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- symmetry of the eclipses around inferior conjunction.
= i\[fr,:lT ;is&ussionyof the various mo<_:]els must be left to a later
gper. 71 summary, however, we believe that the most cor_npelll-
cal depy, ?'m, arguments favour models based on frce-free_ abSO.l'ptlonvm
33(5) ;ioni:ad medium, despite some serious the_orencal dlﬂicult_les
28 (g) qth the production of, and conditions in, the absorbing
19(g) s
T 'The ‘requency dependence of the eclipse length first lent
«den ¢ to free-free absorption mechanisms*®'°. The observed
-;me deiays strengthen these models, as radio signals are delayed
and Ay wproragation through aruom'zed medium. Using the maximum
%0-50%“}- glay of 500 us at our ob_servmg frequenl%v 0{%.67 GHZ gives
quEnciesl g eleciron coiurpn denspy of ~1.0x10"%¥ cm at_the cl_osest
pse Cdgeg. pproa ,h_ of the line of sight to the_ pulsar—compam.op axis. A
Occasio,;: ough =stimate of the electron.densny comes from dw:dmg t'hlS
veral lage, UIE 7Y 7the P}ulsarfcompamon separation, 0.85 Rg, giving
tated, g ,=2x 10" em ™. If we further assume a uniform electron distri-
ght curye ation. the plas:_na temperature required to produpe the obselrlveid
the epoch thical‘ depth in a thermal free-free absorption model!! is
se. At the -H00C K- -
sducedpy Amere reﬁnegd {_althoqgh still s1rppl1ﬁed) maQel was suggesteld
~12.Th ¥ Rasio et al’, in which the wind is spl_lencally symmetric
nonstrates ;i;.?ut the companion and the el;ctror} de_nsxty drops as n.(r)oc
he optical - Although tht?se are clearly idealizations, the echpse sym-
en orbity Y :1oes prov1_de some support for ‘these assumptions. (A
ngth, ang fodel incorporating emission of the w1qd from only the half
bility may i the companion nearest the pulsar gives nearly the same
se during  wults.) _ N _ ,
‘ions were  [he model incorporates the inclination of the orbit to the line
tivity than _Vsight, which is unknown, except that it must be large enough
nd eclipse o the line of sight not to intersect the companion, yet small
:d signals #cugh to allow the eclipse modulation to be seen, We assume
ompanion #imMpact parameter at inferior conjunction of twice the Roche
we radius, 2rg =0.3Rg, noting that our conclusions will be
e substan- fiher insensitive to this assumption. )
us at 1.67  [n this model, the free electron density is again calculated
elayshave ™M toe observed delays during eclipse: n.(r)=~6x 10" cm >
pse edges /) - In the free-free absorption model, the electron tem-
r observa- ¥ratuis can be calculated in two extreme cases’: an isothermal
SIGH: ind, 7(r}= Ty, and an adiabatically cooled wind, T(r)=
ation pro- T(r/r2)™*>. From the observed optical depth at inferior con-
been pro- ction, the required electron temperature is T =3,600 K for
-24A and ' iscthermal case and T(r)=15,000(r/ re) ¥ K for the
he strong diabatic case. The similarity of these results to our previous
/ and the Wgh calculation suggests that similar general results can be
“pected from less idealized assumptions.
_The low temperatures predicted are the primary difficulty with
te-frcz models. For thermal ablation to occur, the companion’s
;Urface must be extremely hot. Fora 0.1Mg, 0.1Rs companion,
% ‘escape temperature’ for hydrogen is roughly 6 x 10° K, and
‘s fa- from clear how to cool the material rapidly to the
ijervcd temperatures. A complete free-free model must there-
M inciude either an efficient cooling mechanism, or a nonther-
Ul source for the companion wind, such as Roche lobe
Aerflony,
n occurs at ASSu*qing this objection can be overcome, we can use the
> the mean erved electron density to estimate the rate of mass loss from
b, Residudl e toripanion, and hence how long it will last. If the wind has
lotinclu®S ftlocit: y and ionization fraction & (which is frozen in after
Ptios, as the wind is far from ionization-recombination
r.uliibrium‘o), then the evaporation timescale is
() ~(eis) e ()
m d7rapro ~700¢ (Uorb) i
_:f‘ff@ "o =6%10"cms™" is the companion’s orbital velocity.
_Tlon'zation fractions greater than a few per cent and any
;zforlé_i le values of , this time is greater than the Hubble time,
jiéciilig that ablation alone may be insufficient to leave
/%= 24A as an isolated millisecond pulsar. ]
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Observation of quantum
supershells in clusters
of sodium atoms

). Pedersen®, S. Bjornholm*, J. Borggreen*,
K. Hansen*, T. P. Martint & H. D. Rasmussen®*

* The Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17,
DK-2100 Copenhagen @, Denmark

T Max-PLanck-Institut fiir Festkérperforschung, Heisenbergstrasse 1,
D-7000 Stuttgart 80, Germany

ATOMIC clusters of sodium and other simple metals are known
to exhibit a shell structure, giving rise to enhanced stability at
certain ‘magic numbers’ of constituent atoms'>. Balian and Bloch
have shown® that such shells are the likely result of particularly
stable electronic structures: electrons in a spherical cavity
(approximating the potential in the clusters) follow semiclassical
triangular or square orbits, leading to a shell structure similar to
that in atoms®, and stable configurations occur at magic numbers
proportional to the cube root of the number of electrons. Balian
and Bloch® also predicted that the existence of both triangular
and square orbits, with slightly different periodicities of their magic
numbers, should lead to a ‘quantum beating’ effect that imposes
a low-frequency envelope on the periodic variation in cluster stabil-
ity with increasing size, in effect creating an additional ‘supershell’
structure. Here we report the observation of this supershell effect
in sodium clusters with up to 3,000 constituent atoms.

The semiclassical theory of Balian and Bloch* was extended
and applied to idealized spherical sodium droplets with some-
what diffuse potential walls®. A quantum beat was found in the
shell structure, with a pronounced minimum being predicted
around size N = 1,000. The semiclassical results were compared
to and found to agree fairly closely with the eigenvalue spectrum
obtained by solving the stationary Schrodinger equation for
independent electrons in the same potential. In hydrogen there
is a one-to-one relation between a classical orbit and the corre-
sponding quantum eigenstate. Both pictures predict the well-
known shell structure in hydrogen. With potentials like those
of a spherical metal cluster, the one-to-one correspondence
between individual classical and quantum ‘orbits’ is lost.
Nevertheless, the bunching of quantum levels into shells can
still be understood*® in terms of the system of closed orbits
(polygons with more or less rounded corners) available to a
classical particle moving in the same potential. From this
description it becomes possible to see that the quantum beat
mode results from an interference between classical triangular
and square orbits, because these emerge as the dominant and
equally important contributors to the quantum shell structure™®.

Experiments have shown that the spherical mean field
assumption used in the shell structure calculations is valid for
sodium clusters extending in size beyond 600 (ref. 7), possibly
even to N =1.400 (ref. 8). A recent laser warming experiment’

732




LETTERS TO NATURE

Cluster intensity Iy (106)

Relative intensity change
<Apnlpy > (10 4

1

264 :J

F
{

| il |

a 200 400 500 a00 1,000 1,200 1,400 1,600

Cluster size N

provides additional evidence for the existence of quantum shells
up to N =<2,500 in sodium.

Our experiment is based on measurements of the size distribu-
tion of metal droplets produced by expansion of metal vapour
through a fine nozzle. Sodium vapour is generated in a stainless
steel vessel held at 700-800 °C, and the expansion is assisted by
pressurizing the vessel with a large surplus of argon or xenon
gas. The mixture is expanded into a 3-m-long, differentially
pumped flight tube, resulting in a narrow beam of free-flying
metal clusters with velocities close to the initial thermal speed
of the argon or xenon atoms’. In the expansion and clustering
process, lasting about 100 ns, the noble gas medium cools to a
few tens of kelvin® In the sodium clusters, on the other hand,
there will be a competition between heating, due to condensa-
tion, and cooling, due to collisions. We believe that the
resulting internal temperature in the freshly formed clusters

Cluster size N
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FIG. 2 The quantum beat. Relative changes (A, Inly), in experimental
cluster abundance /, corrected for the effect of temperature and size. The
maodel considerations behind the corrections are described in refs 11-13.
Measurements from ref. 7 are also shown (crosses). The logarithmic ampli-
tudes A, In y are scaled by an extra factor of 0.2 to account for the superior
mass resolution and the use of equation (1) instead of equation (2) for
these data.
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FIG. 1 Mass spectrum and its logarithmic derivative. g, Example of -
abundance distribution for sodium clusters produced by adiabatic exDaﬂSror:
and measured after 1 m free flight by time-of-flight mass spactrometry b
Log?ri)thmic derivative (A, In ), of the resuits in top pane according';d
eq. (2).

is ~100-200 °C below the oven temperature. In the ensuing free
flight (for ~1 ms) the droplets will therefore lose sodium atoms
by stepwise evaporation, cooling to ~100-200 °C. This evapor-
ation process is sensitive to shell-like variations in the atomic
separation energies; and these variations are thought to be
responsible for the step-like modifications of the experimentally
observed size distributions”™'?, although the pre-evaporation size
distributions are presumably completely smooth.

The size distribution is sampled 1 m downstream by time-of-
flight mass spectrometry’. Ultraviolet photons with energies
close to the ionization threshold and an energy spread of 1eV
(compared with a total Fermi energy in sodium of 3.24 ¢V) are
used to produce a representative sample, in the form of ions,
from the otherwise neutral size distribution. Figure la shows
an example of an abundance distribution I, against NV obtained
in this way. For sizes up to N = 300, the bell-shaped abundance
distribution is clearly scarred with saw-tooth or s-shaped
irregularities at certain ‘magic’ sizes. As the interest focuses on
these, it is convenient to display the experimental result in terms
of relative intensity changes:

(INH—‘I.') (1}

Ailnly=In(Ine/In)=2
yn Iy =In (I /In) T b

This makes the magic numbers, N, stand out very cledrly a
dips’. As one sees from Fig. 14, the steps signalling shell closures
tend to be obscured by noise due to finite counting statistics for
the higher N-values. In this situation we have found it useful
to generalize equation (1). This is achieved by calculating 2
weighted logarithmic derivative for properly spaced mass
points N,

(A In IN)IC{)

KU
2(1‘\'+1+K - IN—K)(zK + 1)/(1.\‘?14-}{ + I;\—K )
_ K=3Ko/3 (2)
= =
Y (2K +1)°
K=2Ky/3

choosing values of K,=0.03N. The derivative is thus sampléd
over intervals of 2K,+ 1, which is +3% of the actual s1z¢- In
this way we can scale up the measured derivatives in order %
display small irregularities in the intensity pattern. Figur®
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ows the result. There is a strong decrease in the amplitudes
of the shell dips with little or no sign of a beat mode.

There are two reasons for this decrease. First, shell structure
s due to periodic variations in an otherwise uniform single-
dn]_(, electron level density. In a medium of constant density
4ith constant Fermi energy, or, equivalently, constant width of
e €O aduction band, the spacing hw,,., between consecutive
podulations will decrease as 1/n where n is the number of
sccupicd shells. This vylll cause a decrease proportional to Ng"/

o the =xpected dips®’, as n is proportional to N2, If further-
qore, “ae amplitudes ot the shell modulations decrease as N ”f‘
e overall decrease will vary'' as Ng'/?, even at zero absol ute
emperature. Second, more lmportantly, temperature'®'>1?
ends 0 wash out the observable shell structure. The effect
mcrezses exponentially'' in the effective temperature param-

dl

gter 7,
A2
7= kg T—— (3)
fwgpey
with
o ey =265/ noc N71° (4)

Here, %y is Boltzmann’s constant, T is the real temperature at
the time of sampling the abundance distributions, estimated"
1o be <00-500 K, and er=3.24 eV is the Fermi energy.

To -ompensate for these effects, we have scaled the experi-
menta! logarithmic derivatives, (A, In Iy )k, (see Fig. 1b) by the
fictor N'/? exp (cN'?), setting ¢ = 0.65. The results are presen-
d in Fig. 2. They are plotted as a function of the linear
dimersions of the clusters, ~ N'/?, and comprise all results from
wr series of experiments, supplemented with some previous
tesults” from the lower size range. The shell dips are equidistant,
s expected from theory®. In addition, the amplitudes of the
dips vary systematically. As the scaling function increases
monoronously, it cannot by itself introduce the large-scale
modulations seen in Fig. 2. These have the character of a beat
node with a minimum near N = 1,000, as predicted by semi-
Classn al theory*®

2 further verzﬁcanon ofthzs quantum beat, F1g 3 presents
aplot of the cube root of the magic numbers, No , against the
nnning index, n, which represents the period (or shell) number.
The simplest representation of a beat mode is the sum of two
twsine functions of n with slightly different wave numbers k,
ind k—, and k, + kg =47

+
cos (k,n)+cos (kon) =2 cos (%n}

X COS (-ki\—;—kgn) (5)

The m; ruma of this function will be equidistant, sharmg a phase
hift o in each time the envelope factor changes sign, that is,
Yith exch new superperiod. As seen in Fig. 3, the experimental
“ta siow exactly these features. The plot is linear in N} and
Fhﬁre is a phase shift of 1/2n, which occurs just where the
Mensities (Fig. 2) pass through a minimum. A plot of the
Meorerically predicted shell closures® has the same two features.
\‘016 that the results of Fig. 3 can be obtained directly from
fle experimental data, before any correction for the effect of
¢ and temperature is introduced).
The ‘ength of the shell periods, implied by the slope factor
61=9.01) from Fig. 3, also supports an interpretation in terms
Telassical triangular and square orbits. In connection with an
aEher study, extending only to N =600, we have shown’ that
Yeetrons moving classically in triangular and square orbits of
tal wgth L will have mlcser action values, pL = nh for sizes
+3peced at intervals AN'? =061, if they have an average
Ome=-m n equal ro the Fermi momentum in sodium metal
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FIG. 3 The phase shift. a Cube root of the magic numbers from Fig. 2,
signifying shell closures, plotted against shell number n. For higher shell
numbers the points fall on two straight lines, phase-shifted by 3n. This is
shown more clearly in b, where a straight line has been subtracted from
the data above.

sizes, the average momentum and energy of the least bound
particles will have to be slightly larger or smaller to fulfill Bohr’s
quantization condition. This is one way of explaining the shell
oscillations. The beat mode comes about because the lengths L
of triangular and square orbits differ slightly.

In summary, we have shown that the conduction electrons in
droplets of sodium metal form a quantum system with periodic
shell structure in analogy to the periodic system of the atomic
electrons. The measurements have been extended to drops con-
taining 3,000 conduction electrons. Altogether, 22 shell periods
have been identified and found to form a beat pattern in the
amplitude of the shell effect, where ~10 adjacent shells are
grouped together into a supershell. These features agree with
the semiclassical theory of Balian and Bloch®, describing the
quantal shell structure in terms of closed classical orbits. Sodium
clusters therefore form a suitable model system for the study of
shells with large quantum numbers, where the correspondence
between ordered classical motion and quantum shell structure
becomes apparent.

The experiments are performed with clusters having finite
temperatures, whereas the theories apply to zero temperature.
As a result, the observable effects are hundreds of times smaller
than the zero-temperature predictions. The survival of measur-
able effects indicating systematic interference between distinctly
different triangular and square orbits despite overwhelming ther-
mal noise is one of the surprising results to emerge from our
work. O
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