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ABSTRACT

We describe measurements of the DC electrical conductivity of warm dense matter using ultrafast terahertz (THz) pulses. THz fields are
sufficiently slowly varying that they behave like DC fields on the timescale of electron-electron and electron-ion interactions and hence
probe DC-like responses. Using a novel single-shot electro-optic sampling technique, the electrical conductivity of the laser-generated warm
dense matter was determined with <1 ps temporal resolution. We present the details of the single-shot THz detection methodology as well as
considerations for warm dense matter experiments. We, then, provide proof-of-concept studies on aluminum driven to the warm dense mat-
ter regime through isochoric heating and shock compression. Our results indicate a decrease in the conductivity when driven to warm dense
matter conditions and provide a platform for future warm dense matter studies.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0193854

I. INTRODUCTION

The zero-frequency (DC or electrical) conductivity is a critical
parameter for modeling processes relevant for high energy density sci-
ence, including predicting the growth of Rayleigh-Taylor instabilities
in inertial confinement fusion (ICF)"” or for modeling magnetic fields
produced by planetary dynamos.”* The challenge in predicting electri-
cal conductivities for these situations is that the relevant conditions lie
in the warm dense matter (WDM) regime, where the material temper-
ature is on the order of ~0.1-10eV and the material density is ~0.1-
10 x that of a solid.”” At these conditions, the thermal energy is com-
parable to the electron energy at the Fermi level, and this, combined
with the strong Coulomb coupling, results in significant deviation
from ideal plasma behavior. As such, conventional conductivity mod-
els, such as those of Spitzer,S Kubo-Greenwood,” Ziman,"’ or Lee-
More'' breakdown in the WDM regime. Recently, density functional
theory calculations have been used to predict the conductivity of

WDM based on the Kubo-Greenwood formalism;'>™'® however,
experimental data are needed to test and improve theory.

With the development of high-intensity and high-energy lasers,
WDM can be generated for a short time (few picoseconds to nanosec-
onds) in a laboratory before irreversibly changing into a plasma.'” >
Given that laboratory WDM exists transiently, single shot diagnostics
with temporal resolution high enough to capture short-lived states are
vital for interrogating WDM. The high-frequency (AC or optical) con-
ductivity at visible frequencies can be determined by measuring the
optical reflectivity using nanosecond pulses and a time-resolving detec-
tor’***”** and using ultrafast laser pulses with a duration of a few to
hundreds of femtoseconds.”””” " In principle, the optical conductivity
can be used to determine the electrical conductivity. However, this
requires knowing the frequency dependence of the dielectric function
from high-to-low frequency which is a priori unknown. Another
approach is to use inelastic x-ray scattering (x-ray Thomson scattering,
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XRTS),”” to extrapolate the conductivity from the plasmon
response.””"  However, these extrapolations are highly model
dependent.

A promising method for measuring the electrical conductivity of
WDM is terahertz time-domain spectroscopy (THz-TDS).”” " Unlike
visible and near-infrared frequency pulses, the THz electric field oscil-
lates slowly when compared with electron scattering time, 7. In the
context of the Drude model, where the frequency dependent conduc-

tivity, & (w), is given by

b(o) = T _ M/ me (1)

1—iot 1—iwt
where o is the DC conductivity, #, is the free electron density, g is the
charge on an electron, and m, is the free electron mass, © ~ 10fs in
typical metals,” possibly shorter in WDM.”" As such, in the range
/2m ~ 1THz, ot < 1 and consequently ¢ (w) — 0. This indicates
that THz frequency radiation more appropriately probes the DC
conductivity.

In conventional THz-TDS, the electric field of a coherent broad-
band THz frequency pulse is measured in the time-domain, E(f), and
the complex-valued spectrum, E(w), is obtained by a numerical
Fourier transform.” *' Coherent THz pulses can be produced by
optical rectification in nonlinear crystals*”**** or by free-electron
lasers (FELs)."* *¥ By measuring changes in the spectrum of a THz
pulse that has interacted with a sample, the complex-valued dielectric
function, &(w), can be obtained, and this is related to the complex
conductivity. Conveniently, this is a noninvasive method, meaning
that no leads or wires need to physically touch the sample. THz-TDS
has been used to characterize materials in condensed phases and inte-
grated into pump-probe geometries to study the evolution of conduc-
tivity following photoexcitation.”” > The most commonly used
approaches for THz time-domain detection require hundreds to
thousands of laser pulses, however, and are implemented using laser
systems that operate at kHz to MHz repetition rates. This is impracti-
cal for WDM experiments where the sample is destroyed after a sin-
gle laser exposure.

In order to implement THz-TDS for WDM studies, single-shot
techniques for capturing the THz time-domain waveform are
required. The development of single-shot schemes has been an active
area of research. Recently, a single-shot approach has emerged using
an echelon-based scheme that meets the requirements for THz mea-
surements.”” The combination of bright THz sources and detection
with the sufficiently high signal-to-noise of this method have opened
the door for studies of irreversible processes, as has been demon-
strated.”*

In this paper, we discuss the implementation of THz spectros-
copy for studies on WDM. Following this Introduction, Sec. II dis-
cusses electro-optic (EO) sampling, with a review of the convectional
approach used for studies of reversible phenomena, including the
details of the non-linear optics approach to conventional THz detec-
tion. Section III discusses single shot detection with echelons, with a
focus on signal-to-noise reduction and considerations for WDM
experiments. Section IV then presents applications of THz experi-
ments on two cases of interest to WDM studies: isochoric heating of
the thin film and measurements of the laser compressed matter.
Finally, we conclude with an overall summary, suggesting areas for
improvement and future directions.

ARTICLE pubs.aip.org/aip/pop

Il. PRINCIPLES OF ELECTRO-OPTIC SAMPLING

One of the most commonly used methods for free-space THz
detection is electro-optic (EO) sampling.” #4058 A gchematic of an EO
sampling setup is shown in Fig. 1. In conventional EO sampling, the
THz pulse propagates co-linearly with a linearly polarized femtosec-
ond laser pulse, the sampling pulse, through a nonlinear optical
medium, hereafter referred to as the EO sampling crystal or EO crystal;
in the presented case, it is a (1 1 0)-cut of either zinc telluride (ZnTe)
or gallium phosphide (GaP). The THz electric field changes the optical
properties of the EO crystal, and these changes are encoded as a polari-
zation change in the sampling pulse. By measuring the polarization
change, the THz electric field can be extracted.

A. Theoretical background

Detailed treatments of EO sampling have been worked out previ-
ously.”” ' In this section, we only describe the key results. In the
Appendix, we provide a more thorough derivation of the starting
equations from nonlinear optics. ZnTe or GaP are initially optically
isotropic, with refractive indices n, = n, = n, = ny. When the THz
field is present, it changes the refractive indices of the EO crystal via
the Pockels effect, a linear change of a material’s refractive index in the
presence of a static electric field,*” °* and makes the EO crystal tran-
siently anisotropic. For ZnTe-(1 1 0) or GaP-(1 1 0), the electric field
of the THz pulse changes the refractive indices according to

1
An, =— 3 mnSETHZ cos (o), (2a)

An, = %mlnSETHZ [cos (a) sin® () + cos (o + 2¢)], (2b)

An, = %mngETHZ [cos (o) cos® () — cos (o0 + 21//)] (20)

Here, Ery;, is the THz electric field, o is the polarization angle of the
THz field with respect to the [0 0 1] axis, r,; is the relevant nonlinear

@) THz pulse —/\/_. EO crystal

E H Polarizer

Quarter

stage | Quaner
1 (@

femtosecond £ ool

(b) pulse__ £
) -0.254, | |
; i z {4 ——
i o % An,

(d)
0.0 05

FIG. 1. (a) Schematic of a setup for EO sampling. (b) Schematic of the EO crystal
with the relevant axes and angles labeled. The gray arrow represents the THz
polarization, which makes an angle o with the [0 0 1] axis of the EO crystal. Plots of
(c) ¥ and (d) change in the refractive indices An, and An, for different values of o.
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tensor element, and i is the angle between the [0 0 1] axis and the fast
optical axis of the crystal, n,. The angle between the fast and slow axes
is always 90°.  is related to a by

V= %arctan(fZ tan (). (3)

In EO sampling, the THz and sampling pulses propagate along
the [1 1 0] axis, parallel to n,. Therefore, the relevant induced anisot-
ropy, or birefringence, is between the 1, and n, axes. For the sampling
pulse, this birefringence causes a change in the optical phase of the
components of the sampling pulse projected along 1, and 7. The opti-
cal phase difference accumulated when propagating through a thick-
ness ¢ of the EO crystal is

Ap = 277'56 (Any, — An,), 4)
where 4 is the center wavelength of the sampling pulse. Using Egs.
(2b), (2¢), and (3), one can determine that A¢ is maximized for
o = *=7/2. This means that if the THz field is horizontally polarized
in the lab frame, the [0 0 1] axis of the EO crystal should be oriented
vertically. The fast and slow axes of the EO crystal are then at +45°
relative to vertical (and horizontal). The maximum phase change will
then occur if the polarization of the sampling pulse is either horizontal
or vertical.”’

The phase change in the sampling pulse manifests as a modula-
tion of the polarization, making the initially linear polarization of the
pulse elliptical. The ellipticity is measured using a quarter wave plate, a
polarizer oriented perpendicular to the initial polarization, and a pho-
todiode. The action of the waveplate and polarizer converts the polari-
zation change into an intensity change, which is measured on the
photodiode. Using Jones calculus” for the configuration described
above, one finds that when the fast axis of the quarter wave plate is set
45° relative to the axes of the polarizer, the measured intensity on the
photodiode, I, is

I =11 +sin(A¢)] =1y [1 4+ sin (2—7 r41n(3)ETHZ)] , (5)

where I, is the intensity of the sampling pulse when no THz field is
present. The full THz time-domain waveform, Ety, (#), is determined
by measuring I for different timing between the sampling pulse and
the THz pulse, for example, by using a mechanical stage, shown in
Fig. 1, to change the path length traveled by the sampling pulse.

B. Methods for noise reduction

From Eq. (5), optimizing the signal can be accomplished through
£, 41, np. The choice of material for the EO crystal will influence all of
these parameters; R,; and n, are material specific. Typical values for 1,
are ~2-3 (see Ref. 65), while r; can vary by up to an order of magni-
tude, making this term dominate. The maximum thickness, ¢y, is
dependent on the velocity mismatch between the pulses. We can deter-
mine /), as

TCy

Ly (6)

B wTHz|ng - nTHz| ’

Here, wry, is the THz angular frequency, 1, is the group refractive
index of the sampling pulse, n1y; is the THz refractive index at wrpy,

pubs.aip.org/aip/pop

and ¢y, thus, corresponds to the distance over which the THz and
sampling pulses will slip by a half-period of the THz cycle. Finally, the
material will also limit the detectable bandwidth due to absorption of
THz radiation. ZnTe is often chosen for THz pulses with spectral
bandwidth less than 2.5 THz, as {j; ~ 2.5 mm and r; is large. While
GaP has a much lower r,; and ¢); ~ 0.2 mm, it is weakly absorbing
below 7 THz, and so it is also used.

While measuring I alone is, in principle, sufficient to extract
Erti, only measuring I limits of the sensitivity of the EO sampling. For
laser systems with slow stochastic drifts in laser energy, this can pro-
duce modulations that are indistinguishable from those induced by the
THz signal. Similarly, large shot-to-shot fluctuations lead to significant
noise. These effects can be mitigated and the sensitivity of EO sampling
can be greatly improved by normalizing the intensity of the sampling
pulse and using balanced detection to improve the signal-to-noise
ratio.

To normalize the intensity, a measurement of the sampling pulse
without the THz field present is required. This yields Iy, which can be
used to determine the corresponding relative intensity change in the
sampling pulse, AI /Iy,

i—lzgzsin(Aqﬁ). (7)

Iy Iy
Compared to measuring I alone, AI/I, has the advantage that it can
be used to determine A¢, which is a function of Ety,. One strategy to
determine I, is by averaging measurements of the sampling pulse
either long before or after the measurement with the THz pulse. This,
however, only re-scales the data and does not compensate for slow
drift. Instead, measuring I, as close in time as possible as I is measured
reduces effects from the long-term drift in the laser energy.

In addition to intensity normalization, balanced detection can be
implemented to correct for shot-to-shot fluctuations in the laser
energy. In traditional balanced detection, the sampling pulse is split
and bypasses the EO crystal, and I and I, are measured on separate
photodetectors. However, for EO sampling, an advantage can be lever-
aged by using a polarizing beam splitter or a Wollaston prism to mea-
sure pulses with orthogonal polarizations. Compared to the signal
described by Eq. (5), referred to as I, the intensity in the other polari-
zation is I~ = I [1 — sin (A¢)]. The signal S(f) can then be con-
structed as

CAIY A

S(t) = ?(t) - ?(t) = 2sin (Lﬂg T41n8ETHz(t)) - ®

A

This version of balanced detection has the advantage that the signal is
doubled, while at the same time fluctuations in the sampling pulse
between the measurements of I and I;" are subtracted out. This leads
to a greater than 2x increase in the signal-to-noise ratio (SNR). In
some cases, a 10x improvement can be obtained.”®

lll. ECHELON-BASED SINGLE-SHOT DETECTION

The main limitation of EO sampling for WDM studies is that
multiple shots are required to measure the time-domain waveform.
Often, a mechanical delay stage is moved to vary the arrival time of the
sampling pulse relative to the THz pulses, and I and I, are measured at
each relative delay. Consequently, measurements where the sample is
irreversible changed or destroyed require more sophisticated detection
methods. This has been one motivation for the development of
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single-shot EO sampling techniques. Recent work by Teo et al.” inves-
tigated multiple different approaches and determined that the use of
echelons was the most promising method for single-shot THz detec-
tion. In this context, an echelon is an optical element with multiple
steps cut into a bulk material.”**”

A schematic of a reflective echelon is shown in Fig. 2(a). Unlike a
grating, the steps of an echelon are larger than the wavelength of the
sampling pulse. As such, each step of the echelon acts as a mirror and
specularly reflects a different part of the beam. Additionally, each
reflected part of the beam travels a slightly different distance, which
results in a time delay, At, given by

__oH
" ocos(0;)’

where H is the step height, ¢, is the speed of light, and 0; is the angle of
incidence of the beam with respect to the echelon step normal. For the
data in this work, H = 5.00 = 0.02 um and At = 33fs. The overall
effect turns a single input pulse into a series of time-delayed pulses,
thereby replacing the need to scan the mechanical stage. The total time

©)

(@) THz pulse J\/—> EO crystal Woll.

Qwp

femtosecond
/‘ pulse
reflective
echelon

04
0.2
0.0 2
-0.2
-04

FIG. 2. (a) Schematic illustration of how the echelon used for single-shot EO sam-
pling. (b) Raw images of echelon measured after passing through Wollaston prism.
The two squares correspond to /" and /-, as the THz pulse is present, leading to
modulation of the intensity from left to right. (c) The result of normalizing the image
in panel (b) with ones where the THz pulse is absent, yielding Al*/I; and
Al= /Iy

pubs.aip.org/aip/pop

window was NAt = 15 ps, where N=1500 is the number of steps on
the echelon. Using a lens, these pulses are focused into the EO sam-
pling crystal and different segments of the THz pulse are encoded on
different spatial locations of the sampling beam. The THz waveform is
determined using the same polarization optics as described in Sec. II;
however, a charge coupled device (CCD) or complementary metal
oxide semiconductor (CMOS) camera replaces the photodiodes and
the echelon must be imaged onto the camera.

Figure 2(b) shows an image collected when the THz pulse is over-
lapped with the sampling pulses in a 2mm thick ZnTe crystal. The
two squares correspond to the different polarization states produced
by the Wollaston prism. Figure 2(c) shows the result of dividing the
image in Fig. 2(b) by an image collected with the THz pulse is absent,
highlighting where the THz field has changed the polarization of the
sampling pulses. Here, time is mapped to the horizontal position of
the echelon image as the steps of the echelon run along the vertical
axis. The time axis is pre-calibrated by adjusting the arrival time of the
THz pulse and sampling pulses using a mechanical stage. This calibra-
tion can be re-used provided the imaging system remains unchanged.

A. Signal extraction and effects of noise reduction

In the data, the modulation is uniform along the vertical axis, and so
the THz waveform can be extracted by averaging along the vertical axis.
Doing so for the raw images yields the waveforms shown in Figs. 3(a) and
3(b). The THz signal can be seen on top of a large slowly vary back-
ground, which arises due spatial inhomogeneities in the illumination of
the echelon square. This is analogous to the effect of slow laser energy drift
in scanning EO sampling. The difference in intensity was due to inten-
tional misalignment of the quarter wave plate in that dataset to compen-
sate for parasitic static birefringence of the ZnTe crystal used in these
measurements. By comparison, Figs. 3(c) and 3(d) show the waveforms
extracted from normalized images. After normalization, the background
is flat, and the signals have opposite sign as expected from the Jones calcu-
lus analysis. Figure 3(e) shows the waveform obtained by balancing, dem-
onstrating the doubling of the signal intensity.

One important advantage of both conventional and single-shot EO
sampling are that they record the THz field, rather than the intensity.
From the field, the amplitude and phase of the frequency-domain spec-
trum, E(w) = A(m) exp [ih(w)], can be determined through a numeri-
cal Fourier transform. This permits direct access to the real and imaginary
parts of optical and material properties, such as the refractive index or the
conductivity,” eliminating the need for full knowledge of the dielectric
function which is a requirement for Kramers-Kronig analysis.

Figure 3(f) shows the THz amplitude spectrum. In this system,
the maximum detected frequency slightly exceeds 2 THz. This is set by
the details of the THz source, the type of detection crystal and its thick-
ness, and the duration of the sampling pulses. For the data presented,
the THz pulse was generated by optical rectification in a 2mm thick
ZnTe crystal. With this setup, we are able to record THz waveforms in
a single shot with a SNR of >200:1. Additionally, the reproducibility of
the system allows for averaging of multiple measurements to accu-
rately investigate WDM.

B. Considerations for warm dense matter experiments

In the data in Fig. 3, the THz waveform begins with a pulse cen-
tered at 5 ps and has subsequent oscillations. These oscillations are due
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FIG. 3. (a) and (b) THz time-domain waveforms extracted from unnormalized
images of different polarization states produced by the Wollaston prism. (c) and (d)
Waveforms extracted from normalized images. (e) Balanced signal obtained by tak-
ing the difference between the waveforms. (f) Spectrum of THz pulse obtained by
Fourier transformation of the time-domain waveform.

to absorption of the THz field by ambient water vapor. Ambient water
vapor absorbs THz radiation at well-defined frequencies due to resonant
rotational modes and vibrational bands as well as broadband absorp-
tion.”**” This modifies E(f) directly, and the oscillations cannot be
observed without the THz pulse. The resonant absorption is also visible
as dips in the frequency domain. These can be seen in in the teal curves
in Figs. 4(a) and 4(b), where the relative humidity measured by an inde-
pendent sensor was ~53%. These result in unwanted contributions and
limit the sensitivity of the measurement, in particular, in the frequency
domain where the regions of low signal have a lower dynamic range.
These effects can be removed by performing experiments in a
vacuum chamber, as commonly done in WDM experiments, or in an
enclosure flushed with an inert gas (e.g., nitrogen). The data in Figs. 4(a)
and 4(b) show the time-domain waveform and spectrum collected
using the same instrument; for the teal curves, the enclosure con-
tained ambient air and for the black curves, the enclosure was filled
nitrogen gas, thus reducing the relative humidity to ~3%. Although
at this humidity there are still some very weak oscillations present in
the THz time-domain waveform, their contributions are small and
do not significantly impact the dynamic range of the measurements.
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FIG. 4. (a) THz waveforms and (b) corresponding spectra for cases of different rela-
tive humidity within the experimental chamber. (c) THz waveforms and (d) spectra
in the case that pinholes of various diameters are placed at the focal plane of an
f/1 parabolic mirror. The effect of different frequencies focusing to different sizes
reduces the signal amplitude and changes the spectrum.

The other key consideration is the effect of the THz spot size.
Compared with optical lasers, the long THz wavelength (300 um at
1 THz) makes tight focusing a challenge because of diffraction effects.
This is illustrated in Fig. 4(c), where a series of pinholes with various
diameters are placed at the focus of a 3-in. diameter, 3-in. effective-
focal-length, f/1, 90° off-axis parabolic reflector. Here, even for a
1000 um diameter pinhole, there is a slight reduction in the measured
THz field strength as some of the pulse is clipped by the pinhole. This
is more apparent for a 500 um diameter pinhole, where the signal has
been reduced by almost a factor of two and continues for smaller pin-
hole diameters. This effect can also be seen in the spectrum, where the
lower frequency (longer wavelength) components are more dramati-
cally clipped as they cannot be as tightly focused. This also indicates
the importance of ensuring that sample is uniformly driven into the
WDM regime and that a large laser spot is used to produce a uniform
sample. When using a pump spot that is smaller than the THz probe
beam, only the high frequency data will provide reliable information
unless the THz pulse can be spatially filtered. This is particularly
important when trying to reach extremely high energy density states.

IV. APPLICATIONS FOR WDM STUDIES

Performing single-shot THz measurements on WDM essentially
requires combining two different pump-probe setups into one experi-
ment and as such require three different kinds of laser pulses: (1) a
drive pulse for exciting the sample, (2) a few m] femtosecond pulse for
making the THz pulse, and (3) a few yuJ femtosecond pulse to readout
the THz pulse. Different drive pulses can be used to achieve different
WDM conditions. For example, pulses with Joule-level energy and tens
of nanosecond duration can be used for laser driven compression while
pulses with tens to hundreds of millijoule energy and femtosecond
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duration can be used for isochoric heating of thin films. For laser
based THz generation, optical rectification is often used, and m]
energy pulses are chosen to avoid damaging the optics required.
This process yields THz pulses with typically <1 uJ pulse energy. In
the first pump-probe setup, the sample is driven to the WDM state
with an intense or high energy laser pulse, and a time-delayed THz
pulse delivered to the sample to probe. The other pump-probe setup
is the echelon-based single-shot detection, where the THz pulse is
readout as described above. Presently, measurements on WDM can
be performed with the THz probing in a transmission geometry”
or in a reflection mode. These two experimental platforms allow for
measurements of different parts of WDM phase space—either iso-
chorically heated or under shock compression.

A. Laser-heated thin films

Laser heating films can produce non-equilibrium WDM and
study WDM at up-to solid-density conditions.'”*””*”" In these experi-
ments, an intense femtosecond laser irradiates a nanometer-thin sam-
ple of material, thereby heating the electrons in the material to
electronvolt temperatures. The electrons and ions thermalize between
1 and 100 ps, depending on the electron-phonon coupling strength.
During this time, a THz pulse can be used to probe the sample. On suf-
ficiently short timescales, the sample will not undergo hydrodynamic
expansion, and thus, the THz pulse will probe an isochorically heated
material.

1. Experimental setup

A schematic of the experiment is shown in Fig. 5(a). The data
presented here were collected using an amplified femtosecond laser
system which produced two separate 8 and 5mJ A=800nm, 50 fs
pulses. The 8 mJ pulse served as the drive, while the 5m]J pulse was
split 90:10 for THz generation, performed by optical rectification in a
2mm (1 1 0)-cut ZnTe crystal'' " and THz detection by single-shot
electro-optic sampling described above. The THz pulse was focused to
the target plane using the same f /1 parabola. The drive pulse was spa-
tially filtered and imaged onto the target plane. Overlap was accom-
plished by delivering the drive pulse through a 3mm hole in the
parabolic mirror focusing the THz pulse. A mechanical delay stage
was used to set the arrival time of the drive pulse relative to the THz
pulse. The samples were 40 nm aluminum films.

For data collection, computer-controlled mechanical shutters
were used to block and unblock beams to collect echelon images with
the THz pulse absent, only the THz pulse present, and both the drive
and the THz pulses present. The measured echelon images were used
to construct waveforms corresponding to the THz pulse transmitted
through an empty hole (the reference), through the cold film, and then
the heated material.

Compared with our initial demonstration,” the films were depos-
ited onto a thick aluminum plate with 1 mm diameter holes spaced
3 mm apart. This resulted in free-standing films over the 1 mm diame-
ter holes, while the plate acted as a mask and ensured that the THz
pulse only probed heated material. The experimental setup was also
enclosed in a nitrogen atmosphere. These improvements permit accu-
rate analysis of the THz spectrum, which was not possible previously.
The use of 4 = 800 nm pulses enables higher fluences, so targets can
be driven to higher energy density WDM states.
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FIG. 5. (a) Schematic of the experimental setup around the sample plane. (b) Time-
domain waveforms for the THz pulse, offset for clarity. The data on the cold and
heated films are scaled 40x. (c) Frequency-dependent conductivity determined
from THz measurements.

Representative waveforms are shown in Fig. 5(b), with the black,
blue, and red waveforms corresponding to the THz transmission
through an empty hole, the cold film, and the heated film, respectively.
The incident drive pulse fluence was ~100 mJ/cm?, a factor of two
higher than our previous measurements, corresponding to an intensity
of 2 x10'> W/cm?, and the THz pulse was delayed by 4 ps. The data
clearly show a significant decrease in the THz transmission when the
THz pulse passes through the unheated thin film (blue) compared to
the 1 mm hole (black). This is expected, as the high conductivity of the
film makes it reflective to the THz field. When the film is heated with
the drive, the THz transmission increases, indicating a change in the
conductivity of the sample.
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2. Conductivity determination

To determine the conductivity, the spectrum of the THz pulse
transmitted through the film, E,(w) was normalized to the spectrum
obtained from the field transmitted through the air hole E, (). This
gives the complex-valued transmission function, () = E;(w)/E, ().
For a free-standing thin film, the complex-value conductivity can be
calculated using the Tinkham formula,”” which accounts for multi-
ple reflections of the field within the film,

5(0) = g (ﬁ— 1), (10)

where Z, = 377 Q is the impedance of free space, and d is the film
thickness and was determined independently by frequency-domain
interferometry”” " to have increased by 20%. The determined ()
are shown in Fig. 5(c) for the unperturbed and heated film. We plot
only the real part of the conductivity as the imaginary part is several
orders of magnitude smaller. Initially, the film has an average real con-
ductivity of 13 %1 x 10°S/m, and upon heating into the WDM
regime, the conductivity drops to 2.1 = 0.3 x 10° S/m. The details of
this change go beyond the scope of this manuscript and a more sys-
tematic study will be the subject of future investigations.

B. Dynamically compressed matter

Another common method for producing WDM is by laser-
driven shock compression.”"** In this technique, a thick (e.g., <1 yim)
sample is irradiated with high energy nanosecond long laser pulse. The
laser sample interaction generates a plasma at the surface of a target
which ablates away. Consistent with Newton’s third law, this ablation
consequently launches a shock wave which drives the material into a
high pressure and high temperature state. Typical conditions achieved
using laser driven shock compression are in the megabar pressure
range. Furthermore, the resultant WDM state can be maintained for
the duration of the drive laser pulse (e.g,, tens of nanoseconds). During
this time, the THz pulse probes the reflectivity opposite to the drive
side of the sample.

1. Experimental setup

A schematic highlighting the key elements of a setup for THz
probing of the compressed matter is shown in Fig. 6. Data presented
here were measured at the Janus Target Area 1 of the Jupiter Laser
Facility at Lawrence Livermore National Laboratory. Pulses for gener-
ating and measuring the THz pulse were produced by a Coherent
Hidra Ti:sapphire amplified laser system that delivered 4 = 800 nm
pulses with a duration of 50 fs at 10 Hz repetition rate. The THz pulse
was generated using a 2 mm thick ZnTe crystal and directed to the tar-
get using a pair of f/2 off-axis parabolic reflectors. The focusing THz
pulse had an incidence angle of 60° relative to the target normal. The
reflected THz pulse was collected and imaged using a matched set of
off-axis parabolic reflectors onto a 2mm ZnTe crystal, where single-
shot EO sampling was accomplished using a reflective echelon. The
target assembly consisted of a 100 nm layer of Al, a 25 um CH ablator
layer, a second 100 nm layer of Al, and a 500 xm lithium flouride (LiF)
window. The 100 nm of Al was coated on the 25 um CH, and the LiF
was glued to the target stack. The THz pulse reflected from the
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FIG. 6. (a) Schematic of the experimental setup around the sample plane. (b) Time-
domain waveform showing two THz pulses. The first is due to the reflection at the
vacuum-LiF interface and the second from the LiF-sample interface.

vacuum-LiF and LiF-Al interfaces, while the drive arrived at the
exposed 100 nm Al-coated side of the target.

The drive laser was configured to produce 10 ns square pulses with
up to 300] at 2 (4 = 527 nm). Continuous phase plates (CPPs) were
used to generate a 1 mm diameter spatially averaged uniform-intensity
drive spot on the target. The maximum on-target intensity was
3.82 x 10" W/em®. A two channel velocity interferometry system for
any reflector (VISAR) was used to determine the shock breakout time
and hence shock velocity.”””” The arrival time of the THz pulse first cali-
brated by sending 800 nm pulses that are co-timed with the THz pulse
to the target position. The 800 nm pulses were subsequently scattered
and collected by the streak cameras in the VISAR system. The drive
beam arrival time was calibrated using a reference laser co-timed with
the drive laser. This reference laser was similarly directed to target posi-
tion and the reflected into the VISAR streak cameras. Fiducials were
then set on the VISAR streak camera windows to mark the arrival of the
THz pulses and the drive laser as shown in Fig. 8. The error in the arrival
time, estimated from the width of the fiducial signals, is = 30 ps.

2. Data example and data analysis

Unlike the transmission measurements, the time-domain wave-
forms in Fig. 6(b) show two pulses. These arise from the reflections of
the THz pulse at the vacuum-LiF interface and the LiF-aluminum
interface. In general, anywhere there is a significant change in the THz
refractive index, and this will lead to a pulse appearing in the time
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domain. In the undriven measurement, the temporal separation
between the pulses is set by the optical path length of the THz pulse
through the LiF,

_ 2nppl

At (11)

" cpcos@’
where iy ;p is the THz refractive index of LiF at ambient conditions, ¢ is
the LiF thickness, ¢, is the speed of light, and 0 is the propagation angle
of the THz pulse within the LiF relative to the surface normal. Given
our measured delay of At=9.8ps and ¢ =500 um, we determine a
THz frequency refractive index of 2.8 for LiF, in good agreement with
previous measurements of ambient LiF.”®

Though the use of a window material is not mandatory, it has the
added benefit that the reflection at the vacuum-LiF interface should
not be affected by the shockwave produced at the other side of the
sample. As such, the THz pulse reflected at that interface can act as an
on-shot reference. This is particularly valuable when there are large
shot-to-shot fluctuations in the THz pulse. On-shot referencing may
be implemented by correlating the spectrum of the THz pulse reflected
at the first interface to that reflected at the second interface. A visual
representation of this procedure is shown in Fig. 7. This is based on a
similar approach where a THz pulse was split into two, and the sepa-
rate THz pulses measured at different EO sampling crystals.”” Here,
the time-domain waveform from an undriven measurement was
divided so that each THz pulse was isolated, and each pulse was sepa-

rately Fourier transformed to obtain two THz spectra, E,, o(w) and
E;¢(w), for the vacuum-window and window-sample interfaces,
respectively. Next, a correlation function was calculated by using these

spectra, C(w) = E;o(®)/E,0(w). For measurements taken with the
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drive, the data were split in the same way, and the reference spectrum
was calculated using the correlation function

Eyr() = Bu()C(e) = Bu(e) 22002 (12)
E w,0 (0))
Finally, the reflectivity ratio can be calculated as # = E(w)/E; ().
A representative set of data collected during a shot is shown in
Fig. 8. The drive energy for this shot was 282 ] as measured using cali-
brated energy meters. Figure 8(a) shows a VISAR trace annotated to
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FIG. 8. (a) VISAR image showing fiducials and arrival times of the drive and THz
pulses as well as the shock breakout. (b) Raw and (c) filtered time-domain wave-
forms show THz pulses reflected from vacuum-LiF and LiF-Al interfaces with no
drive and with drive present. Data are overlaid to highlight the change in the THz
pulse reflected at the original LiF-Al interface. Additionally, a weak THz pulse is
seen likely due to changes in optical properties of the LiF.
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show the arrival times of the drive laser to the target as well as the THz
pulses; these were determined by the positions of the fiducials dis-
cussed previously. The VISAR image shows a loss of reflectivity just
before 5ns on the streak camera window, which is attributed to the
shock breakout through the 100 nm of Al into the LiF window. For the
purpose of this demonstrative work, we only use this change to indi-
cate that the shockwave has passed into the LiF.

Figure 8(b) shows data collected by single-shot EO sampling. The
data show measurements taken both with and without the drive pre-
sent. The reference data are an average of 50 undriven measurements.
The “with drive” measurement is a single shot. For the driven mea-
surement, a clear change is visible for the pulse reflected at the original
LiF-Al interface, while the pulse at the vacuum-LiF interface overlaps
well. This indicates the repeatability of the THz pulse produced for the
measurements. Because the Al layer used was only 100 nm, we do not
expect a sustained shock in the Al and thicker targets are more appro-
priate for extracting the conductivity. However, the data still indicate
the ability to determine shock induced changes in the THz reflectivity.

Figure 8(c) shows the same data smoothed to remove noise. In
the both the reference and driven measurements, THz pulses originat-
ing from reflections at the vacuum-LiF and the original LiF-Al inter-
face are present at 1.8 and 11.5ps, respectively. In the driven
measurement, a weaker THz pulse at about 10 ps. This is likely due to
a reflection from the shock front in the LiF window, indicating that the
optical properties of the LiF have changed. The new pulse arrives ear-
lier than the one reflected at the original LiF-Al interface because the
shock has created a new interface within the LiF, effectively reducing ¢
in Eq. (11) and, thus, reducing At.

For a sufficiently thick sample, the conductivity of the com-
pressed material can be determined starting from the Fresnel relation
for reflectivity:"’

Ty = = , (13)
- n -
gy 1 — (Tw) sin(0) + 1, cos (0)
nS
where 7, is the measured reflectivity assuming a p-polarized THz field,
n,, is the refractive index of the window, 7, is the refractive index of
the sample, and 0 is the angle of incidence of the pulse at the window-
sample interface. In the case that #,, < 7, this expression can be
approximated by
- 7l — fis cos (0)
Ty "= -
P, 4 g cos (0)
In this form, the expression can be inverted to solve for the refractive
index of the sample,

(14)

1-F, A,
147, cos0’

ns

(15)

For WDM where there are a large number of free electrons, we can
relate the refractive index to the conductivity by

5 (w) = —iwe (12 (w) — 1). (16)

From this, we see that knowledge of #,, is required to determine the
conductivity accurately, which is not yet determined in the THz regime
at shocked conditions. Changes in the refractive index of LiF have
been observed using visible and infrared frequency light."' However,
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there is no evidence of a correlation between those changes and what
would be expected at THz frequencies. Separate measurements are
required to determine the relevant refractive indices at THz frequen-
cies and those along with experiments with thicker targets will be the
focus of future studies.

V. CONCLUSIONS AND OUTLOOK

In conclusion, we have presented the details of single-shot THz
measurements on WDM and provided details of demonstrative experi-
ments illustrating the technique. A reflective echelon enables THz
time-domain waveforms to be recorded in a single shot with a high sig-
nal-to-noise, thus enabling spectroscopic characterization of materials
driven in to the WDM regime. We describe details of the design of our
experiments to optimize the signal-to-noise ratio and show the results
of experiments where single cycle THz pulses are used to characterize
WDM produced by isochoric heating and shock compression. In both
cases, the electrical conductivity decreases when driven to the WDM
regime and can be calculated from the measurements.

Many areas for improvement exist for making THz studies on
WDM. Laser based sources offer a variety of different methods for pro-
ducing THz radiation.”” While not discussed, the work here exclusively
used ZnTe as a THz source through optical rectification, a process that
uses the interaction of an ultrafast pulse a non-linear crystal to produce
THz radiation. Lithium niobate has been used as a non-linear crystal
to produce intense THz pulses;”” ** however, the resulting THz pulses
have a longer duration than those produced by ZnTe, reducing the
temporal resolution of the measurement. An active area of research is
the synthesis of new materials for use,”** which could improve the
THz field strength or the bandwidth. In particular, N-benzyl-2-
methyl-4-nitroaniline (BNA) has been shown to produce intense THz
pulses with comparable duration to that of ZnTe. Furthermore, intense
laser-matter interactions can produce intense THz radiation,g‘)’g1
facilitating WDM experiments with currently available facilities. While
the measurements discussed focus on solid samples, the use of liquid
jets” offers possibilities for introducing different kinds of samples and
also for high repetition rate experiments. Finally, this diagnostic can be
combined with x-ray free electron lasers, enabling simultaneous deter-
mination of multiple parameters (e.g., conductivity via THz measure-
ments, density via x-ray diffraction, electron temperature via XRTS)
and, thus, providing an exciting avenue for characterizing WDM.
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APPENDIX: THE POCKELS EFFECT FOR EO SAMPLING

Here, we derive the expressions for Egs. (2a)-(2c). The change
in the refractive index via the Pockels effect is described by consid-
ering the optical impermeability tensor, 77, a 3 x 3 rank 2 tensor
whose elements are the inverse of the elements of the dielectric ten-
sor & (i.e, n; = 1/¢;). Combined with the relationship between the
dielectric constant and the refractive index, &; = nfj,

Ne My N U 1y 1/,
n= Myx My My | = l/nyx l/nyy l/nyz . (Al)
Nax  Mzy Mz 1/71; 1/1’15}, 1/1152

For a lossless medium, # is a symmetric matrix (ie., Nji = N)-
When any of the elements is modified, one can then write the modi-
fied elements of the impermeability tensor as

1 1
Ny = Mo +An; = 5—+ A =), (A2)
"o "y

where 7;; is the original impermeability tensor element, An; is the
change in that element, and n;;9 and A(1/ nij)z are the associated
refractive index and its change. If the impermeability tensor is diag-
onal, the elements can be used to derive the following expressions
for the change in the refractive index:

pubs.aip.org/aip/pop

1
) n?z‘Anii' (A3)
The applied electric field from the THz pulse, By, = Exx +Ey
+E,z, changes the impermeability according to

Af’l,‘,‘ =

Aﬁ xx i 2 13

App yy 21 T 123 E

A, T3 I3 133 .

N = E, |, (A4)
N yz T T T || p
7 z
Mz sy sy Ts3

An xy Tl Te2 163

where the 3 x 6 matrix is the electro-optic tensor with r; as its
elements.

The details of the EO tensor and the impermeability are deter-
mined from the symmetry and cut of the EO crystal. For ZnTe or
GaP crystals, the dielectric and impermeability tensors are diagonal,
with &; = &. The only nonzero elements of the EO tensor are
141 = sy = 7e3. In the case presented, the crystal is cut along the (1
1 0) planes, with the z-axis set parallel to the [0 0 1] crystallographic
axis. In this geometry, the THz field can be written as
Eth, = Erny(sin (o) //2% — sin (2) //2) + cos (2)2). When such a
field is applied, the impermeability tensors becomes

Mo Anxy Anxz
Ar]xy Mo Ar]yz ) (AS)
Anxz Arlyz Mo

where the modifying terms are defined as

=)
I

Ay = Any, = Ay, =0, (A6a)

1 .
An,, = —An,, = 7§r41ETHZ sin (o), (A6b)
A1y, = r41Erm, cos (). (A6¢)

In order to determine how the refractive indices of the crystal are modi-
fied, this matrix needs to be diagonalized. For this configuration, this is
accomplished by first applying a 45° clockwise rotation matrix around
the z-axis, yielding the following impermeability matrix:

Mo + A”xy 0 0
0 Mo — A'ny Ar]yz\/E . (A7)
0 A”]yz\/E Mo

This places the [1 1 0] axis along the x-axis and reflects the use of a
(11 0)-cut for the EO crystal. The form of this matrix indicates that
the fast and slow axes are rotated around the current x-axis by an
angle 1, which can be determined diagonalizing this matrix. To do
this, a second rotation about the x-axis is applied, yielding an
impermeability matrix

Mo + Anxy 0 0
. 1 .
0 Mo + Anyz\/i sin (ZIP) - Ar]xy COSZ(lP) \/EAnyz €os (ZIP) + E Anxy s (ZW) . (AS)
1
0 VAN cos(2U) + Anysin(20) g~ VIAR, sin (29) — An, sin’ ()
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In order for this matrix to be diagonalized, i should be chosen such
that the off-diagonal elements are zero. Substituting for An,,, and A,
the off-diagonal terms become

r41E1m, |sin (o) cos (2¢) + %cos (o) sin (24) | . (A9)

Setting this term to zero yields Eq. (3), thereby defining the relation-
ship between « and .
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