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Abstract
The time resolved method of pump-probe spec-
troscopy, in particular time-resolved angle-
resolved photoelectron spectroscopy (TR-
ARPES), plays an important role in the explo-
ration of ultrafast electronic dynamics, such as
electron-phonon coupling, in condensed mat-
ter systems. For such experiments, it is im-
portant to fully characterize the laser pulses
used to both excite and probe the sample. In
this report, we explore the viability of different
pulse measurement techniques as they relate to
TR-ARPES, and propose a general approach
to perform such measurements in-situ using a
known sample and its resulting photoelectron
spectrum.

1 Introduction

Pump-probe spectroscopy is a powerful tool uti-
lized to study ultrafast (10-1000 femtoseconds)
electron dynamics. In this technique, an ultrafast
pump pulse first promotes the system into an ex-
cited state of interest. A time-delayed ultrafast
probe pulse is then used to project the excited state
dynamics onto a final state observable. The time de-
lay between the pump and probe pulses is then var-
ied to acquire several snapshots in time that paint
a picture of the overall dynamics. Many different
probing schemes exist with different final state pro-
jections, each with their own advantages and disad-
vantages. Of those schemes, time-resolved angle-
resolved photoelectron spectroscopy (TR-ARPES)
has proven to be a powerful tool to study condensed
matter systems and their dynamics [1, 2]. In partic-
ular, TR-ARPES has demonstrated its usefulness
in interrogating electron-phonon interactions, such
as the relaxation channels of hot electronic distribu-
tions [3], superconducting gap dynamics of cuprate
superconductors [4], dynamics in bulk FeSe [5],
and surface-state dynamics in topological materials
[6].

In a TR-ARPES experiment, the photon energy
of the pump is typically in the 1 eV range to match

the gap between the conduction and valence bands
of interest. The photon energy of the probe pulse is
chosen to be much higher than the work function of
the material to eject free electrons into the vacuum
with sufficient kinetic energy to utilise the sudden
approximation. In this limit, the ionization process
is assumed to be sudden, with no post-collisional
interaction between the photoelectron and the sys-
tem it leaves behind. Further details can be found
in Ref. [7]. Since the work function of most mate-
rials lies within the 3-6 eV range, the probe pulse
energy should be at least ≥ 6 eV.

Generally, "well-known" ultrafast laser pulses
are used to interrogate unknown condensed mat-
ter systems. However, it is quite often the case
that one or both of the pulses are not fully charac-
terized. This is due to the lack of characterization
methods at higher photon energies (in particular for
the probe pulse), as well as the difficulty setting up
elaborate diagnostics in the ultra high vacuum con-
ditions required for TR-ARPES. As more elaborate
high photon energy sources are developed, accurate
pulse characterization becomes more important.

We can overcome these limitations and fully
characterize both pulses by performing an in-situ
measurement. If we start with a system that is well
understood (i.e can be accurately described theoret-
ically), then full characterization of the pump and
probe laser pulses is possible. This would enable
more accurate time resolution in current experi-
ments, as well as open the door for more complex
pulses to be used in the study of e.g. lightwave
electronics [8]. The rest of this paper will briefly
introduce the mathematics of laser pulses and how
they are measured, followed by an exploration of
characterization techniques that may be useful in
the context of TR-ARPES experiments.

2 TR-ARPES Experimental Setup

A typical TR-ARPES experiment consists of three
main components, the laser source, the experimen-
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tal chamber, and the electron analyzer. The laser
source generates two ultrafast laser pulses (the
pump and the probe) from the same seed laser to en-
sure they are stable with respect to each other. The
probe pulse has a variable time delay to allow for
time resolved measurement. The pulses then pass
through a window into the experimental chamber,
which holds the sample of interest. The pump ex-
cites the sample, followed by the probe that ionizes
the excited state, generating free electrons. The
free electrons are then collected by the electron an-
alyzer which measures the electron kinetic energy
and angle of ejection. The experimental chamber
and electron analyzer must be kept under ultra-high
vacuum conditions so that the electrons have a free
path to the detector without any particle collisions
in between.

3 Laser Pulses

An ultrafast laser pulse is comprised of a coherent
superposition of many different frequency compo-
nents. When all frequency components are maxi-
mally in phase, they constructively interfere inside
the pulse and destructively interfere everywhere
else. The pulse duration is directly related to the
number of frequency components, also called the
bandwidth of the pulse. The larger the bandwidth,
the shorter the pulse can be. This is a direct result
of the Fourier transform, and we say that a pulse
is "transform limited" if its duration matches the
shortest possible duration supported by the band-
width. If the frequency components are not max-
imally in phase, the pulse duration will lengthen
with different frequencies arriving at different times
during the pulse. This is called "chirp" and a sim-
ple example of a linear chirp is shown in Fig. 1.
Much more complex chirps are possible which can
have dramatic effects on both the pulse shape and
duration.

The electric field as a function of time of an
ultrafast laser pulse can be fully represented by

E(t) = A(t) exp(iω0t− ϕ(t)), (1)

where A(t) is the time-dependent amplitude, ω0

is the carrier frequency and ϕ(t) is the time-
dependent phase. Equivalently, the pulse can
also be represented in the frequency domain via
a Fourier Transform

Ẽ(ω) = Ã(ω) exp(−iϕ̃(ω)), (2)

where Ã(ω) is the spectral amplitude and ϕ̃(ω) is
the spectral phase. The spectral phase is Taylor

Figure 1: Representation of a linearly chirped pulse. We
can see that the lower ("red") frequency components
arrive before the higher ("blue") frequency components.
Taken from [9].

expanded about the carrier frequency ω0, where
the linear term is the group velocity and describes
a time shift, the second order term is called the
group velocity dispersion (GVD), the third order
term is called third order dispersion (TOD) and
higher order terms are lumped together as higher
order dispersion (HOD). Different media will have
varying strengths of these dispersion parameters,
which determine the frequency-dependent speed of
light in the medium. Propagating a pulse through a
medium (such as a window into the experimental
chamber) is equivalent to multiplying the spectral
representation of the pulse by the material’s transfer
function

H(ω) = B(ω)eiϕH(ω), (3)

where B(ω) is the amplitude of the transfer func-
tion (related to material absorption) and ϕH(ω) is
the spectral phase of the material. The amplitude is
often ignored such that multiplying the by the trans-
fer function simply adds the spectral phase of the
medium to the phase of the initial pulse described
by Eq. 2.

The key takeaway here is that all materials in the
laser path (including air) can affect pulse shape and
duration, sometimes in very complicated ways. It
is therefore very important to verify that the laser
pulses used in experiments are preparing the correct
states, and that they are short enough to temporally
resolve the dynamics of interest.

4 Pulse Measurement

Noting that optical frequencies are much higher
than the bandwidth of modern electronics, direct
time domain measurements are impractical. There-
fore the vast majority of measurements are made
in the frequency domain using spectrometers.
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Since we can only measure intensity (I(t) =
|E(t)|2 or S(ω) = |Ẽ(ω)|2) and not the field di-
rectly, the phase information is lost unless we mea-
sure some interference between two fields. Without
the phase we cannot accurately measure important
parameters like pulse duration and chirp. Therefore
a nonlinear process that depends on the sqaure (or
higher powers) of the electric field must be used to
retrieve the phase.

4.1 Frequency Resolved Optical Gating

The standard method for full pulse characterization
(amplitude and phase) is called frequency resolved
optical gating (FROG) [10]. The basic premise of
FROG is to generate a 2D spectrogram (intensity
vs. time and frequency) by correlating the input
pulse with a gate pulse in a nonlinear medium. The
nonlinear medium mixes the two pulses and cre-
ates a new signal pulse which encodes both the
amplitude and phase information. The correlation
is performed by scanning the gate pulse through the
input pulse and measuring the resulting spectrum
as a function of time delay. The mathematical de-
scription of the FROG spectrogram SFROG(ω, τ)
is

SFROG(ω, τ) =

∣∣∣∣∫ ∞

−∞
Esig(t, τ)e

iωtdt

∣∣∣∣2 , (4)

where Esig(t, τ) is the signal pulse that depends on
both the input pulse and the gate pulse with delay
τ . Many different nonlinear mixing schemes can
be used in FROG, the simplest case being second
harmonic generation (SHG FROG). In SHG FROG
Esig(t, τ) = E(t)E(t − τ), where the gate pulse
is a replica of the input pulse.

Figure 2 shows a typical schematic of an SHG
FROG pulse measurement device. The pulse to
be measured is first split into two identical copies
by a beamsplitter, which are later recombined at
a small crossing angle in a nonlinear crystal. A
translation stage in one arm of the FROG allows
one of the replica pulses to be delayed with respect
to the other. When the pulses overlap in both space
and time in the crystal, they mix in a second order
nonlinear process, generating a new pulse at the
second harmonic (SH) frequency of the input pulse.
The SH pulse is then measured with a spectrometer
at several different time delays and the resulting 2D
spectrogram is passed through an algorithm that
uniquely reconstructs the electric field (both ampli-
tude and phase) of the input pulse. Figure 3 shows

an example of FROG spectrograms for different
linearly chirped pulses. In this simple example,
one can see directly that the tilt in the spectrogram
directly maps to the chirp in the pulse. For a quanti-
tative assessment of the pulse or for more complex
pulses, the spectrogram would be fed into an algo-
rithm that retrieves the pulse amplitude and phase.

Figure 2: Schematic of a SHG FROG device. An un-
known input pulse is split into two replicas, one being
time delayed with respect to the other using a variable
delay stage. The pulses are then mixed in a nonlinear
medium that generates the signal pulse at double the
frequency, which is then measured by a spectrometer at
each time delay.

Figure 3: FROG spectrograms for different linearly
chirped pulses. One can see that the tilt in the spec-
trogram directly maps to the chirp of the pulse. The
spectrograms would be fed through a retrieval algorithm
to obtain the electric field of the laser pulse. Color axis
is a normalized intensity. Taken from [9].

In the context of measuring pulses used in TR-
ARPES experiments, FROG has two main limita-
tions. First, the probe photon energies are typically
in the vacuum/extreme ultraviolet (VUV/XUV). At
these photon energies there are no suitable nonlin-
ear crystals to generate a FROG signal. Second,
material dispersion is also very strong at these pho-
ton energies. Transmitting pulses through beam-
splitters, glass windows etc. will strongly chirp
the pulses. Therefore having a separate diagnostic
beam path from that of the sample in the experi-
mental chamber may lead to inaccurate pulse mea-
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surements. There are other methods of pulse char-
acterization utilizing photoelectrons as the spec-
trogram signal, which are more naturally suited
to TR-ARPES. Some of these techniques will be
explored in the next sections.

4.2 Photoelectron Pulse Characterization

In the field of attosecond laser physics, a com-
mon pulse characterization technique is attosecond
streaking [11]. It uses an extremely short attosec-
ond XUV pulse to eject electrons from a gas target
in the presence of a much longer infrared (IR) dress-
ing field. The IR field is strong enough such that the
free electrons are accelerated, but weak enough that
no strong field ionization of the gas target occurs
from the IR alone. In this way the photoelectron
spectrum is modulated by the IR field as a function
of delay between the two pulses. The resulting
spectrogram traces exactly the vector potential of
the IR field and its time derivative gives the electric
field. Figure 4 shows an example of an attosecond
streaking spectrogram in argon.

Figure 4: Spectrogram of an attosecond streaking mea-
surement in argon. The spectrogram traces exactly the
vector potential of the IR dressing field. Taken from
[12].

Attosecond streaking is also possible in solids
[13], however it is not particularly suitable for TR-
ARPES experiments. It is conditional on short
XUV pulses, which by the Fourier transform limit
necessitates a large bandwidth. Resolving band
structures then becomes an issue.

4.3 General Photoelectron FROG for
TR-ARPES

In principle, if the material is well described sys-
tem, the electric field of the laser pulses should be
retrievable from the photoelectron spectrum. The
following is a basic overview of how that could be
achieved.

We are looking to calculate the transition proba-
bility wfmi of a two-photon excitation that results
in a free electron. We start with an N-electron
ground state ΨN

i and one of the possible final states
ΨN

f via an intermediate state ΨN
m. The transition

probability will be proportional to the square of the
transition matrix elements

wfmi(t, τ) ∝
∣∣∣ 〈ΨN

f |H(2)
int(t− τ)|ΨN

m

〉
·
〈
ΨN

m|H(1)
int(t)|Ψ

N
i

〉∣∣∣2
· δ(EN

f − EN
i − hν1 − hν2),

(5)

where H
(j)
int(t) is the perturbative Hamiltonian for

the interaction with a photon from the jth laser
pulse. Hint is given by

Hint(t) =
e

2mc
(A(t)·p+p·A(t)) =

e

mc
A(t)·p,

(6)
where p is the electronic momentum and A is the
laser vector potential. Note that in Eq. 6 the scalar
potential was chosen to be Φ = 0, the second order
term in A was dropped, and the dipole approxima-
tion was used to allow the commutation of A and
p [7]. We can use Eq. 5 to write the equation for a
photoelectron spectrogram with a similar form to
Eq. 4

S(ω, τ) ∝
∑
f,m,i

∣∣∣∣∫ ∞

−∞
wfmi(t, τ)e

iωtdt

∣∣∣∣2 . (7)

The kinetic energy of the emitted photoelectrons is
given by

Ekin = hν1 + hν2 − (ϕ+ |EB|), (8)

where hνj is the photon energy of pulse j, ϕ is
the work function of the material and EB is the
binding energy of the electron inside the material.
From Eqs. 7 and 8, the full electric fields should be
reconstructible from the photoelectron spectrogram
in the same way as a standard FROG spectrogram
except with an energy shift of −(ϕ + |EB|). The
transition probability is dependent on the dynamics
of the system, so a non-resonant excitation to a
virtual intermediate state is preferred. Since a vir-
tual state has zero lifetime, the photoelectron signal
would only be present when both laser pulses are
overlapped in time, thus simplifying the analysis
significantly.
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5 Conclusion

In the context of pump-probe experiments, it is of
critical importance to well-characterize the laser
pulses used to both excite and probe the system of
interest. In this paper we discussed ultrafast laser
pulses, their characteristics and how to measure
them. FROG is the most common option for pulse
characterization, but it has limits in the range of
accessible photon energies. In-situ methods that
leverage the photoelectron spectra generated by
e.g. TR-ARPES should in principle be possible,
provided the condensed matter system is well un-
derstood theoretically.
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