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Abstract: We briefly review recent results on photoemission spectroscopy based on the deep and vacuum ultraviolet diode 
pumped solid-state lasers which we have developed. Cascaded second harmonic generation with the nonlinear crystal KBe2BO3F2 
(KBBF) is used to generate deep ultraviolet and vacuum ultraviolet laser radiation, which complements traditional incoherent light 
sources such as gas discharge lamps and synchrotron radiation, and has greatly improved resolution with respect to energy, 
momentum, and spin of photoemission spectroscopy. Many new functions have been developed with the advantages of high 
photon energy, narrow linewidth, high photon flux density, and so on. These have led to the observation of various new phenomena 
and the amassment of new data in the fields of high temperature superconductivity, topological electronics, Fermi semi-metals, and 
so forth. These laser systems have revived the field of photoemission spectroscopy and provided a new platform in this frontier 
research field. 
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1  Introduction 
 

Generally, light sources, especially those in the 
deep ultraviolet (DUV) and vacuum ultraviolet (VUV) 
ranges (both are collectively called DUV in this  

paper), with wavelengths from 250 to 185 nm and 185 
to 100 nm, respectively, play a major role in photo- 
emission spectroscopy, Raman spectroscopy, precise 
micromachining, and many other applications (Peng 
et al., 2018). 

There are several sources of DUV light, includ-
ing synchrotron radiation, gas discharges, excimer 
lasers, free electron lasers, high harmonic generation, 
four-wave mixing, and nonlinear frequency conver-
sion (Cyranoski, 2009; Couprie, 2014). These can 
generally be classed as either noncoherent or  
coherent. 
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Synchrotron radiation and gas discharge lamps 
are the most commonly used noncoherent DUV light 
sources (Greber et al., 1997; Xu et al., 2008). The 
former covers a wide wavelength range from 1 to  
200 nm, and aroused great interest in earlier days. 
However, its several intrinsic disadvantages of low 
energy resolution (1–5 meV), low photon flux 
(1010–1012 photons/s), difficulty to focus, huge size, 
and high cost limit its range of application. 

Gas discharge lamps have the advantages of 
continuous radiation, simple operation, and small 
volume, but the emission wavelengths are discrete 
because each excited gas can generate only specific 
wavelengths, such as 21.2 eV for He gas. Moreover, 
similar to synchrotron radiation, they have the same 
limitations of low energy resolution (about 1.2 meV), 
only one mode of operation, and low photon flux (less 
than 1014 photons/s). 

High harmonic generation and four-wave mixing 
with a gas medium or metal vapor, respectively, can 
generate tunable DUV coherent radiation through the 
third-order nonlinear effect, but the output power 
energy and efficiency are very low. 

Excimer lasers are one of the most widely used 
coherent light sources and are especially useful for 
immersion lithography (Grüner et al., 2007). Two 
main kinds, the 193 nm ArF and 157 nm F2 pulsed 
lasers, can produce up to kilowatts of high power at  
1 Hz–1 kHz repetition rates with nanosecond pulse 
widths. Unfortunately, an excimer laser has a poi-
sonous gas medium, a limited number of wavelengths, 
a narrow tuning range, poor beam quality, poor sta-
bility, and a short lifetime, and only one gas fill is 
possible. Moreover, it is very difficult to control the 
spectral- and spatial-mode qualities of the excimer 
laser, meaning that it cannot meet the precision and 
practicality demands of the state-of-the-art scientific 
instruments. 

The free electron laser has excellent character-
istics, such as extremely wide wavelength tunability 
(extending down to X-rays) and high output power. 
However, its drawbacks include immature technology, 
complexity, large size, and high cost. 

Another type of DUV laser is based on nonlinear 
frequency conversion. By sum-frequency mixing 
(SFM), several nonlinear crystals can be used to 
generate DUV light (Nagashima and Liu, 2001; Peng 
et al., 2018). For instance, DUV radiation at 172.7 nm 

has been generated with lithium triborate (LBO), and 
166 nm with KB5O8·4H2O (KB5) (Petrov et al., 1998a, 
1998b). Emission over a range of 170–180 nm from 
Li2B4O7 (LB4) and at 191.7 nm from CsLiB6O10 
(CLBO) has been reported (Koch et al., 2016). With 
the KBe2BO3F2 (KBBF) crystal, the shortest wave-
length of 149.8 nm has been obtained by fifth har-
monic generation of a Ti:sapphire laser (Nakazato  
et al., 2016). However, an SFM laser system is com-
plex and inconvenient because it involves two dif-
ferent wavelength laser beams which require strict 
time synchronization, spatial superposition, and po-
larization matching. With quasi-phase matching, a 
121 nm DUV laser has been realized in strontium 
tetraborate, SrB4O7 (SBO), but its intrinsic irregular 
behavior hinders its application (Trabs et al., 2016). 

The disadvantages of the DUV light sources 
mentioned above have restricted their widespread 
application, especially for advanced scientific in-
struments that need very precise and user-friendly 
coherent light sources. 

A more attractive way to produce DUV coherent 
light is based on cascaded second harmonic genera-
tion (SHG) with a diode-pumped solid-state laser 
(DPL) as the fundamental pump (called DUV-DPL in 
this paper). So far, SHG with a KBBF crystal is the 
best solution, being both precise and practical. 

Compared to noncoherent light sources, the en-
ergy resolution of such diode-pumped lasers has been 
improved by about one order of magnitude, the pho-
ton flux by about five orders, and the photon flux 
density by about seven orders. They can operate at ns, 
ps, and fs pulse widths, and achieve a bulk effect of  
10 nm detection depth, so they have great application 
prospects in the fields of physics, chemistry, material 
science, informatics, life science, and resource and 
environment research (Chen, 2004; Chen et al., 2009; 
Zhang SJ et al., 2014). 

Our research team has developed a series of 
advanced DUV-DPL models that have already been 
incorporated in various analytic instruments. A typi-
cal example is the spectrometer used in high resolu-
tion angle-resolved photoelectron spectroscopy 
(ARPES), in which the major technical indicators 
(energy, momentum, and spin resolution) have been 
improved by several orders of magnitude, and many 
new functions have been developed. 

In this paper we briefly review the characteris-
tics of the DUV lasers developed by our research 
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team over more than 20 years and successfully em-
ployed in ARPES. The latest results obtained in the 
studies of high temperature superconductors, topo-
logical electronics, Fermi semiconductor metal ma-
terials, etc. will be reported. 

 
 

2  Basic characteristics of deep and vacuum 
ultraviolet light source 
 

The DPL has characteristics of good beam qual-
ity, widely tunable wavelength range, high output 
power, high efficiency, small beam diameter, and 
compact setup. However, the wavelength does not 
reach the DUV wavelength range and it is very dif-
ficult to develop the DUV wavelength with the stim-
ulated emission effect. With multistage frequency 
conversion technology, the DUV laser can be emitted 
from nonlinear crystals. So far, it is the best solution 
for realizing DUV coherent light source, which can be 
classed as SFM and SHG methods. The SFM tech-
nology has harsh application conditions because of 
complex technology, poor stability, and practical 
difficulty. 

The DUV-DPL has merits in application such as 
the following: 

1. Precise control of parameters. The frequency 
domain, time domain, space domain, and polarization 
parameters can be designed and regulated precisely 
for various requirements. For instance, as far as the 
KBBF nonlinear crystal is concerned, its adjustable 
wavelength range is wide and continuously tunable. 
The widely tunable wavelength range is 170–232 nm. 
The theoretically shortest SHG wavelength limitation 
is 161 nm. The narrow linewidth may be at kHz– 
MHz levels. The operation mode may be a pulse 
repetition rate from several Hz to several GHz. The 
pulse width can be designed to be ns, ps, or fs. 
Moreover, the polarization can be easily adjustable 
with an arbitrary direction: linear, circular, or ellip-
tical polarization and left- or right-handed. 

2. Practical functions. It has the advantages of 
being compact, stable, and highly efficient with good 
beam quality and long life. The output power can be 
controlled from several μW to several hundred mW. 
This is greater than what is needed. It can also be 
stable over a long period. For example, the output 
power fluctuation is ±2.1% (root mean square) when 

the average power output is 4 mW at 177.3 nm over  
2 h and 1 mW for 24 h. High energy resolution (better 
than 0.25 meV), high photon flux (1014–1015 pho-
tons/s), and high photon flux densities (1019–1020 
photons/(s·cm2)) can be realized. Moreover, the cost 
is relatively low. The fixed wavelength 177.3 nm and 
widely tunable 175–210 nm prototypes are about  
0.8 m×0.5 m×0.5 m and 1.2 m×1 m×0.5 m, respec-
tively (Peng et al., 2018). 

2.1  KBBF nonlinear crystal prism-coupled device 

The SHG matching wavelengths of typical non-
linear crystals are shown in Fig. 1 (Wang GL et al., 
2008). So far, KBBF nonlinear crystal is the only one 
that can realize DUV-DPL through SHG. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
However, its thickness does not exceed 4 mm 

because of the strong layering tendency along the z 
axis. Therefore, it cannot be cut along the phase- 
matched direction. Fig. 2a shows the phase-matched 
curve. To solve the layering effect problem we in-
vented the special prism-coupled technique (patent), 
which has been granted by China, the United States, 
and Japan. In the KBBF prism-coupled device 
(KBBF-PCD), as shown in Fig. 2b, the KBBF non-
linear crystal is sandwiched between two prisms by 
optical contact, and they are then mechanically fixed 
together (Xu et al., 2001; Chen et al, 2004). 

Considering the characteristics of the DUV laser 
and the KBBF nonlinear crystal, the two prism mate-
rials should meet these requirements:  

1. The refractive index should be close to that of 
the KBBF nonlinear crystal.  

2. Optical characteristic should be outstanding. 
Both the fundamental and DUV wavelengths should 
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Fig. 1  Second harmonic generation matching wave-
lengths for typical nonlinear crystals (reprinted from 
Wang GL et al. (2008), Copyright 2008, with permission 
from the Optical Society of America) 
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be highly transparent in the two prisms.  
3. Mechanical properties should be excellent and 

cutting should be relatively easy.  
4. Physical performance should be excellent and 

the polishing surface should be of high flatness and 
high accuracy for good optical contact. 

CaF2 or SiO2 is an ideal choice for the input 
prism and CaF2 for the output prism with an apex 
angle of 68.6° (for a fixed wavelength 177.3 nm) or 
60.0° (for a tunable wavelength 175–210 nm) by 
type-I phase-matching. The polarization direction of 
the input laser is along the x axis of the crystal, which 
has the maximum effective coefficient. The entity 
photo of the KBBF-PCD is shown in Fig. 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

A cooling system is used to precisely control the 
temperature of the crystal. The KBBF-PCD is fixed 
on a high resolution rotator with a minimum angular 
resolution of less than 0.2 mrad to precisely adjust the 
incident angle of fundamental laser for phase match-
ing (Chen et al., 1996, 2008; Fujii et al., 2000; Lv et 
al., 2001; Kanai et al., 2009; Peng et al., 2018). 

2.2  DUV-DPL based on KBBF-PCD 

Over more than 20 years, we have developed a 
series of DUV-DPLs based on a series of KBBF- 
PCDs. It was first reported in 1996 and immediately 
attracted attention (Peng et al., 2018). In 2003, we 
achieved a ps laser at 177.3 nm with, later, 41 mW 
average power and a conversion efficiency of 0.54%. 
In 2007, emission over a range of ns 175–210 nm was 
realized. In 2008, fs 170–232 nm widely tunable 
wavelength was obtained with a 26.1% conversion 
efficiency, and the output power was scaled to  
120 mW at 200 nm. In the same year, radiation of 
single pulse energy of 67 μJ was achieved with about 
10% conversion efficiency, pulse repetition from 1 to 
10 Hz, and about 20 ps pulse duration. The single 
pulse energy of the 355 nm laser is 600 μJ with a  
1.5 mm beam diameter. The power density is  
1.7 GW/cm2 at 355 nm and 0.19 GW/cm2 at 177.3 nm, 
which is higher than ns and ps lasers with higher pulse 
repetition rates by two orders of magnitude. The 
power density is so high that the KBBF-PCD is easily 
damaged, especially the optical contact surface and 
the output surface of CaF2 prism. Enlarging the beam 
diameter size is an effective way to reduce the power 
density, but the aperture diameter of KBBF is limited. 
Then it is necessary to comprehensively consider the 
balance between reducing power density and enlarg-
ing the beam diameter. Meanwhile, the better optical 
quality and homogeneity of KBBF crystal is neces-
sary because its beam diameter is several times larger 
than that of the other DUV-DPLs. In 2013, the ps 
range from 175 to 210 nm was generated with about  
4 mW output power at 193 nm. The ns output power 
was 34.7 mW with a 10 kHz pulse repetition rate and 
about 0.82% energy conversion efficiency in 2009. 
The fundamental laser is a self-developed 4.2 W 
Nd:YAG laser at 355 nm with 49 ns pulse duration. In 
2013, a narrow linewidth about 0.88 pm with the 
highest output power of 146.5 mW at 177.3 nm was 
obtained. The 355 nm fundamental laser was a 10 W 

 
 

Fig. 3  Photo of the KBBF-PCD entity 
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Fig. 2  Second harmonic generation phase-matched curve 
of KBBF (a) and schematic of a KBBF-PCD (b) (reprinted 
from Peng et al. (2018), Copyright 2018, with permission 
from IEEE) 
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homemade ns frequency-tripled 1064 nm Nd:YAG 
laser. The linewidth was compressed by a specially 
designed quartz etalon. This result was selected as a 
research highlight by Nature Photonics in 2014. 

In 2015 emission below 170 nm was demon-
strated with a mode-locked ps 1342 nm Nd:YVO4 
laser at a 77 MHz pulse repetition rate. In 2016, an ns 
164.9 nm laser was realized with mW level output 
power by the eighth harmonic generation based on a 
homemade 1319 nm Nd:YAG laser. As far as we 
know, it is the shortest DUV-DPL wavelength gener-
ated through cascaded SHG (Wang et al., 2008a, 
2008b; Zhang HJ et al., 2008; Zhou Y et al., 2008; Li 
CM et al., 2009; Li FQ et al., 2012; Wang ZM et al., 
2009; Yang F et al., 2009; Zhang X et al., 2009, 2011; 
Zhang Y et al., 2009; Zhang FF et al., 2012; Zhou C et 
al., 2012; Yang J et al., 2013; Zhang HJ et al., 2013; 
Xu Z et al., 2014a; Xu B et al., 2015; Peng et al., 2018). 

In recent years, the DUV-DPL technology has 
made a spurt of progress. For instance, the wave-
length has been shortened from 185 down to 164.9 nm, 
which is very close to the theoretical cutoff of about 
161 nm of KBBF nonlinear crystal by SHG. It seems 
to be only a small amount of wavelength change, but 
it can bring about progress for instrument applications. 
As far as ARPES is concerned, the corresponding 
photon energy has been extended from about 6.2 eV 
(at which level only surface effects can be observed) 
to about 7.0 eV (at which level surface and bulk ef-
fects can be explored together), or even to about  
7.5 eV (at which level almost the whole Fermi surface 
area can be characterized) (Dai et al., 2015, 2016). In 
recent years, the output power, SHG efficiency, and 
precise regulation technology of parameters have 
been increased. These benefit from not only the better 
optical quality of the fundamental laser and thicker 
KBBF nonlinear crystal, but also the harmonic gen-
eration techniques. 

The key problem is how to improve further the 
performances of laser. This is determined not only by 
the improvement of KBBF-PCD and the harmonic 
process, but also by the regulation of the laser beam. 
For example, the damage threshold of KBBF-PCD is 
relatively low because of the low damage threshold of 
optical contact surface and CaF2 prism, although the 
damage threshold of KBBF crystal is as high as  
60 GW/cm2. 

For the optimum second harmonic generation 

progress, such as high efficiency conversion and good 
beam quality, the computational simulation of cor-
relative parameters has been carried out for the ex-
pected output characteristics. Most factors are taken 
into consideration in theoretical calculation, for in-
stance, the fundamental beam diameter in crystal, 
crystal length, birefringent effect, walk-off, spatial 
and temporal characteristics, and absorption and de-
pletion of crystal. The simulation is appropriate for 
the ns and ps laser, including the optical conversion 
efficiency, pulse duration, spatial intensity profile, 
and beam quality. The results show that the walk-off 
angle of KBBF is rather large (about 54 mrad), so that 
the beam intensity profile and beam quality of DUV 
will be reduced nonlinearly when the crystal length 
increases. It indicates that the 3–5 mm effective 
crystal length and the 200–300 μm fundamental beam 
diameter in crystal are the optimum condition. 

The temperature, incident angle, and environ-
mental condition sensitivity of KBBF-PCD to the 
DUV generation process were considered in our past 
research. The thermodynamic characteristics of the 
KBBF crystal, prism, and cooling structure directly 
influence the frequency conversion process, and it is 
an important problem that cannot be ignored because 
the serious thermal effect will cause irreversible 
damage. The exit surface of the CaF2 prism would 
break, and the optical contact surfaces separate be-
cause of the serious thermal effect during our past 
experiments. The non-negligible heat energy origi-
nates when the crystal and the two prisms intrinsically 
absorb the DUV and fundamental laser. The results 
show that the variation of the KBBF phase-matched 
angle with temperature is about 0.2′/°C, and the ac-
ceptable full-width-at-half-maximum angle tolerance 
is about 0.08°. These are so harsh that a small devia-
tion from the normal working temperature or phase- 
matched angle will cause significant decrease of 
output power. It indicates that the high vacuum con-
dition is more advantageous than the low vacuum one, 
and that the high purity nitrogen or helium condition 
is needed to obtain high output power and long-time 
stability. We also analyzed the pulse duration and the 
KBBF crystal third-order optical nonlinearity of the  
fs laser to describe the characteristics of the SHG  
process. 

In past decades, several key technologies have 
been developed one by one. The DUV emission from 
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KBBF-PCD is very complex because of its particular 
sandwich structure that distinguishes it from the or-
dinary production method of visible or infrared lasers. 
The emission conditions are harsh because of the 
distinctive characteristics of KBBF crystal. Our re-
sults show that the fundamental laser with single 
mode (M2<1.5) is more appropriate for generation of 
DUV than that with multimode (M2>2). Furthermore, 
the laser with wavelength below 185 nm has strong 
absorption in air, so the emission, transmission, beam 
shaping, and measurement processes should be car-
ried out in a vacuum chamber or high purity gas, such 
as nitrogen or helium. Many other steps are also 
considered for high transmission efficiency. For ex-
ample, optical elements with low absorption, good 
quality reflective coatings with high damage thresh-
olds, and a mechanical and electric controller with a 
smaller outgassing rate are chosen. 

In this part, we will focus mainly on detailing our 
major research progress on the development of a 
series of DUV-DPL prototypes for ARPES. 

2.2.1 DUV-DPL prototype with 177.3 nm fixed 
wavelength 

The experimental schematic of the typical DUV- 
DPL with 177.3 nm fixed wavelength generated by 
the SHG of a 355 nm laser is as shown in Fig. 4 (Yang  
et al., 2013). 

 
 
 
 
 
 
 
 
 
 
 

 
The measurements of 177.3 nm power as a 

function of incident 355 nm with different 355 nm 
beam diameters are shown in Fig. 5 (Yang F et al., 
2010; Yang J et al., 2013). An average output power 
of 41 mW at 177.3 nm was obtained under 7.5 W at 
355 nm with a conversion efficiency of 0.54%. 

The relationship curves of calculated 177.3 nm 
versus 355 nm are shown in Fig. 6 with a 145 μm 

beam diameter (Yang et al., 2013). From the curves, 
we can see that the experimental results agree with the 
calculation results well when the pump power is low, 
but the deviation increases gradually when the pump 
power exceeds 4.3 W. It may be introduced by the 
phase mismatching of the KBBF crystal because its 
refractive index changes because of the thermal effect 
under high pump power. Therefore, it is necessary to 
improve further the effective cooling system of 
KBBF-PCD for higher DUV power. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
After KBBF-PCD reaches thermal equilibrium, 

the stabilities of 177.3 nm output power and 355 nm 
input power are as shown in Fig. 7 (Yang et al., 2013). 
The fluctuations are about ±1.04% based on the key 
techniques we developed. 

The fundamental pump source is a linear polar-
ization Nd:YVO4 laser with the W level at 355 nm,  
80 MHz pulse repetition rate, about 15 ps pulse  
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Fig. 4  Experimental schematic of DUV-DPL with  
177.3 nm fixed wavelength (reprinted from Yang et al. 
(2013), Copyright 2013, with permission from Elsevier) 

Power at 355 nm (W)

P
ow

er
 a

t 1
77

.3
 n

m
 (m

W
)

0 1 2 3 4 5 6 7 8
0

10

20

30

40

50
355 nm beam diameter: 280 μm
355 nm beam diameter: 200 μm
355 nm beam diameter: 145 μm

 

Fig. 5  Output power at 177.3 nm versus that at 355 nm 
for different beam diameters (reprinted from Yang et al. 
(2013), Copyright 2013, with permission from Elsevier) 
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Fig. 6  Calculation and experimental results at 177.3 nm 
versus 355 nm power with a 145 μm beam diameter (re-
printed from Yang et al. (2013), Copyright 2013, with 
permission from Elsevier) 
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duration, and M2<1.2 beam quality. For a normal 
incidence beam of 355 nm, its refractive angle inside 
the KBBF crystal is equivalent to a 64.5° phase- 
matched angle. The crystal thickness is 2.1 mm, cor-
responding to an optical path length of about 4.8 mm. 
The entity photo of the fixed wavelength ps MHz 
177.3 nm prototype is shown in Fig. 8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2.2  DUV-DPL prototype with arbitrarily adjustable 
polarizations 

For some applications, such as ARPES, the ad-
justable polarizations are more important than the 
output power. The tunable polarizations are necessary 
for the photoemission matrix element effect and dis-
entangle the orbital characteristics of the energy 
bands. The circular polarizations can be used to study 
magnetism or test time-reversal symmetry breaking. 
The scheme diagram of the ps 177.3 nm DUV-DPL 
with adjustable polarizations is shown in Fig. 9 
(Zhang FF et al., 2012, 2013). 

The pulse repetition rate of the 355 nm funda-
mental laser is 120 MHz with an about 22 ps pulse 

duration, which is the third harmonic of a 1064 nm 
laser. The thickness along the z axis of type-Ι phase- 
matched KBBF crystal is 1.78 mm and a lens is used 
to focus the 355 nm laser beam into KBBF-PCD. The 
generated 177.3 nm laser in the first hermetical 
chamber is transmitted into the second hermetical 
chamber for beam shaping and adjustment. Both 
hermetical chambers are filled with pure nitrogen 
(>99.999%) at 1×105 Pa. In the second chamber, the 
177.3 nm laser is collimated by a CaF2 lens. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 shows the azimuth angle α between the 

optical axis of the wave plate and the 177.3 nm po-
larization direction (Zhang FF et al., 2012). We can 
obtain easily any desired polarization state by rotating 
a λ/4 or λ/2 wave plate of 177.3 nm. The linearly 
polarized laser can be adjusted into a right/left- 
handed circularly or elliptically polarized laser by a 
λ/4 wave plate, and linear polarization with an arbi-
trary direction can be performed by rotating a λ/2 
wave plate. 
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Fig. 7  Power stabilities at 177.3 nm and 355 nm (re-
printed from Yang et al. (2013), Copyright 2013, with 
permission from Elsevier) 

 
 

Fig. 8  Photo of the DUV-DPL prototype with 177.3 nm 
fixed wavelength 
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Fig. 9  Schematic of 177.3 nm DUV-DPL with arbitrarily 
adjustable polarizations (reprinted from Zhang FF et al. 
(2012), Copyright 2012, with permission from the Chinese 
Physical Society and IOP Publishing Ltd.) 
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Fig. 10  Azimuth angle α between the optical axis of the 
wave plate and the polarization direction of 177.3 nm 
(reprinted from Zhang FF et al. (2012), Copyright 2012, 
with permission from the Chinese Physical Society and 
IOP Publishing Ltd.) 
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Polarization of 177.3 nm under various azimuth 
angles is given in Table 1. There is about 15% loss 
introduced by the λ/4 or λ/2 wave plate because there 
is no antireflection coating on the optical surface. The 
two wave plates are installed on an electric stepping 
motor with an angular resolution of 0.2 mrad to be 
arbitrarily rotated. 

Fig. 11 shows the experimental power depend-
ence at 177.3 nm versus 355 nm for two given po-
larization states, s and σ+ polarizations. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
The power stability of the 1.1 mW p-polarization 

177.3 nm laser over 1 h was measured experimentally 
with about ±1% fluctuation as shown in Fig. 12 
(Zhang FF et al., 2012). 

Fig. 13 shows the entity photo of the DUV-DPL 
prototype with arbitrarily adjustable polarizations 
(Zhang FF et al., 2012). 

2.2.3  DUV-DPL prototype with an adjustable pulse 
repetition rate 

Fig. 14 shows the experimental setup, and the 
fundamental pump source is a mode-locked fre-
quency-tripled Nd:YVO4 355 nm laser with the ad-
justable pulse repetition rate from 200 kHz to 1 MHz 
and linewidth of 25 pm (Xu et al., 2014a, 2014b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A λ/2 wave plate and a linear polarizer at 355 nm 

are used together to adjust the pump power to meet 
the experimental need. 

The thickness of KBBF crystal is 1.35 mm and 
two λ/4 and λ/2 wave plates are used to adjust the 
polarizations of DUV. The output power at 177.3 nm 
versus that at 355 nm at different pulse repetition rates 
is shown in Fig. 15 (Xu et al., 2014a). 
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Fig. 11  Power dependence at 177.3 nm versus 355 nm for 
s and σ+ polarized lights (reprinted from Zhang FF et al. 
(2012), Copyright 2012, with permission from the Chinese 
Physical Society and IOP Publishing Ltd.) 
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Fig. 12  Stability measurement at p-polarized 177.3 nm 
(reprinted from Zhang FF et al. (2012), Copyright 2012, 
with permission from the Chinese Physical Society and 
IOP Publishing Ltd.) 

 
 

Fig. 13  Photo of the 177.3 nm prototype with arbitrarily 
adjustable polarizations 
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Fig. 14  Experimental setup for the DUV-DPL with an 
adjustable pulse repetition rate (reprinted from Xu  
et al. (2014a), Copyright 2014, with permission from 
Springer) 

Table 1  Polarization of 177.3 nm laser under various 
azimuth angles 

Rotation angle Polarization 
λ/4 wave plate λ/2 wave plate 

0 p p 
π/4 σ− s 

3π/4 σ+ s 
π/2, π p p 
Others Elliptical Linear 
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The experimental stability of 177.3 nm was 

monitored over 2 h under a 355 nm pump power of  
25 mW, as shown in Fig. 16 (Xu et al., 2014a). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The 177.3 nm power was about 60 μW with 

vertical polarization and at the 350 kHz pulse repeti-
tion rate. Fig. 17 shows the entity photo of the DUV- 
DPL prototype with an adjustable pulse repetition 
rate. 

2.2.4  DUV-DPL prototype with shorter wavelength 

The wavelengths mentioned above are larger 
than 170 nm. The lasers whose photon energies are 
higher than 7.3 eV (170 nm) have major application in 
many scientific fields. For instance, the ARPES based 
on higher photon energy DUV-DPL, such as 7.5 eV  
(165 nm), can work on some materials with small 
lattice constants and a larger Brillouin zone, and reach 
the important (π, 0) antinodal region of high Tc su-
perconductors and other transition metal oxides. 

 
 
 
 
 
 
 
 
 
 
 
 
 
There are many difficulties in generating smaller 

wavelengths due to the fact that the conversion effi-
ciency of KBBF is much lower and the absorption 
loss of the crystal and CaF2 prism is more intense 
when the wavelength is smaller. Fig. 18 shows  
the transmittance curve of the KBBF crystal with  
0.67 mm thickness and its corresponding absorption 
coefficient (Dai et al., 2015). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As we can see from the two curves, there is al-

most no absorption when the wavelength is above  
180 nm except for the Fresnel loss, and the transmis-
sion decreases sharply below 180 nm with about 
46.8% at 167.75 nm, which corresponds to an about 
10 cm−1 absorption coefficient. In fact, work has 
seldom been reported on DUV-DPL below 170 nm by 
SHG. In this part, we will introduce a ps 167.75 nm 
DUV-DPL by eighth harmonic generation (EHG) 
from a 1342 nm laser. 
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Fig. 15  Measured and calculated 177.3 nm power versus 
355 nm power at different pulse repetition rates (re-
printed from Xu et al. (2014a), Copyright 2014, with 
permission from Springer) 
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Fig. 16  Stability curve at 177.3 nm and 355 nm with a 350 
kHz pulse repetition rate (reprinted from Xu et al. 
(2014a), Copyright 2014, with permission from Springer) 

 
 

Fig. 17  Entity photo of the DUV-DPL prototype with an 
adjustable pulse repetition rate 
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Fig. 18  Transmittance and absorption coefficients of 0.67 
mm thick KBBF crystal (reprinted from Dai et al. (2015), 
Copyright 2015, with permission from the Optical Society 
of America) 
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In our experiment, the fundamental laser is a  
17 W homemade p-polarized mode-locked Nd:YVO4 
laser with a 77 MHz pulse repetition rate and a 24 ps 
pulse duration. 

The 167.75 nm laser is obtained by the twice 
cascaded SHG in two LBO crystals and finally EHG 
with KBBF crystal, as shown in Fig. 19 (Dai et al., 
2015). 

 
 
 
 
 
 
 
 
 
 
 
 
The maximum output power at 335.5 nm is  

0.63 W with a pulse duration of 15.4 ps and beam 
quality of M2 about 1.3. 

A specially designed KBBF-PCD was invented 
to satisfy the type-I phase-matched condition of 
emitting 167.75 nm laser, as shown in Fig. 20 (Dai  
et al., 2015). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
A KBBF crystal is sandwiched between a right 

angle SiO2 prism and a trapezoid CaF2 prism with 
apex angles of 77.3° and 103°, respectively. The  
0.6 mm thick KBBF crystal corresponds to 2.1 mm 
effective length. The structure of the trapezoid rear 
CaF2 prism is specially designed for a 167.75 nm laser 
with a 33° incident angle on the output surface, which 

is the Brewster angle of the CaF2/air interface and 
results in a Fresnel loss of about zero. The entity 
photo of the specially designed KBBF-PCD prototype 
for 167.75 nm is shown in Fig. 21. 

 
 
 
 
 
 
 
 
 
 
 

 
 

The conversion efficiency increases by about 4% 
over that with the traditional device. The 73.1° re-
fractive angle of 335.5 nm inside the KBBF crystal is 
the phase-matched angle to generate efficiently a 
167.75 nm laser when the incident angle is about 1.8°. 
The polarization direction of the input 335.5 nm laser 
is along the y axis of the crystal, which allows a 
maximum effective coefficient of 0.14 pm/V. 

The 65 μW output power at 167.75 nm was 
measured. Fig. 22 shows the entity photo of the 
167.75 nm DUV-DPL prototype. 

 
 
 
 
 
 
 
 
 
 
 
 

2.2.5 DUV-DPL prototype with widely tunable 
wavelength 

An ARPES with tunable wavelengths is prefer-
able and makes it possible to clarify the final state 
effect of the photoelectron, the overall band structure, 
and the three-dimensional (3D) dispersion curve in 
the momentum space.  
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Fig. 19  Schematic for generating ps DUV 167.75 nm laser 
(reprinted from Dai et al. (2015), Copyright 2015, with 
permission from the Optical Society of America) 
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Fig. 20  A specially designed structure of KBBF-PCD at 
167.75 nm (reprinted from Dai et al. (2015), Copyright 
2015, with permission from the Optical Society of  
America) 

 
 

Fig. 21  Photo of specially designed KBBF-PCD for a 
shorter wavelength 

 
 

Fig. 22  Entity photo of the 167.75 nm DUV-DPL 
prototype 
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In this part, we present a ps 80 MHz DUV-DPL 
with wavelength widely tunable from 175 to 210 nm, 
which has high pulse repetition rate, high energy 
resolution, and low space charge effect for ARPES. 

It is a fourth harmonic generation of a 
Ti:sapphire laser through two stages of second har-
monic generation. The experimental schematic layout 
is shown as Fig. 23. The fundamental Ti:sapphire 
laser is a linear polarization, mode-locked laser with 
wavelength tunable from 700 to 840 nm, about 2 ps 
pulse duration, and 80 MHz pulse repetition rate. The 
highest output power is 2.8 W at 772 nm and the 
output power in the whole range exceeds 2 W. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The walk-off angle of the β-BaB2O4 (BBO) 

crystal is rather large (about 85 mrad), so two BBO 
crystals are usually necessary for walk-off compen-
sation and high output power during the process of 
producing a tunable wavelength from 350 to 420 nm. 
This technology also overcomes the difficulties by 
providing (1) higher conversion efficiency and better 
beam quality and (2) complete walk-off compensa-
tion to maintain the beam transmission along the same 
beam direction while the wavelength is adjusted. 

The walk-off compensation specially designed is 
composed of two “twin” BBO crystals that are iden-
tically cut and type-I phase-matched. The dimensions 
of both BBO crystals are 8 mm×4 mm×6 mm, and the 
8 mm side is used as the tuning side with 6 mm as the 
length. The BBO crystals are cut at θ=30.8°, which is 
a mean value of the phase-matched angles of 33.7° 
and 27.9° for frequency doubling at 700 and 840 nm, 
respectively. The two BBO crystals are placed on a 
self-developed highly precise dual-axis rotation with 

a sophisticated reverse cascade walk-off compensa-
tion mechanical device. The angles of two BBO 
crystals can be adjusted by a knob with high accuracy 
and synchronization. With the two “twin” BBO 
crystals walk-off compensation and precise reverse 
cascade mechanical device, the beam quality of SHG 
is improved, and the walk-off of the beam pointing 
due to frequency tuning can be compensated, which is 
beneficial to the fourth harmonic generation (FHG). 
The 700 and 840 nm lasers are focused by a lens and 
the focus spot is in the middle of the two BBO crystals. 
The 350–420 nm laser is separated from the funda-
mental laser by three dichroic splitting mirrors and 
collimated by a lens. 

The second harmonic laser is focused into a 
KBBF-PCD through a plane-convex lens, and the 
type-I phase-matched condition is satisfied to gener-
ate the 175–210 nm wavelength by SHG. The di-
mension of the KBBF crystal was 6 mm×20 mm×1.45 
mm (where 1.45 mm was the thickness along the z 
axis), and the apex angle of each prism was 60°, 
which corresponds to the phase-matched angle of 374 
to 187 nm under the condition of normal incidence. 
The device is held on a rotator with high angular 
resolution of less than 0.2 mrad to adjust its 
phase-matched angles for different wavelengths from 
350 to 420 nm. Two mirrors were used to align the 
175–210 nm wavelength. Finally, a CaF2 lens is 
placed to collimate the widely tunable DUV laser. 

The output power of 1.1 W at 386 nm was ob-
tained with a conversion efficiency of 40%. The M2 
beam quality factor of the horizontal axis and the 
vertical axis are Mx

2=1.80 and My
2=1.10, respectively. 

The y direction beam quality is better than that in the x 
direction. The main reason for this is the difference of 
acceptance angles for frequency doubling between 
two directions. 

Fig. 24 shows the output power of SHG and 
FHG during the tunable wavelength range (Zhang HJ 
et al., 2013). The output powers of the FHG exceed 
0.15 mW in the entire tunable range, and the highest 
power of FHG is 3.72 mW at 193 nm. 

We tested the power stability of SHG and FHG 
at 350 and 175 nm, 386 and 193 nm, and 420 and 210 
nm over 120 min (Fig. 25) (Zhang WT et al., 2013). 

The entity photo of the DUV-DPL prototype 
with the ps 175–210 nm widely tunable wavelength is 
shown in Fig. 26. So far, we have developed the 
widely tunable ns, ps, and fs DUV-DPLs. 

Filled with N2

Dump

KBBF-PCD
M2

Ti:sapphire laser
 (700-840 nm)

Dump

M3

M1

M5
M4

M6

L1

L2
L3

L4

FHG

SHG

Chamber

B
B

O
-S

H
G

Power
meter

 
 

Fig. 23  Experimental scheme for DUV-DPL with widely 
tunable wavelengths (reprinted from Zhang HJ et al. 
(2013), Copyright 2013, with permission from the Chinese 
Physical Society and IOP Publishing Ltd.) 
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3  ARPES based on deep or vacuum ultravi-
olet with KBBF-PCD 

 
Advanced materials, including correlated elec-

tron system and complex materials, magnetic mate-
rials, spintronics materials, and nanostructure and 
nanometer materials, are greatly active frontiers in 
modern condensed matter physics. On one hand, the 
application of these materials will have a direct and 
great impact on energy, information, environment, 
and other fields closely related to the national 
economy and people’s lives. On the other hand, these 
new materials and new physical phenomena have 
provided opportunities for new scientific break-
throughs. For example, high-temperature supercon-
ductivity has been studied for more than 20 years 
since it was discovered, but the mechanism leading to 
high-temperature superconductivity is still unclear. 
This has become one of the most important physical 
problems in condensed matter physics research 
(Hüfner, 1995, 2003; Dagotto, 2005; Mai, 2013). 

Photoelectron spectroscopy (PES) is the most 
direct and powerful experimental method for studying 
the microscopic electronic structures of advanced 
materials, such as high-temperature superconductors. 
It is necessary to understand the electronic structure 
of materials first to understand, control, and use the 
numerous novel physical phenomena in advanced 
materials. If we want to fully describe the state of 
electrons in materials, it is necessary to obtain three 
basic parameters: energy (E), momentum (M), and 
rotation (R). PES technology can be used to measure 
these parameters directly, so it is in an outstanding 
position in experimental research and theoretical 
development of strongly correlated electronic systems 
and other advanced materials. 
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Fig. 24  Output power of SHG and FHG as a function of 
the fundamental wavelength (reprinted from Zhang WT  
et al. (2013), Copyright 2013, with permission from the 
Chinese Physical Society and IOP Publishing Ltd.) 
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Fig. 25  Stability curves of SHG and FHG power (re-
printed from Zhang FF et al. (2013), Copyright 2013, 
with permission from the Chinese Physical Society and 
IOP Publishing Ltd.) 

 
 

Fig. 26  Entity photo of ps 175–210 nm widely tunable 
wavelength DUV-DPL prototype 
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Thus, PES technology has received extensive 
attention. It has made rapid progress because of the 
continuous improvement of the light and the intro-
duction of advanced electronic detection technology. 
Every significant improvement of experimental 
methods will lead to the discovery of new phenomena 
in turn. The relationship of interdependence and 
promotion between instrument development and 
scientific deepening is particularly obvious, espe-
cially in PES technology. 

3.1  Basic knowledge of ARPES 

3.1.1  Fundamental principles 

The PES technique is based on the photoelectric 
effect, which is a quantum phenomenon discovered 
by Hertz in 1887. It was theoretically explained by 
Einstein in 1905 by introducing the quantum nature of 
light in “On the heuristic viewpoint concerning the 
production and transformation of light” (Hertz, 1887; 
Einstein, 1905; Nordling et al., 1957; Smith et al., 
1974; Nomura et al., 2001; Damascelli et al., 2003). 

The basic principle of PES is very simple. When 
a sample is irradiated by a monochromatic beam with 
a power hυ, the electrons at different energy levels 
(core energy level and valence band) inside the sam-
ple absorb the photon energy. Then the electrons can 
overcome the work function of the material and es-
cape from the sample. With detection of the energy, 
angle, and quantity of these emitted photoelectrons, 
we can obtain information on the electronic structure 
inside the material. The photoelectrons emitted from 
the sample move around the sample with a 2π stere-
oscopic angle. The electronic structure of the material 
can be determined according to the measured energy 
and the number of photoelectrons along different 
emission directions (Hertz, 1887; Einstein, 1905). 
This technology can be classified according to the 
measured physical parameter (energy, momentum, 
and spin) as shown in Table 2.  

According to the measured physical parameters, 
the PES can be classed as angle-integrated photoe-
lectron spectroscopy (only measurement of energy), 
angle-resolved photoelectron spectroscopy (meas-
urement of energy and momentum), spin-resolved 
photoelectron spectroscopy (measurement of energy 
and spin), and spin- and angle-resolved photoemis-
sion spectroscopy (measurement of energy, momen-
tum, and spin). 

 
 
 
 
 
 
 

 

The three parameters of the electrons in the solid, 
namely, E, k, and s, can describe its electronic struc-
tures. These primarily determine the physical proper-
ties of the material. By ARPES, the information of 
energy and momentum can be obtained simultane-
ously by measuring the number and energy of the 
photoelectrons along different emission directions of 
the space. ARPES is a direct tool to measure the 
electronic structure of materials, many-body effects, 
and electron dynamics in the study of complex 
quantum materials. The spin-resolved ARPES can 
further detect the spin states of materials. 

According to Einstein’s quantum theory of the 
photoelectric effect, the experimental schematic of 
the ARPES working principle is shown in Fig. 27 
(Mai, 2013). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

An electron energy detector is used to collect 
these photoelectrons at different angles in space. Af-
ter measuring the distribution of these photoelectrons 
with kinetic energy Ekin, the photoelectron momen-
tum p is given by 

 

kin2 ,p mE=                           (1) 
 

where m is the effective mass of photoelectrons. 

Table 2  Photoelectron spectroscopy classified by the 
measured physical parameter 

Photoelectron  
spectroscopy 

Parameter(s) 

Angle-integrated Angle-resolved 
Non-spin-resolved E E, k 
Spin-resolved E, s E, s, k  

 

Sample

Electron energy 
detectorZ

X

Y

e−θ
hυ

φ

 
 

Fig. 27  Schematic of the experimental geometry of the 
ARPES working principle (reprinted from Mai (2013), 
Copyright 2013, with permission from the Science Press) 
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Among them, the components of momentum P 
parallel and perpendicular to the surface of the sample 
are determined by the polar angle θ and the azimuth 
angle φ. In the process of photoelectron emission, the 
total energy and the component of the momentum 
parallel to the surface of the sample are conserved, 
while the component of the momentum vertical to the 
surface of the sample is not conserved because of the 
destruction of surface translational symmetry. 

The momentum of the photons can be neglected 
considering that the energy of photons used in the 
ARPES experiment is low. Thus, the energy and 
momentum of the photoelectrons can be linked to the 
binding energy EB

 
in the solids and crystal momentum 

by the following conservation relationships: 
 

kin B ,–E h Eυ Φ= −                       (2) 

kin2 sin .p k mE θ= = ⋅
 

                   (3) 
 

Here, ħk|| is the component parallel to the surface 
of the electron crystal momentum in the extended 
Brillouin region, and Φ is the work function. For the 
much larger θ, the electron momentum detected may 
reach the high-order Brillouin region. By deducting 
the inverse lattice vector G, the simple electron crys-
tal momentum in the first Brillouin zone can be  
obtained. 

Because of the broken crystal translation perio-
dicity in the direction perpendicular to the surface of 
the sample, the component of photoelectron mo-
mentum perpendicular to the sample ħk⊥ is no longer 
conserved, which causes k⊥ to be more complicated. 

There are several ways to obtain k⊥. A conven-
ient and accurate method is to assume the final state of 
the free electron. In this case, the following formula is 
obtained: 

kin 0( ) 2 ( ),k G m E V+ = +               (4) 
 

where V0 represents the so-called inner potential, 
which can be obtained by matching the measured 
energy band with the theoretical calculation result, 
theoretical approximation, or using the inherent 
symmetry in the measured energy band. 

In a low-dimensional material, the measurement 
results of ARPES become direct and easy to analyze 
and explain. For example, in a low-dimensional sys-
tem with an anisotropic electronic structure, the dis-

persion that we cannot determine can be basically 
ignored along the z direction (perpendicular to the 
surface of the sample, as shown in Fig. 27). hυ is the 
incident photon energy, e– represents the emission 
photoelectrons, and the direction of the emission 
photoelectrons is determined by θ and φ. For example, 
the electronic structure of copper oxide high temper-
ature superconductors exhibits significant anisotropy 
and its electronic structure shows mainly quasi-2D. 

Note that the light source used in an ARPES 
experiment usually is in the ultraviolet range (hυ< 
100 eV), so the high energy and momentum resolu-
tions are easily obtained. As indicated by Eq. (3), 
momentum resolution Δk|| is directly correlated with 
photon energy ignoring the influence of the limited 
energy resolution: 

 

kin
2

2 cos .mEk θ θ∆ ≈ ⋅ ⋅ ∆




              (5) 

 
Δθ corresponds to the angular resolution of the 

electron energy analyzer. From Eq. (5), it is evident 
that low photon energy and large polar angle θ 
(measurements can be moved out of the first Brillouin 
zone) are conducive to enhancing the momentum 
resolution. 

The experimental principle diagram of a mod-
ern ARPES is shown in Fig. 28 (Zhou et al., 2018). 
The hemispherical electron energy analyzer is 
equipped with a two-dimensional (2D) spatial reso-
lution detector and a multi-element electrostatic input 
lens. The energy and momentum resolutions of modern 
electron energy analyzers are significantly improved. 
The typical energy resolution and angular resolution 
are better than 1 meV and 0.1°, respectively. 

There is a great need to further improve the 
performance of ARPES in terms of energy and mo-
mentum resolution, data acquisition efficiency, sys-
tem stability, and so on. The ARPES is pushed for-
ward to probe fine electronic structure with extreme 
conditions by ever richer and deeper physics 
knowledge of condensed matter physics, which is still 
a great challenge for ARPES. Now with the latest 
improvement, ARPES is not only a conventional band 
mapping tool but also a cutting-edge probe of many- 
body effects in quantum materials. However, further 
improvements are urgently needed. Since the light 
source plays a key role in developing ARPES  
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performance, great efforts have been made to develop 
better light sources such as synchrotron radiation light 
and monochromatic light from gas-discharge lamps. 
The latest developed DUV-DPL is a new and pow-
erful light source for ARPES experiments with supe-
rior and unique advantages. The photoemission tech-
nique has been developed to a new level with the 
DUV-DPL. It leads to great high-quality and signifi-
cant research studying the fine electron structure of 
complex quantum materials, such as unconventional 
superconductors and topological materials (Beamson 
et al., 1990; Mårtensson et al., 1994; Kiss et al., 2005, 
2008). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

3.1.2  Development of ARPES 

The most powerful function of ARPES is that it 
can directly measure a great number of fundamental 
physical parameters which directly determine the 
macroscopic physical properties of a material. The 
velocity and effective mass of the electron can be 
obtained from the relationship of the energy- 
momentum dispersion. The scattering rate can be 
obtained from the linewidth of the energy distribution 
curve (EDC) by studying the line type of the spectral 
spectrum. The size of the superconductor gap or 
pseudogap can be obtained from the EDC peak or 
band edge position; by studying the Fermi surface the 
carrier concentration can be obtained from the bulk of 
the Fermi surface, and the nesting vector can be ob-
tained from the topological structure of the Fermi 
surface. 

ARPES has been developed to be an important 
experimental method for the measurement of the 

energy band structure and Fermi surface of the sample. 
The performance has been improved significantly in 
past decades. On one hand, the appearance of some 
important materials and physical problems has put 
forward higher and higher demands on performance. 
On the other hand, the wider application of light 
sources greatly improves their quality. In particular, 
resolution and detection efficiency are greatly im-
proved with the appearance and continuous progress 
of new electron energy analyzers. The progress of 
ARPES technology is also manifested in the re-
markable improvement of angular resolution and the 
accomplishment of multi-channel measurement of the 
angle. The modern electron energy analyzer can re-
alize multi-angle-at-a-time measurement, which has 
dramatically improved the data acquisition efficiency. 
At present, the optimum resolution can be obtained 
with the 0.1° best angular resolution. 

There are usually two typical kinds of light 
source: X ray and DUV. With X ray the deep core 
level electron can be stimulated because of its higher 
photon energy range, and we can see the abundant 
information peaks in the spectrum. In 1954 a Swedish 
scientist Prof. Kai Siegbahn and his team developed 
the first double-focus magnetic field photoelectron 
spectrometer in the process of studying the β electron 
energy spectrum (Mai, 2013). This approach is called 
X-ray photoelectron spectroscopy, XPS for short, 
because the soft X properties of aluminum and mag-
nesium are mainly used. The most impressive success 
of XPS technology is the discovery of the chemical 
shift effect where the spectral peak position of the 
inner electron changes with the chemical environment 
of the corresponding atom. 

In 1962, Turner et al. first used the helium Ia 
resonance line (21.22 eV) of inert gas as an ionization 
source and created a PES with the He Ι resonance line 
as the light source (Mai, 2013). This kind of photoe-
lectron spectroscopy is more suitable for studying the 
electronic state of the valence band, and this com-
plements XPS. This method is called ultraviolet 
photoelectron spectroscopy, UPS for short, and is in 
general used to analyze the surface state and shallow 
level structure. 

The gas discharge of UPS is a common light 
source in experiments. In most cases, helium is the 
gas used. Its shortcoming is that the photon energy is 
discontinuous, photon flux is insufficient, the beam 
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Fig. 28  Principle of a modern ARPES with a hemispher-
ical electron energy analyzer (reprinted from Zhou et al. 
(2018), Copyright 2018, with permission from the IOP 
Publishing Ltd.) 
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diameter is large, and in general its polarization 
cannot be tuned. 

In 1972, Eastman first used a synchrotron radia-
tion source in a PES experiment and showed the ad-
vantage of a continuously adjustable wavelength for 
the first time. By selecting the appropriate photon 
energy, the intensity of the photoemission signal in 
the surface atomic layer can be enhanced, and  
the information from the extreme surface can be  
obtained. 

3.2  Experimental setup of ARPES 

The deep ultraviolet laser ARPES mainly con-
sists of four parts: a deep ultraviolet laser, an ultrahigh 
vacuum system, an electron energy analyzer, and a 
temperature-controlled sample rotated system. 

3.2.1  Deep or vacuum ultraviolet laser by second 
harmonic generation 

Like the gas discharge and synchrotron radiation 
mentioned above, DUV-DPL has prompted the de-
velopment of ARPES. The main emphasis of this part 
is on the progress of a series of ARPESs we have 
developed based on deep or vacuum ultraviolet laser 
by second harmonic generation. Table 3 shows the 
comparison of different typical DUV light sources, 
which shows the advantages of DUV-DPL compatible 
to ARPES. From Table 3, we can see that the energy 
resolution of DUV-DPL ARPES is increased by about 
one order of magnitude, photon flux by about five 
orders, and the photon flux density by about seven 
orders with a rich work mode of ns, ps, and fs and 
bulk effect of about 10 nm detection depth. ARPES is 
suitable for observing new phenomena and obtaining 
new data at the frontier of research in physics and 
material science (Lanzara et al., 2001; Koralek et al., 
2006, 2007; Liu et al., 2008). 

Historically, it has been a long time for the laser 
to be used first as a light source. It is difficult for these 
early laser-based ARPESs to provide information 
about the intrinsic electronic properties of the sample 
because of many disadvantages, such as low line- 
width, low pulse repetition rate, low photon flux, and 
obsolete electron energy analyzers. 

To be an excellent laser source for a high reso-
lution ARPES, several basic requirements are sum-
marized as follows (Haight et al., 1988; Haight and 
Peale, 1994; Karlsson et al., 1996; Nessler et al., 1998; 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Passlack et al., 2006; Perfetti et al., 2006; Mathias et 
al., 2007; Graf et al., 2010; Petersen et al., 2011; 
Rohwer et al., 2011; Zhou et al., 2018): 

1. Suitable photon energy: considering all the 
factors, the 6–15 eV photon energy is a suitable range 
for a super high resolution ARPES.  

2. High photon flux: the laser source should have 
a high enough photon intensity to obtain quite a good 
photoemission signal for a high signal-to-noise ratio 
and high data acquisition efficiency. 

3. Narrow linewidth: the linewidth should be as 
narrow as possible to obtain high energy resolution of 
ARPES.  

4. Continuous-wave (CW) or quasi continuous- 
wave (QCW) laser source: the CW or QCW (about 
100 MHz) laser may minimize the space charge effect. 
The space charge effect may change the energy posi-
tion, increase the linewidth, and distort the line shape 
of the photoemission spectra for high energy resolu-
tion and the inherent signal (Passlack et al., 2006; 
Graf et al., 2010). 

5. Long-time stability: during the ARPES 
working process the measurement process usually 
continues for several days and the laser must remain 
stable during the whole process. 

Table 3  Comparison of typical DUV light sources 

Parameter 

Value 

DUV-DPL Synchrotron 
radiation 

Gas-discharge 
light 

Energy resolution 
(meV) About 0.26 1–5 About 1.2 

Photon flux 
(photon/s) 1014–1015 1010–1012 About 1012 

Density of photon 
flux (photon/ 
(s·cm2)) 

1019–1020 1012–1014 <1014 

Wavelength range 
(nm) 164.9–232 1–210 58.5 (He) 

Operation mode 
ns, ps, fs  
(1 Hz– 
1 GHz) 

ns, ps pulse 
(5–500 
MHz) 

Continuous 
wave 

Detection depth 
(nm) 

About 10 
(bulk ef-

fect) 

0.5–2 
(surface 
effect) 

About 0.5 
(surface  
effect) 
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6. Polarization adjustable: sometimes, the arbi-
trarily adjustable polarizations are more important 
than high power. For arbitrarily adjustable polariza-
tion the photoelectric emission matrix element effect 
can be used and the orbital characteristics of the en-
ergy bands are achieved. Moreover, circular polari-
zation is suitable for studying the magnetism or the 
test time reversal symmetry breaking. Thus, the arbi-
trary direction linear, circular, or elliptical polariza-
tion, left- or right-handed, is necessary without any 
sacrifice of other measurement parameters. 

7. Easily adjustable beam diameter size (<1 mm): 
a small beam diameter size is ideal to improve the 
performance of the electron energy analyzer and 
measure of a small area of a sample. Unfortunately, a 
small beam diameter size will cause a strong space 
charge effect. To achieve a good balance between a 
small beam diameter and a weak space charge effect 
on different samples, it is necessary that the beam 
diameter size be adjustable. 

8. Matching electronic energy analyzer: the 
lower the kinetic energy of laser photoelectrons, the 
stricter the demand on the electron energy analyzer. 
The electron energy analyzer should work normally 
with the angular mode and super high energy resolu-
tion at a lower electron kinetic energy. 

9. Compact and simple structure: this will 
greatly reduce the requirements of building, opera-
tional cost, and laboratory space. 

10. Convenient operation: operation of the laser 
should be easy to learn and convenient for non- 
professionals. 

11. Other requirements: pulse duration, the pulse 
repetition rate, and convenient wavelength tunability 
are equally important, especially for the time- 
resolved ARPES. 

The three kinds of light sources are comple-
mentary to the ARPES experiments considering the 
advantages and disadvantages mentioned above. 

The helium lamp is still widely used in most 
ARPES labs. Because of compact structure and CW 
emission, the gas discharge lamp has no space charge 
effect. It has some obvious drawbacks: insufficient 
photon flux, fixed photon energy, fixed polarization, 
large beam diameter size, difficulty in focusing, and 
easy leak of helium gas to the measurement chamber. 

In the past decades, the continuous progress of 
synchrotron technology and the technical advance-

ment of the 2D detector type hemispherical electronic 
energy analyzers greatly improved the performance 
of ARPES. This makes it an advanced technology for 
detecting electronic structure and multi-body interac-
tion in condensed matter. It can facilitate the meas-
urement of small or inhomogeneous samples. It is still 
very difficult for synchrotron based ARPES to obtain 
a super high energy resolution better than 1 meV 
because the narrow linewidth is obtained at the great 
sacrifice of reduction of photon flux. The photon flux 
usually is too low to be enough for ARPES meas-
urement when the linewidth reaches the 1 meV level. 

The newly developed DUV-DPL ARPES has 
many distinctive advantages, such as high resolution 
(energy, momentum, and spin resolution), low space 
charge effect, high efficiency, compactness, and low 
cost. The data acquisition efficiency and data quality 
can be greatly improved based on an extremely high 
and stable photon flux. It is convenient to obtain super 
high energy resolution during ARPES measurement 
with narrow linewidth of DUV-DPL. The most im-
portant aspect is that the linewidth and photon flux are 
uncorrelated and can be optimized independently, 
which is, in particular, superior to a synchrotron ra-
diation source. The use of DUV-DPL has broken the 
bulwark of super high energy resolution 1 meV, which 
has always hindered the development of ARPES 
technology and is a dream that the scientists have 
been pursuing for decades. At the same time, we can 
obtain high momentum resolution and enhance bulk 
sensitivity with a relatively low photon energy. It is 
very easy to control the polarization of DUV-DPL and 
adjust the beam diameter size (Zhou et al., 2018). 

The combination of excellent DUV-DPL and 
other new technologies of ARPES makes the ARPES 
updated, and the new generation ARPES has exhib-
ited its superior performance. 

3.2.2  Electron energy analyzer 

1. Hemispherical electron energy analyzer 
The electron energy analyzer is one of the core 

parts of ARPES. Almost all modern ARPESs use the 
hemispherical electrostatic energy analyzer, which is 
composed of two concentric hemispheres with a high 
precision electrostatic voltage in each hemisphere. At 
present, the typical hemispherical electron energy 
analyzer is equipped with high energy and momentum 
resolutions, multi-channel-angle-detection measure-
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ment ability, and has high transmission performance. 
The energy and momentum resolutions are better than 
1 meV and ±0.1°, respectively. 

The two most outstanding features of the new 
electron energy analyzer are the super high energy 
resolution and the simultaneous 2D detection of 
electron energy and angle. Taking the widely used 
electron energy analyzer as an example, the whole 
apparatus consists of four parts according to the order 
of electronic transmission: multiple electrostatic 
lenses, electrostatic hemispherical analyzer, slit 
structure, and electronic detection system. 

2. Time-of-flight electron energy analyzer 
The recently developed time-of-flight electron 

energy analyzer is a promising new type of electron 
energy analyzer for ARPES. This energy analyzer 
determines the kinetic energy by measuring the time 
of flight of photoelectrons from the sample surface to 
the detector. The most significant advantage is that it 
is developed from the awkward fact that only a line 
(one-dimensional momentum) of the momentum 
space was measured in the past, but now there is the 
convenience that a plane (2D momentum) is meas-
ured simultaneously. Therefore, the measurement 
efficiency can be increased by a factor of hundreds. 
Because of the limitation of the flight time of electron 
from the sample surface to the detector, this type of 
analyzer is currently suitable for light sources with 
relatively low pulse repetition rates (from hundreds of 
hertz to several megahertz) and particularly for high 
resolution ARPES with laser. 

This kind of analyzer is actually the combination 
of multi-electron lens technology for hemispherical 
electron energy analyzers and a traditional product of 
the time-of-flight ion energy analyzer for time-of- 
flight mass spectrometers. The angle of one-time 
detection is about 250 times higher than that of the 
hemispherical electron energy analyzer. The energy 
resolution of the new time-of-flight electron energy 
analyzer can reach 0.15 meV, the angular resolution 
can reach 0.08°, and the angle range detected at the 
same time can reach ±15°. 

3.2.3  Ultra-high vacuum system 

The ARPES technique is very sensitive to the 
sample surface, so it is critical to have a clean sample 
surface, that is, an excellent crystal surface. The va-
lence electrons of the impurities in the crystal surface 

contribute to the photoelectron spectrum. If these 
impurities form any chemical bond with the crystal, 
the valence electron spectrum of the crystal will be 
affected. 

Typical ARPES experiments are performed in 
ultra-high vacuum on a clean and flat sample surface. 
To obtain the ultra-high vacuum (usually better than 
5×10−9 Pa), baking and filament degassing are re-
quired. Each vacuum chamber is equipped with the 
necessary vacuum measurement, residual gas analysis, 
and other instruments. To transfer samples quickly 
without damaging the ultra-high vacuum in the anal-
ysis chamber and avoid baking the sample, a multi- 
stage sample grading transfer system is used. 

3.2.4  Temperature-controlled sample rotated system 

On one hand, the sample is required to rotate 
freely to measure the momentum in any direction; on 
the other hand, the sample must be able to reach a low 
temperature, so that temperature-induced spectrum 
linewidth broadening can be avoided. However, the 
two requirements are often incompatible because the 
increase of the sample rotating ability will increase 
the complexity of the rotating mechanical structure 
and make it difficult for the sample to reach the low 
temperature. 

Manipulation of the sample is accomplished by a 
sample controller with three translational degrees of 
freedom (X, Y, Z) and a low cryogenic goniometer 
with three rotating degrees of freedom, which can 
realize the translation and rotation of the sample in the 
whole space.  

All the translation and rotation can be accurately 
realized by a computer-controlled stepper motor 
compatible with vacuum. A typical cryogenic sample 
angle instrument is cooled by continuously flowing 
liquid nitrogen. 

3.3  ARPES prototypes based on DUV-DPL 

DUV PES systems at the Institute for Solid State 
Physics of the University of Tokyo are also cited in 
this part. Some experimental applications of these two 
kinds of PESs are also introduced, including the de-
tection of fine electronic structures and low-Tc su-
perconductors. 

The first generation PES system at the Institute 
for Solid State Physics was used in 2005, and the 
energy resolution was as fine as 360 µeV with T as 
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low as 2.9 K. The second generation operated since 
2012 has 70 µeV energy resolution and 1.5 K. 

The fundamental 355 nm laser has a 80 MHz 
pulse repetition rate, which is generated from a  
frequency-tripled Nd:YVO4 laser. The linewidth of 
the 177 nm laser is 260 μeV with an about 10 ps pulse 
duration. The average output power is 2.5 mW with a 
photon flux of 2.2×1015 photons/s. The linear (p or s) 
or circular polarizations, left- or right-handed, can be 
obtained easily with a λ/2 wave plate and a λ/4 wave 
plate. An electron analyzer was also developed, and 
its best performance was theoretically estimated to be 
250 μeV. 

The second generation was developed to further 
improve the total energy resolution and cooling abil-
ity. A vertical-type cryostat was developed and the 
thermal shields surrounding the samples were im-
proved to reduce further thermal radiation. The lin-
ewidth of 177.3 nm was 25 μeV with an etalon to 
reduce the linewidth of the fundamental laser. A new 
type of hemispherical electron analyzer was used. 

As far as the main applications of the DUV angle 
integrated PES were concerned, the quasiparticle 
properties in the superconducting state and the ob-
servation of anomalous electronic structure near the 
Fermi level were investigated. Compared with the 
PES using other photon sources, low-Tc and high 
energy resolution DUV AIPES showed a marked 
improvement in the sharpness of the spectra. The 
unusual gap and/or peak evolutions near EF have been 
detected based on its high energy resolution of DUV 
AIPES. The bulk sensitivity and high photon flux of 
the DUV laser are also suitable for the investigation 
of chemically unstable materials and systems with 
low carrier density. For example, the two-gap su-
perconductivity in Mg(B,C)2 and the rattling and 
superconductivity in KOs2O6 were investigated. The 
Kondo resonance in 3D transition-metal oxide 
LiV2O4, pseudogap in water-intercalated supercon-
ductor NaxCoO2∙yH2O, and multiphonon sidebands in 
B-doped diamond superconductors were experimen-
tally researched with DUV AIPES.  

As far as the applications of ARPES based on 
DUV-DPL were concerned, the band dispersions near 
the Fermi level and the superconducting mechanism 
of iron-based superconductors were investigated 
based on its strong advantages of high energy and 
momentum resolutions. For example, the investiga-

tions of the low energy kinks for the high-Tc cuprate 
(Bi, Pb)2(Sr, La)2CuO6+δ and topological insulator 
Bi2Se3 families were introduced. The ground state of 
the parent compound BaFe2As2, superconducting gap 
symmetry in optimally doped BaFe2(As,P)2, doping- 
dependent superconducting gaps in BaKFe2As2, su-
perconducting gap nodes in KFe2As2, and composite 
BCS-BEC superconductivity in Fe(Te,Se) were ex-
perimentally researched. 

In this article, we will introduce mainly the re-
search on a series of ARPES prototypes based on 
DUV-DPL that our scientific research team has de-
veloped, which have many advantages over tradi-
tional light sources: (1) a super high energy and 
momentum resolution ARPES prototype based on 
DUV-DPL with 177.3 nm fixed wavelength and 
175–210 nm widely tunable wavelength; (2) spin- and 
angle-resolved PES (SARPES) prototype based on 
arbitrarily adjustable polarization DUV-DPL; (3) 
angle-resolved time-of-flight PES (ToF ARPES) 
prototype based on adjustable pulse repetition rate 
DUV-DPL. 

3.3.1  Super high energy and momentum resolution 
ARPES prototype based on DUV-DPL with 177.3 nm 
fixed wavelength and 175–210 nm widely tunable 
wavelength 

The advantages of this kind of super high energy 
and momentum resolution ARPES prototype are the 
two types of DUV-DPL and the advent of a new 
electron energy analyzer. The DUV-DPL with  
177.3 nm fixed wavelength and 175–210 nm widely 
tunable wavelength has ps level pulse duration and 
MHz level pulse repetition rate. The angular mode of 
the new electron energy analyzer can work properly at 
a DUV electron kinetic energy. The ARPES based on 
DUV-DPL has exhibited superior performance with 
super high energy resolution less than 1 meV, super 
high photon flux density, high momentum resolution, 
highly enhanced bulk sensitivity, and so on. 

Fig. 29 shows the entity photo of super high 
energy and momentum resolution ARPES prototype 
based on DUV-DPL with 177.3 nm fixed wavelength 
and 175–210 nm widely tunable wavelength. 

The two DUV laser beams are focused on the 
sample in the analysis chamber by a CaF2 lens. The 
analysis chamber is isolated from the optical chamber 
of DUV-DPLs in vacuum by a CaF2 window. 
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The energy resolution of the 177.3 nm DUV- 
DPL is about 0.26 meV, which is very much narrower 
than the other light sources. With the resolution of the 
advanced electron energy analyzer, we have obtained 
an overall instrumental high energy resolution of  
0.36 meV and a momentum resolution of 0.071 nm–1. 
The maximum in-plane momentum covered is  
8.4 nm–1 with a work function of 4.3 eV and photon 
energy of 177.3 nm.  

The 177.3 nm may nearly reach the important  
(π, 0) region of many important and novel materials, 
such as high-Tc cuprate superconductors, the iron- 
based superconductors, and many other transition 
metal oxides (Jiang et al., 2014; Huang et al., 2016; 
Wu et al., 2016; Zhang Y et al., 2017). 

From the experimental results, the 177.3 nm 
DUV-DPL has a disadvantage of its single photon 
energy. Because of the photoemission matrix element 
effects, the measurements with a single 177.3 nm 
photon energy may miss some energy bands or, in the 
worst case, may not operate on some materials. 
Widely tunable wavelengths with different photon 
energies are necessary to obtain electronic structure at 
different kzS, especially for some materials with sig-
nificant kz dispersion. It should be equipped with 
widely tunable wavelength. 

The DUV-DPL with tunable wavelength offers a 
great chance to provide a 175–210 nm widely tunable 
wavelength for ARPES. The photon energy may 
change from 5.9 to 7.1 eV (175–210 nm) and from 3.0 
to 3.5 eV (355–420 nm). The pulse duration is about 
1.5 ps at 200 nm with an 80 MHz pulse repetition rate. 
With the two “twins” BBO crystals placed head to 
head, we obtain the 350–420 nm wavelength with one 
knob conveniently with high output power and un-
changed beam propagation direction during wave-
length tuning. The 175–210 nm wavelength is also 
focused on the sample in the analysis chamber with a 
CaF2 lens. We have developed a ps 175–210 nm 
widely tunable wavelength DUV-DPL prototype and 
applied it to the ARPES prototype (Fig. 29). 

3.3.2  Spin- and angle-resolved PES prototype based 
on arbitrarily adjustable polarization DUV-DPL 

The spin state of materials has played an in-
creasingly important role because of the rapid pro-
gress in both fundamental studies and potential ap-
plications, especially for the topological quantum 

state and spintronics. Therefore, a number of scien-
tists have been devoted to the development of 
SARPES, which is the combination of ARPES tech-
nology with spin detector technology. We have de-
veloped a SARPES prototype based on an arbitrarily 
adjustable polarization DUV-DPL, and the entity 
photo of the prototype is as shown in Fig. 30, which 
has two major parts: the arbitrarily adjustable polar-
ization DUV-DPL and the SARPES system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The linewidth of synchrotron-based SARPES 

will reduce to a poor energy resolution 50–100 meV 
to increase the photon flux. Many kinds of spin de-
tectors have been developed for SARPES and each 
one has its own advantages and disadvantages. 

There is a good chance to increase the perfor-
mance of SARPES based on arbitrarily adjustable 
polarization DUV-DPL, which can easily compensate 
for the low efficiency of other light sources and pro-
vide arbitrarily tunable polarization to the Mott spin 
detector without losing the overall high energy reso-
lution. Fig. 31 is shown as the structure diagram of 

 
 

Fig. 29  Entity photo of super high energy and momen-
tum resolution ARPES prototype based on DUV-DPL 
with 177.3 nm fixed wavelength and DUV-DPL with 
175–210 nm widely tunable wavelength 

 
 

Fig. 30  Entity photo of the SARPES prototype based on 
arbitrarily adjustable polarization DUV-DPL 
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SARPES based on arbitrarily adjustable polarization 
DUV-DPL (Zhou et al., 2018). 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The best spin-resolved energy resolution of 

about 2.5 meV is obtained benefiting from the intrin-
sic narrow linewidth (about 0.26 meV) and super high 
photon flux. The result is comparable to the best result 
1.7 meV achieved so far for the SARPES measure-
ment (Xie et al., 2014). The best angular resolution is 
about 0.3° and the corresponding momentum resolu-
tion can be further improved. 

The other excellent merits of this kind of 
SARPES are as follows: 

1. The three variables of energy, momentum, and 
spin can be obtained at the same time. 

2. The three spin components of photoelectrons 
can be probed simultaneously. 

3. The arbitrary direction linear, circular, or el-
liptical 177.3 nm polarizations, left- or right-handed, 
can be tuned conveniently. 

4. The new analyzer can cover 2D momentum 
space conveniently without rotating the sample. This 
not only ensures no unnecessary mechanical rotation 
of sample, but also maintains the same polarization 
geometry during the measurements.  

We demonstrated the spin- and angle-resolved 
capability measured simultaneously on Au(111) sur-
face states. These experimental results are identical to 
the previous results and verify the spin-resolving 
capability. 

3.3.3 Angle-resolved time-of-flight PES (ToF ARPES) 
prototype based on adjustable pulse repetition rate 
DUV-DPL 

Electrons are emitted in the entire 2π solid angle 
during the photoemission process. The latest genera-
tion of the angle-resolved time-of-flight electron en-
ergy analyzer is developed just for covering the 2D 
angle space simultaneously. This overcomes the 
shortcomings of the first two generations of the elec-
tron energy analyzer. This is a huge leap because the 
data acquisition efficiency increases significantly. 
The entity photo of ToF ARPES based on pulse repe-
tition rate adjustable DUV-DPL is shown in Fig. 32. 

 
 
 
 
 
 
 
 
 
 
 
 

 
A ps 177.3 nm DUV-DPL with an adjustable 

pulse repetition rate from a low pulse repetition rate 
0.2 MHz to a high one 1 MHz is used. It has distinct 
advantages as follows: 

1. Two-dimensional momentum spaces are 
measured simultaneously and the efficiency of mo-
mentum coverage is improved by more than two  
orders of magnitude. It is a basic change of the 
ARPES technique. It had been impossible before to 
observe the Fermi surface in real time, while it  
becomes a reality now. It had been hard to resolve the 
problem of revealing fine electronic structure, but 
now it becomes helpful because the two dimension 
angles can be measured under the same condition. 

2. Energy and momentum resolutions are high. 
3. The number of electrons hitting the detector is 
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Fig. 31  Working principle of a SARPES equipped with 
two Mott type spin detectors, where the inset is the cross-  
sectional view of the Mott detector (reprinted from Zhou 
et al. (2018), Copyright 2018, with permission from the 
IOP Publishing Ltd.) 

 
 

Fig. 32  Entity photo of ToF ARPES based on pulse rep-
etition rate adjustable DUV-DPL 
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counted directly by the time-of-flight analyzer. Dur-
ing the measurement process there is low background 
and the signal nonlinearity effect that is usual in an 
analyzer is suppressed. 

To verify the performance, an experiment was 
carried out to measure the Fermi edge of a polycrys-
talline Au sample. The 177.3 nm DUV-DPL has an 
adjustable pulse repetition rate, and the sample tem-
perature is about 9.5 K (a Fermi edge width of  
3.37 meV) (Reber et al., 2014). The results are shown 
in Fig. 33 (Zhou et al., 2018). The space charge effect 
of the same polycrystalline Au was measured with 
different powers and repetition rates of laser. Based 
on the experimental results the overall instrumental 
energy resolution is better than 1 meV after sub-
tracting the temperature broadening. The space 
charge effect was obvious when the beam diameter 
was 0.1 mm and the pulse repetition rate was 200 kHz, 
and it nearly disappeared if the pulse repetition rate 
was near 1 MHz. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
From the experimental measurements on an op-

timally doped Bi2Sr2CaCu2O8+δ (Bi2212) supercon-
ductor measured at 15 K, high-quality band structure 
along any momentum cut can be extracted. The ex-
perimental data was continuous in the covered mo-
mentum space, and thus difficult to obtain in the past 
with the routine ARPES technology. We also meas-
ured the nonlinearity effect at a low count rate and a 

high count rate along the same momentum cut fol-
lowing a proposed procedure. The experimental data 
showed that there is approximately no nonlinearity 
effect. The result is further demonstrated by the same 
line shape of two photoemission spectra measured 
using different count rates. 

 
 

4  Frontier scientific research 
 

In this part, we focus mainly on research front 
applications in unconventional superconductors and 
topological materials with ARPES prototypes based 
on DUV-DPL. 

4.1  New coupling mode and extraction of Eliash-
berg functions 

ARPES based on DUV-DPL is a powerful in-
strument to investigate many-body effects in materi-
als with the latest improvement technique, including 
superior energy and momentum resolution and high 
data statistics. It is especially important to understand 
the anomalous normal state properties and the su-
perconductivity mechanism of the high temperature 
cuprate superconductors. An experiment on studying 
nodal band renormalization in a Bi2212 supercon-
ductor was done specifically to show the power of this 
kind of ARPES. New scientific features such as a 
dip-like feature at about 115 meV and a hump struc-
ture at about 150 meV at high energies emerge. These 
had not been resolved before. They are present only in 
the superconducting state and their amplitude gets 
stronger when the temperature decreases. The energy 
scale of phonons in Bi2212 is below 100 meV, so 
these new energy scales are unlikely caused by elec-
tron coupling with phonons. Perhaps there are some 
new mode couplings in the superconducting state of 
Bi2212 (Bogdanov et al., 2000; Johnson et al., 2001; 
Kaminski et al., 2001; Zhou et al., 2003; Shi et al., 
2004; Zhang HJ et al., 2008). 

It is difficult to understand the superconductivity 
mechanism when studying high-temperature super-
conductors and how the electrons interact and form 
Cooper pairs. The BCS superconductivity theory of 
conventional superconductors is not suitable for high 
temperature cuprate superconductors because high Tc 
superconductors show a d-wave superconducting 
order parameter that is different from the s-wave case 
in conventional superconductors like Pb. Under these 

Binding energy (eV)

E
D

C
 in

te
ns

ity
 (a

.u
.)

Polycrystalline Au
Au temperature: 9.5 K
12-88% width: 3.37 meV

Measured
Fitted

Laser ARToF ARPES 
hυ=6.994 eV

0 5 10−5−10

 
 

Fig. 33  Experimental results of polycrystalline Au with 
ToF ARPES (reprinted from Zhou et al. (2018), Copy-
right 2018, with permission from the IOP Publishing 
Ltd.) 
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circumstances, experimental tools that have momen-
tum resolution are necessary. This idea has been 
shelved for more than 15 years without any attempt or 
progress because of the lack of ARPES with ex-
tremely high precision for such analyses. 

The new progress of DUV-DPL ARPES makes it 
possible to solve the key problem of the pairing 
mechanism in high temperature cuprate supercon-
ductors by extracting the pairing Eliashberg functions 
in the superconducting state. It is necessary to obtain 
high data precision (better than 1%) for measurement 
of such a weak superconductivity-induced effect be-
cause the pairing self-energy and then the pairing 
Eliashberg function are obtained from the signal dif-
ference between the superconducting state and the 
normal state. High energy and momentum resolutions 
are necessary. This is the first time that the normal 
Eliashberg function and the pairing Eliashberg func-
tion have been extracted from the experimental data, 
and the critical information on examining various 
theoretical models to understand high-temperature 
superconductivity can be obtained. 

4.2  Direct observation of spin-orbital locking in 
topological insulators 

Due to the unique electronic structure, spin tex-
ture, and the novel physical properties, topological 
insulators have attracted a lot of attention. The elec-
tron spin and its crystal momentum are locked to-
gether in its metallic surface state with helical spin 
texture. The spin texture might be coupled with the 
orbital texture in topological insulators, which is also 
predicted by theory. If such a new spin-orbital texture 
can be proved by experiment, the significance is that 
it can promote new and direct thinking on the spin 
texture of topological insulators. High resolution 
spin-resolved ARPES is a necessary choice to directly 
prove the possible spin-orbital locking in topological 
insulators (Zhang WT et al., 2008). 

All the demands of spin-orbital locking in top-
ological insulators can be satisfied by SARPES based 
on DUV-DPL. Arbitrary direction linear polarization 
states of the DUV-DPL with s- or p-polarization 
geometry were easily tunable for orbital-selective 
SARPES measurements. The photoemission matrix 
element effects gave a huge advantage when different 
orbital textures of the Bi2Se3 Dirac surface state were 
observed. The spin texture of the Bi2Se3 topological 

surface state with different polarization geometries 
was further measured. The spin texture was con-
firmed. The relationship between the spin and orbital 
textures was revealed with systematic experimental 
data of the momentum-dependent spin polarization of 
the Dirac cone in s- and p-polarization geometries. 
The usual spin picture in topological insulators cannot 
describe the data obtained. However, they were fully 
consistent with the predictions on spin-orbital locking. 
The data thus provided strong experimental evidence 
for the orbit-selective spin texture in the Bi2Se3 top-
ological insulator (Bok et al., 2010; Zhang HJ et al., 
2013). 

4.3  Novel electronic structure of WTe2 and ZrTe5 

4.3.1  Complete electronic structure and topological 
nature of WTe2 

WTe2, with extremely large magnetoresistance, 
has attracted great attention because of the compen-
sation of electrons and holes in the material. The 
prerequisite premise of complete understanding of its 
electronic structure is to confirm the origin of the 
anomalous transport properties. There is still a lot of 
dispute about the full electronic structure of WTe2 
because of the existence of multiple pockets in a lim-
ited momentum space. It is theoretically forecast that 
WTe2 is the first candidate that may realize a type-II 
Weyl state, and this causes great debate. However, 
there is no sufficient experimental evidence of type II 
Weyl Fermions in WTe2 (Ali et al., 2014; Soluyanov 
et al., 2015). 

An entire description of the electronic structure 
of WTe2 has been obtained with superior instrumental 
resolution. The experimental results show the Fermi 
surface of WTe2 where the existence of a surface state 
is clearly identified. The experimental data and results 
provide electronic evidence that is consistent with the 
type-II Weyl state in WTe2, although much research is 
required to fully confirm the realization of type-II 
Weyl state in WTe2. It is possible to resolve accurately 
the electron and hole concentrations and their tem-
perature dependence with the first entire WTe2 elec-
tronic structure including near-EF energy bands and 
all the Fermi pockets. 

The experimental results also provide evidence 
that the temperature range of electron-hole compen-
sation, if exists, is very narrow and there is an  
electron-hole imbalance over most of the temperature 
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range. These phenomena are not consistent with the 
perfect electron-hole compensation picture that is 
commonly considered to be the cause of the unusual 
magnetoresistance in WTe2 and provide a new ap-
proach for understanding the origin of unusual mag-
netoresistance in WTe2 (Smith and Traum, 1973; 
Zhang WT et al., 2013; Smallwood et al., 2014; 
Shimojima et al., 2015; Wang CL et al., 2017). 

4.3.2 Temperature-induced Lifshitz transition and 
topological nature in ZrTe5 

Topological materials have been well researched 
recently because of their peculiar physical properties, 
spin texture, and unique electronic structure.  

ZrTe5 has been puzzling for a long time because 
of its anomalous transport properties that are mani-
fested by its unusual resistivity peak and a sign re-
versal of the Hall coefficient and thermopower. Its 
origin, however, is still elusory. Recently, it has at-
tracted attention because single layer ZrTe5 may be a 
2D topological insulator and there may be a topo-
logical phase transition in bulk ZrTe5. However, the 
topological nature of ZrTe5 remains under debate. 

With the great advantage of high resolution ToF 
ARPES based on DUV-DPL, the electronic structure 
and its detailed temperature evolution of ZrTe5 are 
revealed. The experimental data showed the direct 
electronic evidence of the temperature-induced 
Lifshitz transition in ZrTe5 and helped determine the 
underlying origin of transport anomaly at about  
135 K. One-dimension-like electronic characteristics 
observed during the experiment from the edges of the 
cracked ZrTe5 samples indicated that ZrTe5 is a weak 
topological insulator (Sobota et al., 2013; Wang YH 
et al., 2013; Won, 2014). 

 
 

5  Expectation and development 
 

ARPES has become a useful tool for designing 
novel quantum materials in the condensed matter 
field. The research on many outstanding physical 
problems is also always calling for further function 
improvement. A new way for endowing ARPES with 
its unique functions is the appearance of DUV-DPL. 
Tremendous strengths in the research on quantum 
materials like high temperature superconductors and 
topological materials have been exhibited through 

experiments. With the rapid development of tech-
nology and increasing experimental demands, ARP-
ES should seek further function upgrading. It is true 
that there is also space for improvement of DUV-DPL 
ARPES, and continuous progress may be achieved in 
the following areas. 

5.1  Further progress of DUV-DPL 

It is essential to further increase the unique per-
formance of this key component of ARPES. Many 
efforts along these directions have been made, pur-
suing larger photon energy, narrower linewidth, 
shorter pulse duration, higher photon flux, more 
widely tunable wavelength range, more precise reg-
ulation (such as smaller beam diameter and more 
precise beam pointing direction of laser), and con-
tinuous wavelength. 

The continuous wavelength DUV-DPL is the 
most perfect light source that does not produce space 
charge effect theoretically (Taniuchi et al., 2015). To 
detect the intrinsic electronic structure and infor-
mation about phase separation or multiple domains of 
spatially inhomogeneous samples or other new ones, 
where it is hard or impossible to obtain large enough 
single crystals, the spatially resolved ARPES is  
necessary and irreplaceable. Therefore, DUV-DPL 
with continuous wavelength or focus of microns or 
sub-microns is the next generation laser to be  
developed. 

The more widely tunable wavelength has a larger 
range of photon energy. This helps deal with the 
photoemission matrix element effects and increases 
the variety of measuring materials, especially with the 
strong 3D electronic structure. 

The time-resolved ARPES is a powerful in-
strument for investigating electron dynamics and 
non-equilibrium state. The energy is at the meV level 
and the time is at the fs level when electronic dy-
namics is going on for strongly correlated systems, 
such as high temperature superconductors. The ul-
trashort pulse and high energy resolution DUV-DPL 
with high pulse repetition rate, narrow linewidth, and 
tunable probe pulse is helpful for time-resolved 
ARPES applications. 

For example, we have been developing several 
new kinds of DUV-DPLs with a shorter wavelength 
of 164.9 nm and a widely tunable wavelength range of 
155–170 nm. 
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An ns 164.9 nm DUV-DPL with a maximum 
average power of 6.8 mW was obtained by the eighth 
harmonic generation of a homemade 1319 nm 
Nd:YAG laser. The experimental scheme is shown in 
Fig. 34 (Dai et al., 2016). 

 
 
 
 
 
 
 
 
 
 
 
The relationship between the output power at 

164.9 nm and pump power at 329.6 nm is shown in 
Fig. 35. As far as we know, 164.9 nm is the shortest 
DUV wavelength generated through the SHG method 
of solid state laser below 170 nm (Dai et al., 2016). 
The photo of the 164.9 nm DUV-DPL experimental 
setup is shown in Fig. 36. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The results lay an experimental foundation for 
the development of a ps high pulse repetition rate 
164.9 nm DUV-DPL, which is very suitable for 
ARPES for materials with small lattice constants, 
larger Brillouin zone, important (π, 0) antinodal re-
gion of high Tc superconductors, or other transition 
metal oxides. 

5.2  Comprehensive promotion of photoelectron 
detection technology 

The latest third-generation electron energy ana-
lyzer can realize a 2D area of angle measurement. The 
ideal photoelectron detection can cover a full 180° 
solid angle at the same time. This should be quoted to 
all the electron energy analyzers. The urgency of μeV 
level energy resolution needs to be promoted for the 
development of higher energy resolution photoelec-
tron detection to meet the huge demands of scientific 
experiments. It is a future development direction to 
expand concurrent spin state detection during the 
ARPES measurement of the 2D momentum space. 
The advanced photoelectron detection techniques are 
under great development and will be used in all ana-
lyzers in the future. 

5.3  Precise temperature control of the sample 

The spectrum will be broadened when the sam-
ple temperature rises, so it is imperative to lower the 
sample temperature to below 1 K. This is necessary 
for studying materials at low temperatures. We are 
developing ARPES based on DUV-DPL with ex-
tremely high resolution, short wavelength (167 nm), 
and ultra-low temperature (below 1 K) cryostats. 

5.4  Integration with multiple advanced technolo-
gies 

The more complete information of images and 
data from various aspects we obtain, the more precise 
an insight into the deep physical mechanism can be. 
The combination of advanced photoemission tech-
nologies and related supporting technologies, for 
instance, angle-, spin-, space-, and time-resolved 
photoemission, is an optimal choice. The relative 
supporting technologies include structural analysis 
tools to obtain electronic structure and lattice and 
magnetic structures simultaneously. The compounded 
ARPES of in situ sample preparation (like molecular 
beam epitaxy) and in situ sample characterization 
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Fig. 35  Output power at 164.9 nm versus pump power at 
329.6 nm (reprinted from Dai et al. (2016), Copyright 
2016, with permission from the IOP Publishing Ltd.) 

 
 

Fig. 36  Photo of the 164.9 nm DUV-DPL experimental 
setup 
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(like scanning tunneling microscope) for a clean and 
flat sample surface is suitable and will become pop-
ular in the future. 

 
 

6  Conclusions 
 
In this paper, we have reviewed mainly a series 

of DUV-DPLs and equipped ARPESs that our re-
search team has developed over more than 20 years. A 
brief account of typical frontier research results has 
been given. We believe that DUV-DPL will play a 
more important role in the field of ARPES. Moreover, 
ARPES based on DUV-DPL will provide a powerful 
research platform for the frontier of science. 
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