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to the formation of spicular features in He II
304 A (~0.1 MK). These TR spicules appear with
a time delay of around 10 to 20 s, reach much
larger heights (~10 to 20 Mm), and typically fall
back to the surface within a matter of several
minutes, following a parabolic path (Fig. 3 and
fig. S5). Despite the enormous line-of-sight su-
perposition at the limb, we often also observe a
coronal counterpart of chromospheric/TR spic-
ules (Fig. 3 and fig. S5) in the Fe IX 171 A
images. At the bottom, this takes the form of a
dark feature that corresponds to the bright Ca Il H
feature (movie S8), likely from continuum ab-
sorption from neutral hydrogen and helium (27).
During the later stages, the dark feature disap-
pears (likely because heating reduces the amount
of neutral hydrogen and helium), and bright cor-
onal counterparts propagate upward into the cor-
onal hole with similar velocities as the apparent
motions of the chromospheric spicules (fig. S5).
These coronal counterparts appear to be related to
the propagating disturbances in coronal holes that
have previously been interpreted as waves (22)
and more recently linked to upflows (23, 24).
Our observations support a scenario in which
chromospheric plasma is propelled upward with
speeds of ~50 to 100 km/s, with the bulk of the
mass rapidly heated to TR temperatures (~0.02 to
0.1 MK), after which it returns to the surface
(invisible to chromospheric passbands). Directly
associated with these jets, plasma is heated to
coronal temperatures of at least 1 to 2 MK, at the
bottom during the initial stages, and both along
and toward the top of the chromospheric feature
later on. The coronal counterparts of the jets are
seen to rapidly propagate upward, likely as a
result of strong upflows and/or thermal conduc-
tion or waves. Based on the ubiquity of these
events and the observed coronal intensities, we
estimate that these events carry a mass flux den-
sity of 1.5 x 10 g/em?/s and an energy flux
density of ~2 x 10° erg/em?/s into the corona
(25). This is of the order that is required to sustain

the energy lost from the active-region corona (26).
Given the conservative nature of our estimate,
these events are likely to play a substantial role in
the coronal energy balance.

Although early models have implicated the
heating of chromospheric spicules in the coronal
heating problem (6), the detailed thermal and
spatiotemporal evolution we observed is not com-
patible with any of the well-established models
for coronal heating: None of those predict such
strong upflows (driven from below) at chromo-
spheric temperatures (2, 27). These models typ-
ically assume energy deposition in the corona,
which leads to heating and evaporation of plasma
from the chromospheric mass reservoir, driven
by thermal conduction from above. Recent ad-
vanced numerical models do predict heating rates
per particle that reach their maximum in the up-
per chromosphere (28, 29), which is compatible
with our observations. Some analytical models
also suggest that dissipation of current sheets
resulting from the shuffling of ubiquitous mixed-
polarity fields on small scales can provide cor-
onal heating at low heights (30). However, there
are currently no models for what drives and heats
the observed jets (37). These first detailed obser-
vations of individual coronal heating events high-
light the importance of the chromosphere and
magnetohydrodynamic/plasma physics approaches
for a better understanding of heating in the solar
atmosphere.
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Universal Quantum Viscosity in a

Unitary Fermi Gas

C. Cao,* E. Elliott," J. Joseph,* H. Wu," ]. Petricka,? T. Schifer,? ]. E. Thomas™*

A Fermi gas of atoms with resonant interactions is predicted to obey universal hydrodynamics,

in which the shear viscosity and other transport coefficients are universal functions of the density and
temperature. At low temperatures, the viscosity has a universal quantum scale A n, where n is the
density and £ is Planck’s constant h divided by 2r, whereas at high temperatures the natural scale is
prIR?, where py is the thermal momentum. We used breathing mode damping to measure the

shear viscosity at low temperature. At high temperature 7, we used anisotropic expansion of the cloud to

find the viscosity, which exhibits precise 72

scaling. In both experiments, universal hydrodynamic

equations including friction and heating were used to extract the viscosity. We estimate the ratio of the
shear viscosity to the entropy density and compare it with that of a perfect fluid.

Itracold, strongly interacting Fermi gases
l l are of broad interest because they pro-

vide a tunable tabletop paradigm for

7 JANUARY 2011

strongly interacting systems, ranging from high-
temperature superconductors to nuclear matter.
First observed in 2002, quantum degenerate, strong-
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ly interacting Fermi gases are being widely
studied (/—4). To obtain strong interactions (char-
acterized by a divergent s-wave scattering length),
a bias magnetic field is used to tune the gas to a
broad collisional (Feshbach) resonance, for which
the range of the collision potential is small com-
pared with the interparticle spacing. In this so-
called unitary regime, the properties of the gas are
universal functions of the density » and temper-
ature 7. The universal behavior of the equilibrium
thermodynamic properties has been studied in de-
tail (5—17), whereas the measurement of universal
transport coefficients presents new challenges.
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The measurement of the viscosity is of par-
ticular interest in the context of a recent con-
jecture, derived using string theory methods, that
defines a perfect normal fluid (/2). An example
of a nearly perfect fluid is the quark-gluon plas-
ma produced in gold ion collisions, which ex-
hibits almost perfect frictionless flow and is thought
to be a good approximation to the state of matter
that existed microseconds after the Big Bang
(13). The conjecture states that the ratio of the
shear viscosity 1 to the entropy density s has a
universal minimum, n/s > %i/(4nkg), where 7 is
Planck’s constant / divided by 2rt and kg is the
Boltzmann constant. This ratio is experimentally
accessible in a trapped unitary Fermi gas, in which
the entropy has been measured both globally (6, 9)
and locally (10, 11) and the viscosity can be de-
termined from hydrodynamic experiments (/4-17),
so that the predicted minimum ratio can be
directly compared with that from Fermi gas ex-
periments (16, 17).

In a Fermi gas, the n/s ratio for the normal
fluid is expected to reach a minimum just above
the superfluid transition temperature (/6). This
can be understood by using dimensional analysis.
Shear viscosity has units of momentum per area.
For a unitary gas, the natural momentum is the
relative momentum 7 & of a colliding pair of par-
ticles, whereas the natural area is the resonant
s-wave collision cross section, 4rt/k> (18). Thus,
M < i K. At temperatures well below the Fermi
temperature at which degeneracy occurs, the Fermi
momentum sets the scale so that £ = 1/L, where L
is the interparticle spacing. Then, n o< 4 /L*, and
n o 7 n. For a normal fluid above the critical
temperature, the scale of entropy density s = n kg,
so that n/s = 7 /kg. For much higher temperatures
above the Fermi temperature, one expects that /i k
is comparable with the thermal momentum
pr = /2mkgT, giving the scale n o< pF/i? oc
322,

To properly measure the shear viscosity with
high precision over a wide temperature range, we
used universal hydrodynamic equations, which
contain both the friction force and the heating
rate, to extract the viscosity from two experiments,
one for each of two temperature ranges. For mea-
surement at high temperatures, we observed the
expansion dynamics of a unitary Fermi gas after
release from a deep optical trap and demonstrated
the predicted universal 7° temperature scaling.
For measurement at low temperatures, we used
the damping rate of the radial breathing mode,
using the raw cloud profiles from our previous
work (/9). The smooth joining of the data from
the two measurement methods when heating is
included (20), and the discontinuity of the data
when heating is excluded, demonstrates the im-
portance of including the heating as well as the
friction force in the universal hydrodynamic
analysis.

The experiments employ a 50-50 mixture
of the two lowest hyperfine states of °Li, which
was magnetically tuned to a broad Feshbach res-
onance and cooled by means of evaporation in
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the optical trap. The initial energy per particle £
is measured from the trapped cloud profile (20).

In the high-temperature regime, the total
energy of the gas E is larger than 2Ey, well above
the critical energy £, < 0.8EF for the superfluid
transition (9—17). In this case, the density pro-
file is well fit by a Gaussian, n(x,y,z,f) = ny(t)
exp(—xz/cxz—yz/cyz—zz/czz), where o(?) is a time-
dependent width, no(t):N/(rc3/ Zcxcycz) is the cen-
tral density, and N is the total number of atoms.

The aspect ratio o,(f)/0.(f) was measured as a
function of time after release so as to characterize
the hydrodynamics, for different energies E
between 2.3Ef and 4.6E (Fig. 1). We also took
expansion data at one low-energy point £ = 0.6EF,
where the viscosity is small as compared with
that obtained at higher temperatures and the den-
sity profile is approximately a zero-temperature
Thomas-Fermi distribution. The black curve in

REPORTS

Fig. 1 shows the fit for zero viscosity and no free
parameters. To obtain a high signal-to-background
ratio, we measured the aspect ratio only up to 1.4.
For comparison, the green dashed curve in
Fig. 1 shows the prediction for a ballistic gas.
We determined the shear viscosity 1 by using
a hydrodynamic description of the velocity field
v(x,) in terms of the scalar pressure and the shear
viscosity pressure tensor,
a] (n GU) ( 1 )
where f = —VP/n is the force per particle arising
from the scalar pressure P and m is the atom
mass. For a unitary gas, the bulk viscosity is pre-
dicted to vanish in the normal fluid (21, 22), so
we did not include it in the analysis for the ex-
pansion. The second term on the right describes
the friction forces arising from the shear viscos-

m(@t—O—V V)V|:ﬁ+z
J

B 20+

Fig. 1. Anisotropic expansion. (A)
Cloud absorption images for 0.2,
0.3, 0.6, 0.9, and 1.2 ms expansion
time; £ = 2.3E;. (B) Aspect ratio
versus time. The expansion rate
decreases at higher energy as the
viscosity increases. Solid curves indi-
cate hydrodynamic theory, with the
viscosity as the fit parameter. Error
bars denote statistical fluctuations in
the aspect ratio.
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Fig. 2. Trap-averaged viscosity
coefficient @ = [d®x n/(AN) versus
initial energy per atom. Blue
circles indicate breathing-mode
measurements; red squares indi-
cate anisotropic expansion mea-
surements. Bars denote statistical
error arising from the uncertainty
in E and the cloud dimensions.
(Inset) o versus reduced temper-
ature 6, at the trap center before
release of the cloud. The blue curve
shows the fit Og = 0O3p 903/2,
demonstrating the predicted uni-
versal high-temperature scaling.
Bars denote statistical error arising
from the uncertainty in 6 and ©.
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A 3% systematic uncertainty in E¢
and 7% in 6, arises from the sys-
tematic uncertainty in the abso-
lute atom number (20).
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ity, where o-ij = Gvi/axj + 8\5/6x. - 26,|V - v/3 is
symmetric and traceless.

For a unitary gas, the evolution equation for
the pressure takes a simple form because P = 2&/3
(23, 24), where £ is the local energy density (sum
of the kinetic and interaction energy). Then, en-
ergy conservation and Eq. 1 implies (0, +v -V +
5V -v/3)P=2-4/3. Here, the heating rate per unit
volume times ¢ = n0§/2 arises from friction from
the relative motion of neighboring volume ele-
ments. To express this in terms of the force per
particle ( f;), we differentiated this equation for P
with respect to x; and used the continuity equa-
tion for the density to obtain

(6;+v-V+%V-V)ﬁ+

P 2 0ig
X (@m)f — 36Vv)— = _57‘1

(2)

W W

Force balance in the trapping potential Ug,p(X),
just before release of the cloud, determines the
initial condition fi(0) = 6;Ujrap(X).

These hydrodynamic equations include both
the force and the heating arising from viscosity.
The solution is greatly simplified when the cloud
is released from a deep, nearly harmonic trapping
potential Uy, because £(0) is then linear in the
spatial coordinate. If we neglect viscosity, the force
per particle and hence the velocity field remain
linear functions of the spatial coordinates as the
cloud expands. Thus, 6V - v) = 0, and the pres-
sure P does not appear in Eq. 2. Through nu-
merical integration (25), we found that nonlinearities
in the velocity field are very small, even if the
viscosity is not zero, because dissipative forces
tend to restore a linear flow profile. Hence, the
evolution Eqgs. 1 and 2 are only weakly de-
pendent on the precise initial spatial profile of P
and independent of the detailed thermodynamic
properties.

We therefore assumed that the velocity field is
exactly linear in the spatial coordinates. We took
fi = ai(®)x; and oy(f) = bi(f)o;(0); the density

changes by a scale transformation (26), where cur-
rent conservation then requires v; = x;b;(¢)/bi(?).

In general, the viscosity takes the universal
form n = o(0)%in, where 6 is the local reduced
temperature and 1 — 0 in the low-density region
of the cloud (20, 27). Using the measured trap
frequencies, and Eqs. 1 and 2, the aspect ratio
data are fit to determine the trap-averaged vis-
cosity parameter, & = (1/NA)ld°x n(x,f), which
arises naturally independent of the spatial profile
of and is equivalent to assuming 1. Because 0 has
a zero convective derivative everywhere (in the
zeroth-order adiabatic approximation) and the
number of atoms in a volume element is con-
served along a stream tube, o is a constant that
can be compared with predictions for the trapped
cloud before release.

As shown in Fig. 1, the expansion data are
very well fit over the range of energies studied,
using @ as the only free parameter. We found that
the friction force produces a curvature that
matches the aspect ratio—versus-time data, where-
as the indirect effect of heating is important in
increasing the outward force, which increases the
fitted & by a factor of =2, as compared with that
obtained when heating is omitted (20).

For measurements at low temperatures, where
the viscosity is small, we determined o from the
damping rate of the radial breathing mode (/9).
For the breathing mode, the cloud radii change by
a scale transformation of the form b; = 1 + &;, with
€; <<, and the heating rate in Eq. 2 is ocg 2, which
is negligible. Hence, the force per particle evolves
adiabatically. Adding the trapping force to Eq. 1,
one obtains the damping rate 1/t = / o/(3m(x?))
(20, 28).

The fitted viscosity coefficients a for the
entire energy range are shown in Fig. 2, which
can be used to test predictions (29-317). Despite
the large values of @ at the higher energies, the
viscosity causes only a moderate perturbation to
the adiabatic expansion, as shown by the ex-
pansion data and the fits in Fig. 1. The breathing
mode data and expansion data smoothly join,
provided that the heating rate is included in the

Fig. 3. Estimated ratio of the 10 —
shear viscosity to the entropy den- 0.8 §%a,
sity. Blue circles indicate breathing- 06 4
mode measurements; red squares 84 o4 . + e
indicate anisotropic expansion mea- oz : $
surements. (Inset) The red dashed B HH
line denotes the string theory limit. 64 Ot HH
Bars denote statistical error arising 0.6 0.7 08 09 1.0 1d ®
from the uncertainty in £, @, and = ®
S (20). 4 -
X
2
gmi g o
u B
. "
o
T T T 1
2 3 4 5
E/E.
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analysis. In contrast, omitting the heating rate
produces a discontinuity between the high- and
low-temperature viscosity data (20). The agree-
ment between these very different measurements
when heating is included shows that hydrody-
namics in the universal regime is well described
by Egs. 1 and 2.

To test the prediction of the 72 temperature
scaling in the high-temperature regime, we as-
sumed that n relaxes to the equilibrium value in
the center of the trap but vanishes in the low-
density region so that o is well defined. This
behavior is predicted by kinetic theory (27). We
expect that o = o, where ng = 0 % ng is the
viscosity at the trap center before release. At high
temperatures (15),

Oy = 032 9(3)/2 3)

where a3, is a universal coefficient. Because 0
has a zero convective derivative everywhere (in
the zeroth-order adiabatic approximation), 6, at
the trap center has a zero time derivative, and o
is therefore constant, as is 0.

The inset in Fig. 2 shows the high-temperature
(expansion) data for o versus the initial reduced
temperature at the trap center, 6,. Here, 6, =
To/Te(no) = (To/Ter)(i/ng)*>. The local Fermi
temperature Tr(n9) = #2(3n°no)>>/(2mkg), and
Tr1 = Er /kg = Tg (ny) is the ideal gas Fermi
temperature at the trap center. #; is the ideal gas
central density for a zero-temperature Thomas-Fermi
distribution. We used (ny/n0)>> = 4(6>,/6°r,)/n'"
and obtained the initial 7o/Tf; from the cloud
profile (20).

The excellent fit of Eq. 3 to the data (Fig. 2,
inset) demonstrates that at high temperature, the
viscosity coefficient very well obeys the 6y*>
scaling, which is in agreement with predictions
(I5). Eq. 3 predicts that o scales nearly as E°
because 0, o Tyny?> o< E2. This explains
the factor of =10 increase in the viscosity co-
efficients as the initial energy is increased from
E =23Ef to E = 4.6E%.

A precise comparison between the viscosity
data and theory requires calculation of the trap-
average o from the local shear viscosity, where
the relation is tightly constrained by the observed
737 scaling. Our simple approximation & = ay
yields 03, = 3.4(0.03), where 0.03 is the sta-
tistical error from the fit. A better estimate based
on a relaxation model (29) shows thata = 1.3 o
at high 7, yielding o5, = 2.6. At sufficiently high
temperature, the mean free path becomes longer
than the interparticle spacing because the unitary
collision cross section decreases with increasing
energy. In this limit, a two-body Boltzmann equa-
tion description of the viscosity is valid. For a
Fermi gas in a 50-50 mixture of two spin states, a
variational calculation (15) yields o, = 451>/
(64v/2) =2.77, which is in reasonable agreement
with the fitted values.

Lastly, Fig. 3 shows an estimate of the ratio of
s = ahn/s = (hl/kg)o/(s/nkg) = (h/kg) 0/S, where
S is the average entropy per particle of the
trapped gas in units of k. We obtain S in the low-
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temperature regime from (9), which joins smooth-
ly to the second virial coefficient approximation
for S in the high-temperature regime (20). The
Fig. 3 inset shows the low-temperature behavior,
which is about five times the string theory limit
(Fig. 3, inset, red dashed line) near the critical
energy EJ/Er = 0.7-0.8 (9, 20). The apparent
decrease of the 1/s ratio as the energy approaches
the ground state 0.48EF (9) does not require that
the local ratio — 0 as 7'— 0 because contribu-
tions from the cloud edges significantly increase
S as compared with the local s at the center.
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Time-Resolved Holography
with Photoelectrons
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lonization is the dominant response of atoms and molecules to intense laser fields and is at the

basis of several important techniques, such as the generation of attosecond pulses that allow the
measurement of electron motion in real time. We present experiments in which metastable xenon
atoms were ionized with intense 7-micrometer laser pulses from a free-electron laser. Holographic
structures were observed that record underlying electron dynamics on a sublaser-cycle time scale,
enabling photoelectron spectroscopy with a time resolution of almost two orders of magnitude

higher than the duration of the ionizing pulse.

fter a strong laser field ionizes an atom

or molecule, the liberated electron is

accelerated by the oscillatory laser elec-
tric field and driven back toward the ion (7).
Electron-ion recollision leads to the emission
of extreme ultraviolet (XUV) radiation, with a
duration that approaches the atomic unit of time
(24.2 as) (2, 3) and encodes detailed structural
and dynamical information about the atomic or
molecular medium used (4—7). Alternatively, the
returning electron may elastically or inelastically
scatter (8, 9). These processes benefit from the
10" A/em? electron recollision current incident
on the target ion, exceeding current densities
used in transmission electron microscopes (10).
The laser-driven electron motion is fully coher-
ent, allowing one to put into practice the concept

www.sciencemag.org SCIENCE VOL 331

of holography (//) and to extend it to electron-
ion collisions involving laser-ionized and -driven
photoelectrons (9, 12, 13). We show how under
suitably chosen experimental conditions, a holo-
gram can be recorded that encodes temporal and
spatial information both about the ion (the “target™)
and the recollision electron (the “source’), opening
the way to a new type of ultrafast photoelectron
spectroscopy of electron and nuclear dynamics
in molecules.

Key to holographic electron imaging is the
observation of an interference pattern between
a reference wave, which is emitted from the
source and does not interact with the target,
and a signal wave, which scatters off the target
and encodes its structure. The encoded infor-
mation is stored when the signal wave interferes

with the reference wave on a detector. A simple
analysis borrowed from ray optics (Fig. 1A)
shows that because of path length differences, a
phase difference A = (k — k,)zo (Where k is the
total momentum, %, is the momentum in the z
direction, and z is the distance to the scattering
center) arises between the reference and scattered
waves, resulting in the pattern shown in Fig. 1B.

To record a clear holographic picture, it is
desirable that the reference wave not be influ-
enced by the positively charged target and, there-
fore, that the electron source is located at some
distance from the target, zyp. A suitable way to
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