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Abstract

The magnetic moment 6f Be was measured by detecting nuclear magnetic resonance sig-
nals in a beryllium crystal lattice. The experimental technique applied tBa' ion beam

from a laser ion source includes in-beam optical polarization, implantation into a metallic
single crystal and observation of rf resonances in the asymmetric angular distribution of the
B-decay -NMR). The nuclear magnetic momemnt''Be) = —1.6816(8) ux provides a
stringent test for theoretical models describing the structure of therigRtron halo state.
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Halo nuclei are weakly bound nuclear systems with an extraifé ratio, which have
a neutron (or proton) density that extends far beyond the core of the nutiBesis the best
known case of a one-neutron halo nucleus and it has been studied quite extensively, mainly
using reactions induced by radioactive ion beams.

From interaction cross-sectionsf0 - A MeV '!'Be nuclei with different targets a large
rms matter radius fol'Be was deduced using a Glauber-model calculation [1]. This was taken
as an indication for either a neutron halo or a large deformation. Additional information from
reaction studies of a3 - A MeV 'Be beam yielded the density distribution of tH&e nu-
cleus [2] showing an extended low-density tail which could not be explained by deformation,
but clearly shows the existence of a neutron halo. Also the angular distribution of neutrons in
dissociation reactions 6fBe supports the assumption of a halo [3].

11Be has two bound states/@™ and1/27), both presenting a halo structure, which are
connected by a very strorgl transition [4]. Contrary to what one would expect from the stan-
dard shell model, the ground state is pgt but al/2" intruder state from thed shell. Various
theoretical approaches have been proposed trying to reproduce these peculiar properties. Large-
basis shell-model calculations [5, 6, 7, 8, 9, 10, 11, 12] do not invariably reproduce the parity
inversion ascribed to a combined effect of core excitation to thefirsttate, pairing block-
ing and proton-neutron monopole interaction [9]. Realistic spatially extended wave functions
of both thel /2" and1/2~ states are needed to explain the strémgtransition [6]. The vari-
ational shell model [10], proposed to describe nuclei containing loosely bound nucleons, gives
the correct level ordering and the halo structure, but fails to reprodudgltisérength. A good
description of all these aspects was recently obtained in a microscopic cluster model [13].

Concerning the structure of the lowereéd2* state all the model approaches have in
common that the main component of the wave functiof{'fBe)0" x 12s;5), whereas the
predicted admixture of the core excitgd’Be)2" x v1ds,,) state ranges from 10 % to 40 %.

The magnetic moment should be particularly sensitive to the relative amplitudes of these two
components. Thus, in combination with a theoretical analysis, a measurement of the magnetic
moment of'!Be would give detailed information about the wave function of the halo neutron.

In this letter we report on the measurement of the magnetic momenBef[*], per-
formed bys-NMR spectroscopy on implanted polarized nuclei. The experimental technique is
closely related to the one employed for measurements of the nuclear spin and electromagnetic
moments of''Li [14, 15] and of the quadrupole moments of Na isotopes [16]. An isotope-
separated 60 keV beam is polarized by optical pumping and implanted into a crystal lattice,
where nuclear magnetic resonance signals are observed in the asymmetric angular distribution
of the 5-decay (-NMR).

The present experiment involves some novel featurggdnefficient source of radioac-
tive Be" beams emerged from the development of laser ionization schemes [17] now being
widely used at ISOLDE.ii) The'!Be case constitutes the first application of optical polariza-
tion to anion beam instead of a neutralized beam, necessitating efficient optical pumping in the
ultraviolet resonance line with the low output power of a frequency-doubled cw dye laser. In
addition to that, the first-forbiddefi-decay to''B allows no safe prediction of the asymmetry
signal to be expectediii) The magnetic field at the site of théBe sample may be calibrated
by performing a similar experiment on*hi beam obtained from the same target and surface-
ionized at the hot walls of the ion source.

The experiment was performed at the ISOLDE facility at CERN. Beryllium isotopes were
produced by fragmentation of uranium in a heated, W&get exposed to the pulsed 1 GeV
proton beam from the PS-Booster synchrotron. They diffused into a tungsten cavity in which
resonant laser ionization from the? 1S, atomic ground state vizs2p ' P, to an auto-ionizing
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state took place [17]. The laser beams used for the two-step ionization process were obtained
from copper-vapor-laser pumped dye lasers combined with respectively frequency tripling and
frequency doubling. The ions were extracted electrostatically out of the cavity, accelerated to
60 keV, mass-separated and guided to the experiment.

For optical excitation the ion beam was propagating collinearly with a cw laser beam
whose wavelength was tuned to the (Doppler-shifted) Bell transitiohS;,» — 2p 2P 5.

About 1 mW of 313 nm laser light was obtained by intra-cavity frequency doubling of an
Art-laser pumped dye laser running on Sulforhodamine B dye. In a preparatory experiment,
fluorescence detection of resonant optical excitation was used to measure the isotope shift and
hyperfine structure (hfs) far*1°Be produced copiously from a carbon target. These measure-
ments yield the previously unknown magnetic momentR¢ [18] and in particular the mag-
nitude of the specific mass shift [18], facilitating considerably the searchBef resonance
frequencies. Beam intensities ovél atoms per second were available for these long-lived or
stable isotopes, whereas tHh8e yield was only a fewt0° atoms per second.

The half-life of 13.8 s is just sufficiently short forl&aNMR experiment which requires
the decay of implanted polarized nuclei within the spin-lattice relaxation time. This technique
is by far more sensitive than fluorescence detection of optical excitation. Furthermore, a direct
NMR measurement of the nuclegfactor is expected to be at least an order of magnitude more
accurate than an optical hfs measurement.

Circularly polarized ¢*) light was used to polarize the Bdoeam, and a weak longitudi-
nal magnetic field was applied to the optical pumping section of 1.5 m length, kept at a variable
electrical potential for tuning the Doppler-shifted laser frequency into resonance. Polarization
of the total (electronic and nuclear) spin system was created in several cycles of excitation and
decay. A gradually increasing guiding field was used to rotate and then decouple the spins adi-
abatically while entering the transverse field of the NMR magnet (about 0.3 T). The ions were
implanted into a beryllium single crystal placed in the center of this magnet. Electrostatic de-
flectors were used to compensate the magnetic forcedecay of the polarized nuclei was
detected by two scintillation counter telescopes placed between the thin windows of the vacuum
chamber and the magnet pole faces. The host crystal was cooled to about 50 K to slow down
the relaxation(; = 2.5 s at 300 K) by a factor of 5.

The 3-decay asymmetry reached about 1 % for optical pumping in the strongest hfs com-
ponent. In principle this scheme should provide complete nuclear polarization, but the power
density of the ultraviolet laser beam was far below saturation. Taking this into account as well
as the relaxation losses we estimateghdecay asymmetry parameter (averaged over all decay
channels and-ray energies) to be at least 20 %.

Now the complete hfs pattern was recorded by applying a voltage sweep to the optical
pumping section. The hfs splitting already gives a rough value for the magnetic moment, and
in addition it gives the sign which of course is expected to be negative for /the neutron
state. With this preliminary information the frequency scanning range for detecting the Larmor
resonance (around 7.5 MHz) could be restricted to about 5 %.

In the NMR experiment th@-decay asymmetry is destroyed by coupling the nuclear
Zeeman levels through rf irradiation at the Larmor frequency. Well-saturated NMR signals
were observed and finally narrowed to about 10 kHz by reducing the rf power (Fig. 1). The
experimental line shapes are influenced by non-statistical fluctuations of the asymmetry signal
mainly caused by power instabilities of the two laser system€l{anges in the output of the
frequency-doubled dye laser used for optical pumping directly translate into changes of nuclear
polarization, whereadi] fluctuations in the ion source efficiency interfere with the timing of
the scan (about onéBe half-life integration time per channel) via the exponential radioactive

2



10F T T T T T T ]

0.8

04

10f ' ' ' ' ' ' y
0.8 - i

0.6 4

B-asymmetry [%]

10 -

opb— v v oy
782 783 784 785 786 7.87 7.88

rf [MHZ]

Figure 1:5-NMR signals of'!Be nuclei in a beryllium host crystal.

decay and the relaxation. Apart from these fluctuations the NMR spectra at low rf power turned
out to be well described by a single Gaussian. In order to avoid uncontrolled errors in the deter-
mination of the resonance frequency we took seven independent spectra and used the deviations
from the mean value together with the fitting results for evaluating a realistic error. This analysis
yields the Larmor frequency of 7.8508(6) MHz.

For an evaluation of the nuclegrfactor it is necessary to calibrate the magnetic field
at the position of the implanted sample. This could be done in an elegant way by measuring
the Larmor frequency ofLi [14] in the identical NMR setup, using a beam from the same
target produced by surface ionization. The technique is similar to the one describéBeor
but optical pumping of lithium requires some modification of the apparatus, to be achieved
within a few hours. A beam of neutral lithium atoms was obtained by charge exchange on
sodium vapor produced in a heated cell to which the Doppler-tuning potential was applied. The
laser (operated on DCM dye) was tuned to rheQSm — 2p 2P1/2 resonance line at 671
nm. The3Li resonance (Fig. 2) was found to be essentially Gaussian with a width of 3 kHz. The
deduced Larmor frequency of 1.9301(5) MHz includes an error accounting for possible shifts of
the resonance center by the unknown quadrupole interactitn infthe beryllium lattice. This
influence was estimated from simulations of the line shape in comparison with the experimental
curve.

Different positions of the implanted spot on the crystal could involve slight differences
between the magnetic fields used féBe and for’Li. Field inhomogeneities over the 12 mm
diameter of the crystal were measured with an NMR probe to be smaller thdnOn-line
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Figure 2:5-NMR signal ofSLi nuclei in beryllium serving for calibration of the magnetic field.

checks were performed during tHée experiment by moving the 5 mm ion beam spot over the
crystal with no measurable effect on the Larmor frequency. Field drifts of the éreer0—°
occurred during the two days of data taking. These drifts were monitored with a Hall probe.
Apart from the time of changeover from the original to the calibration setup their influence
on the resonance position is largely included already in the averaging over the results of the
individual measurements.

Using the reference value for the magnetic momeALDfL9], 1 (®Li) = 1.653560(18) v,
we obtain the magnetic momentd8e, 1(''Be) = —1.6816(8) . The difference in the dia-
magnetic corrections for Be and Li, though practically negligible, has been taken into account.
The quoted error includes an uncertainty from the Knight shift. This shift is known to be very
small for Be in beryllium [20], and it can be estimated for Li in beryllium to be less than
2 x 10~* from the systematics of results for thiei spin-lattice relaxation obtained in similar
systems [21].

The magnetic moment should reflect the composition oftBe ground-state wave func-
tion. Most experimental information [1, 2, 3, 22] has been found to be consistent with the
assumption of a well developed one-neutron halo state of essentigllyature. The large vari-
ation in theoretically calculated amplitudes of ti€'Be)2" x v1ds/,) admixture [5, 6, 7, 8,
9, 10, 11, 12] must be due to particularities of the models, e. g. in the construction-efl a
cross-shell interaction or in the ways of incorporating the features of weakly bound halo struc-
tures. Nevertheless, the predictions for the magnetic moment are generally clo$e joy
[10, 11, 23].

Using recent empirical interactions for thesd region [8] and free-nucleop-factors
Brown [23] obtained-1.58.y with the WBP interaction and 1.49.y with the WBT interac-
tion. In both calculations thR™ x d5,,) component contributes about 20 % to the ground-state
wave function. The calculated moments, being already smaller than the experimental value, are
further reduced to about1.2..y by taking an effective value df.78¢, for the g,-factor of
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the neutron as obtained from a fit to 13 magnetic momengs af-shell nuclei f]. In compar-

ing this with the experimental value one may conclude that fe halo state is of even purer

s1/2 character (with a Schmidt value of1.91uy) than the particular interactions predict. A
previous shell-model calculation by Millener [24] based on the MK interaction [5, 6] and using
the free-neutrorny,-factor gave—1.71uy, a value which is very close to the experimental re-

sult. Compared to other calculations the enhanced value of the magnetic moment can be traced
to a larger|0* x s,,,) parentage in the wave function. However, as long as the quenching of

g, for halo states cannot be calculated reliably (see below), the agreement may be regarded as
fortuitous.

Suzuki et al. [25] based their prediction for the magnetic moment on variable relative
amplitudes of thg0* x s, 5) and|2* x d5,») components, and they included corrections for the
influence of meson-exchange currents. By analyzing the situati®Cithey assumeg,*t =
0.85 gs°. The prediction of-1.5 u for a 40 % component g2 x ds») is then consistent
with the situation suggested by the variational shell model. However, the experimental value
of —1.68 un is incompatible with the range of predictions reaching the maximum (negative)
value of —1.62 u for a pures, /, configuration. On the other hand, the variational-shell-model
results [10] seem to be in accordance with recent preliminary data [26] on the transfer reaction
p(*'Be, °Be)d. Spectroscopic factors for the reaction channels t0thground state and the
2" excited state of’Be suggest a strong@* x ds») component for'Be.

As we have shown, we may interpret the magnetic moment as compared to the shell-
model calculations in support of a pronounced (and relatively pys¢ halo state. The halo
structure will reduce core polarization compared to equivalent configurations in other nuclei.
This also means that shell-model calculations not accounting for the exotic spatial structure of
the!'!Be wave function will implicitly overestimate the quenching of thefactor. Presumably,
the shell-model predictions of about .5 11y, coOmpared to the experimental value-of.68 1.y,
are influenced by this effect. Thus a coherent description of'fRe nucleus will depend on
further theoretical investigations quantifying these arguments.
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Fund for Scientific Research - Flanders (F.W.O.).

References

[*] A preliminary stage of this experiment was reported at the ENAM 98 Conference at Bel-
laire, Michigan (AIP Conf. Proc. 455, p. 110).

[1] The fit for the effectivey-factor crucially depends on the magnetic momentGfused also
by Suzuki et al. [25] as a representative of a well-bound spherigasystem.

[1] I. Tanihataet al., Phys. LettB 206, 592 (1988).

[2] M. Fukudaet al,, Phys. LettB 268 339 (1991).

[3] R. Anneet al, Nucl. PhysA 575, 125 (1994).

[4] S.S. Hannat al, Phys. RevC 3, 2198 (1971).

[5] D.J. Millener and D. Kurath, Nucl. Phy# 255, 315 (1975).

[6] D.J. Milleneret al,, Phys. RevC 28, 497 (1983).

[7] A. G. M. van Hees and P. W. M. Glaudemans, Z. P#y815, 223 (1984).

[8] E. K. Warburton and B. A. Brown, Phys. Re9.46, 923 (1992).

[9] H. Sagawa, B. A. Brown and H. Esbensen, Phys. [R809, 1 (1993).



[10] T. Otsuka, N. Fukunishi and H. Sagawa, Phys. Rev. [Z&t1385 (1993).

[11] N. A.F. M. Poppelier, A. A. Wolters and P. W. M. Glaudemans, Z. PAy346, 11 (1993).

[12] H. Esbensen, B. A. Brown and H. Sagawa, Phys. Rey1, 1274 (1995).

[13] P. Descouvemont, Nucl. Phy&.615, 261 (1997).

[14] E. Arnoldet al, Phys. LettB 197, 311 (1987).

[15] E. Arnoldet al, Phys. LettB 281, 16 (1992).

[16] M. Keim et al., Hyperfine Interaction87/98 543 (1995) and to be published.

[17] J. Lettryet al, Rev. Sci. Instr69, 761 (1998).

[18] S. Kappertzt al,, to be published.

[19] A. Winnackeret al, Phys. Lett67 A, 423 (1978); recalibrated according to P. Raghavan,
At. Data Nucl. Data Table42, 189 (1989).

[20] D. E. Barnaakt al,, Phys. Rev157, 510 (1967).

[21] P. Heitjanset al,, J. Phys. (Paris}1, C8-409 (1980).

[22] F. Ajzenberg-Selove, Nucl. PhyA.506, 1 (1990).

[23] B. A. Brown, private communication.

[24] D. J. Millener, private communication.

[25] T. Suzuki, T. Otsuka and A. Muta, Phys. Lét364, 69 (1995).

[26] S. Fortieret al., Proc. 2nd Int. Conf. on Exotic Nuclei and Atomic Masses (ENAM 98),
Bellaire, Michigan, USA, 1998, eds. B. M. Sherrill, D. J. Morrisey and C. N. Davids, AIP
Conference Proceedings 455, Woodbury, New York (1998), p. 239.



