
at SciVerse ScienceDirect

High Energy Density Physics 8 (2012) 298e302
Contents lists available
High Energy Density Physics

journal homepage: www.elsevier .com/locate/hedp
Probing the warm dense copper nano-foil with ultrafast electron shadow imaging
and deflectometry

Junjie Li a, Jun Zhou a, Tadashi Ogitsu b, Yuan Ping b, William D. Ware c, Jianming Cao a,*

a Physics Department and National High Magnetic Field laboratory, Florida State University, FL 32310, USA
b Lawrence Livermore National Laboratory, Livermore, CA 94550, USA
c Lamar University, Beaumont, TX 77710, USA
a r t i c l e i n f o

Article history:
Received 12 December 2011
Received in revised form
13 May 2012
Accepted 13 May 2012
Available online 22 May 2012

Keywords:
Ultrafast
Warm dense matter
Shadow imaging
Electron emission
* Corresponding author.
E-mail address: jcao@magnet.fsu.edu (J. Cao).

1574-1818/$ e see front matter Published by Elsevier
doi:10.1016/j.hedp.2012.05.002
a b s t r a c t

We conducted ultrafast electron shadow imaging and deflection measurements of the optical laser-
produced warm dense copper nano-foil. The results show that a significant amount of charge is ejec-
ted from the foil, forming electron clouds of hundreds of microns on both sides of the pumped foil.
Furthermore, even for a thin 30-nm copper film, we found that the electron clouds develop asymmetry
between the pumped front side and the rear side at the pump fluence of 4.5 J/cm2. The possible
mechanism leading to this ejected charge asymmetry and its implication are discussed.

Published by Elsevier B.V.
1. Introduction

Warm dense matter (WDM) refers to the state of a strongly
coupled plasma in which the interaction potential energy between
electrons and nuclei is roughly the same magnitude as the kinetic
energy of conduction electrons [1]. It is a regime where densities
are near solid and temperatures are between 0.1 and 100 eV,
bridging the gap between condensed matter and plasma. In the
laboratory, warm dense matter can be produced by heating a target
with an optical laser or a high energy particle beam. The WDM
generated by these schemes is in a non-equilibrium state and its
characterization often involves state-of-art ultrafast techniques and
substantial experimental facilities. Nonetheless, the study of
WDM [2e4] has drawn increasing attention in recent years because
of its role in understanding the convergence between condensed
matter and plasma physics, as well as its relevance to other areas
including shock physics [5], inertial confinement fusion [6], and
astrophysics [7].

In a recent study of ultrafast laser excited 20-nm gold film usin-
g ultrafast electron diffraction [4], it was found that the melting
of the lattice was significantly slower than that predicted by the
two-temperature model simulation employing a temperature-
dependent electronephonon coupling constant. This slow melting
B.V.
is attributed to the bond hardening occurred at high electron
temperatures (Te) [8e10]. According to this model, electron
temperatures on the order of a few eV result in increased electronic
delocalization (mostly due to the releasing of the usually localized 3d
electrons lying about 2 eV below Fermi level), which decreases the
electronic screening of the attractive nuclear potential, producing
a larger potential barrier to cross for melting [8,10]. It was pointed
out in a more recent study that for the lattice hardening scenario,
which takes effect at a sufficiently high electron temperature, the
imaginary part of dielectric function, 32(u), becomes a monotonic
Drude-like profile [11]. This is inconsistent with an earlier experi-
mental report on the broadbandmeasurement of 32(u) of a pumped
gold nano-foil [2], where an enhancement and a red shift of the
interband transition peak upon ultrafast laser heatingwas observed.
To resolve these disparate observations, it was recently suggested
that, at such high pump laser fluence, a significant number of elec-
trons might escape from the foil, removing a substantial amount of
kinetic energy and leaving the foil positively chargedwith a reduced
electron temperature [11,12]. If a significant number of the electrons
in thepumped region are ejected, on average 0.1 electronperatomor
more, thepositively charged goldwith colder electrons could display
both the enhanced red shift 32(u) [2] and the delayed melting [4].

These research findings motivated our study of optically
produced warm dense copper nano-foil using ultrafast electron
shadow imaging and deflectometry. By incorporating a single-shot
capability, these measurements provide a real-time measurement
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of ejected electron cloud dynamics on both front and rear sides of
a laser excited copper nano-film, via sensing the correlated tran-
sient electric field. Here, we report the preliminary results of the
first such measurement. Our observations are complementary to
the previous studies and provide amore comprehensive viewof the
relevant dynamics in warm dense matter.

2. Method

Theexperimental setupof ultrafast electron shadowimaging and
deflectometry for a nano-foil sample is similar to that used in the
previouswork [13,14]. Fig.1 shows the pump-probe geometry at the
sample position. A 30-nm-thick freestanding copper film is sup-
ported by a nickel mesh with a mesh size of 386 mm spot welded on
a custom-made aluminum frame, allowing the probe electron beam
to pass freely along the film surface. The transient warm dense
matter was created by following the standard methodology for
isochoric laser heating of nano-foils [15,16]. In the experiment, each
50 fs duration optical pulsewith a centerwavelength of 800 nmwas
divided into pump and probe pulses by an optical beam splitter. The
pump optical pulses, with a beam size of 100 mm, impinge normal to
the front surface producing electron emission and the associated
transient electric field. The probe laser pulse was first frequency
tripled and then sent to a photocathode to generate an ultrashort
probe electron pulse, which was sent along the surface-parallel
direction to take a snapshot of the transient field at a time set by
anoptical delay line. The electronbeamenergywas set at 40keV and
the temporal durationof electronpulsewasestimated tobe300 fs. In
shadow imaging measurement, the electron beam was left unfo-
cusedwith a relatively large beamdiameter ofw1.5mm to track the
overall feature of the transient electric field on both the front and
rear sides by analyzing the distorted beam intensity profile. In the
morequantitative deflectometrymeasurement, a specially designed
beam blocker with two 50-mm pinholes was placed before the
sample to create two confined and parallel electron beams. In this
way, wemonitor the average electric field strength on the two sides
of the thin film simultaneously by tracking the change of the center-
of-mass of the two deflected beams.

3. Results and discussions

The shadow image measurements were first carried out at
a pump fluence of 0.25 J/cm2, just below the damage threshold
and with an accumulation of three-pulse for each image. Fig. 2
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Fig. 1. Schematic of ultrafast electron shado
summarizes the temporal evolution of shadow images as a func-
tion of time delay. Clearly, semi-spherical shadows with high
contrast are developed on both sides of the excited thin film. The
shadow spreads into the originally bright area and gradually
increases its size by expanding further into the vacuum on both
sides with delay time. After reaching a maximum shadow size, the
shadow starts to fade out gradually. This temporal behavior is very
similar to those observed in a previous study of the plasma
dynamics in the initial stage of laser ablation of a copper target [13].
Consequently, they also record the time evolution of the ejected
electron charge cloud dynamics from the optically produced warm
dense nano-foil. Interestingly, under this relatively low pump
condition, the shadow images from front and back surfaces appear
to evolve similarly, with nearly the same shape and size at a given
time.

Both multiphoton photoemission (MPE) and thermionic emis-
sion (TE) contribute to the ejected charge cloud. MPE starts
instantaneously upon intense optical excitation. For a thin filmwith
atomically flat front and rear surfaces, the MPE will be much more
pronounced in the front side, due to the convoluted effect of short
absorption length of multiphoton excitation and the short photo-
electron mean free path, all in the range of a few nanometers.
Additionally, the higher the pump intensity (shorter pulsewidth for
a given pulse energy), the more intense the MPE effect, since it is
proportional to the third power of pump intensity at 800-nm
optical pump wavelength for copper. On the other hand, the TE is
initiated only after the formation via electron thermalization of
a substantial number of high-temperature electrons with kinetic
energy comparable to or larger than the work function. The TE
depends more on the absorbed total energy (temperature) and less
sensitive to optical pulse width. In particular, the TE from the rear
surface relies more on the speed of electron transport across the
film and the film thickness, and an imbalance between front and
rear surfaces could be created if the film is sufficiently thick to
produce an electron temperature gradient across the film. Thus,
both MPE and TE favor the front surface. For a polycrystalline
copper film used in this study, where the grain size is the same
order of magnitude as the film thickness, the associated surface
roughness will tend to wash out the asymmetry effect for MPE and
TE outlined above. Previous shadow imaging measurements con-
ducted on a copper slab under similar pump conditions [13]
showed a linear dependence of the electric field strength on the
pump laser fluence, implying that the ejected electrons are
predominantly from thermionic emission. Thus, the near identical
Laser beam
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Fig. 2. Shadow images of the copper film at different time delays. The pump laser beam comes from the left side of the film. The pump fluence is 0.25 J/cm2. The vertical white lines
in each image marks the original film position.
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shadows for the front and rear charge clouds indicates that both
surfaces maintain nearly the same temperature at all times at
relatively low pump fluence, justifying a single-state assumption
under these experimental conditions. Considering the optical
penetration depth of an 800 nm photon is w13 nm in copper, this
ultrafast and uniform heating across the 30-nm film must be ful-
filled by an ultrafast electron transport. For a 30-nm thick copper
film, this can be furnished by either electron ballistic transport and/
or diffusion in less than 100 fs.

Electron beam deflectometry measurements were also carried
out to confirm the shadow image results and to determine the
amplitude of electric field produced by the ejected charge clouds.
A beam block with double holes was used to generate two parallel
probe electron beams that can measure both front and rear electric
fields simultaneously. The two holes have a diameter of 50 mm and
are separated by 200 mm Fig. 3(a) shows a projection of the two
confined electron beams on the detector. The two confined beams
with diameters of 50 mm were adjusted to be symmetric about
the copper film, whose projection is the vertical line. The two
windows above and below the two holes are used to monitor the
position of thin film sample. Fig. 3(b) displays the deflection of the
Fig. 3. (a) The projection of the electron beam on the detector after inserting a blocker with
The vertical dark line is the shadow of the 30 nm copper film supported by nickel mesh. (b) T
pump fluence of 0.25 J/cm2. The direction toward surface is taken as negative for either beam
film, and the right beam pass at a distance of 100 � 9 mm from the back surface. The one
center-of-mass of the two beams as a function of time delay. The
front and rear beam deflection curves are nearly identical with the
same maximum deflection amplitude reached at the same time
delay, consistent with the shadow imaging results. The average
electric field at a distance of w100 mm from the surface and at
a time delay of 26 ps corresponding to the maximum deflection is
estimated to be w105 V/cm, based on the formula used in the
previous study [13].

We also conducted shadow image measurements at a higher
pump fluence of 4.5 J/cm2. Since this fluence is well above the
damage threshold of copper thin film, the sample was repositioned
after each shot. The sample position was monitored with a digital
camera to ensure that the pump laser beam always hits in the
middle of a mesh window. Fig. 4(a) is a picture of the sample after
several laser shots. The single-shot shadow image results are
shown in Fig. 4(b). Compared with the low pump fluence study, the
size of hemispherical shadow on both sides is much larger due to
the larger number of ejected electrons under the higher pump
fluence. In contrast to the nearly identical shadow size for the front
and rear film surfaces observed in lower pump conditions, the
shadow size on the pumped side becomes significantly larger than
two 50-mm pinholes. The two confined electron beams produce the two bright spots.
emporal evolution of the center-of-mass position of the confined electron beams under
. The left beam passed at a distance of 100 � 9 mm from the excited surface of copper

standard deviation for the beam deflection measurement is less than 5 mm.



Fig. 4. (a) A picture of the copper nano-foil after several shots of 4.5 J/cm2 laser pulses. (b) Shadow images of the copper film at different time delays under the high pump fluence of
4.5 J/cm2. The vertical white lines mark the original front surface position of the copper film.
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that on the rear side. This asymmetry between the front and rear
shadow images is consistent with our single-shot beam deflection
measurement conducted around the maximum deflection delay
time of 25 ps. At this delay time, the front beam is found to be
deflected about 19 mm more than the rear beam.

As outlined in the above discussion, both MPE and TE can
produce this imbalance of ejected electrons between the front and
rear sides. Nonetheless, a clear differentiation of their contributions
is crucial to understand the dynamics of WDM formation, since
they are associated with different physical processes and have
distinct effects onWDMdynamics. Take the thermionic emission as
an example. Considering that TE electrons are emitted from only
the top surface layer of a few nm in metals and its intensity is
proportional to the exp(�EF/KT), the amount of the ejected charge
(or the size of the shadow and the magnitude of electron beam
deflection) should reflect the local surface temperature. Thus, if the
ejected electrons are predominantly from thermionic emission, the
observed asymmetry of shadow imaging and electron beam
deflection would imply the development of electron temperature
gradient across the foil. This, in turn, would indicate that the
electron transport (ballistic transport and/or diffusion), which
accounts for the uniform heating on both sides at lower fluence for
a 30-nm thick film, gets suppressed at high pump laser fluence of
4.5 J/cm2. This was proposed in a recent Fourier Domain Interfer-
ometry measurement conducted on both front and back sides of
pumped gold nano-foils [12]. In that instance, a clear difference in
phase shift between the pumped side and the back side at high
absorbed laser fluence (>0.2 J/cm2) was observed, which is
attributed to a reduction of ballistic range by a factor of w3 from
that at ambient condition.

The differentiation of MPE and TE can be realized by conducting
carefully designed measurements based on their different charac-
teristics. For example, by conducting measurements for a given
pump pulse energy but at several different pulse durations, we can
learn how the charge imbalance is dependent on pump pulse
temporal width. A strong dependence on pulse width would indi-
cate that MPE is the dominant contribution; otherwise TE would be
the prevailing factor. We have investigated the MPE contribution
under the low pump fluence condition by taking two sets of
shadow imaging data with a same pump fluence of 0.20 J/cm2 but
at two different pulse widths, one at w60 fs and the other
at w120 fs pulse duration. No significant changes were observed
between these two sets of data, indicating that MPE is not a domi-
nant contribution to the ejected charge cloud at this pump fluence.
For higher pump fluence, the MPE is expected to be more
pronounced due to its nonlinear property. The study of the pulse
width dependence is currently being carried out under the higher
pump condition, together with the measurements of the effects of
other relevant parameters such as the film thickness. These inves-
tigations combined with the appropriate theoretical modeling
would contribute to a better understanding of the optically
produced WDM dynamics.

4. Conclusion

We have performed a real-time measurement of charge
dynamics in the early formation stage of warm dense copper nano-
foils using ultrafast electron shadow imaging and deflectometry.
Our results show that a large amount of charge is ejected from both
the pumped (front) and unpumped (rear) surfaces of the copper
foil, forming a macroscopic electron cloud, which lasts on the order
of tens of picoseconds. Furthermore, in contrast to the observation
at a low pump fluence of 0.25 J/cm2, where the charge clouds on the
two sides of foil are nearly identical, we found that when the flu-
ence is 4.5 J/cm2, even for a thin 30-nm copper film, the front
charge cloud is significantly larger than that of rear side. The
possible mechanism leading to this asymmetry is the multiphoton
photoemission and the electron temperature gradient across the
foil. Further experiments are being carried out to discriminate their
contributions. Finally, our observations also suggest that to model
the dynamics of pumped nano-metal foil, particularly when the
laser fluence is high, the energy loss due to the ejected electrons
should also be incorporated into the simulation, along with the
electrons and the ions in the target.
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