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Abstract

We report a search for yrays emanating from Coulomb excitation of fast (30-46 MeV/u)
radioactive projectiles 8He, 11.12.14Be interacting with a lead target. These are clearly identified
by their Doppler shift. The 320 keV 1/2- —> 1/2% v transition from 11Be was observed with a
cross-section of 19126 mb which is noticeably less than expected from the known lifetime and
in the perturbation limit of pure Coulomb excitation. In the other nuclei rather stringent upper
limits of 0.01 to 0.2 Weisskopf units, are placed on the hypothetical transition to 1~ states.
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An experiment on the Coulomb excitation of bound excited levels in nuclei having a
neutron halo in their ground state has been performed. The work is a continuation of previous
experiments at GANIL, in which nuclei with one (11Be), two (11Li, 14Be) and four (8He) halo
neutrons have been investigated via their reaction cross-sections [1] and neutron angular
distributions from the break-up of the neutron halo [2]. Just as in these experiments dealing with
Coulomb excitation to the continuum, the present work is facilitated by the very high
polarisability of the loosely bound halo, which gives rise to very large cross-sections for E1
excitation. Our test case is the nucleus !1Be, which so far is the only known halo system with a
bound excited state (at 320 keV). The lifetime and hence the B(E1) value for this state are
known from the Doppler-shift experiment of Millener et al.[3]. It was possible to populate this
1/2- state and to observe the transition back to the 1/2% ground state. Thus, for the first time, a
Coulomb excitation experiment was achieved with a high energy (45 MeV/u) radioactive beam.
We note for completeness two recent experiments [4,5] which by special techniques have
obtained Coulomb excitation of slow radioactive projectiles.

The experiment was performed at GANIL's LISE3 [6] spectrometer with secondary
beams obtained from the fragmentation of a primary 180 beam (63 MeV/u). Three independent
criteria of LISE3 were used: (i) magnetic rigidity selection, (ii) energy loss selection with an
achromatic wedge shaped degrader located at the dispersive focal plane and (iii) velocity
selection by the Wien filter. Their combination permits the selection and transmission of
secondary beams of 11Be (45 MeV/u, 103 particles per second), 12Be (46 MeV/u, 2.3 104 pps),
14Be (35 MeV/u, 250 pps) and 8He (30 MeV/u, 500 pps) with a high isotopic purity (between
90 and 95%).

The experiment was based on a strategy similar to that of our recent experiments {2]
studying the interplay between structure and reaction mechanism in the dissociation of 11Be in
collisions with light and heavy targets. The appearance of a fast 10Be fragment with beam
velocity was taken as indicating an impact parameter greater than byi,=R1+R2, the sum of the
core and target radii. As this work demonstrated, this does not exclude nuclear contributions to
the reactions: the neutron halo extends far beyond Rj. In the present experiment, described in
more detail in ref. [7], the good events were selected such that a gamma ray was detected in
coincidence with the projectile, observed after the target. We assumed that at the high energies
involved here the core-target collisions will lead to fragmentation of the projectile.

We used the experimental set-up shown in the figure 1 in which the radioactive beam
impinges onto a lead target (252 mg/cm?). In order to accept high count rates, we used plastic
scintillators (NE102) for charged particle identification and monitoring. The distance between
the target and the plastic scintillators and the size of these detectors (10x10 cm?2) define roughly
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a cone with half-opening angle of 5°: this should select the same minimum impact parameter
bmin as in the previous experiment. Three large-volume germanium counters (70% intrinsic
efficiency for the 1332 keV line of 60Co) detect in-flight y de-excitation. The Doppler shift of
these yrays depends on the angle of detection, and hence the distances from the target indicated
in Fig.1 reflect a compromise between minimum Doppler broadening and maximum solid angle.

The v lines arising from projectile excitation are clearly distinguished from those from
target excitation and from room background by their Doppler shift and the associated line
broadening. Contours on two-dimensional particle identification spectra (energy loss vs. time of
flight) eliminated contributions from the residual impurities contained in the secondary beam,
and fragments produced in the target. A time window (100 ns) selected the gamma rays emitted
in coincidence with a particle of the secondary beam resulting in strong suppression of
background. The residual background of random coincidences showed some very weak v lines,

identified as due to room background radioactivity, as well as some structures due to Ge(n,n'y)
reactions.

We start with the results for the 11Be shown in Fig. 2. The peaks with shifted positions
and large widths clearly must come from projectile Coulomb excitation: (i) the observed widths
are consistent with calculations that take into account the Doppler broadening induced by the
solid angle acceptance of the detectors, and by the momentum spread of the secondary
radioactive beam, and (ii) as can be seen from Table 1, the positions of the centers of gravity
observed in the experiment agree with the expected positions of the 320 keV line. Those are
calculated under the following assumptions: the mean energy of 11Be at the middle of the target
is derived from the magnetic rigidity of the second dipole of LISE and the energy loss in the
Coulomb excitation target by means of the program STOPX [8]. We find a kinetic energy of
E=43.0 MeV/u which gives a velocity B=v/c=0.294.

Relative to the number of incident 11Be on NE102 plastic scintillators, the number of
events in the 320 keV peak detected in each germanium detector, corrected for geometrical and
intrinsic efficiencies, yield to the differential cross-sections in the laboratory frame (Table 1).
After kinematical corrections, a measured cross section of 191426 mb for the excitation of the
320 keV level in the 11Be was obtained, assuming an isotropic distribution in the centre-of-mass
system consistent with the 1/2-—>1/2% assignment (see below). The result can be compared
with the adopted [3] lifetime of 166x15 fs, an average of three measurements, from which
B(E1) = 0.116+0.012 e2fm?2 is obtained. Under the assumption of pure first-order Coulomb
excitation [9], this value leads to a predicted cross-section of 490£50 mb for a 43 MeV/u 11Be
beam incident on a lead target.
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In the case of 12Be no gamma ray attributable to an excited 1- level was observed. In
order to convert this result into quantitative limits, we have estimated the intensities that would
lead to a detectable transition, first in a visual approach and then in a statistical analysis.
Assuming Coulomb excitation to be dominant, we measure the intensities in Weisskopf units
(W.u.) such as used in [3], that is with the statistical factor set to unity. If the statistical weight
factor of 3, appropriate for the upgoing transition, were included, our limits would be
correspondingly smaller. Fig. 3 summarizes such an analysis in the case of the detector "90°
close" for the 12Be. Having set the reduced transition probability B(E1) to 0.2 W.u. for the
transition between an hypothetical level and the ground-state, we superimpose on the lower part

of the figure the expected gaussians: the visual comparison excludes the existence of such a
level.

The second step of our analysis is based on a X? procedure. Consider a segment of the
spectrum, for exemple the energy range from 150 to 450 keV, shown in one of the insets. We
fit it first with a simple exponential, for the case of a no-peak hypothesis, and obtain a certain
value X%.We then assume the presence of an additional peak, with the following characteristics:
(1) centre of gravity Ey, apparent energy of a transition Eyp, (ii) intensity defined by an imposed
B(E1) value, and (iii) width calculated from the Doppler broadening. It is essential that the new
adjustment also re-fits the background. The net result of a search for peaks with Eyand B(E1)
varying respectively from 150 keV to 1900 keV and from 0.01 to 0.1 W.u. is as follows: in the
energy range 150-1000 keV the upper limit is 0.01 W.u. except near the energies 560-600 keV
and 830 keV, where transitions from inelastic neutron reactions on germanium or aluminium
mask the signal at the level of about 0.03 W.u., both referred to the 90% confidence level. In
the energy range 1000-2000 keV, the upper limit is 0.02 W.u. Finally, a broadened line
corresponding to 320 keV centre-of-mass energy was seen in all three detectors at the expected
energies and with an intensity close to 0.01 W.u.. We interpret this as arising from (12Be,
11Be(320 keV)) stripping with a cross-section of 35+15 mb. For 8He and 14Be the statistics are
lower, owing to weaker intensities of the radioactive beams. We find that, for the 8He, the
upper limit varies from 0.05 to 0.1 W.u. in the energy range 150-2000 keV. For the 14Be, the
upper limit varies from 0.1 to 0.2 W.u. in the energy range 150-1400 keV. In these limit
calculations, we assume that full intensities of the radioactive beams were correctly detected.

We now turn to a discussion of the 11Be result, interesting as well as puzzling: the
cross-section for fast Coulomb excitation is only 40% of that deduced from the measured
lifetime of the state on the basis of perturbation theory. As will be seen from the following
discussion, this result remains difficult to interpret, and even if there is no indication of a
possible error in the analysis, we feel that it should be regarded with some caution until it has

been confirmed in a new experiment. We note incidentally that if the spin of the 11Be ground
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state were to be 3/2 instead of 1/2, our result would agree with [3]. However, a large body of
data is consistent with the spins and parities usually assumed for the bound states of this
nucleus, and it is reassuring to realize that the assignments are unique. The essential links in the
argument are: (i) the (d, p) reaction on 10Be clearly [10] shows /=0 and /=1 for the 0 and 320
keV levels, respectively. This fixes the ground state as 1/2%. (ii) The gamma transition from the
320 keV level is so fast (see above) that it can only be E1, which confirms the parity assignment
from the (d, p) reaction and fixes the possible spins of the upper level to either 1/2 or 3/2. (iii)
An ingenious experiment by Deutsch et al. [11] on direct muon capture on 1B to the 320 level
of 11Be shows a time-dependence of the capture-to-muon-decay ratio that is only consistent with
the nuclear spin sequence 3/2 to 1/2. The time dependence arises from two effects, the existence
of a transition between the two hyperfine levels (with total angular momentum F=1,2) of
muonic boron-11 and of an F selection rule that leads to different capture-to-decay ratios for the
two hyperfine levels if the initial and final spins are different. (iv) Finally, the same experiment
[11] finds that the muon capture to the upper state is allowed and that the ground state is
forbidden. This confirms the absolute parity assignments from (i).

The two states can, to a first approximation, be assigned as the 1sj/2 and Opy/ shell-
model states, but complex-structure admixtures are essential for the inversion of the natural
order and for the precise evaluation of transition matrix elements. For a discussion of this we
refer to Millener et al. [3] who found that the transition probability is reduced to about one half
by complex-structure contributions of which the dominant one is ds;» —> p32. See also the
recent paper by Sagawa et al. [12].

The transition amplitudes for the E1 transitions in the halo nuclei approach unity for
small impact parameters and deviations from perturbation theory are expected. For the
dissociation cross section of the 11Be ground state (41 MeV/u, gold target) this effect amounted
to 4% [2] after integration over the impact parameter. It therefore seemed possible that second-
order excitations to the continuum from the 320 keV state could lead to a reduction of the
calculated cross-section [13]. However, a coupled-channel calculation with the de Boer-Winther
code and other estimates [14] show that this effect must be small.

A second possibility would be Coulomb-nuclear interference in the excitation of the 320
keV level of 11Be. This is possible because the halo wave function extends far beyond the core
radius Ry. We have performed a calculation, which as its starting point assumes that the nuclear
part of the interaction must be chosen so that it also accounts for the nuclear excitations of the
ground state of 11Be to the continuum. These are appreciable. The calculations in the sudden
approximation given in the last paper of ref. [2] found a nuclear contribution of 0.6 b to the
total calculated dissociation cross-section of 3.0 b at 41 MeV/u on a gold target. The same
calculation gives good agreement with experiment for the light targets, for which the nuclear
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contributions are dominant. We extend this model to include E1 excitations to the bound excited
level. Since there is no equivalent to the zero-range approximation for a p state, we have used a
finite square well with depth adjusted separately to reproduce the experimental neutron
separation energies of the two states in question. The dissociation cross-sections calculated with
the s-state wave function are in good agreement with those obtained previously and confirm the
validity of the "finite-size correction” used in this paper. For the gamma transition amplitude we
include the appropriate Clebsch-Gordan coefficient to take the spin into account. The calculation
in the sudden approximation gives an excitation cross-section of 387 mb. The same calculation
but with a series expansion of the interaction (dipole approximation) gives 8% more and the
nuclear term, the "wound", carries with it a reduction of 8%. The total effect of -16% is still
well below the value -60% suggested by the experiment.

Other estimates of this effect were obtained in a coupled-channel calculation done by N.
Alamanos [15] with the ECIS code [16]. The nuclear transition potential is chosen according to
Satchler's prescriptions [17], for which the essential parameter is the ARpp value, the difference
between the radii of the neutron and proton distributions. The Coulomb cross-section is in this

case 518 mb and the nuclear interference is here constructive, of the order of 2-7% (if ARpp
varies from 1 to 4 fm).

The search for 1- excited levels gave upper limits of the order of 0.01 to 0.2 W.u. for
8He and 12.14Be nuclei. Since the expected E1 transition strength is approaching one W.u., this
strongly suggest there are no low-lying 1- state in the three even-even projectiles.

We finally, d propos the halo, draw attention to an interesting inequality discovered by
Bertlmann and Martin [18]. It links the mean-square radius <r2>g of an N-body system of
particles with mass m to the excitation energy of the lowest /=1 state:

2
E1-Ep < —2D A1)

2m<r2>0
and is obtained from an argument involving essentially the Thomas-Reiche-Kuhn sum rule. It
applies both for particles bound to a heavy core and to a system of identical particles interacting
through attractive forces. For most simple, quantum mechanical system the bound is close to an
equality, but nuclear physics shows that states with a complex structure can give much smaller
values. The first state with opposite parity to the ground state in 224Ra is found at an energy of
16% of that given by the Bertlmann-Martin bound, and for !1Be the ratio is as low as 4%.

The approach described here should be immediately applicable to the many fast
radioactive beams that now exist around the world. With 11Be ions of intermediate energy (43
MeV/u) and relatively low intensity (103 pps), it has been possible to observe the Coulomb
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excitation of this halo nucleus with a, by modern standards, very modest detection system.
Meaningful limits have been set for the nuclei 12.14Be and 8He.
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Tablel
Expected and experimental energies for the Doppler-shifted 320 keV gamma-line, and
differential cross-sections in the laboratory frame

_ Eygy1-p*

Detector ~ EY =75 00" (eV)  Ev(exp) (keV) 99 1y (mb/sir)
dQy
55° 367,9 369,3£0,6 16,1 £ 3,5
90° close 305,9 306,9 £ 0,5 158 £3,6

90° far 305,9 308,7 £ 0,2 11,6 £29
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Fig. 1 - Experimental arrangement.

Fig. 2 - Gamma spectra in the relevant energy-range for the 320 keV transition in 11Be. The
vertical line shows the expected position of the Eyp=320 keV peaks when de-excitating nuclei
are at rest. In the present case of fast moving projectiles, a large Doppler shift is present. At 90°
we observe the influence of second order contribution (see Table 1). The widths are dependent
on the target-detector distances and exceed the detector resolution (3 keV at 1332 keV). The
strong continuous background arises from y rays from reactions in material along the beam path
such as the exit window of the spectrometer and the plastic scintillators themselves.

Fig. 3 - Search for peaks in the spectrum of the "90° close" germanium detector, for the case of
the 12Be radioactive beam. In the lower part of this picture, superimposed to the experimental
spectrum, are shown the expected line shapes for hypothetical levels of different energies
(Eyp=320 keV, 500 keV, ...), all with the same reduced transition probability equal to 0.2
W.u. Note how the line shape clearly distinguishes the gamma rays due to projectile excitation
from those in the background. The inset summarizes, in terms of contour plots, the X2
procedure described in the text.
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