
of any other phase formation resulting from 
reaction between the iron and the pressure 
medium. Although the sample contained 
only MgO and iron, small traces of oxygen 
and water can never be totally ruled out. 
We watched the sample on the monitor and 
observed no visible reaction during heating. 
After the experiment, the pressure was re-
leased and the iron completely reverted to  
the bcc phase. None of the x-ray peaks in 
Fig. 2 correspond to any iron oxides (mag-
netite, hematite, or wustite). Although 
there are additional peaks that do not be-
long to E (hcp) iron, the analysis is compli-
cated by the fact that the x-ray pattern 
includes peaks from the untransformed hcp 
iron; this is because the laser heam heats 
only part of the iron while the x-rays pass 
through the entire thickness of the sample. 
Therefore, the dhcp peaks necessarily in-
volve the peaks from the hcp iron as well. 

The  calculated lattice parame~crs(-38 
GPa an$ 300 K)  are a = 2.396 A and c = 
3.814 for the E (hcp) phase and a = 

2.427 A and c = 7.66 A for the dhcp phase 
(Fig. 3). The  molar volumes for the E and 
dhcp phases are 5.71 and 5.89 cm3/mol, 
respectively (with unknown errors); these 
values are consistent with the thermody-
namic assessment of such data (4) if the 
new phase is considered as P iron. Table 1 
shows the calculated diffraction pattern of a 
sample (heated for 3.5 min) and after tem-
perature quench (pressure maintained). 
Many of these peaks correspond to the E 
hcp phase and not necessarily to the new 
phase. The  calculated molar volurue of the 
heated sample is 6.246 cm3, as compared 
with 5.92 c1n3 for the cluenched sample 
under a pressure of 35 to 40 GPa. 

The x-rav studv confirms that iron oc-
curs as at least foi~rdifferent crystallograph-
ic structures. Because the E (hcp) iron was 
the only phase recognized as a suitable 

Table 1. Calcul$ted x-ray diffractionpattern for 
dhcp (a = 2.427A,c= 7.666A,Mo Kc=,radiation, 
P = 35 to 40 GPa, T = 300 K).I, relative intensity. 

hkl d (4 i (%) 

high-pressure phase for Earth's core, all geo-
physical models of the core have been based 
on  properties of the E iron. W e  must now 
consider that one or more additional iron 
phases in Earth's core are possible. 

Note added in proof: Recent x-ray diffrac-
tion-laser heating measurements (8) also 
provide evidence for a new phase in a pres-
sure-temperature range similar to that stud-
ied here. 
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Excitation of Spirals and Chiral Symmetry 
Breaking in Rayleigh-Benard Convection 

Robert E. Ecke," Yuchou Hu, Ronnie Mainieri, Guenter Ahlers 

Spiral-defect populations in low-Prandtl number Rayleigh-Benardconvection with slow 
rotation about a vertical axis were measured in carbon dioxide at high pressure. The 
results indicate that spirals act like "thermally excited" defects and that the winding 
direction of a spiral is analogous to a magnetic spin. Rotation about a vertical axis, the 
spiral analog of the magnetic field, breaks the zero-rotation chiral symmetry between 
clockwiseand counterclockwisespiral defects.Many propertiesof spiral-defect statistics 
are well described by an effective statistical-mechanical model. 

T h e  discovery of spiral-defect chaos 
(SDC) in Rayleigh-Bknard convection ( 1  ) 
was co~npletely~rnexpectedand challenged 
long-standing theoretical ideas (2 )  about 
the possible states and dynamics of convec-
tion. Since the initial experinlel~talobser-
vations. numerical simulations 1.3) and ex-~, 

perimental work (4 ,  5) have confirmed the 
robust nature of the spiral state (Fig. 1A). 
One aspect of spiral defects that differenti-
ates them from defects in other svstems ( 6 ). , 

is that they are not constrained ;o be cre-
ated in pairs. The  spiral-defect state displays 
individual spirals with clockwise or coun-
terclockwise winding (Fig. 1, B and C), 
targets (Fig. ID), dipoles with the same or 
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opposite windings (Fig. 1, E and F), and 
multiple-armed spirals (Fig. 1, G and H). 
The  mechanism for the creation of such a 
variety of forms is unknown, but, as dem-
onstrated by nu~nericalsimulations ( 3 ) ,  a 
crucial element is the strength of the mean-
drift field, which plays an important role in 
low-Prandtl number convection. 

In Inany areas of physics a n  external 
field is helpful in probing the state of a 
given system. For example, a magnetic field 
allows for a determination of magnetization 
and magnetic susceptibility, which are im-
portant characteristics of systems with mag-
netic spins. Similarly, rotation about a ver-
tical axis is useful in probing the SDC state. 
Analogies between phenomena in nonequi-
librium and thermodynamic systems (for 
example, between bifurcations and phase 
transitions) and concepts from condensed-
matter physics (such as orientational order) 
have been helpful before in the analysis of 
nonlinear, nonequilibrium systems (7).We 
have found that a "thermal excitation" de-
scription of spiral-defect populations works 
very well. Rotation about a vertical axis 
breaks the chiral symmetry between clock-
wise and counterclockwise spirals, in anal-
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ogy to the symmetry-breaking effect of a 
magnetic field for a paramagnet. 

Statistical-mechanical spin models yield 
a good description of spiral populations in 
this nonequilibrium system despite their or
igins in equilibrium statistical physics. 
Here, we use an effective statistical-me
chanical model of isolated defects to de
scribe a complex nonequilibrium experi
mental system. The key to our ability to 
give such a description is the susceptibility 
of the spiral defects to rotation and our 
ability to probe this feature quantitatively 
by experiment. Numerous other nonlinear 
systems may be amenable to similar analy
sis. Our results should provide the starting 
point for the application of concepts from 
statistical mechanics to identifiable coher
ent structures in nonlinear systems and may 
indicate a deeper, as yet unestablished, the
oretical foundation for these ideas. 

In Rayleigh-Benard convection, heating 
a thin layer of fluid from below induces 
convection rolls when the temperature dif
ference AT exceeds a critical value ATC. A 
reduced bifurcation parameter £ = AT/ATC 

- 1 describes quantitatively the degree to 
which the system is above the onset of 
convection. Another dimensionless param
eter, the Prandtl number V/K (where v is the 
kinematic viscosity and K is the thermal 
diffusivity), sets the conditions for second
ary instabilities in convection and is impor
tant in observations of SEX]). The effect on 
the fluid flow of the Coriolis force arising 
from rotation about a vertical axis is pro
portional to the dimensionless rotation fre
quency O = 2/nf/(v/d2)y where / is the rota
tion frequency and d is the fluid-layer thick
ness. Because ATc depends on fl, we use 
ATc(fl) in the expression for 8. The sign of 
11 is positive when the direction of rotation 
is counterclockwise when viewed from 
above, and it is negative when the direction 
is clockwise when viewed from above. 

Our experimental apparatus (8) consist
ed of a cylindrical convection cell that was 
enclosed in a high-pressure container and 
mounted on a rotating table. The cell bot
tom was an aluminum plate with a mirror 
finish and the top was an optically flat 
sapphire window. The circular sidewall was 
made of two layers of cardboard paper and 
had a straight vertical edge. The height of 
the cell was d = 0.82 ± 0.01 mm. The cell 
radius of 42.9 mm produced a radius-to-
height ratio of 52. The cell was filled with 
CO z at 32 bar (regulated to ~ 1 mbar) at a 
top-plate temperature of 33.7°C (controlled 
to 0.0003°C). The Prandtl number was 
0.98. Convection patterns were imaged by 
means of the optical shadowgraph tech
nique, which produces gray-scale images in 
which light and dark areas correspond to 
cooler and warmer fluid, respectively. Im
ages like those in Fig. 1A were collected 

Fig. 1. Spiral defect pat
terns (e = 0.84, ft = 0). (A) 
Full cell; (B) clockwise (c); (C) 
counterclockwise (cc); (D) 
target; (E) cc:cc dipole; (F) 
c:cc dipole; (G) double arm; 
(H) triple arm. 

over the range 0.5 < 8 < 1, which corre
sponded to the range from the initial ap
pearance of spirals to the constant presence 
of many spirals (5). The range of il values 
(-4 < fl < 4) was sufficiently small so that 
neither rotation-induced instabilities (9) 
nor large pattern distortions arising from 
rotation were apparent. Typically, about 
120 images were recorded for each value of 
8 and fi; for each image, the spirals were 
classified according to whether they wound 
toward their tips in a clockwise (c) or coun
terclockwise (cc) rotation (Fig. 1, B and C). 

A complete description of the convec
tion rolls in the experiment would require a 
continuum model. Suppose, however, that 
the state of the system can be described 
approximately by the number of c and cc 
spirals. Then the essential statistical quan
tity that characterizes this state is the prob
ability distribution of the number of c and 
cc spirals as a function of 8 and O. We used 
this distribution to compute all other statis
tical properties of the state, including the 
average number of spirals (a quantity that 
depends on the system size) and the ratio or 
difference between average numbers of c 
and cc spirals (which are independent of 
system size); the statistical errors of these 

quantities were estimated by assuming that 
the root-mean-square fluctuation ampli
tudes for a sample of size N are equal to 
v N . We then compared these quantities 
with the predictions of two statistical-me
chanical models. The first is a noninteract-
ing two-state model in which each spiral is 
represented by a single spin and the analytic 
expressions are simple. The second is a one-
dimensional spin-1, nearest-neighbor inter
action model in which each spiral is repre
sented by a group of spins and the analytic 
expressions are complicated. Both models 
have the same number of free parameters, 
and in both the spirals do not interact. The 
main difference between the models is that 
the spin-1 model can account for the ex
perimentally observed higher probability of 
spirals of smaller size. Details of the models 
are presented elsewhere (10). 

The shape of the probability distribution 
p for the number of spirals m in any one 
image depends on the correlations between 
spiral-nucleation events. In Fig. 2A, we 
show p for 8 = 0.80. For independent iden
tical events, applicable to the two-state 
model, a Poisson distribution (the solid line 
in the plot) would be expected and was 
calculated with no adjustable parameters 
from the mean value of the data set. The 
dashed line was calculated from the spin-1 
model with the use of parameters from fits 
described below but with no independent 
adjustment to fit the probability distribu
tion. Within statistical uncertainty, the dis
tributions are consistent with either model. 
For 8 = 0.96 (Fig. 2B) the two models give 
different distributions, with the spin-1 mod-

Fig. 2. Plots of p versus m. (A) e = 0.80; (B) £ = 
0.96. Solid lines are Poisson distributions; dashed 
lines are calculated from the spin-1 model. 

Fig. 3. Plots of n versus e P, ft = 0; #, ft = 4). 
Solid curves are fits to the two-state model; 
dashed curves are fits to the spin-1 model. 
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Fig. 4. Convection pattems 
(upper panel) and spiral lo- 
cations (white, c; black, cc) 
(lower panel). (A) R = -4, E 

= 0.74; (B) R = 0. E = 0.84; 
(C) 0 = 4. E = 0.82. 

3 

el describing the data better. The agree- 
ment between the data and the models 
strongly indicates noninteracting spiral nu- 
cleation. but the s ~ i n - 1  model better ac- 
counts for the decreased probability of spi- 
rals of larger size. ., 

The average number n of spirals per im- 
age is the sum of the average number of 
clockwise spirals n, and counterclockwise 
spirals n,,. Figure 3 shows n as a function of 
E for IR = 0 and a = 4. The number of ~~ - 

spirals increased rapidly with E, and at a 
particular E it was much larger for the fl = 4 
data set. The difference in n,, and n, as a 
function of the rotation rate is illustrated in 
Fig. 4, which shows representative images of 
pattems with negative, zero, and positive 
rotation (fl  = -4, 0, and 4). The instanta- 
neous number of c and cc spirals changed 
with time. and hence these re~resentative 
images were chosen so that the ratios of the 
numbers of c and cc s~irals were the same as 
the average nc,/nc values. Also shown in Fig. 
4 are corresponding images of the locations 
of c and cc spirals. From these images it is 
clear that rotation had a dramatic effect on 
the relative populations of c and cc spirals. 
This effect is illustrated quantitatively in Fig. 
5, which shows the ratio n, Jn, and the nor- 
malized difference M = (n,, - n,)/(n,, + n,) 
for a ranee of values (E = 0.75). The ., 

antisymmetric form of M with respect to fl 
indicates the chiral symmetry-breaking 
property of the rotation (Fig. 5A). The ratio 
nc,/nc indicates a rapid splitting of the spiral 
populations as fl increases (Fig. 5B). 

These results are reproduced reasonably 
well bv either of the two models described 
above. In either case we solved the statistical 
mechanics for a Hamiltonian of the form 
Zjithui + 2j,,,tE(ai,a,), where ai are the com- 
ponents of spm, {i} or {ij} represent all pos- 
sible spins, h = & is the field strength, a is 
the scale of the rotation field, and E(a,u,) is 
an interaction-energy function. For the two- 
state model, i = {-1,+1}, E(a,,a,) = 0, and 
we used the grand-canonical ensemble with ., 
a chemical potential J to adjust the relative 
spin populations. For the spin-1 model, i = 

{-1,0,+ 11, E(oi,aj) = 0 if a, = a, = 0, m if a, 
= -a, .f 0, and J otherwise, and the canon- 
ical ensemble was used. For simplicity we 
will discuss the analvtic results for the two- 
state model only [the solutions for the spin-1 
model were obtained by means of transfer- 
matrix techniques (lo)]. The rapid rise in n, 
the average number of spins, as a function of 
E is an exponential "Arrhenius" activation of 
the form n = V exp[-F/(E - s~,,)], where V is 
the size of the system, F is an effective "en- 
ergy" with value ] for IR = 0, and s ~ , ,  is the 
zero of the effective temperature scale. For 
n,, and n, the quantity F is modified by 
rotation in the same wav that a maenetic 

u 

field shifts the energy of magnetic spins, that 
is, F = J +- &. The ratio is then ncJnc = 
exp[2&/(e - s~,,)], the same form as for spins. 
The difference M is highly reminiscent of 
spin magnetization, in which a sigrnoid- 
shaped curve of the form M = tanh[&/(e - 
s~,,)] is expected. For this to be the compel- 
ling description, the model must be simple 
with a minimum of free Darameters and it 
must also relate the different data sets in a 
self-consistent manner. 

Both of the models described above can 
be fit to the data by adjusting the four 
independent parameters E,, a, 1, and V. A 
least-squares fit of the excitation data in 
Fig. 3 to the two-state model yields E, = 
0.21, a = 0.14, J = 2.4, and V = 255 and 
the solid curves in Fie. 3. Without anv " 
adjustment of parameters, it also yields the 
solid curves in Fig. 5. The values of n,,/n, 
and M agree well but the fits to the exci- 
tation data are not very good, which is 
surprising because the fits were to the 
average numbers and not to the values of 
ncc/nc or M. Alternatively, fitting the 
spin-1 model to the four data sets n ( ~ , f l  = 
O), n(&,a  = 4), n,,/n,, and M produces E~ 
= 0.34,a = 0.13,J = 0.76,andV = 86.5. 
The dashed curves in Figs. 2, 3, and 5 
show the results with these parameters. 
The agreement is quite good with the 
exception of M and n,,/n, for 1 lR 1 > 2. 
These deviations may indicate that the 
data for I lR I > 2 are already outside the 

n 
Fig. 5. (A) Plot of M versus R; (B) plot of ncJnc 
versus 0. Solid cuwes are fits to the two-state 
model; dashed curves are tits to the spin-1 model. 

region in which a can be considered a 
small perturbation. Overall the spin-1 
model gives a better description of the 
whole system, including the probability 
distributions of the number of spirals'at 
high values of E (Fig. 2) and the distribu- 
tion of spiral sizes (10). O n  the other 
hand. the two-state model is s i m ~ l e  and 
includes many of the essential ing;edients 
of the physical system. Apparently, the 
size of spirals matters, and this factor is 
accounted for in the spin-1 model but not 
in the two-state model. 

The analogy between the spin system 
and the SDC state has been extremelv use- 
ful in organizing our thinking about this 
state. More realistic models (for example, a 
two-dimensional model) might be formulat- 
ed, but at the cost of further complication 
and more adjustable parameters in the mod- 
el. Some possibly related theoretical work 
on statistical-mechanical formulations of 
nonequilibrium states has been done (I I), 
but more directed theoretical efforts are 
needed to connect with our experiments. In 
any event, the response of spiral-defect pop- 
ulations to rotation as reflected in the asym- 
metry of spiral populations is an intriguing 
clue in the understanding of this nonlinear 
system. 
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Laser Separation cad Geometrical Isomers of 

Weakly Bound Molecular Complexes 


Charles Desfran~ois, Hassan Abdoul-Carime, C. P. Schulz, 

Jean Pierre Schermann* 


Molecular assemblies held together by weak intermolecular bonds exhibit a rich variety 
of geometries. Even a simple complex formed by only two molecules can adopt several 
conformations corresponding to different geometrical isomers, Isomers of small polar 
dimers can be isolated nondestructively by taking advantage of a selective and reversible 
ionization process, with the use of a mass spectrometry method that allows the deter- 
mination and control of the geometrical configuration of neutral or negatively charged 
molecular complexes in supersonic beams. Here, the method is applied to isolated nucleic 
acid base pairs that can be selected in stacked or H-bonded configurations. 

excited R\-dl~erg atoms in \vllicl~ external 
electrons are already in 1-ery diffuse orl~itals; 
the  role of the stal7ili:ing third bocly is then 
played l ~ y  the R\-dberg atom ionic core. T h e  
signature of the presence of a dipole-bound 
anion is the  appearance of a more or less 
sharp in the  anion creation rate as a 
f~lnct ionof the Rydherg atom orbital sire- 
that is, the principal quantum mlml~er  n of 
the  Rydl~erg state (9 ) . In contrast, a smoot l~  
~lependence of the anion rate on n corre-
sponds to the creation of a conventional 
anion \\here the excess electron enters a 
molecular orbital (1 3 ) .  

Polar clusters \\,ere prepared in a super- 
sonic beam expansion; subsequently, the 
cluster bean1 crossed a bean1 of Rydl~erg at- 
oms (Fig. 1) .  Electron exchange took place, 
and the anions Ivere ol~served in a time-of- 
flight setup. .An external electric field, cre- 
ated by a set of grids perpendicular to the 
anion lxam (6 ,  a ) ,  can detach the amon 
excess electron. .4l~ove a threshold electric 
field, n-hich is characterlstlc of the electron 
binding energy, anions are transfor~ned back 
to neutral clusters; this n.as easily yerifled by 
letting them pass through an  additional neg- 
ative repulsive grid. Our Inass spectrometry 
technique can therefore be appl~ed to the 
production of either charged or neutral geo- 
metrically selected complexes. 

\Ye can detect only the existence of 
complexes rather than their geometries, ancl 
therefore a conlparlson l~etween lnodel cal- 
culations and experilllental ~ueasure~nents  
of resultant dipole nlolnents is required to 
deduce structural information. As a first 
example, let us consider a dinler that results 
from the mlxture of water and acetonitrile 
molecules. .4 first experiment ( I  I ) has 
s11on.n the existence of a geonletrical con- 
fig~lratlon with a large resultant dipole mo- 
lnent (5.5 D ) ,  correspollding to anions that 
can he produced only by charge excha~lge 
wit11 lonr-ly~ng Rydberg states. This observa- 
tion \\-as confirmed 1~ a calculation t l ~ a t  also 

" --

T h e  understanding of van der \YJaals or-
hydrogen interactions under nearly ideal 
cond~t ions  in  the gas phase 1s one of the 
lllalli p~rposes  of nlolec~llar cluster experi- 
lnental and theoretical studies. Such clus- 
ters are usually proclucecl in supersonic 
beam ex~~ans ions  nyass dis- that yield l ~ r o a ~ l  
tributions. Ionization techniques used in  
standard ruass s ~ e c t r o m e t r ~  to allon. luass 
selection may skrongly m&lify the initla1 
neutral cluster structures. Nondestructive 
mass selection of neutral clusters reclulres 
sophisticated nlethods ( 1 ,  2 ) ;  it has l x e n  
s h o ~ y n  that for a given ch~ster  mass, several 
isomer configurations can stdl coexist in a 
bean1 ( 1 ,  3 .  4).  T h e  airu of our work 1x12 is 
to show how such isonlers can he spatially 
separated; to achieve this, \ye had to find 
parameters that are stro~lgly sensitive to the 
nlolecular geometry, allowng ioni:ation 
processes that do  not ruodifv or destroy the 
selected molecular structure. 

In closed-sl~ell polar systems, electrons 
can be reversibly attached outside the mi)- 
lecular fi-ame, thus provld~ng such a nonde- 
structive ionization process. .At large d ~ s -  
tances ,- from polar molecules or  ch~sters,  
excess electrons are attracted by the cl~arge- 
dirole -p./r2 potential (51, m.hereas they 
suffer repulsion a t  very short distances. 
Electrons can thus 1.2 trapped In a potential 
well if the  attracti1-e illpole molllent p. 1s 
larger t l ~ a n  2.5 D (6 ) ,  leading to dipole-
l ~ o u n danions that essentially retain the 
geonletrical configuration of their neutral 

Lansratslre de Ph\slq~.e des Lasers Lnverslte Parls- 
Nsrd \!lletane~.se 93430. France. 
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parents. For example. althougl~ single water 
(p. = 1.554 D )  or single a ln~nonia  mole- 
cules ( y  = 1.471 D)  are not a l~ le  to l ~ m d  
excess electrons, a water-ammonia conlulex 
can (7).T h e  excess electron orbitals are 
extremely dlff~lse, and the corresponillng 
electron blnding energies are very weak (9.1 
to 1L19 me\'). Easili- accessible external 
electric fields iL1.1 to 3L1 k\' cm-')  are 
sufficient to detach the excess electrons (8) 
and therefore allow for a reversible ionizing 
process. These fragile anio~ls  cannot be pro- 
duced by simple attachment of loli7-energy 
free electrons to co l~ l  neutral clusters 132- 
cause the presence of a third body is neces- 
sary to avoid the reverse process (electron 
autodetachment). Ho~vever,  dipole-l~ounil 
anions can be preferentially prepared in 
coll~sions het~veen polar systenls ancl highly 
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Fig. 1. (A)Schematc dra\viCing of t l ie crossed beam expertnent clsed for mass and geometry seec ton  of 
the dfferent components of a polar cluster beam. Metastable atoms are produced by electron bombard- 
ment of xenon 1 Xej atoms and are fcldher excted toward Rydberg states by means of a tu l iabe laser. The 
Rydberg atoms can transfer ther  external electron to polar clusters, e a d n g  to dpoe-bound  anons.  To 
ob tan  neutral clusters. ~*!e a p p e d  an external eec t rc  f led for detachment of the a n o n  excess electrons. 
15)Each geometrca confguraton of the d p o e s  corresponds to a resultant d p o e  moment of the 
molecular clusters, e a d n g  to dfferent dpoe-bound  anons In tliese anons,  excess electrons are n 
diffclse orbitals that are ~ * ! e  matched for electron exchange by dfferent Rydberg atom o r b t a s  
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