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An abrupt change in energy transport has been observed in femtosecond laser heated gold when the

absorbed laser flux exceeds �7� 1012 W=cm2. Below this value, the absorbed flux is carried by ballistic

motion of nonthermal electrons produced in interband excitation. Above this value energy transport

appears to include ballistic transport by nonthermal electrons and heat diffusion by thermalized hot

electrons. The ballistic component is limited to a flux of �7� 1012 W=cm2. This offers a unique

benchmark for comparison with theory on nonequilibrium electron transport.
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Electron energy transport is a basic process prevalent in
broad disciplines. In plasma physics, much interest has
been focused on heat transport across steep electron tem-
perature gradients in laser-produced plasmas because of its
vital role in direct-drive laser fusion [1]. This is a regime
where the Spitzer-Harm theory [2] of diffusive heat flow
breaks down. It has led to legislation of heat flux to be the
minimum or harmonic mean of Spitzer-Harm flux and a
free-streaming flux, with the latter reduced by a flux-limit
factor f which is chosen in hydrodynamic simulations to
replicate observations [3]. This ad hoc approach is fol-
lowed by fully kinetic Fokker-Planck calculations [4–8].
Through comparison with Fokker-Planck results, a non-
local heat flow formula has also been derived in a flux
delocalized model for implementation in fluid codes
[9,10]. While most earlier experiments in planar geometry
have indicated f of�0:03, experiments in uniform spheri-
cal geometry point to f of �0:08 comparable to predic-
tions of Fokker-Planck calculations [11].

In condensed matter physics on the other hand, much of
the study on electron energy transport is related to ultrafast
electron dynamics in fs-laser heated solids. Here, elec-
trons are excited above the Fermi level creating a nonequi-
librium distribution in the optical absorption region of the
sample. At the surface of the heated solid, electrons with
energy exceeding work function will start to escape.
However, the process is rapidly limited by the space-charge
field leading to the formation of an electron sheath. The
number of escaped electrons is found to be small [12,13].
Inside the solid, energy transport is initially dominated by
ballistic motion of nonthermal electrons moving at
approximately Fermi speed [14–18] if the ballistic range
exceeds optical absorption depth. As these excited elec-
trons thermalize over a time scale of 0.5–1 ps [19–21], a
Fermi distribution corresponding to an elevated electron
temperature is established within the ballistic range. This
distribution continues to drive diffusive heat flow into the
sample, albeit at a lower speed.

Between plasma and condensed matter there is the
so-called warm dense matter regime where the temperature
of the state is comparable to Fermi energy and ions are
strongly coupled [22]. Interest in warm dense matter is
growing rapidly and a unique technique for producing such
states is fs-laser excitation of solids based on isochoric and
uniform heating of ultrathin metal foils [23]. The isochoric
condition results from negligible lattice expansion and
absence of melting during the heating pulse. Uniform
heating is expected from ballistic transport of excited
electrons as foil thickness is limited to less than the ballis-
tic electron range. The technique has been used to obtain
single-state ac conductivity and dielectric function data
and to reveal nonequilibrium superheating in gold at high
energy density [24–27]. However, ballistic electron trans-
port has only been measured in the condensed matter
regime at low laser flux [14–18]. Its behavior at high laser
flux is unknown. This also underscores the critical lack of
experimental data on electron energy transport in warm
dense matter.
In this Letter we present the study of electron energy

transport in gold heated by 400 nm, 45 fs laser pulses to
energy densities>1011 J=m3. The focus on gold is dictated
by its relevance to earlier measurements [14–18,24–27].
This is to help establish gold as a material standard for
testing theory by broadening its scientific data base.
Figure 1 shows schematic diagrams of our experiment

FIG. 1 (color online). Experimental setup for measurements of
(a) front and rear side probe reflectivity and (b) front side probe
reflectivity and transmissivity.
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performed at the Advanced Laser Light Source in
Varennes, Canada. The 400 nm pump and 800 nm probe
beams are derived from an 800 nm main laser beam with
time delays set by differences in optical path length. The
pump beam is incident normally onto a freestanding,
30 nm-thick gold foil in vacuum, focused to a Gaussian
spot of 62 �m diameter (FWHM). The prepulse intensity
contrast at 800 nm is 10�6, 10�5, and 10�4 at, respectively,
10 ps, 1 ps and 0.5 ps before the peak of the pump pulse
[28]. The corresponding contrast at 400 nm is expected to
be about 10�12, 10�10, and 10�8. Absorbed laser energy is
determined from simultaneous measurements of the inci-
dent, reflected, and transmitted pulses with a spatial reso-
lution of 5 �m. The probe beams are chirped to a duration
of 6.5 ps (FWHM) to monitor temporal evolution in
reflected or transmitted signals in a single shot, eliminating
shot-to-shot irreproducibility. The probe beams are P
polarized to enhance the sensitivity to ac conductivity of
the heated state. They are focused to a spot diameter of
500 �m (FWHM). The reflected or transmitted probe light
is imaged onto a spectrometer with an entrance slit viewing
a region of 20 �m� 300 �m, centered with the pump
focal spot on the corresponding foil surface. Absolute
values of reflectivity and transmissivity are obtained using
an in situ comparison of signals from heated and unheated
regions of foil.

Our first measurement is the front and rear side probe
reflectivity [Fig. 1(a)]. Figure 2 shows results for an
absorbed laser flux QL of 5:9� 1012 W=cm2, correspond-
ing to an excitation energy density of 4:5 MJ=kg. The
recorded spectra contain spatial and temporal information.
Spatial reflectivity profiles remain unchanged for more
than 3 ps after laser excitation, indicating the absence of
hydrodynamic expansion or lateral energy transport. To
examine temporal behavior we use lineouts of reflectivity

intensity from a 20 �m region at the center of the pump
laser focal spot where laser intensity variation is <10%.
The rear side probe pulse arrives on target �120 fs after
the front side probe. Good agreement is found between
front and rear side reflectivity lineouts. This is consistent
with uniform heating in the gold foil.
Aperiodic modulations are evident in reflectivity spectra

and lineouts. However, these are not temporal variations in
reflectivity since periods of their high frequency compo-
nents are shorter than the �540 fs temporal resolution of
the chirped pulse diagnostic [29]. They are traced to inter-
ference effects [30] caused by pump-induced optical Kerr
effect [31] that produces cross phase modulation and spec-
tral broadening [32] in the portion of the chirped pulse
correlated with the pump pulse. Modulations with identical
frequencies are also seen in reflectivity spectra measured
from glass. Hence, the spectra are taken to be the super-
position of interference and underlying reflectivity signals.
The latter includes temporal segments before, during, and
after laser excitation. Each of these is approximated by a
linear fit to the lineout. The combined signal, convoluted
with a Gaussian instrumental function of 540 fs FWHM, is
depicted in Figs. 2(c) and 2(f).
The effect of absorbed laser flux on reflectivity is shown

by the overlay of lineouts in Fig. 3. Shot-to-shot reproduc-
ibility in pump-probe delay is better than 100 fs, limited by
alignment stability. No systematic difference in the onset
of reflectivity change is seen between front and rear side
observations. Lineouts shown have thus been shifted to
overlap the rapid reflectivity changes during laser excita-
tion. Interestingly, front and rear side lineouts remain in
good agreement for QL up to 6:4� 1012 W=cm2, but at
higher absorbed flux they differ substantially. Specifically,
at the time marked by the dashed lines in the figure, change
in the front side lineout increases with QL while the
corresponding change in the rear side appears to be
clamped at a nearly constant value. To quantify this unique
feature we determine changes in front and rear side reflec-
tivity at the end of laser excitation, �RF and �RR,
using the underlying reflectivity signals as illustrated in
Figs. 2(c) and 2(f). As seen in Fig. 4, the onset of

FIG. 2 (color online). Results of front (a)–(c) and rear (d)–(f)
side probe reflectivity measurements for an absorbed laser flux
of 5:9� 1012 W=cm2. Lineouts are taken from regions in spec-
tra indicated by the rectangular boxes.

FIG. 3 (color online). Front (a) and rear (b) side probe reflec-
tivity for different absorbed laser fluxes.
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divergence between�RF and �RR is clearly evident above
6:4� 1012 W=cm2. Equally important, in such cases the
rear side reflectivity shows a continuing decrease after
laser excitation (Fig. 3). This suggests that two different
energy transport processes are at play in determining rear
side reflectivity as heating of the foil becomes nonuniform.

To understand these observations, we examine the per-
tinent processes. For a pump laser at 400 nm (3.1 eV),
absorption depth in gold at normal conditions is 16 nm
based on measured optical constants [33]. Laser absorption
is dominated by the excitation of 5d electrons to the 6p
band near the L point of the Brillouin zone since the
threshold for the interband transition is 2.4 eV. The excited
electrons initially fill unoccupied states up to 0.7 eVabove
Fermi energy. Some redistribution will rapidly follow by
Auger decay and cascade. The thermalization time of
electrons at 0.7 eV above Fermi energy is estimated to be
37 fs [34]. However, this is likely an underestimate. In an
experiment on gold where electrons were excited by intra-
band absorption to states up to 1.84 eVabove Fermi energy,
electrons at 1 eVabove Fermi energy were found to have a
lifetime of �600 fs [20]. Assuming a similar thermaliza-
tion time in our experiment, initial transport will be dic-
tated by laser-induced nonthermal electrons. As the foil
thickness is much less than the 110 nm ballistic electron
range [17], these electrons will make multiple transits
through the foil aided by reflections at solid-vacuum inter-
faces [18], leading to uniform energy deposition. For a
Fermi speed of �108 cm=s [14–16,18], ballistic electron
transit time in foil is �30 fs. Uniform heating would be
established in several transits long before the nonthermal
electrons are thermalized. Accordingly, the observation of
similar reflectivity on front and rear sides of the gold foil is
attributed to uniform heating produced by ballistic trans-
port of nonthermal electrons.

Laser absorption by plasmas is known to be dominated
by collisionless absorption at laser flux>1015 W=cm2 and
by inverse bremsstrahlung at lower flux [35]. The former
process leads to the production of suprathermal electrons
and heating of thin foils to high energy density has been
attributed to refluxing of such electrons [36–39]. However,
these absorption processes are not expected to play a
significant role in our experiment where the heated foil
remains in solid phase throughout the excitation laser pulse
as evident from broadband dielectric function measure-
ments and the persistence of interband transition at
400 nm [25].

Although we cannot equate reflectivity directly to elec-
tron temperature it is reasonable to surmise that a greater
change in front side reflectivity signifies stronger heating
near the front surface of foil. This can occur if absorbed
laser flux QL exceeds the maximum energy flux QNT that
can be transported by nonthermal electrons. Only the
portion of QL equal to QNT will then be carried across
the foil by ballistic transport while the excess flux becomes

localized in the laser absorption region, producing rapid
heating at the front side of the foil. Subsequent transport of
the excess flux will be driven primarily by heat diffusion as
the electrons thermalize to form a Fermi distribution. This
behavior can lead to a rear side reflectivity signal with
�RR < �RF at the end of the laser excitation (Fig. 4)
followed by further decrease with time (Fig. 3).
In the absence of rigorous calculations,QNT is estimated

using the product of nonthermal electron density nNT,
Fermi energy EF, and Fermi speed vF. We assume EF to
remain constant at 5.5 eV in the nonthermal system while
noting that a shift in the Fermi level with electron tem-
perature has been indicated in calculations [40]. We also
adopt the observed vF of 108 cm=s in gold [14–16,18]
instead of the often quoted value of 1:4� 108 cm=s. To
determine nNT, a second measurement is made using
the simultaneous observation of reflectivity and transmis-
sivity of a front side probe [Fig. 1(b)]. Results for QL ¼
4:6� 1012 W=cm2 are shown in Fig. 5 where the under-
lying reflectivity and transmissivity signals are again given
by the method described above. Values of reflectivity RF

and transmissivity TF at the end of laser excitation are used
to derive ac conductivity from solutions of the Helmholtz
equations for electromagnetic wave propagation in a
uniform dielectric slab [24]. The results are presented in
Fig. 6 as a function excitation energy density to allow
direct comparison with earlier measurement using a
pump laser pulse of 150 fs [24]. The small difference
seen is attributed to the fact that our measurement yields
conductivity at the end of laser excitation whereas the
previous measurement is based on sampling over the

FIG. 4 (color online). Changes in front (triangles) and rear
(circles) side reflectivity at the end of laser excitation as a
function of absorbed laser flux.

FIG. 5 (color online). Front side probe reflectivity and trans-
missivity for an absorbed laser flux of 4:6� 1012 W=cm2.
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quasisteady state duration [24]. Since the dielectric func-
tion of warm dense gold is found to be Drude-like at
800 nm [25], our data are used in the Drude model to
derive conduction electron density ne. The result is pre-
sented in Fig. 7(a). Here we make a final assumption of
equating nNT to ne in the calculation ofQNT, drawing upon
the parallel between thermal and electrical conduction. As
suggested by linear extrapolation of the data in Fig. 7(b),
QL=QNT increases to unity when QL reaches �7�
1012 W=cm2. This coincidence with the onset of diver-
gence between front and rear side reflectivity leads to our
assertion of flux-limited ballistic transport at play.
However, that the flux limit is equal to the nonthermal
electron energy flux as calculated may just be fortuitous.
The latter needs to be determined from more rigorous
models.

The above phenomenology also predicts a flux limit that
changes with QNT when QL is increased. This may appear
inconsistent with�RR being clamped at a fixed value when
QL >�7� 1012 W=cm2 (Fig. 4). Such a saturation effect
is likely the result of the transition of ballistic to diffusive
energy transport. Once the flux limit is first reached during
the pump laser pulse, additional absorbed flux will begin to
be localized in the absorption layer at the front surface of
the foil since conduction electron density produced by
interband excitation increases relatively slowly with
absorbed flux [Fig. 7(a)]. This leads to enhanced heating
of the front surface of the foil causing front side reflectivity
to continue to decrease. At the same time, additional
decrease in rear side reflectivity is delayed until thermal-
ization of nonthermal electrons has produced a significant
diffusive heat flux towards the foil rear surface. The inter-
play between thermalization and transport under such con-
ditions is also not known. We need to understand how

nonequilibrium electron distribution may affect electron
collisions which in turn modify the electron distribution,
and how this may regulate electron energy transport.
As noted above electrons can escape from the heated

foil by photoemission. However, this cannot account for
significant reduction in energy transport in our experiment.
In a recent study on silver heated with 0.2 mJ, 70 fs, 800 nm
laser pulse at an incident flux of 1:5� 1014 W=cm2,
8� 107 electrons were estimated to have escaped from
the target with an average velocity of 1:2� 109 cm=s [13].
These electrons carry away 5.4 nJ of energy or a heat flux
of �4� 109 W=cm2 if they were to originate from the
same area as the pump laser spot and in the same duration
as the pump laser pulse. Even less energy loss would be
expected in our experiment where the incident pump laser
flux is<6� 1013 W=cm2. Energy loss may also occur via
lateral transport of escaped electrons onto the target sur-
face outside the heated spot causing heating and reflectiv-
ity change in the affected area. However, our measured
probe spatial reflectivity profiles reveal no significant heat-
ing outside the pump laser spot even for the absorbed laser
flux of 2:6� 1013 W=cm2.
In conclusion, measurements of front and rear side

reflectivity of fs-laser heated gold foils have revealed an
abrupt change in energy transport when the absorbed
energy flux exceeds �7� 1012 W=cm2, corresponding to
an excitation energy density of �1011 J=m3. Below this
value, the absorbed flux is carried by the ballistic motion of
nonthermal electrons produced by laser-induced interband
excitation. Above this value, the flow of absorbed energy
appears to include ballistic transport by nonthermal elec-
trons and heat diffusion by thermalized hot electrons, with
the ballistic flux being limited to �7� 1012 W=cm2. This
offers a unique benchmark for comparison with theory on
nonequilibrium electron transport. It also sets a limit on
uniform energy deposition that can be achieved in the
isochoric heating of gold by femtosecond lasers.
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