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critical strains show that the dislocation stops
before it starts to move again subsonically.

The observed transition to the supersonic
state and the greater increase of dislocation
velocity in the supersonic regime cannot be
understood from the linear elastic analysis be-
cause A(v) monotonically increases with the
velocity of the dislocation above \/icT (Fig. 4).
The second sound barrier at ¢, therefore must
be entirely caused by the nonlinearity and the
finite range of the atomic interaction in the
dislocation core region. This is displayed by
the asymmetry of the longitudinal shock waves
emanating from the supersonic dislocation (Fig.
3D). Linear elasticity would predict one sym-
metrical .ﬁair of shock fronts, whereas the ato-
mistic simulations show a much richer distribu-
tion. The upper, compressive part of the dislo-
cation produces a series of very severe shock
fronts, whereas the lower side develops only
one front. Whether this asymmetry has its ori-
gin in the sign of the stress field of the disloca-
tion or whether it is a result of crystal orienta-
tion cannot be decided from the present calcu-
lations alone.

Comparing the atomistic simulations in a
finite thin strip with continuum elasticity the-
ory for an infinite sample and attributing
some of the observed features to nonlineari-
ties is of course questionable as long as one
has not investigated size effects in the atom-
istic model. To do so, we repeated the calcu-
lations for a model in which all lengths were
changed by a factor of 2 for the case of an
externally applied strain of ¢ = 0.05. Where-
as the smaller system gives a 10% slower
dislocation, the large system is almost indis-
tinguishable from the system used so far in
both the dislocation velocity and the distribu-
tion of the atomic velocities around the dis-
location core (compare Fig. 3C). Although
these results, of course, do not constitute a
proper system-size scaling analysis, they give
confidence that the conclusions drawn so far
are not critically dependent on system size.

The practical importance of these transonic
and supersonic dislocations appears to be lim-
ited by the difficulty of nucleation and by the
high stresses that are required for sustained
motion at these high velocities. From the dis-
cussion of the nucleation conditions, it has been
concluded that an intense stress concentration is
required for the nucleation of transonic disloca-
tions. Stress concentrators with an efficiency
similar to that of the sharp indenter could either
be a dislocation pileup at a strong obstacle or a
crack, which is characterized by a stress singu-
larity at its tip. Conditions that give the ex-
tremely high background stresses required for
continuous long-distance propagation at the
transonic or supersonic speed are present in
low-temperature deformation, where thermally
activated deformation processes are suppressed.
In addition to the motion of individual disloca-
tions, deformation at low temperatures is often
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carried by mechanical twinning, which can be
viewed as the concerted motion of several par-
tial (twinning) dislocations. Consequently, one
may also regard low-temperature mechanical
twinning as a case where transonic motion
could be observable. The motion of mechanical
twins above ¢ has indeed been predicted for
applied stresses (or strains) above a critical
value in an analytical nonlinear elasticity study
(/4). Using high-speed photography, Finkel’
(15) has documented that the first thin twins
formed in dynamically loaded steel sheets prop-
agate at velocities of 0.80c; to 0.85¢,, corre-
sponding almost exactly to the transonic veloc-
ity regime observed here. In later stages of the
deformation, twins were observed to move at
velocities of 0.40c, to 0.45¢, , corresponding to
the subsonic regime in Fig. 2.

Whether supersonic dislocations may be
relevant for geophysical phenomena is as
yet unclear. On the one hand, the increasing
temperature in the deeper crust makes ther-
mally activated processes more likely; on
the other hand, low-symmetry crystal struc-
tures and the limited amount of slip sys-
tems certainly allow the buildup of large
stresses, which may reach the required or-
der of magnitude.

Future work should focus on the nucle-
ation conditions that result in supersonic
dislocations. Supersonic dislocations may
help to understand some of the deformation
phenomena that are usually considered col-
lective, and therefore, the dynamics of me-
chanical twinning, martensitic transforma-

tion, and tectonic shear faults may have to
be reinvestigated while considering the re-
sults presented here.
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Chemical Analysis of Polar
Stratospheric Cloud Particles
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A balloon-borne gondola carrying a particle analysis system, a backscatter sonde,
and pressure and temperature sensors was launched from Kiruna, Sweden, on 25
January 1998. Measurements within polar stratospheric cloud layers inside the
Arctic polar vortex show a close correlation between large backscatter ratios and
enhanced particle-related water and nitric acid signals at low temperatures. Pe-
riodic structures in the data indicate the presence of lee waves. The H,O/HNO,
molar ratios are consistently found to be above 10 at atmospheric temperatures
between 189 and 192 kelvin. Such high ratios indicate ternary solution particles of
H,O, HNO,, and H,SO, rather than the presence of solid hydrates.

The important role of polar stratospheric
clouds (PSCs) during the development of the
south polar ozone hole was recognized soon
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after the first publication (/) on large unex-
pected ozone losses in the lower stratosphere
over Antarctica. Initially, the existence of
cloud particles at temperatures above the ice
point was puzzling; however, thermodynamic
considerations (2) as well as laboratory stud-
ies (3) revealed that in the H,O-HNO, system
stable crystalline hydrates can be formed
above the ice point. During the last 10 years
the initial concept of two types of PSCs—
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nitric acid trihydrate (NAT, HNO,-3H,0)
and ice particles (4)—has been expanded to
explain Lidar and backscatter sonde measure-
ments. Supercooled ternary solutions or
amorphous particles composed of nitric acid,
water, and sulfuric acid may frequently be
present in a temperature range in which solid
NAT particles are thermodynamically stable
(5). Laboratory studies and model develop-
ments of heterogeneous processes have ad-
vanced to the point that the phase and the
composition of PSC particles as a function of
ambient temperatures, gas-phase HNO,, and
water vapor abundances can be predicted (6);
however, a detailed chemical analysis of PSC
particle composition has never been made
(7). The particles exist over a very narrow
temperature range (8), and thus the transfer to
or capture into an analytical instrument may
easily alter their phase and composition.

A PSC analysis instrument has been de-
veloped in our laboratory that circumvents
most of the potential shortcomings in the
transfer of the fragile particles from ambient
air into a mass spectrometer system. The
instrument consists of an aerodynamic lens
that focuses PSC particles into a narrow beam
(9, 10), a differentially pumped vacuum sys-
tem containing two liquid helium pumps, a
small particle evaporation sphere, and a
quadrupole mass spectrometer for gas analy-
sis (Fig. 1). The main goal of the experiment
was a quantitative analysis of condensed wa-
ter and nitric acid contained in PSC particles
1.

The lens is thermally isolated to remain
near ambient temperatures during the balloon
flight. Particles traverse the lens in about 50
ms and reach the evaporation sphere in less
than 0.5 ms after acceleration at the exit hole
of the lens (10, 12). Because of these rapid
transfers, little or no evaporation or conden-
sation should take place from the ambient
atmosphere into the evaporation sphere.

Until the later part of January 1998, lower
stratospheric temperatures above Kiruna,
Sweden, were too high for PSC activity to
occur. After January 20 a cooling trend start-
ed and lee wave—induced PSC activity was
predicted across the Scandinavian mountains
(13). The balloon was launched on 25 Janu-
ary 1998 at 0:30 UT from the Swedish launch
facility ESRANGE near Kiruna. A backscat-
ter sonde (/4) and temperature (/5) and pres-
sure sensors were also part of the balloon
payload. Using the backscatter sonde signals
to identify the presence of PSC layers, the
balloon operators were able to raise or lower
the balloon and gondola by opening a valve
or dropping ballast to keep the experiment
within the altitude range of 20 to 23.5 km.
Mass spectrometer measurements were per-
formed between 2:00 and 4:00 UT during
which time the balloon was located inside the
Arctic polar vortex.

www.sciencemag.org SCIENCE VOL 283
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Trajectory calculations of the air masses
encountered by the balloon show a large-
scale cooling from nearly 200 K to 188-190
K within 2.5 days before the observations,
followed by slowly increasing temperatures
during the last 12 hours as the air masses
approached the Norwegian coast. As they
passed over the Norwegian mountains, the air
masses experienced a lee wave—generated
cooling to as low as 188 K at the time of
balloon encounter. Minimum temperatures
were always above the ice frost point, assum-
ing an average water vapor content of the
stratosphere. Lidar observations from Kiruna
and Sodankyla, Finland, limited by cloudy
conditions, only occasionally showed PSC
formation and layering near 22 km. A sepa-
rate backscatter sonde (/4) was launched ear-
lier and provided some evidence for weak
PSC occurrences above Kiruna. When the
gondola reached a similar altitude 7 hours
later, PSC activity had increased consider-

I
Mass lon source

spectrometer

Evaporation
sphere Shutter
Helium 223 <> Helium

pump pump

Focusing lens

ably. Meteorological data for that day show
well-defined low-temperature regions (/3),
which proves that the measurements from the
gondola were made in PSC layers controlled
by lee wave activity, and not in extended PSC
fields, which are common over Antarctica.
At the start of the measurements, a PSC
event lasting about 8 min was encountered
followed 35 min later by another PSC event
lasting for 12 min when the gondola, remain-
ing at a constant altitude, actually floated
within a PSC layer. Water was monitored at
mass 17 (OH™) and 18 (H,0™) atomic mass
units (amu) and nitric acid at 30 (NO™) and
46 (NO7) amu (fragment ions of HNO, are
more abundant than the parent molecule of 63
amu). The spectrum was also searched for
signatures of trace gases including HCI and
H,SO,, but both were below the detection
limit. Sensitivity checks after the flight
showed that the lens and the analysis system
performed well. The data processing included

Fig. 1. Center section of the particle analysis
system. An aerosol-focusing lens is located at the
bottom of the gondola and is initially covered by
a cap to keep the experiment under ultrahigh
vacuum. When the cap is removed at the desired
balloon altitude, ambient gas and aerosol parti-
cles enter the experiment through the lens in
which laminar flow conditions prevail and aero-
sols are focused onto its axis as a narrow beam. A
small hole at the exit of the lens (nozzle) deter-
mines the gas flow into the first chamber where
the pressure is controlled by a liquid helium
pump. The well-focused particle beam travels
through a capillary into a second chamber, which
contains another liquid helium pump. The particle
beam finally enters a heated gold-plated sphere
through a small tube and the PSC particles evap-
orate. A second tube points into the mass spec-
trometer ion source where the emerging gas mol-
ecules cross an electron beam. The resulting ions
are drawn into the quadrupole spectrometer for
mass separation. The right-hand liquid helium
pump maintains a low-vacuum environment, par-
ticularly in the ion source region of the mass
spectrometer. As a result, the system has a high
sensitivity for gases released from particles.
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background corrections for the mass peaks of
water and HNO, and the conversion of the
signals to H,O/HNO, molar ratios using cal-
ibration data (/6).

A composite picture of the mass spec-
trometer H,0O and HNO, signals, the back-
scatter ratio, the balloon altitude, and the
ambient gas temperature (Fig. 2) shows that
whenever the backscatter sonde received
strong signals, indicating that the gondola
was within a PSC layer, both H,O and HNO,
signals increased rapidly. One important con-
clusion can be drawn immediately from Fig.
2: PSC particles do indeed contain significant
amounts of H,O and HNO,. In the past,
HNO, within PSC particles had only been
inferred from measurements of total reactive
nitrogen (4, /7) and from the low abundance
of gaseous HNO; (I8).

The temperatures have pronounced maxi-
ma and minima throughout the measurement
period; the minima correlate with large
backscatter and mass spectrometer signals.
Together with the meteorological data this
correlation supports that the measurements
were made in a region controlled by moun-
tain lee waves of estimated 10-km wave-
length (19).

The molar ratio H,O/HNO, is crucial in
the characterization of PSC particles (6). Al-
though the uncertainties are large, the ratios
within the two PSC layers (Figs. 3 and 4)
are sufficiently high to exclude NAD
(2H,0-HNO,) or NAT particle compositions,
long thought to be the major nitric acid hy-
drates forming PSCs (20). Both the ambient
temperatures and the ratios derived in the
second layer are higher and more variable
than the first (Fig. 4).
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Fig. 3. Molar ratios H,O/HNO, of the first PSC
encounter (after 7800 s) compared with model
calculations. Error bars include the statistical
errors of the count rates and errors due to
instrument background corrections on mass 18
and 30 amu and calibration uncertainties. The
largest contribution results from the statistical
error of the count rate on mass 30 (HNO,).
Model values were calculated after Carslaw et
al. (27) with the following atmospheric volume
mixing ratios: HNO, 8 ppbv; H,O, 5 ppmv; and
H,SO,, 0.2 ppbv.
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We applied an equilibrium ternary solu-
tion model of H,O, HNO,, and H,SO, by
Carslaw er al. (21) to calculate PSC compo-
sitions using measured pressures and temper-
atures within a range of *1 K and assuming
an average gas phase composition for the two
PSC encounters (Figs. 3 and 4). There is good
agreement between the measured and the pre-
dicted ratios, which supports the interpreta-
tion that the PSCs are supercooled ternary
solution particles. Model predictions are very
sensitive to ambient temperatures and trace
gas mixing ratios.

During the period 8500 to 10,500 s UT
(Fig. 2) the temperature decreased continu-
ously from about 194 to 190 K and the alti-
tude changed from 21 to 23.5 km. The mass
spectrometer measurements show a substan-
tial increase in condensed water of more than
a factor of 2, whereas the nitric acid signal
remains near the detection limit. Although
H,SO, was not detected, these results can be
interpreted in terms of H,O uptake by sulfate
background aerosols with decreasing temper-
atures (22). A similar effect can be observed
toward the end of the flight when tempera-
tures decreased again.

In future flights, the sensitivity of the
mass spectrometer system needs to be in-
creased to measure trace gases such as HCI
dissolved in PSC aerosols. Accurate and fre-
quent atmospheric temperature measure-
ments are of great importance to compare the
measurements with model calculations. The
measurements reported here are only repre-
sentative for the meteorological conditions
encountered during the balloon flight. They
are typical of PSCs generated in lee waves
east of the Scandinavian mountains. The
complexity of PSC particle formation path-
ways, which are a function of air mass tem-
peratures, atmospheric trace gas concentra-
tions, and particle composition (22, 23), will
require additional measurements to provide
broad experimental support for microphysical
and atmospheric models.
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Fig. 4. Molar ratios H,O/HNO; of the second
PSC encounter (around 10,800 s) compared
with model calculations. The same error anal-
ysis and parameters apply as in Fig. 3.
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