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ABSTRACT
We present a detailed exposition of the design for time- and angle-resolved photoemission spectroscopy using a UV probe laser source that
combines the nonlinear effects of β-BaB2O4 and KBe2BO3F2 optical crystals. The photon energy of the probe laser can be switched between 6.0
and 7.2 eV, with the flexibility to operate each photon energy setting under two distinct resolution configurations. Under the fully optimized
energy resolution configuration, we achieve an energy resolution of 8.5 meV at 6.0 eV and 10 meV at 7.2 eV. Alternatively, switching to the
other configuration enhances the temporal resolution, yielding a temporal resolution of 72 fs for 6.0 eV and 185 fs for 7.2 eV. We validated
the performance and reliability of our system by applying it to measuring two typical materials: the topological insulator MnBi2Te4 and the
excitonic insulator candidate Ta2NiSe5.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0177361

I. INTRODUCTION

Time- and angle-resolved photoemission spectroscopy (Tr-
ARPES) is a cutting-edge technique that has been developed in
the past decade. By combining ultrafast laser techniques with
angle-resolved photoemission spectroscopy, Tr-ARPES provides a
unique capability of investigating non-equilibrium band structures
and photo-induced phase transitions in solid-state systems. Its
remarkable capabilities have generated significant interest among
researchers and have extensively been applied in the investigation of
various quantum materials, including topological materials,1–5 high-
Tc superconductors,6 excitonic insulators,7,8 charge-density-wave
systems,9–11 Floquet band engineering,12–14 and others.15,16

Over the past few decades, several Tr-ARPES instruments
with diverse designs and configurations have been developed.17–24

The majority of these instruments aim to develop suitable probe
laser sources through the utilization of high harmonics generation
(HHG) in noble gases20–24 or second-order nonlinear optical effects

in optical crystals.17–19 The probe beam generated by HHG offers
advantages such as a higher photon energy (>20 eV), a wide range
of tunable wavelengths,25 and an enhanced temporal resolution. On
the other hand, instruments that employ optical nonlinear crystals
for probe laser generation are more widely accessible and generally
provide a superior energy resolution.

Fourth harmonic generation (FHG) in β-BaB2O4 (BBO) is a
widely utilized technique for generating probe lasers, resulting in
a photon energy of ∼6.0 eV. By coupling the KBe2BO3F2 (KBBF)
crystal26,27 with the prism technique, ultraviolet (UV) lasers with
a higher photon energy can be generated. Yang et al.17 developed
a probe photon energy of 6.7 eV with a temporal resolution of
∼1 ps, while Bao et al.18 developed a tunable probe photon energy
range of 5.9–7.0 eV, with the temporal resolution improved to 320 fs
at 7.0 eV.

In this study, we developed a UV laser source with a photon
energy of 7.2 eV and fully optimized temporal resolution of 185 fs.
Notably, we have also incorporated a versatile design that facilitates
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convenient switching between 6.0/7.2 eV and different resolution
configurations. This setup can be operated with energy resolutions
of 8.7 meV for 6.0 eV and 10 meV for 7.2 eV, which is particularly
advantageous for accurately probing fine features of electronic band
structures. Furthermore, it can be easily reconfigured to achieve
improved temporal resolutions of 72 fs for 6.0 eV and 185 fs for
7.2 eV, which are highly beneficial for investigating transient non-
equilibrium processes. The combination of a two-color UV laser
source with our compatibility design substantially enhances experi-
mental efficiency. To demonstrate the performance of our setup, we
conducted measurements on several materials, including topologi-
cal insulators Bi2Se3

28,29 and MnBi2Te4
30 and the excitonic insulator

candidate Ta2NiSe5.31–33

II. EXPERIMENTAL SETUP
A. Tr-ARPES layout

Figure 1 presents a schematic overview of our Tr-ARPES sys-
tem. The system employs a Yb-doped fiber laser as the fundamental
beam (FB) with a central wavelength of 1030 nm (hν = 1.2 eV).
The FB provides an adjustable output repetition rate ranging from
1 Hz to 1 MHz, accompanied by a pulse duration of 200 fs and
a maximum pulse energy of 150 μJ (when operating at or below
300 kHz).

The FB passes through a setup comprising a half-wave plate and
thin film polarizer (TFP), allowing for an adjustable splitting power
ratio. The beam transmitted through the TFP subsequently enters
the multipass cell (MPC) compressor for secondary compression,
which reduces the duration to 75 fs. The compressed beam (CB) is
then combined with the uncompressed beam that is reflected by the

TFP. In experiments, the CB with a pulse duration of 75 fs can be
utilized to enhance the temporal resolution or the FB with a pulse
duration of 200 fs can be utilized to enhance the energy resolution.

The beam is then divided by a half-wave plate and TFP before
entering the main optical path. This division serves two main pur-
poses: First, power reduction, since the total power requirements for
the system are not substantial; this reduction helps counteract the
system instability caused by thermal effects. Second, the high-power
beam that is reflected can be employed as a dual time-delayed pump
with a high power density, customized to meet specific experimental
requirements.

After entering the main optical path, the beam is focused by
a concave mirror onto a BBO crystal (θ = 23○) with a thickness
of 0.5 mm, inducing second harmonic (SH) generation at 515 nm
(hν = 2.4 eV). Subsequent to this setup, the residual 1030 nm beam
is temporally and spatially aligned with the 515 nm beam precisely.
These two beams are then directed onto a BBO crystal (θ = 32.5○)
with a thickness of 0.15 mm, resulting in the production of a third
harmonic (TH) generation at 343 nm (hν = 3.6 eV). The efficiency
of generating the 343 nm signal can achieve around 30% under the
FB and 18% under the CB.

The 343, 515, and 1030 nm signals produced can be effec-
tively monochromatized, yielding a three-way beam consisting of
distinct monochromatic components. The 515 and 343 nm signals
are divided using a beam splitter, while a fraction of the 343 nm
signal is directed onto a KBBF crystal to produce a 171 nm (hν =
7.2 eV) signal. The residual 343 and 515 nm signals are then focused
on a BBO crystal (θ = 77○) with a thickness of 0.1 mm after tem-
poral and spatial alignments, generating a probe beam at 206 nm
(hν = 6 eV).

FIG. 1. Schematic diagram of Tr-ARPES with probe photon energies at 6.0 and 7.2 eV and pump photon energies at 1.2, 2.4, and 3.6 eV.
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The surplus portions of the 515 and 343 nm signals, along
with the additional 1030 nm signal, are combined and directed
through a hollow retroreflector (Newport UBBR1-1S) positioned on
a delay stage. The merged beam is subsequently focused onto the
sample, serving as the pump with variable photon energies. To mit-
igate pump power, a rotating attenuator is placed in front of the
chamber.

To attain a resolution approaching the Fourier limit (ΔE
∗ ΔT ≈ 1800 fs meV), the 206 nm signal is subjected to dispersion
compensation and is subsequently monochromatized using a pair of
prisms before entering the chamber. Conversely, for the probe beam
of 171 nm, a pre-compensation scheme is utilized to alleviate the dis-
persion effects induced by the 343 nm signal, owing to the challenges
associated with direct dispersion compensation.

Our ARPES system is equipped with the following compo-
nents: (1) a hemispherical analyzer (Scienta Omicron DA30-L),
(2) a helium lamp system (Scienta Omicron VUV5050) with pho-
ton energies of 21.2 and 40.8 eV, offering an energy resolution of less
than 5 meV, (3) a six-axis sample manipulator (Fermion instrument)
capable of operating at temperatures as low as 6 K, (4) an annealing
chamber featuring an Argon gun (SPECS), with radiation capability
(up to 700 ○C) and laser heating capacity (up to 1200 ○C), enabling
fundamental sample processing, and (5) our internally developed
Delay Stage software, seamlessly integrated with the analyzer soft-
ware SES, facilitating automated spectrum sweeping at different
delay times. Moreover, our main ARPES chamber achieves an excep-
tional vacuum level, surpassing even 3 × 10−11 Torr following baking
procedures.

B. MPC pulse compress
The pulse duration of a UV laser is commonly influenced by

the pulse duration of the incident beam. Employing a shorter pulse
duration enhances the temporal resolution of Tr-ARPES. Addi-
tionally, the reduced pulse duration enables a higher peak power
density for the pump, thereby facilitating processes such as optical
modulation and photo-induced phase transitions. As a result, we
employ secondary compression techniques to achieve a shorter pulse
duration.

When there is no dispersion, the product of the spectral width
and the duration of the pulse remains constant, which implies that
shorter laser pulses have a broader spectral width. Thus, in order to
achieve shorter laser pulses, it is necessary to broaden the pulse spec-
trum to encompass the desired pulse duration. Nonlinear self-phase
modulation within a nonlinear medium is a commonly employed
method for achieving spectral broadening. Among the various tech-
niques for pulse width compression, hollow fiber compression and
MPC compression34,35 have emerged as the most widely adopted
strategies globally. Comparatively, the MPC scheme offers several
advantages over the hollow fiber compression scheme, including
a high efficiency, a compact footprint, and an enhanced stability.
Consequently, we selected the MPC compression scheme and have
successfully reduced the pulse duration from 200 to 75 fs, achieving
an efficiency that exceeds 80%.

Figure 2(a) illustrates the optical path of the MPC. A 10W FB
laser with a duration of 200 fs at a repetition rate of 500 kHz is
directed onto the MPC through a D-shaped reflection mirror. The
MPC system is comprised of two 2-in. concave mirrors, each with a

FIG. 2. MPC (multi-pass cell) diagram and spectra/duration results. (a) MPC dia-
gram. [(b) and (c)] Spectra and duration of FB (fundamental beam) before MPC.
[(d) and (e)] Spectra and duration of CB (compressed beam) after MPC.

focal length of 250 mm. Positioned between these mirrors are a fused
silica element with a thickness of 3 mm and an element coated with
a double-sided permeability-enhancing film of 1030 nm.

During its course through the MPC, the beam undergoes
36 reflections, with 18 beam drop-off points on the mirrors arranged
in a circular pattern. Following these reflections, the spectrally
broadened beam exits through another D-shaped reflection mirror.
Passing through the fused silica element in each round introduces
100 fs2 of group delay dispersion (GDD), resulting in an accumu-
lated dispersion of ∼3600 fs2. Furthermore, the MPC itself con-
tributes a certain level of positive dispersion. To counteract this and
the dispersion arising from the broadened spectrum, chirped mir-
rors are employed. These mirrors have a combined dispersion value
of −5000 fs2. The compression capabilities of an individual MPC
exhibit limitations. To attain further pulse duration compression, an
additional round of MPC compression can be executed. Following
dispersion compensation, we achieve a CB power of 8 W with an
efficiency of 80%. Figures 2(b)–2(e) present the spectral composi-
tion before and after compression, along with the ensuing alteration
in the pulse duration.

C. Character of the pump and probe
Figure 3 illustrates the spectra and cross correlation results of

515 and 343 nm before [(a), (b), (e), and (f)] and after [(c), (d), (g),
and (h)] compression.

To calibrate the spot size of the pump pulses on the analyzer
focus, we measured the pump power behind the sample position
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FIG. 3. Spectra and cross correlation data for SH (second harmonic) with center wavelength at 515 nm [(a)–(d)] and TH (third harmonic) with center wavelength at 343 nm
[(e)–(h)] before and after MPC pulse compression.

by scanning the spot along the sharp edge of the gold (Au) sam-
ple. The Gaussian curve can be derived through the differentiation
of this power curve, with the full width at half maximum (FWHM)
of the Gaussian curve representing the size of the pump laser. Since
measuring the probe intensity behind the sample is unfeasible, we
choose to use the curve that illustrates the intensity changes of the
counts on the analyzer as the sample position is adjusted. This mea-
surement was carried out with the sample surface placed at a 45○

FIG. 4. Spot size at 6 eV with a 45○ incidence angle. (a) Horizontal spot size. (b)
Vertical spot size.

TABLE I. Spot size of the pump and probe.

hν (eV) Horizon (μm) Vertical (μm)

1.2 107.2 64.3
2.4 75.5 61.3
3.6 45.4 88
6 45.9 25.5
7.2 23.0 22.56

angle to the incident laser. Figure 4 illustrates a spot size of 6 eV,
which is ∼46 × 25 μm2. After compensating for the lateral spread
resulting from the 45○ incidence angle, the spot size is ∼32 × 25 μm2.
Further details regarding the spot size of the remaining pump and
probe are presented in Table I.

III. ENERGY RESOLUTION
AND TEMPORAL RESOLUTION

The energy resolution is obtained through the measure-
ment of the Fermi edge of the polycrystalline gold at 10 K.
This measurement entails fitting a convolution of a Gaussian dis-
tribution g(ω) = e(−4 ln 2)ω2/R2

e and the Fermi–Dirac distribution
f (ω) = 1/(eh̵ω/kBT

+ 1) to the data, where the FWHM of the Gaus-
sian distribution characterizes the energy resolution. The temporal
resolution measurement involves fitting the temporal distribution
curve of the density of states in the high-energy region of an HOPG
sample. The fitting function is the product of the Heaviside func-
tion and a single-exponential function convolved with a Gaussian
function,36

I(t) = A(1 + erf(
t − t0

Δt
))e−

t−to
τ + B.

Here, the parameter Δt corresponds to the temporal resolution,
while τ corresponds to the relaxation time of decay.

Figure 5 illustrates the energy and temporal resolution curves
for the 2.4 eV pump with both 80 and 200 fs beams. Table II presents
the values for the temporal and energy resolutions across varying
pump photon energies. During excitation, the temporal resolution
with a 1.2 eV pump is slightly worse than that with a 2.4 eV pump.
This difference can be attributed to the broader pulse duration of the
1.2 eV pump in comparison with the 2.4 eV pump.
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FIG. 5. Energy and temporal resolutions undervarious configurations. The energy resolution is determined for polycrystalline gold at a temperature of 10 K, while the temporal
resolution is evaluated using a 2.4 eV pump. [(a)–(d)] Raw and fitted data illustrating time and energy resolutions of 6 eV at 200 and 80 fs. [(e)–(h)] Raw and fitted data
demonstrating temporal and energy resolutions of 7.2 eV at 200 and 80 fs.

TABLE II. Different resolutions under-various configurations.

Δt 1.2 eV (fs) Δt 2.4 eV (fs) ΔE (meV)

6 eV(80 fs) 95 72 30
7.2 eV(80 fs) 195 185 18
6 eV(200 fs) 290 246 8.7
7.2 eV(200 fs) 300 280 10

IV. MEASUREMENT
A. Equilibrium state of Bi2Se3

Figure 6 depicts the measurement of the equilibrium state of
Bi2Se3 at the Γ-point using photon energies of 6 and 7.2 eV at a
temperature of 10 K. Owing to the higher photon energy of 7.2 eV,
a larger momentum space can be observed within the same accep-
tance angle range. According to the formula k∥ =

√

2mEkin sin θ/̵h,

FIG. 6. Depiction of equilibrium state of Bi2Se3 in Tr-ARPES. (a) Band structure of
Bi2Se3 at the Γ point measured by 6 eV. (b) Band structure of Bi2Se3 at the Γ point
measured by 7.2 eV.

the maximum observable momentum k at 7.2 eV is 0.84 (1/Å), with
a momentum k of 0.22 (1/Å) at a 15○ angle. For 6 eV, the maxi-
mum observable momentum k is 0.62 (1/Å), with a momentum k of
0.16 (1/Å) at a 15○ angle. With an equal number of analyzer chan-
nels, 6 eV provides an improved angular resolution. Furthermore,
since measurements at 6 and 7.2 eV capture distinct kz values, it
becomes feasible to investigate band dispersion at diverse kz values
in specific materials.37

B. Measurement of the gap in MnBi2Te4

To validate the energy resolution capability of our equipment,
we chose the topological material MnBi2Te4 for testing. Previous
research has indicated the existence of a gap in the topological sur-
face state of MnBi2Te4, with an approximate gap size of 10 meV.30

We conducted band structure measurements at the Γ-point of
MnBi2Te4 by employing the 7.2 eV probe laser with a configuration
of optimized energy resolution at 10 meV. Figure 7(a) illustrates the
spectrum with a 2D intensity contour map at an energy 0.2 eV below
the Fermi level. Figure 7(b) presents the band structure results at
the Γ-point along with the corresponding tangent in Fig. 7(a), while
Fig. 7(c) presents the second derivative in the energy direction of
the data. We performed an analysis of individual energy distribution
curves (EDCs) at various momentum k values, as shown in Fig. 7(d).
The arrows in the figure indicate the peak positions of the EDCs
at different momenta, corresponding to the gap size. Through the
examination of these peak positions, we confirmed that the gap at
the Γ-point is around 10 meV, thus validating the energy resolution
capability of our equipment.

C. Dynamic of Ta2NiSe5

We selected the excitonic insulator candidate Ta2NiSe5 to vali-
date the temporal resolution capabilities of our experimental setup.
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FIG. 7. Measurement results of MnBi2Te4 with the configuration of a better energy
resolution. (a) Spectrum with the 2D intensity contour map at an energy 0.2 eV
below the Fermi level. (b) Band structure at the Γ-point along with the correspond-
ing tangent in panel (a). (c) Second derivative in the energy direction of panel (b).
(d) Energy distribution curves (EDCs) at different k points from panel (b), with peak
positions indicated by arrows.

FIG. 8. Measurement results of Ta2NiSe5. (a) Band structure at the Γ point.(b) Pho-
toemission intensity as a function of energy and time delay at the red dashed line
cut in panel (a). (c) Bottom: The integrated intensity as a function of time delay at
the region of the white dashed line in panel (b). The blue curve indicates the inco-
herent part fitted by the product of the Heaviside function and a single-exponential
function convolved with a Gaussian function. Top: Intensity after removing the inco-
herent part. (d) The corresponding Fourier transform magnitude of the curve in the
top of panel (c).

In this material, a hole-like pocket exists at the center of the Bril-
louin zone and a gap opens below the transition temperature.31–33 In
Fig. 8(a), we present the static band structure of the hole band at the
Γ-point measured by a 6 eV probe laser with an optimized tempo-
ral resolution. Upon excitation with a 1.2 eV pump laser at a fluence
of 0.25 mJ/cm2, Fig. 8(b) illustrates the photoemission intensity as a
function of energy and time delay along the red dashed line in panel
(a). The temporal evolution of the integrated intensity is shown in
the lower part of Fig. 8(c), corresponding to the region outlined by
the white dashed line in panel (b). The fitted blue solid curve rep-
resents the incoherent component within the data, modeled as the
product of the Heaviside function and a single-exponential function
convolved with a Gaussian function. After subtracting the incoher-
ent contribution, the upper part of Fig. 8(c) shows a clear oscillation.
Through Fourier transformation, we determined a frequency of
∼1.0 THz, consistent with the Ag phonon mode.7,38 It is worth not-
ing that some higher-frequency oscillations have not been observed
here, which may be due to limitations in the current temporal resolu-
tion. This result highlights the capability of our apparatus to capture
fast dynamic phenomena within materials, encompassing collective
mode oscillations and rapid interaction processes.

V. CONCLUSION
In summary, we have successfully developed a time-resolved

ARPES system employing a 200 fs Yb-doped laser coupled with a
hemispherical energy analyzer. The photon energy of the pump laser
can be selectively tuned to 1.2, 2.4, and 3.6 eV, while the photon
energy of the probe laser is adjustable to 6 and 7.2 eV. Through
the application of MPC compression to the laser, we have achieved
a 75 fs CB. The use of the 200 fs FB configuration has notably
improved the energy resolution, and alternatively, employing the
80 fs CB configuration has provided remarkable enhancements in
the temporal resolution. The enhanced energy resolution allows us
to discern intricate features within specific band structures, as evi-
denced by our successful verification of a gap size of ∼10 meV
in the surface state of the topological material MnBi2Te4. More-
over, the improved temporal resolution empowers us to explore
material dynamics, as evidenced by our successful characteriza-
tion of oscillations in Ta2NiSe5. Our innovative system presents an
adaptable platform for future experiments, readily customizable to
meet diverse research requirements.
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