall shape of the neutron component is triangular as the maximum response
in the detector is a linear function of energy. There are, however, events appearing above
this triangle with a recorded response of up to twice the normal one. The rate of random
events is much too low to account for this component, it is furthermore not seen in any
other detector than the central one and not for other projectiles than 11Li. The events
with excess energy are therefore interpreted as being sum events, i.e., as coming from two
neutrons from the same break-up hitting the central detector simultaneously. The true
number of neutron coincidences in the central detector is roughly twice the number of
events seen as separate events in figure 4b as two neutrons with a rectangular response
will sum to a total triangular response where only the top half is visible above the one
neutron events. (This assumes that the two neutrons have almost the same energy. We
expect this to be the case due to the narrow transverse momentum distribution.)
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Figure 4: Neutrons in the central detector coming from (11Li1
9Li) reactions on a) an empty

target frame and b) a Au target. Neutrons are distinguished from gammas by means of
pube shape analysis and the response recorded in the detector is shown versus the energy
deduced from the neutron time-of-flight data. The vertical band of events at 5 MeV neutron
energy stem from tritons in random coincidence with the 11Li ions.



3.4 Neutron singles distributions

The single neutron angular distributions for two-neutron removal reactions from 11Li
have already been published [19]. The data from the third detector array at large angles,
when corrected for the absorption in the target chamber mentioned in section 2 and
for background, were consistent with zero except for the Be target, where an average
differential cross-section at 40° ± 10° of 0.07 ± 0.03 barn/sr was found. The corresponding
distributions for 14Be and 8He are given in figures 5 and 6. The statistical uncertainties are
large, especially for the data on the Au target (not shown) and for the background runs.
The background was therefore fitted with a Lorentzian distribution and the fit was used
instead of the original data in the background subtraction. This procedure was necessary
due to the few background counts, but could introduce systematic distortions of the data.
We can therefore not claim that the slight tendency for the data on Ni targets to peak
around 5° rather than 0° is real. All deduced distributions were fitted with Lorentzians:

àa C0 1 + 2

dfi 2ir [1 + sin2 6lahp*p2
0/h

2}V* ' [ )

where <7o is the total cross-section, po the beam momentum per nucléon (on average around
230 MeV/c for 11Li), p the range parameter in the corresponding spatial wave function
and Biab the measured angle of the neutron with respect to the beam axis. The relation
between the half opening angle O1^ and p is

9l/2 = sin"1 (0.7664/i/Vp0) (2)

and the relation between p and the rms radius of the two neutrons is to lowest order Rrm,
— p/\/2. The total cross-sections and widths found from these fits are given in table 2.
Note that the different beams overlap spatially but do not have the same mean direction
at the target position. This effect was included in the fit to the data.

A detailed characterization of the shape of the distribution is not possible with the
present angular resolution. We expect the wavefunction in real space to be well described
by a Yukawa function at large distances. By Fourier transformation one then finds that
the momentum distribution at small momenta (corresponding to small angles) will be a
Lorentzian. This shape is seen to give a reasonable first fit to the spectra; we shall return
below to the question of to what extent the original momentum distribution is reflected
in the measured angular distribution.

The observed widths in table 2, that also contain data for 9Li and for the (11Li1
4He)

reaction, differ markedly for the different channels. From the 11Li data is seen that the two-
neutron removal reaction gives a much narrower distribution than more complex channels
with more particles in the final state. The widths for two-neutron removal reactions also
increase as the two-neutron separation energy of the projectile increases. The width for
9Li as projectile corresponds to a FWHM (full width at half maximum) of the transverse
momentum distribution of about 70 MeV/c, i.e. to about 30 MeV/c for the often employed
c-parameter. This is somewhat less than normal values for the longitudinal momentum
width [27] at beam energies of 30 MeV/u. There a is typically more than 40 MeV/c, a
value again being less than the width of the transverse momentum distribuons for charged
fragments [28]. Note, however, that the Coulomb deflection contributes noticeably to the
transverse width at this energy. For quantitative analyses one must correct the observed
widths for the contributions from the finite detector extent, the beam divergence, the

10
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Figure 5: Single neutron angular distributions for (14Be1
12Be) reactions on Be (solid

points) and Ni (open points), respectively. The differential cross-section is shown ver-
sus the angle of the emerging neutron relative to the incoming beam as measured in the
laboratory frame. The two points above 15° are averages over three and four detectors,
respectively. The curves are fits with a Lorentzian distribution.

angular straggling in the targets and the finite range in beam-.Tiomenturn (that enters in
the transformation to the laboratory system). The major effect is the detector extent,
this was already included in the earlier paper [19]. A simulation containing all effects
gives an original $i/2 for the (11Li1

9Li) reaction of 2.5°, the other values are only slightly
changed. Using the mean neutron energy given in subsection 3.3, the 2.5° are converted
into a FWHM of 19 MeV/c or a a of 8 MeV/c.

The fit to the neutron distributions only include the narrow component, any broader
distribution — if existing — is hard to distinguish with the present set-up. A given
reaction can in principle give one or two neutrons in the narrow component (or none), the
corresponding cross-sections will be designated an and o~2n- Let P be the probability (for
a given distribution) of detecting a neutron in the narrow component; the total number of
detected neutrons is then proportional to UnP + 02n2P, where the small correction from
double hits in one detector has been neglected. In the conversion above to a differential
cross-section the number of neutrons in a given detector was taken as proportional to
£• Afi-dcr/dfi, where e is the intrinsic neutron detector efficiency and Afi the solid angle of
the detector. From this it follows that the integral of the differential cross-f °ction, da/dfl,
must equal an + Ia^n. We can therefore obtain an experimental number for the average
number, F, of neutrons per reaction appearing in the narrow component by dividing the
total cross-section obtained from the neutron distributions with the one obtained from
the ion data. Only the 11Li data are sufficiently accurate to give reliable numbers, they
are [19]: 1.4 ± 0.4, 1.6 ± 0.6 and 2.2 ± 0.5 neutrons in the narrow component for Be, Ni
and Au targets, respectively.

11
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Figure 6: As figure 5, but for the (8He1
6He) reaction.

3.5 Neutron coincidence distributions

The sum events in the central detector mentioned in subsection 3.3 yield the cross-
section for neutron-neutron coincidences at small angles. In order also to extract the cross-
sections for coincidences between different detectors it is necessary first to evaluate the
amount of cross-talk that takes place between them, i.e. how many single neutrons that
are scattered into a neighbouring detector thereby giving a fictitious coincidence. We have
evaluated the cross-talk probabilities with the computer code Menate [29]. Subtraction of
cross-talk and background then gives the cross-sections that in principle depend on three
angles: the angles of the two detectors with respect to the beam axis and the relative
azimuthal angle between them. Only the central array contained enough coincidences to
give reliable cross-sections. The beam was assumed to be centered in the central detector
so that data from several detector pairs could be added; this approximation should be
safe at the present level of accuracy. The neutron-neutron angular distribution turns out
also to be narrow, this will be commented upon below. Fitting the data on Au with a
Lorentzian, eq. (1), gives a range parameter p of 12 ± 4 fm.

At the present level of accuracy there are no indications for correlations between the
two neutrons. This is illustrated in figure 7, that shows the ratio of the double and the
single differential cross-sections on Au. If the neutrons are uncorrelated this ratio should
not only be independent of where the first neutron was observed but also have the same
shape as the singles distribution. This is within the uncertainty the case. The integral
over the ratio should give the relative number of coincidences (V— 1), i.e. the number of
neutrons in the narrow component minus one. Under the assumption of the absence of
correlations we can in this way get an independent test of the values found in the previous
subsection, although the angular resolution is not good enough to allow more than rough
estimates to be made. For the Au target and keeping the range parameter p fixed the
best fit to the points in figure 7 gives F = 2.2 ± 0.3 in agreement with the value 2.2 ±
0.5 deduced from the single neutron distribution.

12
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Figure 7: The ratio between the neutron-neutron coincidence differential cross-section and
the single differential cross-section for the first neutron for (11Li1

9Li) reactions on Au is
plotted versus the angle of the second neutron. The full line gives the result expected if all
events contain two uncorrelated neutrons in the narrow component, i.e. (F — 1) = 1. The
black circles represent coincidences with the central detector at (P and the open squares
coincidences with its nearest neighbours at 4-F.

4 Interpretation
We shall give a few qualitative remarks on the interpretation of our data before

referring in more detail to the theoretical literature.
As argued earlier [19] the reaction mechanisms for two neutron removal can be briefly

summarized as follows: On the light targets nuclear dissociation will dominate; this pro-
ceeds through absorption in the target nucleus or diffraction around it of one of the
two outermost neutrons. For heavier targets Coulomb dissociation will also contribute,
the magnitude of the cross-section depends on the intrinsic asymmetry in the projectile,
i.e., on the spatial extent of the neutrons outside the core and on the degree of correla-
tion between the two neutrons. For 11Li on Au at our energy the Coulomb dissociation
dominates, for the other projectiles the effect is smaller due to their larger two-neutron
separation energy as already noted in subsection 3.2.

A crucial point in the discussion of the narrow component in the neutron angular
distributions will be the average number of neutrons in it. As shown in subsections 3.4
and 3.5 this number is close to 1 for 11Li on Be and about 2 on Au. The tempting
explanation is that one here sees the neutron(s) that do not interact with the target —
for nuclear dissociation (at least) one neutron must interact with the target, for Coulomb
dissociation only the charged core will do so. Final state interactions could in principle
be present in both situations, taking place between the neutron and the 9Li core and
between the two neutrons, respectively. A new measurement [30] places the ground state
in 10Li (the lowest resonance in the n + 9Li system) at 0.15 ± 0.15 MeV, i.e., within
uncertainties at the same position as the n + n resonance at 120 keV [31]. It is therefore
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not excluded that the two different systems would conspire to give the same final state
distribution; one should, however, keep in mind that the typical transverse energy found
for the neutrons is somewhat lower than these resonance energies, namely only 50 keV.
Another possible explanation is that the angular distribution for the main part simply
reflects the momentum distribution in the original projectile. Such an interpretation is
not uncommon for few nucléon removal at larger energies, see e.g. [32], but is normally
not considered tenable at our low energy range. A justification for the use of a sudden
approximation even at our energies could lie in the smallness of the energies involved in
the motions of the two neutrons. We note that only the momentum distribution at "the
surface" is expected to be reflected in the angular distribution, i.e., the part of the wave
function where the neutrons are on top of the core will not contribute.

The correlation between the width of the neutron angular distribution and the two-
neutron separation energy, as well as the fact that the narrow component is not present
for more central collisions, were already mentioned in subsection 3.4. That the neutron-
neutron angular distribution seems to be of the same shape as the single neutron angular
distribution (subsection 3.5) indicates that the typical distances between two neutrons
and between one neutron and the core are of the same order of magnitude (if the above
interpretation of angular distributions in terms of the original momentum distributions
holds). The intrinsic asymmetry in 11Li is thus less than in the point dineutron model [12]
and the Coulomb dissociation cross-sections therefore smaller, as was also seen directly
from the cross-section data [19]. An indirect argument supporting this picture of distance
scales hinges on the fact that one neutron is seen in the narrow component on a Be target;
a point dineutron (or more generally, two strongly correlated neutrons) could be expected
to react as a whole with the target, so that no narrow component then would survive.

More quantitative explanations must make use of a model for the structure of the
nuclei as well as of a model for the reaction mechanism. Most of the theoretical effort was
at first aimed at reproducing the structure of, in particular, 11Li; the models employed
range from the simple point dineutron model [12] through more elaborate cluster models
[33, 34] to advanced shell-model calculations [35, 36] and the promising attempts in the
cluster-orbital shell model or similar approaches [37, 38, 39] to combine the basic features
of cluster models with the completeness of the shell model. One should note in this
connection the attempts [40, 41] to compare cluster model and shell model predictions for
these light nuclei.

The cross-sections for Coulomb dissociation are relatively easy to calculate due to the
extensive previous work on Coulomb excitation, readily adapted [42, 43] to the cases in
question here. The nuclear structure model must provide the B(El)-strength distribution;
many calculations have been performed of this [44, 45, 46, 47, 48] and seem to converge in
giving a large strength at the very low excitation energy of about 1 MeV — the so-called
soft dipole mode [49]. The lowering of the excitation energy with a decreasing neutron
separation eneigy, as predicted from a sum-rule argument [12], has also been established
in more elaborate calculations [50]. When cross-sections were calculated this was mainly
done at about 800 MeV/u, but the calculations are in principle extendable even to below
our beam energy.

The cross-sections for nuclear dissociation have been calculated at high energy in var-
ious models [35, 51, 52, 53] that cannot a priori be expected to be extendable to our
energies. A few calculations have also been performed [54, 55, 19] below 100 MeV/u but
the question of what type of reaction model is appropriate seems not completely eluci-
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dated. We note for completeness that most calculations have neglected the interference
between Coulomb and nuclear dissociation, an approximation that is based on the rather
large difference in the range of impact parameters where these processes contribute (the
interference was included in our simple estimates [19] based on the point dineutron model,
but gave only a minor contribution).

The interplay between the ground state structure of the nuclei, the reaction mechanism
and the neutron (or core) angular distributions have only barely been touched upon
so far. The assumption, quoted above, has mainly been that the angular distribution
gave a rather direct mapping of the ground state momentum distribution; as already
stated our data suggest that this might also be the case for 11Li even at 30 MeV/u. If
this interpretation turns out to hold it would indicate a range parameter in the neutron
wavefunction (p in subsection 3.4) of around 15 fm, a factor of 2 larger than expected from
the relation between p and S2n in the point dineutron model [12). Part of the difference,
of course, must arise from the size of the dineutron; kinematic constraints, as already
seen in normal nuclei [27], might perhaps turn out also to play a role. An opposite point
of view is taken in the recent thorough calculation [56] of the neutron distribution from
Coulomb dissociation of 11Li, which is directly comparable to our data. The results for an
independent particle model are slightly broader than the data (the theoretical curve [56]
was not folded with the experimental resolution and the comparison is therefore slightly
misleading) whereas the results for correlated neutrons [57] are narrower and seem to fit
better. There is, however, no explanation offered of why the experimental widths are
equal from a range of targets where different reaction mechanisms enter. We note that
final state interactions, a third explanation mentioned above, were not included; the good
agreement with the data indicate that they are of minor importance.

5 Conclusion

The very neutron-rich nuclei are now within reach for experimental investigations and
have turned out to display a new, rich type of structure: the neutron halo. Although
only the very lightest systems are accessible at present much has already been learned
about the behaviour of these new systems, in particular about 11Li in which the halo
is especially pronounced. The most fruitful experimental probe has so far been high
energy nuclear reactions (at close to 1 GeV/u); the present work is part of an attempt —
going on at several laboratories — to widen the field by turning to lower beam energies.
The cross-sections, in particular the ones for Coulomb dissociation, but also the ones for
nuclear dissociation, depend on energy so that data taken over a wide range of energies
will disclose more of the detailed structure (see, e.g., ref. [55] for an example using data
on 11Be).

Our aim was twofold: to investigate the predicted increase of the Coulomb dissociation
probability with decreasing beam energy, and to measure the neutron angular distributions
from two-neutron removal reactions. The latter could, as discussed in more detail above,
possibly give information on the spatial extent of the halo neutrons. In order to see
trends in the data more clearly we took data on several nuclei on the neutron drip-line
with differing two-neutron separation energy, S2n, and on different targets. The results
showed clearly the expected predominance of the Coulomb dissociation of 11Li on heavy
targets an^ a very narrow angular distribution for the neutrons, correlated with S2n. First
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indications for the neutron-neutron angular distribution were also presented.
The neutron angular distributions were seen to differ at large angles. This is as

expected: neutrons diffracted around the light target nuclei should show up at large
angles, these angles correspond furthermore to intrinsic distances of order of the core
radius and a simple interpretation would in any case break down there. A more detailed
knowledge of this region, combined with a more accurate neutron-neutron distribution,
should help in elucidating the remaining problems.

Acknowledgements
We are grateful to A.S. Jensen for discussions, to M. Cronqvist and T. Nilsson for

discussions and assistance concerning the response of the neutron detectors and to P. De-
sesquelles for permission to use the code Menate for calculation of cross-talk probabilités.
We acknowledge the support by the German Federal Minister for Research and Tech-
nology (BMFT) under the contract numbers 06DA 184 I (A.R., G.S.) and 06 MZ 188 I
(R.N.).

16
I



References

[1] A.I. Baz', V.I. Gol'danskiï and Ya.B. Zel'dovich, Usp.Fiz.Nauk 72 (1960) 211, english
translation Sov.Phys.Usp. 3 (1961) 729

[2] A.B. Migdal, Yad.Fiz 16 (1972) 427, english translation Sov.J.Nucl.Phys. 16 (1973)
238

[3] V. Efimov, Phys.Lett. 33B (1970) 563

[4] V. Efimov, Comments Nucl.Part.Phys. 19 (1990) 271

[5] I. Tanihata, H. Hamagaki, O. Hashimoto, S. Nagamiya, Y. Shida, N. Yoshikawa,
O. Yamakawa, K. Sugimoto, T. Kobayashi, D.E. Greiner, N. Takahashi and Y. Nojiri,
Phys.Lett. 160B (1985) 380

[6] I. Tanihata, H. Hamagaki, O. Hashimoto, Y. Shida, N. Yoshikawa, K. Sugimoto,
O. Yamakawa, T. Kobayashi and N. Takahashi, Phys.Rev.Lett. 55 (1985) 2676

[7] T. Kobayashi, O. Yamakawa, K. Omata, K. Sugimoto, T. Shimoda, N. Takahashi
and I. Tanihata, Phys.Rev.Lett. 60 (1988) 2599

[8] T. Kobayashi, S. Shimoura, I. Tanihata, K. Katori, K. Matsuta, T. Minamisono,
K. Sugimoto, W. Muller, D.L. Olson, T.J.M. Symons and H. Wieman, Phys.Lett.
232B (1989) 51

[9] W. Mittig, J.M. Chouvel, Zhan Wen Long, L. Bianchi, A. Cunsolo, B. Fernan-
dez, A. Foti, J. Gastebois, A. Gillibert, C. Grégoire, Y. Schutz and C. Stephan,
Phys.Rev.Lett. 59 (1987) 1889

[10] M.G. Saint-Laurent, R. Anne, D. Bazin, D. Guillemaud-Mueller, U. Jahnke,
J.G. Ming, A.C Mueller, J.F. Bruandet, F. Glasser, S. Kox, E. Liatard, T.U. Chan,
G.J. Costa, C. Heitz, Y. El-Masri, F. Hanappe, R. Bimbot, E. Arnold and R. Neu-
gart, Z.Phys. A332 (1989) 457

[11] B. Blank, J.-J. Gaimard, H. Geissel, K.-H. Schmidt, K. Summerer, D. Bazin,
R. Del Moral, J.P. Dufour, A. Fleury, F. Hubert, H.-G. Clerc and M. Steiner, Z.Phys.
A340 (1991) 41

[12] P.G. Hansen and B. Jonson, Europhys.Lett. 4 (1987) 409

[13] B.F. Bayman, S. Fricke and Y.C. Tang, Phys.Rev. C31 (1985) 679

[14] P.J. Ellis and Y.C. Tang, Phys.Rev.Lett. 56 (1986) 1309

[15] P.G. Hansen and B. Jonson, in Particle Emission from Nuclei, eds. M. Ivascu and
D. Poenaru, vol. Ill (CRC Press, 1989) p. 157

[16] E. Arnold, J. Bonn, R. Gegenwart, W. Neu, R. Neugart, E.-W. Otten, G. UIm and
K. Wendt, Phys.Lett. 197B (1987) 311

[17] M.J.G. Borge, P.G. Hansen, L. Johannsen, B. Jonson, T. Nilsson, G. Nyman,
A. Richter, K. Riisager, O. Tengblad and K. Wilhelmsen, Z.Phys. A, in press

17



L

[18] D.H. Wilkinson, Comments Nucl.Part.Phys. 1 (1967) 80

[19] R. Anne, S.E. Arnell, R. Bimbot, H. Emling, D. Guillemaud-Mueller, P.G. Hansen,
L. Johannsen, B. Jonson, M. Lewitowicz, S. Mattsson, A.C. Mueller, R. Neugart,
G. Nyman, F. Pougheon, A. Richter, K. Riisager, M.G. Saint-Laurent, G. Schrieder,
O. Sorlin and K. Wilhelmsen, Phys.Lett. 250B (1990) 19

[20] R. Anne, D. Bazin, A.C. Mueller, J.C. Jacmart and M. Langevin, Nucl.Instr.Meth.
A257(1987) 215

[21] A.C. Mueller and R. Anne, lJt Int. Conf. on Radioactive Beams, Berkely, Ca., USA,
1989 J.M. Nitschkeed., p. 132

[22] R. Bimbot, S. Delia Negra, P. Aguer, G. Bastin, R. Anne, H. Delagrange and F. Hu-
bert, Z.Phys. A322 (1985) 443

[23] F. Hubert, R. Bimbot and H. Gauvin, Atomic Data Nucl.Data Tables 46 (1990) 1

[24] S.E. Arnell, H.A. Roth, O. Skeppstedt, J. Bialkowski, M. Moszyriski, D. Wolski and
J. Nyberg, Nu-l.Instr.Meth. A300 (1991) 303

[25] D. Bazin, A.C. Mueller and W.-D. Schmidt-Ott, Nucl.Instr.Meth. A281 (1989) 117

[26] G.F. Knoll, Radiation Detection and Measurement, 2. éd., (Wiley, 1989), chap. 15

[27] R.G. Stokstad, Comm.Nucl.Part.Phys. 13 (1984) 231

[28] R. Dayras, A. Pagano, J. Barrette, B. Berthier, D.M. de Castro Rizzo, E. Chavez,
O. Cisse, R. Legrain, M.C. Mermaz, E.C. Pollacco, H. Delagrange, W. Mittig,
B. Heusch, R. Coniglione, G. Lanzano and A. Palmeri, Nucl.Phys. A460 (1986)
299

[29] P. Désesquelles, A.J. Cole, A. Dauchy, A. Giorni, D. Heuer, A. Lleres, C. Morand,
J. Saint-Martin, P. Stassi, J.B. Viano, B. Chambon, B. Cheynis, D. Drain and C. Pas-
tor, Nucl.Instr.Meth. A307 (1991) 366

[30] A.I. Amelin, M.G. Gornov, Yu.B. Gurov, A.L. Il'in, P.V. Morokhov, V.A. Pechkurov,
V.I. Savel'ev, F.M. Sergeev, S.A. Smirnov, B.A. Chernyshev, R.R. Shafigullin and
A.V. Shishkov, Yad.Fiz. 52 (1990) 1231, english translation Sov.J.Nucl.Phys. 52
(1990) 782

[31] M.A. Bernstein and W.A. Friedman, Phys.Rev. C29 (1984) 132

[32] J. Hiifner and M.C. Nemes, Phys.Rev. C23 (1981) 2538

[33] L. Johannsen, A.S. Jensen and P.G. Hansen, Phys.Lett. 244B (1990) 357

[34] M.V. Zhukov, D.V. Fedorov, B.V. Danilin, J.S. Vaagen and J.M. Bang, Nucl.Phys.
A529 (1991) 53

[35] G.F. Bertsch, B.A. Brown and H. Sagawa, Phys.Rev. C39 (1989) 1154

[36] T. Hoshino, H. Sagawa and A. Arima, Nucl.Phys. A506 (1990) 271

18

i



[37] Y. Tosaka and Y. Suzuki., Nucl.Phys. A512 (1990) 46

[38] Y. Tosaka, Y. Suzuki and K. Ikeda, Prog.Theor.Phys. 83 (1990) 1140

[39] G.F. Bertsch and H. Esbensen, Ann.Phys. 209 (1991) 327

[40] D.R. Lehman and W.C. Parke, Phys.Rev. C28 (1983) 364

[41] A.C. Hayes, Phys.Lett. 254B (1991) 15

[42] CA. Bertulani and G. Baur, Nucl.Phys. A480 (1988) 615

[43] CA. Bertulani and G. Baur, Phys.Rep. 163 (1988) 299

[44] G. Bertsch and J.Foxwell, Phys.Rev. C41 (1990) 1300, and Erratum C42 (1990)
1159

[45] Y. Suzuki and Y. Tosaka, Nucl.Phys. A517 (1990) 599

[46] T. Hoshino, H. Sagawa and A. Arima, Nucl.Phys. A523 (1991) 228

[47] A.C. Hayes and D. Strottman, Phys.Rev. C42 (1990) 2248

[48] N. Teryua, CA. Bertulani, S. Krewald, H. Dias and M.S. Hussein, Phys.Rev. C43
(1991) R2049

[49] Y. Suzuki, K. Ikeda and H. Sato, Prog.Theor.Phys. 83 (1990) 180

[50] M. Di Toro and Cai Yanhuang, Phys.Rev. C42 (1990) 2748

[51] G. Bertsch, H. Esbensen and A. Sustich, Phys.Rev. C42 (1990) 758

[52] M. Honma and H. Sagawa, Prog.Theor.Phys. 84 (1990) 494

[53] CA. Bertulani, G. Baur and M.S. Hussein, Nucl.Phys. A526 (1991) 751

[54] E. Liatard, J.F. Bruandet, F. Glasser, S. Kox, T.U. Chan, G.J. Costa, C. Heitz,
Y. El Masri, F. Hanappe, R. Bimbot, D. Guillemaud-Mueller and A.C. Mueller,
Europhys.Lett. 13 (1990) 401

[55] M. Fukuda, T. Ichihara, N. Inabe, T. Kubo, H. Kumagai, T. Nakagawa, I. Tani-
hata, Y. Yano, M. Adachi, K. Asahi, M. Kouguchi, M. Ishihara, H. Sagawa and
S. Shimoura, Phys.Lett. B, in press

[56] H. Esbensen, Phys.Rev. C44 (1991) 440

[57] H. Esbensen, in Proc.Int.Symp. on Structure and Reactions of Unstable Nuclei (ed.
Y. Suzuki) Niigata, 1991 (World Sci.Publ.), in press

19


