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Recent Progress: Hydrogen & Argon Capillary for LWF & SXR
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Recent Progress: Hydrogen & Argon Capillary for LWF & SXR
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Recent Progress: 40-nm source for mass spectroscopy

[Compact discharge source]
T. Higashiguchi et al., Appl. Phys. Lett. 96, 131505 (2010).
T. Higashiguchi et al., J. Appl. Phys. 109, 013301 (2011).

[Temporal hehavior]
T. Higashiguchi et al., Appl. Phys. Lett. 98, 091503 (2011).
T. Higashiguchi et al., J. Appl. Phys. (submitted in 2012).
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Recent Progress: W plasma spectroscopy in LabTalk, IOP/JPB

C. S. Harte et al., J. Phys. B 45, 245004 (2012).



Requirement in high-Z plasma UTA with high CE

Optically thin plasmas for reducing self-absorption effects�

Suppression of satellite emission & higher spectral purity  

Long wavelength (low critical density): CO2 laser@1019 /cc 

Short laser pulse duration: ~1-2 ns@YAG laser (1064 nm) 

Low density targets 

 

Discharge plasmas (low density plasmas) 

Low density, high temperature plasma
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Scheme for high-energy emission: unresolved transition array 



Shorter wavelength emissions: Atomic number dependence



Possibility of wavelength switching

G. Tallents et al., Nature Photonics 4, 809 (2010). 
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Gd/Tb plasmas for 6.X-nm Beyond EUV (BEUV) sources



Recent Progress: 6.X-nm Beyond EUV sources
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Shorter-wavelength extreme-UV
sources below 10nm
Takeshi Higashiguchi, Takamitsu Otsuka, Noboru Yugami,
Weihua Jiang, Akira Endo, Padraig Dunne, Bowen Li, and
Gerry O’Sullivan

A next-generation laser-produced plasma system based on rare-earth
targets generates strong resonant line emissions at 6.5–6.7nm.

In recent years, laser-produced dense plasmas have been attract-
ing attention as high-efficiency, high-power sources of extreme
UV (EUV) radiation. Sources with a wavelength less than 10nm
are of particular interest for use in next-generation semiconduc-
tor lithography and for other applications, such as materials sci-
ence and biological imaging. Manufacturer Cymer, for example,
has already shipped a high-average-power 13.5nm engineer-
ing prototype to a semiconductor device company that would
enable high-volume production at a power level of 80W.1 This
source optimizes unresolved transition array (UTA) emission of
highly ionized tin for high conversion efficiency (CE) of the in-
put laser energy to the in-band (i.e., a bandwidth of about 2%
around 13.5nm) EUV energy. Full recovery of the injected fuel is
realized through ion deflection in a magnetic field. Low-density
targets like tin further enable suppression of satellite (i.e., peri-
pheral) emission. Full ionization, which helps to control debris
and thus avoid damage to the source mirror, is attained with
short-pulse CO2 laser irradiation.

Recently, the possibility of switching to an even shorter
EUV wavelength of 6.Xnm was suggested.2 In fact, 6.Xnm
beyond-EUV (BEUV) emission can be coupled with a molyb-
denum/boron carbide (Mo/B4C) or lanthanum/boron carbide
(La/B4C) multilayer mirror whose reflectivity is currently 40%
at 6.5–6.7nm (theoretical maximum >70%). The UTA emission
exploited in tin is scalable to shorter wavelengths. The rare-
earth element gadolinium (Gd) has a CE similar to that of tin,
though at a higher plasma temperature, within a narrow spectral
range centered near 6.7nm. However, no fundamental research
has been reported on spectral behavior at 6.7nm and its depen-
dence on various parameters, such as laser wavelength, initial
target density, and dual-laser-pulse delay. EUV emission at this
level could be tuned for use with a Mo/B4C multilayer mirror
to power practical sources.

Figure 1. Electron temperature dependence of the gadolinium (Gd) ion
population according to the steady-state collisional-radiative model (a).
The weighted oscillation strength (gf) spectra of the resonant lines for
each contributing ion stage are shown in (b) and (c).

In a proof-of-principle experiment, we produced a source with
peak emission around 6.5–6.7nm.3, 4 gadolinium and terbium
(another rare-earth element) produce strong narrow-band emis-
sion, again attributable to thousands of resonance lines that

Continued on next page
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Self-absorption Spectral structure 
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BEUV Activity

Gerry�



Optimum condition for 6.X nm

CO2 laser intensity: 
  
2.4 × 1011 W/cm2�

B. Li et al. Appl. Phys. Lett. 99, 231502 (2010).�



Why sub-ns CO2?

ne∝1/ λL
2

Te∝ (ILλL
2 )1/2 ∝λL / τ L

Development of sub-ns CO2 (10.6 um) laser�

Low density & hot high-Z plasma for efficient source



Low CE N-plasma & Low Reflectivity, resulting in MANY SHOTS

and the λ∕Δλ > 500 bandwidth is well within the
condenser bandwidth and is sufficient for N ! 500 zone
plate imaging without chromatic aberration. The resolu-
tion was tested by imaging a 17 μm diameter gold
Siemens star with a center line width of 25 nm (50 nm
full period). Figure 3(a) shows the result, taken at a mag-
nification of 667 with a 10 s exposure time at half source
power. With this magnification, each CCD pixel corre-
sponds to ∼20 nm, i.e., approximately the Nyquist limit
for the 30 nm zone plate. Lines and spaces can be
observed down to 50 nm, limited by noise, while for
30 s exposures, 40 nm L/S are observed. Figures 3(b)
and 3(c)demonstrate bioimaging. Here a cryofrozen hu-
man B-cell is recorded with a magnification of 1000 at 10
and 60 s, respectively, showing nuclear membrane, nu-
cleoli, and what is believed to be protein-dense granules.
The images have been smoothed so that the effective pix-
el size is 20 nm, corresponding to the resolution of the
zone plate. Without sample, a 10 s exposure typically re-
sults in 250–300 photons per 20 nm pixel at the detector.
With the samples in Figs. 3(b) and 3(c), the photon num-
bers are 35 and 150, respectively, indicating that a
somewhat thick water layer remained after the sample
preparation.
In summary, we have demonstrated a narrow band,

tabletop water window source with sufficient average
brightness and stability to allow x-ray microscopy with
10 s range exposure times. Such short exposure times
are especially important for biological x-ray microscopy,
where screening of large sample volumes or tomography
are practically impossible with systems having long align-
ment and/or exposure times. Thus, this source has poten-
tial to enable the spread of x-ray microscopy as well as
other brightness-dependent x-ray methods to the small to
medium scale laboratory.

We thank D. Esser and M. Höfer for their efforts on the
laser and M. Bertilson for valuable discussions. This
work was supported by the Wallenberg Foundation,
the Swedish Research Council, and the Swedish Founda-
tion for Strategic Research.
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Fig. 3. (a) Water window microscopy of a gold Siemens star at 10 s exposure time. (b) Cryofixed human B-cell at 10 s exposure
time. (c) Cryo-fixed human B-cell at 60 s exposure time.
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Avoiding spatial and temporal instabilities is essential
for producing the high average brightness necessary for
short-exposure microscopy. At our power levels, the la-
ser must be focused as far away from the nozzle tip as
possible to avoid fluid mechanical instabilities of the
jet due to thermal loading from the hot plasma. Still, it
must be focused on the continuous region of the jet be-
fore it breaks up into droplets to obtain high temporal
stability. The break up length for the natural drop forma-
tion of a liquid jet is given by L ≈ Cν!"

!!!!!!!!!!!!!
ρd3∕σ

p
# $ "3ηd∕σ#%

[15] and varies between 3.5 mm (T & 63 K, LN2 freezing
point at NTP) and 3.9 mm (T & 77 K, boiling point at
NTP) for our liquid nitrogen jet parameters. The density
ρ, viscosity η, and surface tension σ are functions of tem-
perature given by [16], and we assume C & 3.5 according
to our experimental experience for these types of nozzles
[15]. We typically operate close to the droplet formation
point at L & 3 mm, as monitored by a visible-light micro-
scope and, counterintuitively, close to the freezing point
at T ≈ 64–65 K. The reason is the strong temperature de-
pendence of the viscosity, which lowers the Reynold’s
number Re & νηd by nearly a factor of 2 in the 77 − 64 K
range. Although Re cannot be used to predict turbulence
accurately due to a short nozzle length, Re is a good in-
dicator of the liquid jet’s probability to become unstable
and, thus, its susceptibility to disturbances. Since we op-
erate at a high Re (2500), minor disturbances may also
result in nonstable (spraying) jets. To provide a stable
high-density target, the jet is therefore maintained just
above the freezing point. With these parameters, we ob-
tain a sufficiently stable laser plasma to allow long-term
high brightness operation and short exposure times.
Figure 2 summarizes the spectral and spatial charac-

terization of the source. The spectrum was quantitatively

measured with a calibrated 10; 000 line∕mm slit-grating
spectrograph [17]. Figure 2(a) shows a typical spectrum
taken at 100 mJ pulse energy. The peak value of the NVII
(1s-2p) λ & 2.48 nm line is 1.1×1010 ph∕"pulse×sr×pm#.
The spectral resolution is limited by the spectrograph ar-
rangement to λ∕Δλ ≈ 100, greatly exceeding the actual
emission line width. The asymmetry in the line profile
is probably due to a slight source asymmetry in combina-
tion with a small contribution of the NVI (1s2-1s3p) emis-
sion line at 2.490 nm [10]. To determine the photon flux of
the 2.48 nm line we integrate over 2 × FWHM of the line,
resulting in 5.5 × 1011 ph∕"pulse × sr × line#. The result-
ing ratio between the NVII line and helium-like NVI
(1s2-1s2p) line is in agreement with the expected plasma
temperature. Figure 2(b) shows the average photon flux
for the λ & 2.48 nm line versus laser power (74 data
points). The flux scales linearly with laser power in this
range and when the source is operated at 2 kHz (200 W) a
maximum of 1.1 × 1015 ph∕"s × sr × line# is measured.

To determine the average spectral brightness of the
source, the source size was measured using the normal-
incidence multilayer mirror. The λ∕Δλ ≈ 300mirror band-
pass allows for selective imaging of the λ & 2.48 nm line.
Synchrotron measurements verified the proper spectral
match between the mirror reflectivity maximum (0.6%)
and the emission line. The source size is typically 14 ×
20 μm2 FWHM. In Fig. 2(c), the photon flux and size data
are combined, resulting in quantitative source brightness
with a maximum average line brightness >1.5 × 1012 ph∕
"s × sr × μm2 × line#. For comparison we note that this
corresponds to a spectral brightness of >0.7–1.5×
1012 ph∕"s ×mm2 ×mrad2 × 0.1%BW#, similar to early
bending magnet synchrotrons.

For applications like microscopy, the stability of
the source is of equal importance as the brightness.
Any temporal or spatial instability reduces the effective
average brightness and thus increases exposure times.
Furthermore, instabilities make alignment difficult and
decrease image quality due to increased background.
For the present laser-plasma source, we measure the spa-
tial stability to <' 5 μm and the exposure-to-exposure
intensity fluctuation to<' 5% (10 s averages). All bright-
ness data given above are determined from repeated
measurements to provide average numbers useful for
microscopy.

The Stockholm soft x-ray microscope was operated
with the source, as shown in Fig. 1. The λ & 2.48 nm
wavelength provides high water window transmission

Fig. 1. (Color online) Stockholm soft x-ray microscope with
the high-power liquid jet source, a Cr∕V multilayer condenser
mirror, nickel zone plate optics, and CCD detector.

Fig. 2. (Color online) (a) Quantitative per-pulse liquid nitrogen jet spectrum with the hydrogen-like (NVII) and helium-like (NVI)
peaks at λ & 2.478 nm (500 eV) and λ & 2.879 nm (431 eV). (b) The λ & 2.48 nm line emission photon flux as a function of laser
power. (c) Imaging of the 2.48 nm emitting region with cuts showing the quantitative soft x-ray line brightness.
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Multilayer Mirrors in Water Window



Single shot flash source in WW for Bio Photo in LAB

Our objective is a demonstration of high-brightness, high energy EUV/soft x-
ray source in water window (3.2 nm) for the first time in the world!!! 
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Lithography Life Innovation 
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Shorter-wavelength extreme-UV
sources below 10nm
Takeshi Higashiguchi, Takamitsu Otsuka, Noboru Yugami,
Weihua Jiang, Akira Endo, Padraig Dunne, Bowen Li, and
Gerry O’Sullivan

A next-generation laser-produced plasma system based on rare-earth
targets generates strong resonant line emissions at 6.5–6.7nm.

In recent years, laser-produced dense plasmas have been attract-
ing attention as high-efficiency, high-power sources of extreme
UV (EUV) radiation. Sources with a wavelength less than 10nm
are of particular interest for use in next-generation semiconduc-
tor lithography and for other applications, such as materials sci-
ence and biological imaging. Manufacturer Cymer, for example,
has already shipped a high-average-power 13.5nm engineer-
ing prototype to a semiconductor device company that would
enable high-volume production at a power level of 80W.1 This
source optimizes unresolved transition array (UTA) emission of
highly ionized tin for high conversion efficiency (CE) of the in-
put laser energy to the in-band (i.e., a bandwidth of about 2%
around 13.5nm) EUV energy. Full recovery of the injected fuel is
realized through ion deflection in a magnetic field. Low-density
targets like tin further enable suppression of satellite (i.e., peri-
pheral) emission. Full ionization, which helps to control debris
and thus avoid damage to the source mirror, is attained with
short-pulse CO2 laser irradiation.

Recently, the possibility of switching to an even shorter
EUV wavelength of 6.Xnm was suggested.2 In fact, 6.Xnm
beyond-EUV (BEUV) emission can be coupled with a molyb-
denum/boron carbide (Mo/B4C) or lanthanum/boron carbide
(La/B4C) multilayer mirror whose reflectivity is currently 40%
at 6.5–6.7nm (theoretical maximum >70%). The UTA emission
exploited in tin is scalable to shorter wavelengths. The rare-
earth element gadolinium (Gd) has a CE similar to that of tin,
though at a higher plasma temperature, within a narrow spectral
range centered near 6.7nm. However, no fundamental research
has been reported on spectral behavior at 6.7nm and its depen-
dence on various parameters, such as laser wavelength, initial
target density, and dual-laser-pulse delay. EUV emission at this
level could be tuned for use with a Mo/B4C multilayer mirror
to power practical sources.

Figure 1. Electron temperature dependence of the gadolinium (Gd) ion
population according to the steady-state collisional-radiative model (a).
The weighted oscillation strength (gf) spectra of the resonant lines for
each contributing ion stage are shown in (b) and (c).

In a proof-of-principle experiment, we produced a source with
peak emission around 6.5–6.7nm.3, 4 gadolinium and terbium
(another rare-earth element) produce strong narrow-band emis-
sion, again attributable to thousands of resonance lines that
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Figure 4. Maximum peak emission from (a) 4d–4f and (b) 4p–4d UTAs (including CI) in elements with Z = 72–89. (c) Dependence of
UTA transition energies on atomic number Z, 4d–4f (black open circles), 4p–4d (red crosses).

developed by Bauche-Arnoult et al [23–26]. UTAs were
introduced originally to aid interpretation of low resolution
SXR spectra emitted by hot plasmas. They are currently
widely used to approximate complex atomic spectra in
plasma opacity and emissivity calculations which reduces
computation times in large-scale radiation hydrodynamic
simulations of plasma dynamics. In the UTA model, the
discrete line spectra are replaced by a continuous function
(usually Gaussian) such that each configuration–configuration
transition array is characterized by the average quantities such
as total intensity, average transition energy and variance. The
average and variance of the transition energies (Ē and σ 2

respectively) can be expressed as the gA-weighted sums

Ē =
∑

j,i<j gjAjiEij∑
j,i<j gjAji

(1)

and

σ 2 =
∑

j,i<j gjAji(Ē − Eij )
2

∑
j,i<j gjAji

, (2)

where Aji is the Einstein coefficient for spontaneous emission
from level j to level i, and gj is the statistical weight of the
upper level. The mean wavelength λ̄gA and the spectral width
#λgA of the transition array can be defined as follows:

λ̄gA = 108/Ē, (3)

#λgA =
√

8ln2 × 108σ/Ē2, (4)

where Ē and σ are expressed in cm−1 and λ̄gA and #λgA in Å.
Before applying the above UTA analysis, it is worthwhile

to demonstrate the accuracy of the FAC code and the validity
of its use in the current work. As an example, the 4p6 4d–
4p5 4d2 and 4p6 4d–4p6 4f transition wavelengths and UTA
statistics of the Rb-like tungsten ion, W37+, are presented in

5
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sources below 10nm

Takeshi Higashiguchi, Takamitsu Otsuka, Noboru Yugami,
Weihua Jiang, Akira Endo, Padraig Dunne, Bowen Li, and
Gerry O’Sullivan

A next-generation laser-produced plasma system based on rare-earth
targets generates strong resonant line emissions at 6.5–6.7nm.

In recent years, laser-produced dense plasmas have been attract-
ing attention as high-efficiency, high-power sources of extreme
UV (EUV) radiation. Sources with a wavelength less than 10nm
are of particular interest for use in next-generation semiconduc-
tor lithography and for other applications, such as materials sci-
ence and biological imaging. Manufacturer Cymer, for example,
has already shipped a high-average-power 13.5nm engineer-
ing prototype to a semiconductor device company that would
enable high-volume production at a power level of 80W.1 This
source optimizes unresolved transition array (UTA) emission of
highly ionized tin for high conversion efficiency (CE) of the in-
put laser energy to the in-band (i.e., a bandwidth of about 2%
around 13.5nm) EUV energy. Full recovery of the injected fuel is
realized through ion deflection in a magnetic field. Low-density
targets like tin further enable suppression of satellite (i.e., peri-
pheral) emission. Full ionization, which helps to control debris
and thus avoid damage to the source mirror, is attained with
short-pulse CO2 laser irradiation.

Recently, the possibility of switching to an even shorter
EUV wavelength of 6.Xnm was suggested.2 In fact, 6.Xnm
beyond-EUV (BEUV) emission can be coupled with a molyb-
denum/boron carbide (Mo/B4C) or lanthanum/boron carbide
(La/B4C) multilayer mirror whose reflectivity is currently 40%
at 6.5–6.7nm (theoretical maximum >70%). The UTA emission
exploited in tin is scalable to shorter wavelengths. The rare-
earth element gadolinium (Gd) has a CE similar to that of tin,
though at a higher plasma temperature, within a narrow spectral
range centered near 6.7nm. However, no fundamental research
has been reported on spectral behavior at 6.7nm and its depen-
dence on various parameters, such as laser wavelength, initial
target density, and dual-laser-pulse delay. EUV emission at this
level could be tuned for use with a Mo/B4C multilayer mirror
to power practical sources.

Figure 1. Electron temperature dependence of the gadolinium (Gd) ion
population according to the steady-state collisional-radiative model (a).
The weighted oscillation strength (gf) spectra of the resonant lines for
each contributing ion stage are shown in (b) and (c).

In a proof-of-principle experiment, we produced a source with
peak emission around 6.5–6.7nm.3, 4 gadolinium and terbium
(another rare-earth element) produce strong narrow-band emis-
sion, again attributable to thousands of resonance lines that

Continued on next page

Quasi-Moseley’s law...



Concept for high CE WW flash source
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Figure 2: Takeshi Higashiguchi et al.



Ionic charge state in Bi



Optimum plasma temperature in Bi plasma: 1 keV
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Figure 2: Takeshi Higashiguchi et al.
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Laser intensity dependence in Bi

T. Higashiguchi et al., Appl. Phys. Lett. 100, 014103 (2012).
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Water Window Spectrum from laser-produced W plasma

C. S. Harte et al., J. Phys. B 45, 245004 (2012).
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Figure 5 

 

 

Lower temperature ~0.2 keV vs 1 keV

B. Li et al., J. Phys. B 45, 245004 (2012).
B. Li et al., (submitted)
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Recent Progress: Zr plasma WW source

B. Li et al., J. Phys. B 45, 245004 (2012).
B. Li et al., (submitted)



Summary

Our objective is a demonstration of high-brightness, high energy EUV/soft x-
ray source in water window (3.2 nm) for the first time in the world!!! 
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Lithography Life Innovation 
Compact source development for Bio. 
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Shorter-wavelength extreme-UV
sources below 10nm
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Gerry O’Sullivan
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