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We demonstrate EUV and soft x-ray sources in the 2 to 7 nm spectral region related to the beyond EUV 

(BEUV) question at 6.x nm and a water window source based on laser-produced high-Z plasmas. 

Resonance emission from multiply charged ions merges to produce intense unresolved transition arrays 

(UTAs), extending below the carbon K edge (4.37 nm). An outline of a microscope design for single-shot 

live cell imaging is proposed based on a high-Z plasma UTA source, coupled to x-ray optics. We will 

discuss the progress and Z-scaling of UTA emission spectra to achieve lab-scale table-top, efficient, 

high-brightness high-Z plasma EUV-soft x-ray sources for in vivo bio-imaging applications.
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I. Introduction

In the past decade, the development of plasma light sources has progressed rapidly, especially 

for lithography in the extreme ultraviolet (EUV) region predicated on the development of multilayer 

mirrors (MLMs) with good reflectivity at specific wavelengths. A xenon (Xe) plasma was the 

candidate first proposed for 11-nm EUV lithography, but development was not pursued because of 

the high toxicity of the beryllium/molybdenum MLMs used at this wavelength [1].While Xe
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plasmas were also initially studied for 13.5-nm lithography with molybdenum/silicon MLMs 

because of the low debris associated with gaseous fuels, the conversion efficiency was low. A tin 

laser-produced plasma (LPP) provides the optimum source for 13.5-nm EUV lithography from the 

point of view of conversion efficiency [2]. Source development at a wavelength of 6jc-nm is 

regarded as the next step in EUV lithography, so-called Beyond EUV (BEUV), for more highly 

integrated electronic devices. Gadolinium (Gd) plasmas are the main focus of significant efforts as 

candidates for a BEUV light source [3]. The 13.5-nm and 6.x-nm light sources exploit the advantage 

that 4p6-4p6+ 4p54ct '] (w = 4-n = 4, Aw = 0) unresolved transition arrays (UTAs) in 

several charge states appear at almost same wavelength [4] in spectra from LPPs of these elements, 

while transitions of type 4rfl04/v/-46/94/n 1 also make contributions to the 6jc nm region. In this 

regard, it follows that n = 4-n = 4 UTAs from LPPs of other elements could provide light sources at 

other wavelengths for other applications such as x-ray microscopy in the water window of 2.3-4.4 

nm [5] and the carbon window of 4.4-5.Onm [6]. This wavelength range also has attracted attention 

for x-ray absorption fine structure (XAFS) measurements due to carbon absorption in biomolecules. 

While a laboratory scale krypton-LPP source is already used as a broad-band excitation source for 

XAFS experiments [7], its emission has complicated structure. The simpler structure of a LPP source 

emitting n = 4一《 = 4 UTAs is more appropriate for XAFS measurements. Systematic calculations 

for UTA positions were performed for elements with atomic number Z = 49-92 that enabled the 

peak wavelength of the 4J-4/ and 4p-4d component transitions of the n - 4-n = 4 UTAs to be 

estimated [8]. There is, however, a discrepancy between experimental and calculated results for 

high-Z elements due to the complexity of configuration interaction effects [4,9] and the tendency for 

the 4p_4d contribution to the actual emission to be overestimated in calculations based solely on line 

strength distributions. Previous studies were performed with previous-generation ns-lasers that 

produce optically thicker plasmas than with a ps-laser [10]. It is known that optically thick plasmas 

can strongly self-absorb resonance line emission [11].Optically thin plasmas thus provide more 

efficient light sources. Therefore, systematic LPP studies with up-to-date intense ps-lasers are 

needed to determine available light source wavelengths for future applications.

In this paper, we report the efficient water window source by strong UTA band emission in 

laser-produced high-Z plasmas. Our proposed procedure for producing the water window emission is 

expected to be efficient and scalable in output yield. We have initiated a number of experiments to 

explore how this emission may be optimized in practice.

II. Characteristics of the Gd plasmas for BEUV source applications

We characterize extreme ultraviolet (EUV) emission from mid-infrared (mid-IR) 

laser-produced plasmas (LPPs) of the rare-earth element Gd. The energy conversion efficiency (CE) 

and the spectral purity in the mid-IR LPPs at 入ん=10.6 p.m were higher than for solid-state LPPs at 

又£ =1.06 ptm, because the plasma produced is optically thin due to the lower critical density,
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resulting in a CE of 0.7%. The peak wavelength remained fixed at 6.76 nm for all laser intensities 

studied. Plasma parameters at a mid-lR. laser intensity of 1.3 x 10M W/cm2 was also evaluated by use 

of the hydrodynamic simulation code to produce the EUV emission at 6.76 nm.

Figure 1(a) shows time-integrated EUV emission spectra from the Nd:YAG LPPs at different 

laser intensities ranging from 9.7 x 1011 to 6.6 x IO12 W/cm2. The peak wavelength shifts from 6.7 to 

6.8 nm, and is mainly due to w = 4-a? = 4 (A/7 = 0) transitions in ions with an open 4/or 4¢/ outermost 

subshell. The sharp peak at 6.65 nm and the dip structure below 6.59 nm first appear at a laser 

intensity of 2.4 x 1011 W/cm2. Emission at wavelengths less than 6 nm, increases with increasing 

laser intensity and according to numerical evaluation, lines in the A = 2.5-6 nm {hv - 207-496 eV) 
spectral region originate from Gd ionic charge states between Gd19* and Gd , and arise from « = 4 

-n = 5 (Az? 1)transitions.

In the case of CO2 しPPs，on the other hand, the main spectral features near 6.7 nm are 

narrower than for Nd:YAG laser irradiation, as shown in Fig. 1(b). The CO2 laser intensity was 

varied from 5.5 x IO10 to 1.2 x 10H W/cm2. The spectral structure is dramatically different to that 

from the Nd:YAG LPPs. The peak wavelength of 6.76 nm remains constant with increasing laser 

intensity. Moreover the intensity of the peak at 6.76 nm increases more rapidly with laser intensity 

than emission in the ranges A = 3-6.6 nm and A = 6.8-12 nm. Under the optically thin plasma 

conditions imposed by the CO2 LPP, this peak, which is mainly due to the 4ゴ10 *5〇-46/94/ P\ 

transition of Pd-like Gd,s~ overlapped with 2F-2D lines of Ag-like Gd17，known to lie near 6.76 nm 

shows that these ions are indeed present in the plasma. Somewhat similar structure has been also 

observed in a discharge-produced plasma, which like the CO2 LPP has low density and is optically 

thin. It is noted that the peak wavelength of 6.76 nm was constant with high spectral and energy 

conversion efficiencies in optically thin mid-IR CO2 laser-produced Gd plasmas. The maximum CE 

was observed to be 0.7% [3].

In order to infer the laser parameters which maximize 6.x-nm Gd-LPP emission, direct 

comparison between emission from a Gd-LPP and that of Gd ions from well-defined charge states is 

necessary, as the charge state dependence of emission at 6jc nm is defined by the electron 

temperature. We present a study of the charge-state-defined emission spectra to explain the laser 

power density dependence of the Gd-LPP spectra and to evaluate the charge states contributing to 

the 6.x-nm emission.

The profile of the intense emission at 6.x nm becomes broader and its peak wavelength shifts 

to longer wavelength with increasing laser power density, as shown in Fig. 2(a). However the range 

of wavelengths involved is quite small and the peak lies between 6.7 and 6.8 nm over this entire 

range of power densities. The emission from each of these peak wavelengths within a 0.6% 

bandwidth (BW) becomes more intense with increasing laser flux. This behavior causes difficulty in 

fixing the precise wavelength of 6.x nm and optimization of the spectral efficiency while 

simultaneously maximizing the CE. The spectral efficiency denotes the ratio of the in-band energy at
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6.70 nm within a 0.6% BW to that in the spectral range from 3 nm to 12 nm. An increase in laser 

power density raises the electron temperature which, in turn, implies an increase of both the highest 

charge state and the abundance of higher charge states. This change in the ion population must cause 

the observed shift of the peak wavelength for Gd-LPPs. Up to now, there was no direct experimental 

evidence that changes in emitting ion populations were responsible for this shift.
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Fig.1.(a) Time-integrated EUV emission spectra from the Nd:YAG LPPs at different laser 

intensities of 9.7 x 1011, 2.2 x 1012, and 6.6 x IO12 W/cm2, respectively. The peak wavelength shifts 

from 6.7 to 6.8 nm with increasing the laser intensity, (b) Time-integrated EUV emission spectra 

from the CO2 LPPs at different laser intensities of 5.5 x IO10, 8 x 10l°, 9.8 x IO10, and 1.3 x 1011 

W/cm2, respectively. The peak wavelength of 6.76 nm remains constant with increasing the laser 

intensity.

To verify the above explanation, charge-defined emission spectra were measured with the 

EBITs for different highest charge states. EUV emission spectra from EBIT experiments are shown 

in Fig. 2(b) and calculated gA values of ^d-^f transitions for corresponding highest charge states are 

shown in Fig. 2(c) to compare the charge state dependence of the emission near 6jc nm. The gA 

values are the transition probabilities from excited states multiplied by their statistical weights and 

thus are proportional to the emission intensities of the transitions. Note that the EBIT spectra include 

a subset of all possible radiative transitions that are predominantly resonant transitions to the ground 

state. For Pd-like Gd,8+, only one strong line is predicted corresponding to the 4t/10 4f]P\ at

6.7636 nm and this is clearly seen in the spectrum. In the absence of CI, according to the unresolved 

transition array (UTA) model, the position of the intensity-weighted peak of the 4^array 

depends directly on the occupancy of the 4ゴ subshell,Ny and the Slater-Condon パ(4ゴ，4力 and

80



Gk(4d,Af) parameters. In the present case, the values of r and Gk change little with ionization stage 

and, therefore, the position of the array moves to lower energy with decreasing N. The presence of 

CI causes this shift to be reduced but nevertheless the overall trend is to move to longer wavelength 

with increasing ionization stage. The dominant emissions around 7 nm in the EBIT spectra indeed 

move to longer wavelengths with an increase of the highest charge state. The EBIT can thus generate 

charge defined-emission spectra, which are essential both for analysis 9f plasma emission spectra 

and the benchmarking of theoretical calculations [12].
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Fig. 2. (a) The wavelength of emission peaks near 6jc nm as a function of the Nd:YAG laser power 

density. The dotted line is a fitted curve, (b) EUV emission spectra of Gd ions with electron beam 

energies (Ee) of 0.43-0.92 keV. In the case of Ee = 0.43 keV, the compact EBIT with lower 

resolution was employed while the Tokyo-EBIT was used in other cases, (c) Calculated gA values 

for 4J-4/ transitions of the corresponding highest charge states (<7醐）from Fig. 2(b). The ground 
configuration of Gd18+ is [Kr]4t/l°.

III. Quasi-Moseley’s law for UTA emission

In this section, we show that the strong resonance UTAs of Nd:YAG LPPs for elements with Z 

=50-83 obey a quasi-Moseley’s law. A 150-ps Nd:YAG laser with a maximum energy of 250 mJ at 

入人=1.064 jxm and an 8-ns Nd:YAG laser giving 400 mJ at 入ん=1.064 11in were employed to 

provide the desired variation of laser intensity. The laser beam was incident normally onto planar 

high-Z metal targets in vacuo. The expected focal spot size, produced by an anti-reflection coated 

plano-convex BK7 lens with a focal length of 10 cm, had a full width at half-maximum (FWHM) of 

approximately 50（im. The laser was operated in single shot mode and the target surface was 

translated to provide a fresh surface after each laser shot. A flat-field grazing incidence spectrometer 

(GIS) with an unequally ruled 2400 grooves/mm grating was placed at 45° with respect to the axis of 

the incident laser. Time-integrated spectra were recorded by a Peltier-cooled back-illuminated
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charge-coupled device (CCD) camera and were corrected by its quantum efficiency. The typical 

resolution was better than 0.005 nm (FWHM). The Large Helical Device (LHD) is one of the largest 

devices for magnetically confined fusion research and is described in detail elsewhere.16 The LHD 

plasmas were produced by the injection of a small amount of target elements into the background 

hydrogen plasma. The plasma density is about 1013 cm \ much lower than that in a LPP, and 

guarantees an optically thin condition. Emission spectra were recorded by a 2-m grazing incidence 

Schwob-Fraenkel spectrometer with a 600 grooves/mm grating. The exposure time of the detector 

was set at 0.2 s and the spectral resolution is about 0.01 nm (FWHM).

Figures 3(a)—3(k) show LPP emission spectra from high-Z metal targets. The main UTA peak 

at 8.17 nm in the case of Nd clearly shifts to shorter wavelength with increasing atomic number, 3.95 

nm in the case of Bi. This movement indicates the availability of a wide wavelength range for a LPP 

light source. While the main UTA peaks correspond to 4p64efx-4p64cf, transitions, the 

4p64e广一4/?54</v 1 UTAs were also observed around them, at 4 nm for the Pt-LPP, in the case of 

ps-LPPs. The difference in the broad emission features at shorter wavelengths is caused by the 

different charge state distribution in LPPs for ps and ns excitation and will be discussed later. 

Optically thinner LHD plasma spectra are shown in Figs. 3(l)-3(q). It should be noted that the 

electron temperatures of LHD plasma were relatively low, 1 keV, but higher than in ps-LPPs. As a 

result, we have not observed significant emission of the type 4,、-4,J5/ from stages with open 4/ 

valence subshells in LHD spectra. Comparing LPP and LHD spectra, the UTA widths in LHD 

spectra are relatively narrower than in LPPs especially for lighter elements. This arises as a result of 

a number of factors: the increased contributions from ions with an outermost 4ゴ104广 configuration 

from transitions of the type 4^,04/A-46/94/A^1 in LPP spectra and the differences in opacity that 

reduce the intensity of the strongest lines and the increased contribution from satellite emission. In 

addition, earlier research demonstrated that if the majority of radiation originates from open 4/ 

subshell ions, whose complexity inhibits the emission of strong isolated lines, then no strong isolated 

lines are expected to appear throughout the EUV emission, which is clearly seen for the LPP spectra 

in Fig. 3. Moreover, self-absorption effects are clearly observed in the case of ns-LPP for Nd due to 

optical thickness. Although the n = 4-n = 4 UTA transition peak was observed at 8.05nm in the 

LHD spectrum, the strongest 4d_Af transitions essentially disappear in the ns-LPP owing to 

self-absorption. Because of their large transition probabilities, resonant lines that are strong in 

emission also strongly absorb in underdense (ne < nc, where nc is the critical electron density) or 

optically thick plasma conditions. An optically thinner plasma reduces the self-absorption effects 

and increases the spectral efficiency ofw = 4-w = 4 UTA emissions.
Figure 4 shows the atomic number dependence of the observed peak wavelength of /? = 4-n = 

4 UTAs. The solid line is an approximated curve for ps-LPPs with a power-law scaling of the peak 
wavelength given by A = aR. l(Z - s)h in nm where a = 21.86 ± 12.09, b =1.52 ± 0.12, s = 23.23 ± 

2.87 is the screening constant while Slater’s rule gives s = 36-39.15 for 4ゴ electrons [13], and R. is
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the Rydberg constant. This empirical law is surprisingly similar to Moseley s law where a = 4/3, b 二 

2 and s =1 were used to give the transition wavelength of the Ka-line of characteristic x-rays. It is 

noted that the Moseley’s law derived from the Bohr model gives A = 0 for = 0 transitions in terms 

of the energy difference. It can however be fitted as a quasi-Moseley’s law because there are energy 

differences between A/7 = 0 levels due to different angular momentum quantum numbers.
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Fig. 3. Time-integrated EUV emission spectra of the Nd:YAG LPPs for (a) ^Bi，（b) ^Pb，（c) 79AU, 

(d) ?8Pt, (e) 75Re, (f) 74W, (g) 73Ta, (h) 6sEr, (i) 65Tb，⑴ 64Gd and (k) 60Nd targets with 150-ps laser 

(red, solid line) and 8-ns laser (blue, dotted line), respectively. Typical laser power densities were 

2.5 x IO14 W/cm2 for ps-laser illumination and 5.6 x 1012 W/cm2 for ns-laser irradiation. The 

measured LHD spectra (green, solid) for (1)Bi, (m) Pb, (n) Au, (0) W, (p) Gd and (q) Nd targets,
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Fig. 4. Atomic number dependence of the peak wavelength of n = 4一w = 4 UTAs in ps-LPP (red, 

circles), ns-LPP (blue, squares) and LHD (green, diamonds) spectra. Calculated peak wavelengths 

with GRASP [14] are also shown (black, crosses). Sn spectra are not shown in Fig. 3. The solid 

line is an approximated curve for w = 4-/7 = 4 UTAs in ps-LPPs with a power-law scaling.

We propose here a pathway to produce feasible laboratory-scale high-Z LPP sources for a 

wide range of applications. For efficient UTA emission, plasmas of higher-Z elements need high 

electron temperatures to produce higher charge state ions contributing to the 4/?64tZ、-4p64ゴ、リザ 

UTAs. The electron temperature, Tc, rises with increasing laser intensity as Tc « (/Ma2)0 4, where ム 

and 入ん are the laser intensity and wavelength, respectively [3,15]. On the other hand, an optically 

thin plasma has a low electron density, ne, which decreases with increasing as nc a 又ん 2. In terms 

of these features, use of a longer laser wavelength is necessary to generate the brightest LPP, such as 

a CO2 laser operating at 10.6 jim due to the low critical density of 1 x IO19 cm3 attainable with a 

pulse duration sufficiently short to give a laser intensity of the order of 101' W/cm2 but sufficiently 

long to permit excitation to the appropriate ionization stages, i.e.〜1 ns [16]. Moreover, we can also 

obtain longer wavelengths, > 10.6 jxm, with a Raman conversion system.

IV. Water window soft x-ray source by high-Z plasmas

Figures 5(a)-5(c) show time-integrated spectra from Au, Pb, and Bi plasmas at a laser intensity of 

1 x 1014 W/cm2 with a 150-ps pulse duration. Time-integrated EUV spectra between 1 and 6 nm from 

each element display strong broadband emission near 4 nm, which is mainly due to w = 4-w = 4 

transitions from ions with an open 4/or 4d outermost subshell, together with broadband emission around 

2-4 nm due to w = 4一《 = 5 transitions from multi-charged state ions with an outermost 4/subshell. The 

latter merge to form a structured feature from which the contributing ion stages may be readily inferred. 

The intensity of the n = 4-n = 4 UTA emission is higher than that of the n = 4-n = 5 emission. The 

atomic number spectral dependence is summarized in Fig. 5(d). The predicted photon energy of each
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experimental peak wavelength was shifted to higher photon energy with increasing atomic number. 

Neither the emission spectra nor the plasma electron temperatures, however, have been optimized, as 

shown below. The emission intensity of the n = 4—« = 5 transitions, however, was compared with that of 

the n - 4-n = 4 UTAs.
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Fig. 5. Time-integrated spectra from the picosecond-laser-produced high-Z plasmas by use of Au (a),

Pb (b), and Bi (c), and the atomic number dependence on the photon energies of peak emission of 

the n = 4-« = 4 transition (circles) and the n = 4-« = 5 transition (rectangles)[17].

We compare the results of calculation for some experimental temperatures with the experimental 

spectrum, as shown in Fig. 6(a). Four regions corresponding to emission peaks are identified. Note that 

this spectrum is integrated both spatially and temporally over the duration of the laser pulse. The emission 

in region “1” results primarily from 4/-5g transitions in ions with an open 4/subshell, i.e.，stages lower 

than Bi35+. The emission in regions ‘‘2’，and “3” comes from 4/?-4ゴ and transitions in ions with an 

open 4¢/subshell (Bij6+- Bi45+), and calculations show that the higher energy feature results from the more 

highly ionized species (> Bi42十).The emission in region “4” is again associated mainly with 4ゴ-4, 

emission from lower stages with an open 4/outmost subshell. Thus the bulk of the emission, especially 

from regions ‘‘1’’ and “4”，is associated with the recombining phase of the expanding plasma plume. In 

this figure we show for comparison spectra calculated for steady state electron temperatures of 180 and 

700 eV，while the higher temperatures are required to generate the emission in region “2”，the 

calculations verify that both the longer and shorter wavelength features are consistent with much lower 

plasma temperatures.

In Fig. 6(b) calculated spectra at different electron temperatures higher than 900 eV are presented. 

Our calculations show that high-Z plasmas, at an electron temperature lower than 700 eV, as shown in Fig.
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3(a)，radiate strongly near 3.9 nm. However, in the case of higher electron temperatures, from 800 to 1500 

eV, the strongest emission is expected at around 3.2 nm, suitable for coupling to Sc/Cr MLMs. Thus for 

an optimized source, we should produce a plasma at a higher electron temperature plasma of around 1 

keV. The intensity of the Bi plasma emission in our experiment was compared with 2.48-nm nitrogen line 

emission from a SisN4 planar target, in the same experimental setup, and was observed to be 1.2 times 

higher within a bandwidth of 0.008 nm (FWHM) even though the plasma electron temperature was much 

lower than the optimum value [3].

Fig. 6. Spectral behaviors of the Bi plasmas i 

emission spectra (a), the peak wavelength of the 

transition (rectangles) (b).

Wavelength (nm)

n the laser intensity dependence on the observed 

n = 4-« = 4 transition (circles) and the n = 4-n = 5

V. Summary

We have reported on EUV and soft x-ray sources in the 2 to 7 nm spectral region related to the 

beyond EUV (BEUV) question at 6.x nm and a water window source based on laser-produced high-Z 

plasmas., which was high-efficiency for a beyond EUV source at 6.76 nm, because the peak at this 

wavelength was constant with high spectral and energy conversion efficiencies in optically thin mid-IR 

CO2 laser-produced Gd plasmas. The maximum CE was observed to be 0.7%. The EBIT spectra proved 

experimentally that the mean wavelength for n = 4-n = 4 transitions of different charge states of Gd ions 

shifts to Ion- ger wavelength with increasing the ionic charge. Combined with the EBIT spectra, the FAC 

calculations explained the overall structures in the Gd-LPP spectrum, we have demonstrated the atomic 

number scaling of /? = 4-« = 4 UTA wavelengths for optically thin ps-laser-produced high-Z plasmas and 

obtained a quasi-Moseley’s law, A = aR.\Z - s) b in nm where a = 21.86 ± 12.09, Z）=1.52 ± 0.12, s = 

23.23 ± 2.87 in nm for Z= 50-83, that enables prediction of suitable elements as LPP sources for future 

applications. We have also proposed high-efficiency Bi plasmas and have proposed methods to increase it 

still further Resonance emission from multiply charged ions merges to produce intense UTA, extending 

to wavelengths below the carbon K edge. The overall spectral behavior is well described by simulations. 

The experimental results also provide an outline for the design concept for single-shot cell imaging with a 

novel microscope optical system. The method presented here opens the way for applications in
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next-generation biological science.
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