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ABSTRACT OF DISSERTATION 

SATURATED HIGH REPETITION RATE SOFT X-RAY LASERS

This dissertation resulted in the demonstration of tabletop soft x-ray lasers 

operating at 5 Hz repetition rate with average powers of 1-5 pW in numerous 

transition of the dd^o-dp'Pi nickel-like and the SP'So-SS'Pi neon-like ion 

isolectronic sequences with wavelengths ranging from 32.6 nm to 13.2 nm. The lasers 

operate in the gain-saturate regime necessary for efficient laser energy generation. 

Lasing at shorter wavelengths was also observed in transitions of the same nickel-like 

ion isolectronic sequence, with amplification in the 11.9 nm line of nickel-like Sn 

approaching gain saturation, and progressively reduced gain for wavelengths as low 

as 10.9 nm for nickel-like Te. The results were obtained by heating plasmas of 

selected materials with picosecond duration optical laser pulses of only 1J energy 

impinging at grazing incidence angles optimized for maximum energy deposition. 

The grazing incidence pumping geometry takes advantage of the pump beam 

refraction into the plasma to efficiently deposit a large fraction of its energy into a 

pre-selected plasma region with optimum electron density for amplification. The soft 

x-ray lasers were characterized in term of small signal gain, output pulse energy, 

pulse duration, beam divergence, and spatial coherence. Streak camera measurements 

for the 13.9 nm nickel-like Ag and 13.2 nm nickel-like Cd laser showed that the laser 

pulses have a duration of about 5 ps.

To further improve the characteristics of these high repetition rate table-top 

soft x-ray lasers in terms of peak spectral brightness, short pulse duration, defined
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polarization, and spatial coherence, we investigated the seeding of the soft x-ray 

amplifiers with high harmonic pulses generated in a gas cell using the same pump 

laser. Amplification of pulses from the 25th harmonic pulses of the Ti:sapphire laser 

in a 32.6 nm line of Ne-like Ti laser amplifier by nearly two orders of magnitude was 

demonstrated to generate highly monochromatic laser pulses that were measured to 

approach full spatial coherence. Based on experimental measurements of the main 

parameters of the seeded soft x-ray laser pulses the peak spectral brightness is 

estimated to be ~ 2x10 26 photons/( s mm2 mrad2 0.01% bandwidth). This scheme for 

the generation of sub-picosecond soft x-ray laser pulses should be scalable to produce 

extremely bright lasers at very short wavelength.

These high repetition rate short wavelength lasers will make possible a variety 

of new studies of surfaces and materials, and enable the development of unique 

metrology and processing tools for industry. As an example of the potential of these 

compact lasers as intense sources of soft x-ray light for applications the nickel-like 

cadmium and silver lasers were used as illumination sources in a table-top high 

resolution microscope that achieved a spatial resolution better than 38 nm.

Yong Wang
Electrical & Computer Engineering Department 

Colorado State University 
Fort Collins, CO 80523 

Spring 2007
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Chapter 1, Introduction

1.1 Motivation for the Development o f Soft X-ray Lasers

Since the time of the invention of the Maser [1] there has been great interest in 

the generation of intense coherent beams of electromagnetic radiation at shorter and 

shorter wavelengths. The development of the first optical Lasers in 1960 was an 

enormous step forward and one of the most important scientific and technological 

advances of the 20 century [1-3]. Shortly after the realization of the first laser it was 

envision that lasers operating at x-ray wavelengths would be possible, and theoretical 

and experimental efforts were started with this goal.

Soft x-ray (SXR) lasers, sometimes also described as Extreme Ultraviolet 

Lasers (EUY), produce electromagnetic radiation in the 3-50 nm region of the 

spectrum. These photons are about 10-100 times more energetic than those produced 

by optical lasers, but still significantly less energetic than those used in medical 

corresponding to the x-ray radiation that is used for radiology in medical applications. 

Soft x-ray lasers generate bright highly monochromatic, that can have a high degree 

of spatial coherence. This laser action is normally realized in highly ionized plasmas. 

It should be mentioned however that recently the first “free electron” laser operating 

at soft x-ray wavelength was demonstrated to operate down to 13 nm [4], and efforts 

are underway to build accelerator based x-ray lasers at much shorter wavelengths [5]. 

In this dissertation, only plasma-based soft x-ray lasers are described. The first 

generation of soft x-ray lasers where laboratory size devices, many excited by the 

same kilojoule energy lasers used to conduct nuclear fusion research [6-8]. These

1
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devices were capable of producing laser shots at repetition frequencies of the order of 

one shot per hour. Subsequent work increased the repetition rate of gain saturated soft 

x-ray lasers to a shot every several minutes, and in a reduce footpace [9-11]. Great 

progress in the development of high repetition rate, high average power soft x-ray 

lasers was achieved using fast discharge excitation of a capillary plasmas [12-16]. 

These discharge pumped lasers produced unsurpassed average powers of milliwatts at 

46.9 nm, and allowed for numerous applications. However there is a need for high 

average power lasers at shorter wavelengths. The focus of the work conducted for this 

dissertation consists in the development of compact “table-top” soft x-ray lasers of 

the type require to implement scientific applications in a small laboratory at 

wavelengths below those of the extremely compact capillary discharge lasers.

Soft x-ray coherent light has unique properties that make it of interest for 

applications. These include its short wavelength that makes it possible to “see” and 

“write” smaller features; high absorption for most of materials, which make them 

ideal for surface studies; good degree of coherence for applications such as 

interferometry and holography; and a photon energy that allows it to interact with 

inner shell electrons enabling element specific applications.

The above mentioned characteristics enable the implementation of important 

applications such as nano-scale imaging and patterning. The direct observations of 

nanoscale structures with light-based microscopes have been hampered by the 

relatively long wavelength of light. Researchers have had to deduce many aspects of 

nanostructures more indirectly using conventional electron microscopy or scanning- 

tunneling or atomic-force microscopy. Soft x-ray microcopy offers an alternative and

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



complementary approach to high resolution imaging, and makes possible the 

acquisition of nano-scale resolution images without requiring significant sample 

preparation. Its high degree of monochromaticity allow the full use of diffractive 

optical elements, zone plate lenses, that make possible to reach 15 nm resolution 

when used in combination with sufficiently short wavelength light. High-brilliance 

tunable synchrotrons sources have allowed the implementation x-ray microscopes to 

achieve element-specific imaging, thus providing insight into structure composition 

of magnetic nanostructures and other samples of interest [17]. A 5 Hz repetition rate

13.2 nm wavelength tabletop soft-x-ray lasers developed as part of this thesis has 

allowed the development of a table-top microscope that takes advantage of the high 

brightness, high mono-chromaticity, and directionality of the illumination to obtain 

images with sub-38 nm resolution [18].

Another application of interest is the metrology necessary for the 

implementation of EUV lithography as a tool for the fabrication of the next 

generation of computer chips. As transistor features continue to become smaller in 

size (eg. 32 nm around year 2009- 2010), the semiconductor industry must look to 

adopt new methods of copying the sophisticated patterns required for the high- 

volume manufacture of integrated circuits. In order to satisfy the future demand for 

even smaller feature sizes, EUV lithography is showing the most promise. The 

development of high reflectivity (-70%) multilayer reflective coatings at wavelengths 

around 13.5 nm has determined the wavelength chosen by industry for the 

lithography of the future generation of computer chips. Compact bright light sources 

emitting at wavelengths in the vicinity of 13.5 nm are required to perform the

3
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necessary metrology and in-situ alignment of the optics, and inspection for defects on 

the masks. Of particular interest is a sufficiently high coherence to allow for 

interferometry measurements. A compact high-coherence soft x-ray laser with a high 

repetition rate operation is one of the promising candidates for this purpose.

A long term goal for the development of compact x-ray lasers at shorter 

wavelength is the possibility to perform high resolution biological imaging using light 

in the so-called water window of the spectrum, the region between the carbon and 

oxygen K-edges (wavelengths from 4.4 nm to 2.3 nm), where a high contrast ratio 

between carbon and water exists, open the opportunity for high resolution imaging. 

A more near applications of soft x-ray lasers is their use in spectroscopy. A discharge 

pumped table-top soft x-ray operating at 46.9 nm, a wavelength longer than those 

corresponding to the soft x-ray lasers discussed in this dissertation, is currently 

employed very successfully to produce single ionization of nanoclusters for their 

study by mass spectroscopy [19, 20]. Shorter wavelength compact lasers will open 

other spectroscopy opportunities, such as the interaction with inner shell electrons in 

numerous elements, allowing for element specific spectroscopy.

These and other applications motivates the work in the development of a new 

generation of more compact soft x-ray lasers capable to operate at repetition rates of 

several Hz. The next section briefly summarized other methods to produce coherent 

soft x-ray radiation. Of particular interest is high harmonic generation, that as 

discussed in Chapter 5, was used to seed for the first time in this work a soft x-ray 

laser amplifier pumped heating a solid target.

4
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1.2 Methods o f  Generating Soft X-ray Sources

There are several alternative and often complementary methods to generate 

intense beams of soft x-ray radiation that can be used for applications. These include 

synchrotron radiation, and high harmonic generation. Synchrotron radiation is 

generated when relativistic charge particles are accelerated (undergo a change of 

direction) in a magnetic field to almost the speed of light. As the electrons are 

deflected through magnetic fields they create extremely bright light. Synchrotron 

light is unique in its intensity and average brilliance and it can be generated across the 

range of the electromagnetic spectrum: from infrared to x-rays. The light is channeled 

down “beam lines” to experimental workstations where it is used for research. 

Synchrotron is very powerful soft x-ray source, can provide tunable x-ray light to 

very short wavelengths with high brightness, and when properly filtered has a high 

spatial coherence [17]. However it also has some disadvantages: the very large size 

and the very high cost of the facilities.

High-brightness radiation at discrete wavelengths, h i  = Xo/N (N an odd 

integer), with Xn down to ~ 2 nm, can be produced by high harmonic generation 

(HHG) [21-23]. The harmonics result from the strong non-linear interaction between 

the electric field of the incident optical laser pulse and the individual atoms. Laser 

intensities and pulse durations are just at the limits of ionizing the neutral atoms. 

Harmonic generation from ions is also possible [24]. The resultant harmonics add in 

phase in the direction of the firing pulse, leading to the appearance of intense high 

harmonics in a relatively narrow forward radiation cone. High-harmonic generation 

provides a table-top size light source with unique properties: soft x-ray wavelengths,

5
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ultrashort time duration, coherence, high repetition rate (1 kHz). However compared 

with soft x-ray lasers, the single pulse energy from HHG is low.

A much higher energy per pulse, in particular cases up to millijoules, can be 

produced by the direct laser amplification of soft x-ray light in a population inversion 

produced in a dense plasma by collisions between free plasma electrons and multiply 

ionized atoms. The amplifying medium can be excited by either a fast discharge or a 

high power laser. In the case of laser pumped electron collision soft x-ray laser a 

common way to produce and heat the plasma is to impinge onto the target with a 

sequence of two pulses. The first is a relatively long pre-pulse (-100-500 ps 

duration), which creates a plasma that is allowed to expand to reduce electron density 

gradients. This pre-pulse is followed by an intense picosecond pulse that rapidly heats 

the plasma to heat the electrons that will produce the population inversions by 

electron impact excitation. Very recently it was shown that the pumping energy 

necessary for lasing could be significantly reduced by directing the short pulse onto 

the target at grazing incidence [25, 26]. This inherently traveling wave pumping 

geometry takes advantage of the refraction of the pump beam to increase the path 

length of the rays in the gain region of the plasma, thereby increasing the fraction of 

the pump energy absorbed in that region. Soft x-ray lasers are generally limited to 

single pass or double pass amplification of the spontaneous emission (ASE). Soft x- 

ray lasers generated by heating solid targets can have rather low spatial coherence. To 

overcome this limitation, seeding of the soft-x-ray-laser amplifier with a high 

harmonic of an optical laser has been developed as part of this dissertation [27]. This 

scheme has the advantage of producing extremely bright lasers at very short

6
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wavelengths with full temporal and spatial coherence. In this case the laser pulse 

duration can be significantly shorter (subpicosecond) and also it is possible to obtain 

an increase in peak brightness.

1.3 Principles o f Soft X-ray Laser Amplification

Lasing at short wavelengths in extreme ultraviolet (EUV) and soft x-ray 

regions of the spectrum is normally achieved in hot and dense plasmas. While several 

soft x-ray laser excitation mechanisms have been investigated [28-30], the most 

successful has been electron impact excitation [31, 32]. Temperatures of several 

hundred electron volts to above 1 keV are required to collisionally ionize and excite 

atoms to the required energy levels. As these are well above the binding energies of 

outer electrons, the atoms are necessarily ionized to a high degree. Upper state 

lifetimes are typically measured in picoseconds, and at high plasma density the 

collisional re-distribution of populations is also fast. Therefore to achieve the 

maximum possible amplification the energy delivery (pumping) must be fast. As a 

result high power optical lasers or fast high power discharger are generally employed 

to create and heat the plasma [9, 10, 33-34]. Due to the relatively small value of the 

stimulated emission cross sections at soft x-ray wavelengths, high gain lasing requires 

a high density of excited state ions, thus mandating a high density plasma. Preferred 

electron configurations to implement collisional lasers are those corresponding to 

neon-like (10 electrons), and nickel-like (28 electrons) ions, which tend to have a 

large fraction of the plasma ions in a desired ionization state over a broad range of 

plasma temperatures and densities.

7
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The short lifetime of hot dense plasmas limits the effectiveness of cavity end 

mirrors. Therefore, in general these are high gain single pass lasers, though some 

double and triple pass amplification experiments exceptions [35]. Lacking multipass 

mode control, unseeded short wavelength lasers are typically far from diffraction 

limited. Temporal coherence lengths, set largely by ion Doppler line broadening, are 

typically of the order of 104 wavelengths.

The pumping power necessary to produce short wavelength lasers scales as 

1A,4. A EUV/soft x-ray laser amplifier is schematically shown in Fig 1.1.

^EUV ________f _______ S _____________ -  .. ^EUV________
/w W  $  m :

/  \  |  AA./A.-10'4

Figure 1.1 Schematic of a plasma column with a population inversion that generates 
EUV/ Soft X-ray Laser radiation.

The required pump power P, that must be delivered to the lasing medium 

(plasma) in order to maintain the inverted population density, can be estimated by 

[17]:

hvn FVP = nrtsLL  (i.i)

where nuF  is the inverted population density, nu is the density of atoms (ions) in the

upper states and F  is the density inversion factor, V is the plasma volume, and h v 

is the photon energy that would be emitted by spontaneous emission in a transition of
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lifetime %. In fact this is a lower limit on the required power, as the pumping is far 

from 100% efficient, nuF  is distributed among several ionization stages, many 

energy states, and a general investment in thermal energy. Observing that z -  M Aul, 

Aul is Einstein A coefficient, for spontaneous emission. Writing the population 

inversion as a function of the gain length product GL, where

G = AN a  (1.2)

G = nuF - ^ - ^ =  A n»FA"l-  (1.3)
8^Av %nc(AXIX)

AN is population inversion density and cr is cross section. The required power per 

unit volume of plasma becomes:

P = %nc2h(AX!X)G  
V ~ X4

so that in terms of the gain-length product, with V = A L , the required power per unit 

area (intensity) is

P %ne2h(AXIX)GL 
A ~ X4

Thus to maintain a population inversion density with a given gain-length 

product and a linewidth (AX / X) determined by the ion temperature, in the case of 

Doppler broadening, the requisite laser intensity scales as 1 / X4 ; in the case of 

Natural broadening, it scales as 1/ A5 [31]. This very rapid scaling of required pump

9
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intensity with lasing wavelength provides a significant challenge for the achievement 

of laser action at soft x-ray wavelengths.

1.4 Population Inversion Mechanisms

Several population inversion mechanisms were proposed as early as in the 

1960’s to produce lasing at soft x-ray wavelengths [29]. These mechanisms are 

briefly summarized below.

a. Photoionization and resonant photopumping

These two population inversion mechanisms for x-ray amplification have in 

common that the excitation of the laser upper level population involves the use of 

high energy photons. The generation of large population inversions following the 

selective x-ray photoionization of inner shell electrons was originally proposed by 

Duguay and Rentzepis in 1967 [29].

The generation of population inversions by this mechanism is possible 

because at photon energies just above the threshold for inner shell photoionization the 

cross section is an order of magnitude larger for inner-shell electrons as compared to 

outer-shell electrons. This scheme has the potential advantage of leading to relatively 

compact lasers with wavelengths shorter than 1.5 nm. In principle, it can allow for 

operation at a low plasma temperature of less than 1 eV with consequently small 

Doppler broadenings and large gain coefficients. The incoherent x-ray photons that 

pump the laser media would be normally produced by a nearby plasma created by 

heating a target made of a high-Z material such as gold with an intense ultrashort

10
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laser pulse. However, no demonstration of a photoionization laser at x-ray 

wavelengths has yet been realized. Nevertheless, the development of compact lasers 

capable of producing high peak power laser increases the likelihood that this type of 

x-ray laser will be realized in the future.

b. Collisional recombination

This population inversion mechanism was first proposed by Gudzenko and 

Shelepin in 1965 [28]. The first report of large amplification at soft x-ray wavelengths 

by plasma recombination, corresponds to an experiment realized by Suckewer et al. in 

1984 [36]. After that, recombining plasmas pumped by table-top lasers has produced 

amplification in transitions to the ground state with gains up to gxl=6.5 at 

wavelengths as short as 13.5 nm [37, 38]. Evidence of amplification by plasma 

recombination has also been reported in plasmas created by compact electrical 

discharges [39]. In this scheme, the laser upper level is populated following the 

recombination of ions with a charge Z+l with an electron, through a three-body 

interaction described as collisional or three-body recombination:

Az+l + 2 e-> A z* +e (1.6)

This type of process is the inverse of collisional electron ionization. It 

preferentially populates highly excited bound levels Az* of the ion of charge Z, 

favoring the generation of population inversion [40]. As the reaction above suggests, 

the collisional recombination rate is proportional to the square of the electron density. 

The recombination rate is also extremely sensitive to the electron temperature [41].

11
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Therefore, the generation of large population inversion by recombination requires a 

dense and relatively cold plasma.

c. Collisional electron excitation

This mechanism of excitation of soft x-ray lasers resembles that of some of 

the most widely utilized visible and ultraviolet ion lasers, the cw argon ion and 

krypton ion lasers [42, 43], in which the laser upper levels are predominantly excited 

by direct electron impact collision from the ground state of the ion stage of interest. In 

the initial implementation of these lasers, the generation of a population inversion 

occurs in a quasi-cw regime, aided by the very favorable radiative lifetime ratio 

between the laser upper and lower levels. The upper levels are metastable with 

respect to radiative decay to the ground state, and the laser lower levels are 

depopulated by strong dipole-allowed transitions.

This method involves the excitation of closed shell ions. This technique makes 

use of ionization bottlenecks associated with closed electron shell Ne-like or Ni-like 

ions to ensure a high density of lasing ions. For example, if the target is made of 

Silver (Ag), which has 47 electrons, the ionization process strips off 19 electrons, 

leaving 28, which correspond to the electron configuration of Nickel atoms. This 

close shell ion is difficult to ionize. This is a significant advantage because it results 

in a high relative abundance of the lasing ions over a wide range of plasma 

parameters. Ne-like ions are also very stable, closed-shell ions. The laser upper levels 

are mostly produced by collisions with plasma electrons, but also receive some 

contribution by cascading down from higher excited states, and by recombination of

12
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overly ionized F-like ions. In steady state the population inversion is maintained by 

rapid radiative decay of the lower lasing level.

The first successful demonstration of lasing at soft x-ray wavelengths utilizing 

this approach was realized at Lawrence Livermore National Laboratory and involved 

the 3p-3s transitions in Ne-like Se and Ne-like Y [44]. Subsequent experiments 

demonstrated lasing in Ni-like ion transitions [45],

4d

hv

Collisional
excitation Fast

radiative
decay

Ag XX

Short pulse

Pre-pulse

Ag II 

Ag I

Figure 1.2 Energy level diagram of Ni-like Ag

Less pump energy is required by using two pump pulses, one of about a 

nanosecond and another in the picosecond range. Figure 1.2 shows the energy level 

diagram of a Ni-like Ag collisional laser. The pre-pulse is a relatively modest 

intensity nanosecond duration pulse that pre-forms a plasma to the desired ionization

13
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stage. The plasma is then allowed to expand for 1-2 ns, creating a larger plasma with 

more gentle density gradients. The arrival of the short pulse rapidly heats the plasma 

collisionally exciting the Ne-like or Ni-like ground state ions to higher excited states. 

Differences in collisional excitation rates among the various excited states provide the 

desired population inversion. The more gentle density gradients reduce refraction in 

the plasma, increase the potential lasing volume, and permits a more efficient use of 

the energy from the picosecond heating pulse.

d. Transient collisional excitation

The optical pump laser energy necessary to pump collisional lasers can be 

greatly reduced with the use of picosecond duration short heating pulse to create large 

transient population inversions [9]. In the transient inversion scheme [46], a 

population inversion is formed as a result of differences between the rates of 

collisional pumping into the upper and lower laser levels. If a plasma of suitable 

lasant ions can be rapidly heated with a timescale shorter than the collisional and 

radiative relaxation processes, a very large transient population inversions can be 

created for a time period of several picoseconds, and before further significant 

ionization occurs. Over timescales longer than a few picoseconds, relaxation 

processes become important and the plasma enters the more “traditional” quasi- 

steady-state (QSS) regime. A smaller population inversion may then also be formed, 

over a longer timescale, relying on the same collisional excitation processes but also 

as a result of the favorable rates of radiative decay of the upper laser levels relative to 

the lower laser levels.

14
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In practice, the implementation of the transient inversion scheme involves a 

combination of pre-pulse and short heating pulses. The pre-pulse is of relatively low 

intensity (~ 1012 W. cm'2) and performs a column of plasma, heated to produce an 

sufficiently high abundance of lasant ions. This pre-plasma expands hydro- 

dynamically, reducing electrical density gradients, and once the lasant ion fraction is
if

optimized, the high intensity picosecond pulse (~ 10 W .cm ') rapidly heats the 

plasma to electron temperatures typically above 500 eV range.

Transient inversion soft x-ray lasers have significant advantages over 

collisionally pumped soft x-ray lasers operating in the QSS regime in terms of the 

pump energy required for operation. QSS x-ray lasers utilize the same, relatively long 

pulse (0.1-1.0 ns) for both creation and excitation of the desired ion stage. In both 

cases the long duration low energy prepulse is also used to reduce the density 

gradients. The difference between the two schemes resides in the consequences of 

using a much shorter heating pulse in the transient scheme. Since the optimum 

collision rate into the upper laser level occurs at a higher electron temperature than 

allows a significant steady state fraction of Ni-like (or analogously Ne-like) lasant 

ions to exist, the single pump pulse thus has two strongly conflicting roles to play. By 

using a heating pulse of much shorter duration in the transient inversion scheme, with 

each of the two pulses specifically tailored to its role of either creating an abundance 

of lasant ions or rapid heating, the energy in the pump pulses is much more efficiently 

used.

The pump energy required to saturate Ni-like lasers has been improved by 

nearly an order of magnitude using the picosecond transient inversion techniques

15
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combined with a true traveling wave illumination that allows the pump pulse to 

propagate at the same speed as the amplified soft x-ray laser pulse [46].

The transient inversion collisional scheme has undergone the extensive 

development. The first gain-saturated operation for Ne-like ion sequence conducted 

in Ti (k=32.6 nm), Fe (25.5 nm), Ge (19.6 nm) employed pump energies well above 

10 J [9]. However the Ni-like ion sequence, that scales down in wavelength more 

rapidly as a function of the nuclear charge Z, became the center of the interest. Gain- 

saturated operation for elements such as Mo, Pd, Ag has been obtained with a total 

pump energy of only 7 J [11]. The spectral range between the 12 and 15 nm has been 

extremely investigated due to efficient optical elements available (reflectivity up to 

70%).

In an alternative approach of the collisional excitation mechanism the atoms 

are ionized by tunnel ionization in the high electric field of the driving laser. The 

electrons produced by optical field ionization using a circularly polarized beam retain 

the energy acquired during the laser pulse, providing an excellent match with the 

cross sections necessary to excite the laser upper levels by electron collisions from 

the ion ground state. Optical field driven soft x-ray lasers operating at 10 Hz 

repetition rate driven by highly intense Ti:Sa pulses of less than 1 J have been 

demonstrated in Pd-like Xe at 41.8 nm and in Ni-like Kr at 32.8 nm [47,48].

1.5 Implementation o f  Collisional Soft X-ray Lasers

Kilo-joule energy lasers were required for the first generation of laboratory 

size soft x-ray lasers. New opportunities for the efficient pumping of table-top soft x-
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ray lasers aroused from the development of compact, very high power ultrafast 

optical lasers based on the technique of chirped-pulse amplification (CPA) [49] and 

fast electrical discharges in capillary tubes [12-16].

Significant effort has been placed in the development of high repetition rate 

soft x-ray lasers for applications [14-16, 48, 50-52]. A pumping method consisting of 

a fast electrical discharge in a capillary tube has been proposed and successfully 

developed [13]. Capillary discharge lasers operating at 46.9 nm in Ne-like Ar offer 

the highest average power (3.5 mW) among all compact coherent soft X-ray sources. 

The chirped-pulse amplification technique developed in the late 1980s opened new 

opportunities for the development of compact high repetition rate soft x-ray lasers 

This technique gets around the problem of self focusing of very intense beams on 

solid state laser amplifiers by expanding a very short pulse before it travels through 

the amplifiers and then compressing it to its original pulsewidth using a grating 

compressor. The chirped pulse amplification technique presently allows for the 

generation of Ti:sapphire laser pulses with several tens of terawatts from tabletop 

systems operating at repetition rates of typically 10 Hz.

Using chirp pulse amplification pump lasers saturated operation at a repetition 

rate of one shot every several minutes has been obtained at several wavelengths 

between 13.9 and 33 nm by transient collisional electron excitation of targets at 

normal incidence with 3-10 J of short pulse pump energy [9, 11]. Different pumping 

configurations have been investigated to further reduce the necessary pumping energy 

and enable operation at higher repetition rate. Excitation of a Mo target with 150 fs, 

300 mJ pulses impinging at 60 degrees from normal incidence resulted in the
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appearance of the 18.9 and 22.6 nm laser lines of Ni-like Mo [53]. Longitudinal 

pumping at 10 Hz produced non-saturated amplification at 18.9 nm in Ni-like Mo 

[54]. Recently, it has been demonstrated that the energy deposition efficiency of the 

short pulse can be significantly increased by directing it at grazing incidence [25, 26, 

55]. This inherently traveling wave pumping geometry takes advantage of the 

refraction of the pump beam to increase the path length of the rays in the gain region 

of the plasma, thereby increasing the fraction of the pump energy absorbed in that 

region. Pumping of the 18.9 nm line of Ni-like Mo with 150 mJ of total pumping 

energy from a 10 Hz laser was reported to generate a gain-length product of ~ 15 [55], 

As part of the present work the use of 1 J heating pulses resulted in laser operation in 

the gain-saturated regime and in the generation of 150 nJ soft x-ray laser pulses [25]. 

Several important applications, including the metrology necessary for of extreme 

ultraviolet lithography at 13.5 nm create significant interest in the development of 

high average flux soft x-ray lasers at shorter wavelengths [17].

This dissertation discusses the demonstration and characterization of high 

repetition rate table top soft x-ray lasers in transitions of Ni-like and Ne-like ions. 

Saturated amplification of lasers operating at 5 Hz repetition rates at wavelengths 

between 32.6 nm and 13.2 nm was demonstrated. Average powers >1 pW were 

obtained using picosecond laser heating pulses with an energy of only 1 J by 

optimizing the angle of incidence for maximum energy deposition. Lasing was also 

observed for shorter wavelength transitions of the same isoelectronic sequence, with 

amplification in the 11.9 nm line of Ni-like Sn approaching gain saturation, and 

progressively reduced gain for wavelengths as low as 10.9 nm for Ni-like Te [56-58].

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To further improve the characteristics of these high repetition rate table-top soft x-ray 

lasers we investigated the seeding of the soft x-ray amplifiers with high harmonic 

pulses generated in a gas cell using the same pump laser. Amplification of pulses 

from the 25th harmonic pulses of the Ti:sapphire laser in a 32.6 nm line of Ne-like Ti 

laser amplifier by nearly two orders of magnitude was demonstrated to generate 

highly monochromatic laser pulses that were measured to approach full spatial 

coherence. Based on experimental measurements of the main parameters of the 

seeded soft x-ray laser pulses the peak spectral brightness is estimated to be ~ 2x10 26 

photons/( s mm2 mrad2 0.01% bandwidth).

These high repetition rate soft x-ray lasers will enable new applications in 

science and the development of unique metrology and processing tools for industry.

1.6 Outline o f  this Dissertation

The remainder of this thesis is outlined below. Chapter 1 describes the 

motivation of this work and discusses the principles of soft x-ray laser amplification, 

including difference possible laser excitation mechanisms. Emphasis is placed in the 

transient collisional scheme used to obtain the results discussed in the following 

chapters.

Chapter 2 describes the experimental techniques employed to obtain the 

results. These include the details of the grazing incidence pumping geometry 

employed to pump the lasers, the Ti:Sapphire chirped-pulse-amplification pump laser 

system used, and soft x-ray laser diagnostics setup. Chapter 3 describes the 

demonstration of soft x-ray lasers in transitions of Ni-like and Ne-like x-ray lasers

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



with variable materials at wavelengths ranging from 32.6 nm to 10.9 nm, with 

saturated output down to 13.2 nm. Measurements of the gain, and results of the 

optimization of the lasers in terms of the time delay between pump pulses, pump 

pulse duration, grazing incidence angle are presented. Chapter 4 describes 

measurements conducted to characterize the output of the Ni-like x-ray laser beam. 

This includes measurements of the beam divergence, spatial coherence, and the 

determination of the soft x-ray laser pulse duration using a fast streak camera.

Chapter 5 describes the demonstration of a Ne-like Ti soft x-ray laser 

amplifier seeded by high harmonic pulses from the Ti:Sapphire laser. This technique 

results in the generation of highly monochromatic soft x-ray pulses of low 

divergence, extremely high spectral brightness and nearly fall spatial coherence. 

Chapter 6 provides a summary and includes a brief discussion of the use of these 

lasers in high resolution microscopy as an example of the significant potential of 

these high repetition rate soft x-ray lasers in applications.
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Chapter 2, Grazing Incidence Pumping of Transient Collisional Soft X-ray Lasers

2.1 Introduction

This chapter introduces the concept of grazing incidence pumping, which can 

improve the efficiency of laser pumped soft x-ray lasers by delivering heating laser 

energy into optimum electron density for amplification. Soft x-ray laser pumping 

geometry and implementation are also described. A high power laser system is 

required to create hot plasma to generate population inversion. In this chapter, the 

details of Ti:Sapphire chirped pulse amplification (CPA) pump laser system will be 

described.

2.2 Concept o f  Grazins Incidence Pumpine

In our experiment, the gain medium is a plasma column, created by a 

sequence of two laser pulses. We use 120 ps, 350 mJ pulse as pre-pulse to create a 

pre-formed plasma, and use 8 ps, 1 J short pulse as heating pulse at a grazing 

incidence angle (Fig. 2.1). Ne-like and Ni-like targets with selected material were 

shot to generate plasma for different wavelength. The grazing incidence pumping 

(GRIP) uses refraction of the short laser pump in the pre-formed plasma to deliver the 

laser energy into a specific electron density region where the population inversion 

takes place.

The grazing incidence pumping scheme is proposed to dramatically improve 

the efficiency of laser-pumped x-ray lasers. From the Figure 2.1, the pre-pulse is a 

120 ps long pulse that hits a solid, polished target at normal incidence. This pulse
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ablates the target, creates and heats the plasma. After a selected time delay, that 

allows the plasma to expand and reduce the electron density gradients, a grazing 

incidence picosecond pulse heats a selected portion of the plasma, which has 

optimum density for amplification. Refraction of the pump beam into the plasma 

couples the beam with a predefined optimum gain region. This is possible due to the 

fact that light coming at an angle is refracted at an electron density given by this 

expression:

9 = (ne / nc)m  (2 .1)

where ne is the maximum electron density within the amplification region and nc is 

the critical density at the wavelength of the pump.

This allows a very efficient energy deposition into the region of maximum 

gain. And therefore reduces the energy requirement for the pump beams, compared 

with normal incidence scheme.

Figure 2.1 Grazing incidence pumping geometry
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In laser pumped EUV and soft X-ray lasers, grazing incident angle can 

increase the interaction length between plasma and laser.

Figure 2.2 Grazing incidence pumping geometry increases interactive length of the 
pump beam

From Figure 2.2, grazing incidence allows for efficient heating of plasma 

region of selected electron density. The output soft x-ray laser can be optimized by 

changing this angle [1]. If grazing incidence angle is too big, the short pulse will go 

through from high density plasma where the density gradient is too steep so the 

refraction angle is high, and the efficiency of energy extraction became low. If the

Absorption 
Region .^Critical

Pre-Pulse

pulse
Short
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grazing incident is too small, the pump beam energy is deposited in a region where 

the electron density is lower than the optimum value for maximum output intensity. 

The plasma density is not high enough so that the gain is also low. That’s why we did 

a lot of work to optimize the grazing incidence angle for different target (details in 

Chapter 3).

The above discussion is illustrated in Fig. 2.3 by model simulation results for 

the specific case of the 14.7 nm Ni-like Pd laser for which we present experimental 

results in chapter 3. These results were obtained using a 1.5 D hydrodynamic/atomic 

physics code with multicell radiation transport and beam refraction developed at 

Colorado State University by Mark Berrill. The simulation compares normal 

incidence and 20° grazing incidence irradiation of a 4 mm long Pd plasma heated by a 

1 J pulse of 8 ps duration focused to an intensity of 8><10 W.cnT . The plasma is 

assumed to be created by a 350 mJ prepulse of 120 ps duration impinging at normal 

incidence onto the target. In the case of normal incidence pumping the picosecond 

pulse rapidly heats the region near the critical density, generating a transient gain with 

a peak gain coefficient of about 200 cm'1 at a distance of about 10 pm from the target,

91 T • •where the value of the electron density is close to 2x10 cm’ . However in this region 

the amplified soft X-rays refract out of the high gain region in only several hundred 

micrometers, inhibiting amplification to large intensities. In contrast, at 20° grazing 

incidence angle the pump beam energy is coupled into the region of the plasma with 

Ne=2xl020 cm"3, where the peak small signal gain is computed to be 80 cm'1 and the 

refraction length Lr is larger than the 4-mm target length, allowing amplification to 

intensities that exceed the gain saturation intensity.
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Fig. 2.3. Simulated gain maps for a Ni-like Pd 14.7-nm laser at the moment of peak 
gain for (a) normal incidence irradiation, (b) 20° grazing incidence irradiation, and (c) 
simulated electron density profile of the prepulse at the moment of the short pulse 
arrival. At normal incidence the region of large gain coefficient coincides with large 
density gradients that rapidly refract the beam out of the narrow gain region. For a 
pump angle of 20° the beam heats the plasma where Ne=2xl020 cm'3, creating large 
gain in a region where reduced refraction allows the beam to effectively propagate 
and amplify. The plasma is assumed to be created by a 120-ps normal incidence 
prepulse with an intensity of 2.4xl012 W.cm'2, and heated after a 300-ps delay by an 
8-ps duration, 800-nm wavelength, pulse focused to an intensity of 8x 1013 W.cm'2, 
both line foci are 30 pm-wide FWHM.
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The simulations show that for the case of the grazing incidence pumped lasers 

discussed below the fraction of the pump energy deposited into the gain region is of 

the order of 20%-30%, significantly greater than the 5%-8% corresponding to the 

normal incidence pumping case. This significantly reduces the amount of pump 

energy required for lasing in the gain-saturated regime, making possible the 

development of high repetition rate table-top lasers.

2.3 Soft X-rav Laser Pumping Geometry and Implementation

The soft x-ray lasers were pumped by an 800 nm Ti: Sapphire CPA laser 

system, consisting of a mode-locked oscillator and three stages of chirped-pulse 

amplification, that is described in detail in next section. After three stages amplifiers, 

2 J, 120 ps laser pulses at 5 Hz take place. We use a beam-splitter placed at the output 

of the third amplifier stage directs 20 percent of the laser energy to the pre-pulse arm 

at 120 ps pulse width, while the rest was compressed to 6-8 ps in a vacuum grating 

compressor. From 350 mJ, 120 ps prepulse, we also split an additional pre-pulse with 

10 mJ energy that preceded the short pulse by 5.3 ns.

The gain medium plasma was formed by irradiating target at near normal 

incidence with a sequence of an early prepulse of 120 ps duration and ~10 mJ energy, 

followed after about 5 ns by a main prepulse of the same duration and -350 mJ 

energy, which in turn was followed after a selected delay by a 6-8 ps duration heating 

pulse of ~ 1 J energy impinging at an optimized grazing incidence angle.
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Figure 2.4 (a) Schematic illustration of the pumping configuration and detection 
system, (b) Diagram of target and detection system rotation used to access different 
grazing incidence angles.

The target irradiation configuration is shown in Fig. 2.4 (a). The two pre­

pulses are combined and focused onto the target surface using the combination of an 

f= 67.5 cm focal length spherical lens and an f=200 cm focal length cylindrical lens 

to generate a 30 pm x 4.1 mm FWHM line focus. The short pulse was focused into a 

line of similar dimensions, using a multilayer-coated f=76.2 cm parabolic mirror 

placed at 7° from normal incidence. This allows the short pulse to impinge onto the 

target at 14° grazing incidence when the target is placed at normal incidence respect
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to the pre-pulse arm. To obtain grazing incidence angles greater than 14° the target 

was rotated about its center while maintaining the same prepulse and short pulse 

beam paths [Fig. 2.4 (b)]. For example, to set a grazing incidence pumping angle of 

23° the target was tilted by 9°. The overlap of the two line foci on target was 

monitored imaging the target onto a CCD. For each grazing incidence angle the 

astigmatism of the beam was adjusted such that the FWHM length of the line focus 

on the target would always equal 4.1 mm. For instance at 14° grazing incidence an 

astigmatic beam with a 1 mm FWHM major axis is required in order to form a 4.1 

mm FWHM long line focus upon its intersection with the target plane. To maintain 

the same line focus length for operation at 26° the FWHM of the major axis of the 

astigmatic beam must be increased to 1.75 mm. This was accomplished by adjusting 

the distance (~8 cm) between a pair of f=+2 m and f=-2 m cylindrical lenses placed 

immediately before the compressor (Fig. 2.10). This pair creates a variable cylindrical 

lens with a focal length range from 20 to 100 m.

The grazing incidence nature of the experiment results in a line focus that 

changes in width as a function of target length. In general the change in the line focus 

width along the target depends on the distance the beam propagates from the time it 

hits one edge of the target until it hits the other edge, L (given by the cosine of the 

grazing incidence angle multiplied by the target length). In the limit case of normal 

incidence pumping the beam width is the same over the entire target while in the case 

of zero degree grazing incidence (longitudinal pumping) the change in the beam 

width is determined by the Rayleigh length of the beam and the length of the target. 

To characterize the line focus on the target surface we measured the change in the
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beam width as a function of the distance from the waist. The waist was measured to 

have a FWHM of 31 (am which increases to a FWHM of 41 (am at the edge of the 

target, 2 mm away from the waist. Therefore this effect causes an increase of ~ 30 % 

in the focal width at the edge of the target with respect to the center for all angles 

used. Model simulations indicate the corresponding change of pump intensity results 

in associated gain coefficient variation of less than 10%. It should be noticed that line 

focus width also changes as the target is rotated to access different grazing incidence 

angles. However, since in our case the propagation distance only changes from L= 

3.88 mm to L= 3.60 mm as the angle is increased from 14° to 26°, the line focus width 

changes only by ~ 3% as the target is rotated [2].

The spectrally resolved on-axis plasma emission was recorded using a 

spectrograph composed of a 1200 1/mm gold-coated variably spaced spherical grating 

placed at 24.7 cm from the end of the target and a back-illuminated 1 inch2 CCD 

detector positioned at 48 cm from the target. The effective grating area is 26 mm><46 

mm, on a blank size 30 mm><50 mmxlO mm. For each grazing incidence angle used 

the grating was placed in the corresponding target plane at 3° grazing incidence. The 

dispersion direction was contained in a plane normal to the target surface. 

Measurements were conducted to evaluate the change of the grating collection 

efficiency caused by the increase in plasma refraction associated with the variation in 

grazing incidence angle. For this purpose the variation of the collected soft x-ray laser 

intensity as a function of grating position was measured displacing the grating in the 

direction normal to the target plane. For the case of 26° grazing incidence angle 

corresponding to maximum refraction, the maximum laser output signal was obtained
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displacing the grating by 1 mm from its original location in plane of the target. For 

this displacement, which corresponds to a change in grating incidence angle on the 

grating of 0.23 degrees, the laser signal strength increased by 7 percent. The change 

in grating diffraction efficiency associated with such small angle variations can be 

neglected. Therefore we can expect errors in soft x-ray laser intensity measurements 

associated with the variation of the collection efficiency to be less than 10 percent. 

Combinations of Zr or Al filters and meshes of measured transmissivity positioned to 

avoid Moire patterns were used to reach attenuation factors up to 1500. To increase 

the accuracy of the determination of the soft x-ray laser output energy the 

trasmissivity of the filters used was measured using synchrotron radiation [3].

2.4 Pumvins Laser System

2.4.1 Introduction of chirped pulse amplification (CPA) system

To obtain short wavelength soft x-ray laser, a very high power laser system is 

required to reach the high intensity needed to create the hot plasma required. A severe 

limitation when amplifying intense pulses is that when the power density increases, 

the pulse damages the optics it passes through. A major breakthrough came with the 

chirped-pulse-amplification technique in 1985 [4]. The concept involves starting with 

a short pulse of low intensity, then stretch the pulse in time in a controlled way. The 

peak intensity is thus reduced and it is possible to increase the energy in the pulse 

further without damaging optics. The final step is to recompress the pulse to the 

original time duration.
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The implementation of this concept is illustrated in Fig. 2.5. First the short 

pulse is generated in a mode-locked oscillator. Next, the pulse is stretched in a 

dispersive delay line or “pulse stretcher”. The delay line is arranged such that the time 

it takes for the pulse to pass through is dependent on frequency. The low-frequency 

components will pass through faster than the high. In contrast to a transform-limited 

pulse, where all frequency components arrive at once, this pulse has an instantaneous 

frequency that depends on time, a chirp. Unlike self-phase modulation, no frequency 

components are added, they are just rearranged, and the time averaged spectrum is 

thus the same. After the stretcher, the low-frequency components comes at the 

leading edge of the pulse while the high-frequency components arrive later, it has a 

positive chirp. The stretched pulse can be obtained in several ways, most common by 

a pair of anti-parallel gratings [5]. Typically the pulse can be stretched a few thousand 

times in time, reducing the intensity by the same factor.

Figure 2.5 Schematic representation of a chirp pulse amplification laser system

S
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After amplification, the pulse is recompressed. It passes optics with negative 

dispersion compensating the positive dispersion of the stretcher. The high frequencies 

must pass through this optics faster than the low. A pair of parallel gratings can be 

used for this purpose. They can also compensate for additional chirp acquired from 

passing through optics in the amplifier chain. To be able to recompress the pulse to 

the original time duration all frequencies must be equally amplified. The 

successfulness of this method relies on a crystal being able to amplify such large 

bandwidth. However, often it is not possible to get back exactly the original pulse- 

duration.

2.4.2 Description of Ti:Sapphire CPA pump laser system

Our experiments were conducted using a 800 nm Ti: sapphire pump laser 

system consisting of a mode-locked oscillator and three stages of chirped-pulse 

amplification. In this setup a Kerr mode-locked Ti:sapphire laser oscillator produces 

nanojoule pulses of about 30 fs duration that are stretched to about 180 ps by a 

grating stretcher. The stretched pulsed are subsequently amplified in a chain of three 

Ti:sapphire amplifiers pumped by frequency doubled Nd:YAG lasers. Eight passes 

through the first stage amplifier increases the pulse energy to about 2 mJ, while the 

pulse width narrows to about 120 ps. Further amplification to 2 J takes place in a five- 

pass second stage bow-tie amplifier and a final three-pass amplifier that is pumped by 

a 5 J frequency doubled Nd:YAG laser. A beam-splitter placed at the output of the 

third amplifier stage directs 20 percent of the laser energy to the pre-pulse arm (120 

ps pulses), while the rest was compressed to 6-8 ps in a vacuum grating compressor. 

While this pump laser can operate at a repetition rate of 10 Hz in the present
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experiments the third stage amplifier was operated at 5 Hz to improve the pump beam 

mode quality.

a. Oscillator

There are several techniques to achieve mode locking by inserting an active or 

passive component into the cavity. The Kerr-lens mode locking is a passive technique 

that is often used in Ti:sapphire lasers [6]. This technique is based on the optical Kerr 

effect. Suppose the light inside the cavity has a Gaussian intensity distribution 

transverse to the direction of propagation, the Ti:sapphire crystal will act as lens due 

to self-focusing. To induce this nonlinear effect, a high intensity is needed. A low 

intensity beam does not get focused. Thus a high intensity results in collimating the 

beam while this does not happen for low intensity. Now suppose some modes 

incidentally are phase locked and interfere constructively forming a pulse that has 

higher intensity than the modes with random phases (continuous light). The high- 

intensity pulse is focused and thereby collimated with the Kerr effect, while the 

continuous light is not focused. The unfocused light can thus be blocked, and suffer 

from losses while the focused part do not have such losses. The modes in phase, 

forming a high-intensity pulse, will further increase its intensity while low intensity 

continuous light decreases. Eventually only modes oscillating in phase, creating the 

intense mode-locked pulse, survive.
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Fig. 2.6 Schematic diagram of Ti:Sapphire oscillator

Figure 2.6 is a diagram of a Mode-locked oscillator (KM Labs) [7]. The 

Ti:sapphire Laser we used can provide either CW or Mode-locked laser, centered at 

780-800 nm. The Ti:Sapphire has been shown to be the most attractive gain medium 

for laser operation in the near-infrared spectral region. The broad gain bandwidth of 

Ti:Sapphire means that in addition to a large tuning range it is especially well suited 

to ultra-short pulse generation. However, the output laser pulse is broadened because 

of the frequency chirp which originates from within the laser cavity and is due 

primarily to the presence of self-phase modulation (SPM) and group velocity 

dispersion (GVD) within the Ti:Sapphire gain medium. For generating narrow pulse 

width, two prism sequence shown in the Fig. 2.6 (PI and P2) can overcome the pulse- 

broadening.

Using a 17% output coupler (M6 in Fig. 2.6), the laser typically requires 

~4.0W 532nm pump power, in a clean TEM00 mode, for mode-locked operation. 

Alignment of the laser is easier if a laser with pump power -5.5W  is used. We use 

5W from aNd:YV0 4  532 nm (2HG) laser as pump source (Coherent-Verdi) [8].

42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



For aligning the oscillator, the pump beam is focused at the entrance face of 

the crystal by adjusting the position of lens (LI). The fluorescence collimated by the 

curved mirror (M2) should pass through both prisms (PI, P2) and the end-mirror 

should retroreflect the fluorescence. The prism orientations should both be adjusted 

for “minimum deviation” of the fluorescence light. Retroreflecting the fluorescence 

with the end mirrors, and repeated readjustments, brightens the fluorescence and 

leads to lasing.

The beam should be overlap at both ends of the cavity; i.e. look at the 

fluorescence at one end of the cavity, while blocking and unblocking the beam at the 

other end to observe the retroreflected fluorescence. Another useful place to look for 

fluorescence overlap is between the two prisms, nearest the cavity subassembly.

During the initial alignment, it is useful to turn-up the pump power full power, 

but not more than 6 Watts. The laser will start lasing much more easily if 

“overpumped.” Turn the pump laser down to ~5 W as soon as we obtain lasing. 

Repeated adjustments of the end mirrors can be useful to optimize the output power. 

If the long-cavity proves unsuccessful, it may be necessary to start from a short-cavity 

layout and slowly extend the laser cavity to its full length.

Generally we don’t need realign the oscillator everyday, if the CW output 

power is normal, we can just touch the second prism to trigger the laser to mode- 

locking mode. The normal output mode-locking power is 700 mW, at 88 MHz.
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b. Stretcher and compressor

In CPA systems the seed pulse from oscillator is temporally stretched when it 

passes through a positive delay line consisting of a diffraction grating and a concave 

spherical mirror (pulse stretcher). After the amplification the chirped pulse is 

recompressed when it passes through a negative delay line consisting of a pair of two 

parallel gratings (pulse compressor) [5, 9]. In our CPA system the mode-lock laser 

pulses are stretched from about 30 fs to 180 ps before the pulses are amplified.

Input/Output

GR

Fig. 2.7 Schematic diagram of Stretcher. M l: 45° mirror for 800 nm, M2: concave 
spherical mirror for 800nm, M3, M4: 0° mirrors for 800nm, GR: diffraction grating.

Figure 2.7 is an schematic diagram of the pulse stretcher, that makes use of a 

1200 lines/mm diffraction grating. This stretcher can extend short pulses by 6000 

times, from 30 fs to 180 fs. After stretcher, the 88 MHz train of 180 ps pulses is 

converted into a 10 Hz train by a Pockel-cell. The 3 nJ pulses are amplified in a series 

of three amplifiers. After the first stage amplifier, the pulse duration increases to 120 

ps due to gain narrowing. As discussed below, the two final amplifiers increase the 

energy to 2 J, so finally we can get 2 J output energy.
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GR2

Output

GR1

Input

Fig. 2.8 Schematic diagram of compressor, M l: 45° mirror for 800nm center 
wavelength, GR1, GR2: Gratings, M2, M3: 45° roof mirrors for 800nm to change 
height from 7” to 10”

A vacuum compressor is used to compress pulses back to original pulse width 

(see Fig. 2.8). Laser pulses are compressed down to ~ 50 fs. However, for most 

experiments, the pulses were compressed down to 6-8 ps. The optimum pulse width 

for the excitation of the soft x-ray lasers is discussed in the next chapter.

c. Amplification stages

The stretched pulses are selected by Pockel-cell and the frequency is changed 

from 88 MHz to 10 Hz and sent to the first stage amplifier.
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Fig. 2.9 Schematic diagram of first stage amplifier

The first stage amplifier is a multi-pass Ti:Sapphire laser (Fig 2.9). We use 

multi-pass amplifier because its simplicity in construction and alignment. The 

stretched pulses are amplified to an energy of 2 mJ in this multi-pass amplifier 

pumped by a fraction of the 532-nm radiation from a Q-switched Nd:YAG laser. 

After the first stage amplifier, the pulse is amplified in a five-pass bow tie 

arrangement in a second Ti:sapphire crystal (Fig. 2.10). The amplifier is 

longitudinally pumped from the both ends with remaining frequency-doubled output 

from the first Q-switched Nd:YAG laser. The total pump energy in the second 

amplifier is 0.75 J. Although energies as high as 200 mJ have been obtained from this 

amplifier, the typical output energy is 150 mJ after a spatial filter and a pockel-cell.

The final Ti:sapphire amplifier is an 25-mm diameter x 25-mm thick 

Ti:sapphire crystal, which is pumped by the doubled output from aNd.YAG (Positive 

Light) laser chain. The Nd:YAG laser chain starts with a Q-switched Nd:YAG 

oscillator (Quanta-Ray), which produces 400-mJ pulses of 1.064-mm radiation at 10 

Hz. After passing through two stage amplifiers, the output energy for each leg can 

attain to 2.5 J, frequency is 5 Hz, at 532 nm.
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Fig. 2.10 Schematic diagram of TirSapphire laser pump laser system
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In Figure 2.10, PI, P2: are Prisms, PC1-PC3: Pockel Cell, SP: Spatial filter, WP: 
wave plate, GR: grating, BS: Beam splitter.

While this pump laser can operate at a repetition rate of 10 Hz in the present 

experiments the third stage amplifier was operated at 5 Hz to improve the pump beam 

mode quality. So this system can be fired at 5Hz for hours every day.

The diagram of the entire pump laser system is shown in Figure 2.10. The 

output beam from the stretcher is divided by a 50% beam splitter and sent to two first 

stage amplifiers. One is used as the first stage in a chain of three amplifiers, and the 

other can provide synchronize low power trigger beam for some experiments. From 

the system diagram, we can tell the second stage amplifier is five-pass Ti:Sapphire 

laser, and the third stage amplifier is three-pass amplifier. After third stage, a 20 % 

beam splitter is used to send beam to target chamber as pre-pulse, the energy is about 

350 mJ. The rest 80% energy is sent to compressor to compress to 6-8 ps and send to 

target chamber as short pulse. The compressed short pulse energy is about 1 J.
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Chapter 3, Demonstration of High Repetition Rate Soft X-ray Lasers at Wavelengths 

between 10.9 and 32.6 nm.

3.1 Introduction

For generating high density and high temperature plasma, we developed 

ultra-short and ultra-high intensity lasers using the chirped pulse amplification 

technique which was introduced in chapter 2. This technique has provided us with 

new fields of x-ray laser development because the shorter wavelength x-ray lasers 

need high-intensity and short-pulse pumping which can overcome the strong 

depopulation of the population inversion. In this chapter, the author would like to 

describe the high repetition rate Ni-like and Ne-like soft x-ray lasers at wavelength 

from 10.9 nm to 32.6 nm, with saturated output down to 13.2 nm. We measured the 

gain feature of Ni-like x-ray laser, and give the details about how we optimized x-ray 

lasers, including scanning delay time between pump pulses, changing pulse duration, 

grazing incidence angle, using 3 pump pulses, continuous work at 5 Hz high 

repetition rate.

3.2 Ni-like Mo X-ray Laser at 18.9 nm

Our initial experiments focused in demonstrating lasing at high repetition rate 

in the 18.9 nm laser line of Ni-like Mo (molybdenum). The pumping geometry is 

schematically illustrated in Fig. 2.4. A line focus plasma was first formed by 

irradiating a 2 mm thick, 4 mm wide polished Mo slab target at near normal incidence

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17 9with an intensity of 2.4x 10 W/cm obtained by focusing the long duration prepulse 

into a 4.1 mm full-width at half-maximum (FWHM) long 30 pm FWHM wide line.

tqgjjQ S  Cu-like Molybdenum

x 10

14 16
Wavelength (nm)

50

18 19 20 21 22 23
Wavelength (nm)

Figure 3.1 (a) Axial spectra of a 4 mm long Mo plasma excited by a 320 mJ, 120 ps 
duration pulse. Cu-like Mo lines are observed to be dominant, (b) Spectra obtained 
using a ~ 960 mJ, 8.1 ps short pulse 700 ps after the pre-pulse. Strong lasing is 
observed in the 18.9 nm 4d -  4p and in the 22.6 nm 4f Pi -  4d lPi lines of Ni- 
like Mo.
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Figure 3.1 (a) shows on-axis spectra obtained irradiating 4 mm Mo target with 

a single 320 mJ laser pre-pulse, covering the 10 to 19 nm region. Several of the 

strongest lines correspond to Cu-like Mo are observed [1], an indication that the pre­

plasma is likely to also contain a significant concentration of Ni-like ions. Figure 

3.1(b) shows a typical spectrum obtained when the 4 mm long Mo target was also 

irradiated with a 930 mJ, 8.1 ps FWHM short pulse 700 ps after the pre-pulse. Strong 

laser emission is observed in both the 18.9 nm 4d1So -  4p’Pi and the 22.6 nm 4f'P i- 

4d1Pi lines of Ni-like Mo. Lasing was observed in plasmas generated using short 

pulse line widths as broad as 50 pm FWHM and as narrow as 18 pm FWHM. 

However, the best results in terms of output intensity and shot-to-shot reproducibility 

were obtained using 30 pm FWHM widths for both of the pulses. The laser output 

obtained utilizing the narrower line focus was significantly more erratic. Lasing was 

observed for heating pulse width ranging from 1.8 to 12 ps. The characterization of 

the laser reported herein was conducted using 8.1 ps pulses. Lasing at 18.9 nm was 

observed with pumping energies as low as 140 mJ for the pre-pulse and 310 mJ for 

the short pulse.
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Figure 3.2 Rapid Mo laser line intensity growth with plasma length from 1.5 mm to 4 
mm. Signals on the left are laser lines at 18.9 nm and signals on the right are laser 
lines at 22.6 nm.

Gain measurement:

The gain of soft x-ray laser is usually diagnosed by measuring the laser output 

as a function of lasing medium length. To measure gain, a target with steps ranging 

from 1.5 mm to 4 mm in length was used. Two laser lines are observed at 18.9 nm 

and 22.6 nm. Figure 3.2 shows the results obtained irradiating the target with a 350 

mJ pre-pulse and a ~ 1 J short pulse separated by 700 ps. The intensity of the 18.9 nm 

Ni-like Mo line is observed to increase by nearly three orders of magnitude when the
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target length is varied between 1.5 mm, the minimum length for which the line was 

observed, and 4 mm.

10

710

6 18.9 nm•e 1 0

22.6 nm
510

4
10

0 1 2 3 4
Length (mm)

Figure 3.3 Variation of the output intensity of the 18.9 nm and 22.6 nm laser lines of 
Ni-like Mo as a function of plasma length. Each of the points is an average of ten or 
more laser shots.

The solid lines in Fig. 3.3 are fits of the data with the expression by Tallents et 

al [2], for the variation of the line intensity with the plasma length taking into account 

gain saturation. The resulting small signal gain coefficient for the 18.9 nm line is 58 

cm The gain-length product reaches gxl = 15.5, a value that corresponds to 

saturated operation in collisional laser systems. The energy of the most intense 18.9 

nm laser pulses was initially estimated from the CCD counts to exceed 250 nJ. 

However, an accurate measurement of the transmissivity of the thin film filters (Al) 

used in the experiments employing synchrotron radiation [3] showed that these filters
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are significantly more absorbent than what was initially estimated based on published 

optical constants. This suggests that the energy for the 18.9 nm wavelength Ni-like 

Mo laser pulses we reported in Ref. [4] for the case of grazing-incidence pumping at 

14° grazing incidence is likely to be underestimated. We conducted a new Ni-like Mo 

laser experiment at a grazing-incidence pumping angle of 20° using 1 J of short pulse 

(~ 8 ps duration) excitation and the calibrated filters. A series of shots made using a 4 

mm long Mo slab target yielded an average 18.9 nm laser pulse energy of 1 pJ, with 

the most intense pulses reaching 1.4 p.J. The results demonstrate the feasibility of the 

development of a >10 pW average power table top laser at this wavelength using 10 

Hz pumping.

Assuming a laser pulse width equal to the duration of the gain divided by

1 O(gxl) ( ~ 4 ps) and a gain region of 20 micrometer diameter, the 18.9 nm laser beam 

intensity can be calculated to reach the computed gain saturation intensity of 8xl010 

W/cm when the pulse energy reaches 1 pJ. The 22.6 nm line was measured to 

amplify with a smaller gain coefficient of 41.1 cm'1, and to reach a gain-length 

product of gxl = 13.5.

3.3 Demonstration o f Ni-like X-ray Lasers from 16.5 to 10.9 nm

3.3.1 The Ni-like Mo results were isoelectronically scaled to shorter wavelengths

Figure 3.4 shows on-axis spectra corresponding to plasmas generated with 4 

mm long targets of Ru (Z=44), Pd (Z=46), Ag (Z=47), Cd (Z=48), and Sn (Z=50) 

irradiated at a grazing incidence angle of 20°, Sb (Z=51) and Te (Z=52) targets 

irradiated at an increased grazing incidence angle of 23°. The time delay between the
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two pulses was 500 ps for Ru, Pd, Ag and Cd, and 150 ps for Sn, 100 ps for Sb and 

75 ps for Te. The targets were polished slabs with thickness of 1 mm for Ru, and Pd, 

and 2 mm for Ag, Cd and Sn. The Sb and Te targets consisted of a 1 pm thick film of 

these materials deposited on a polished Cu slab target using an intermediate Ti 

adhesion layer. To demonstrate lasing in Ni-like Sb and Ni-like Te we reduced the 

FWHM length of the short pulse line focus to 3.5 mm to increase the irradiation 

intensity up to 1.2* 1014 W/cm2.

Strong lasing was obtained in the 4d-4p lines of the Ni-like ions at 16.5, 14.7, 

13.9, 13.2 nm, and 11.9 nm, while significantly weaker laser output was observed for 

the 11.4 nm, and 10.9 nm lines of Ni-like Sb and Te respectively. The divergences in 

the direction parallel to the target were observed to range from 7-10 milliradians. 

Figure 3.5 shows these results are in good agreement with the computed Z scaling of 

the main pre-pulse and short pulse pump energies necessary for strong lasing with 20 

degrees grazing incidence pumping. The computations were conducted by V. N. 

Shlyaptsev using the code RADEX [5], The model includes ID expansion of laser 

produced plasma under transverse prepulse and grazing incidence main pulse, atomic 

kinetics, the refraction of the main pump pulse, and refraction of x-ray radiation pulse 

and its amplification computed taking into account the saturation of the amplified 

spontaneous emission (ASE) signal. The computations predict that with the pump 

energies used in the experiment strong lasing should be obtained in all the elements 

investigated up to Sn, for which the available pump energy starts to fall short of the 

predicted required amount. Extension of the results to X-1.91 nm in Ni-like Nd 

(Z=60) is estimated to require ~ 7 J of short pulse pump energy.
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Figure 3.4 Single shot on-axis spectra of 4 mm line focus plasmas showing lasing in 
the 4d1So- 4p'Pi transition of the Ni-like ions at wavelengths ranging from 16.5 to 
10.9 nm. The laser lines completely dominate the spectrum.
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Figure 3.5 Computed main pulse and pre-pulse pump energies necessary to pump 
the 4d1So- 4p*Pi laser transition of Ni-like ions as a function of atomic number Z. The 
calculations are for a main pulse grazing incidence angle of 20 degrees and 30 pm 
line focus width. The pump pulse durations are those used in the experiment.

3.3.2 Gain measurement of Ni-like x-ray lasers

Figure 3.6 (a-d) shows results of gain measurement for Ni-like Pd, Ag, Cd and 

Sn. We used target that increases in length by steps of 0.5 mm, ranging from 1.5 mm 

to 4 mm. Gain measurements were conducted by monitoring the variation of the laser 

line intensity as a function of target length. For all curves, laser intensity is observed 

to increase rapidly as a function of target length, until it rolls off into saturation. The 

solid line corresponds to a fit of the data with an analytical expression that describes 

the variation of the amplified spontaneous emission as a function of plasma length

58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



taking into account the effect of gain saturation [2]. The resulting small signal gain 

coefficient for Ag laser is 67.5 cm-1 and gxl=16.8. Similar gain-length products were 

measured as gxl=16.1 for Pd, and 17.6 for Cd. Higher Z elements (Sn) showed 

progressively lower amplification. The laser pulse energy was estimated from the 

counts on the CCD taking into account the quantum efficiency of the detector and the 

losses. The energy of the most intense Ag and Pd shots obtained with a 4 mm target 

are estimated to exceed 0.6 pJ. Assuming the laser pulse width is that predicted by 

model computations, ~5 ps, and an exit beam diameter corresponding to the width of 

the pump beam ~20 pm, this pulse energy corresponds to a laser intensity of about 

3.8 xlO10 W/cm2, that exceeds the computed saturation intensity of 5-7xl09 W/cm2.

Figure 3.6 (d) shows the variation of the Ni-like Sn (11.9 nm) laser line 

intensity as a function of plasma column length. The data was obtained using a main 

prepulse energy of ~350 mJ and a short pulse energy of ~1 J at a grazing incidence 

angle of 23°, at the optimum delay of 100 ps. The fit corresponds to a gain coefficient 

of 50 cm-1, and a gain length product of gxl=14.3, the value for which the onset of 

gain saturation effects are observable. The most intense 11.9 nm laser pulses were 

measured to have an energy of ~230 nJ.
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Figure 3.6 Intensity versus target length for the laser line of Ni-like Pd(a), Ag(b), 
Cd(c), and Sn(d). The solid triangles represent the average of the points shown. A fit 
of the data gives a gain-length product of gxl=16.1 for Pd, 16.8 for Ag, 17.6 for Cd, 
and 14.3 for Sn.

3.4 Ne-like X-rav Lasers at 30 nm Ranee

While a major driver in x-ray laser development has been the demonstration 

of practical laser at shorter wavelengths, there are also applications that can benefit 

from compact lasers operating in the 30 nm spectral region which include for 

example the metrology of optics for astronomical studies.

We have demonstrated transient high repetition rate Ne-like soft x-ray lasers 

in Ti, V, and Cr [6]. As results, high average power x-ray laser operation was
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obtained for the first time to our knowledge in the 2p53p1So~*2p53s1Pi transitions of 

Ne-like Ti and V at 32.6 nm and 30.4 nm respectively. We also observed strong 

lasing in the corresponding line in Ne-like Cr at 28.6 nm, and in the 30.1 nm 2p53d1Pi 

-*2p53p1Pi line of Ne-like Ti which inversion relies on strong re-absorption of the 

2.335 nm resonant transition linking the 3d*Pi laser upper level to the ion ground 

state [7].

Figure 3.7 shows on-axis spectra corresponding to 4 mm long plasmas of Ti, 

V and Cr irradiated at a grazing incidence angle of 20°. In the Ti experiment the 

energy of the picosecond short pulse was 1 J and the pre-pulse was 0.35. In the V and 

Cr experiments the energy of the main pre-pulse was increased to 0.52 J at expense of 

the energy of the picosecond short pulse, which in these cases was ~ 0.9 J. In all 

cases, the Sp^o- * ^ 1?! line of the Ne-like lasers was observed to clearly dominate 

the spectra. In the case of Ti, lasing was also observed in the 30.1 nm 3d*P|-^3p1Pi 

line of the Ne-like ion. The intensity of this line was in general weaker than that of 

the 32.6 nm line, but approached it for short time delays (~ 450 ps) between the pre­

pulse and the short pulse [6].
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Fig. 3.7. Single shot on-axis spectra of 4 mm long line focus plasmas showing lasing 
in the 2p53p1 S o 2 p 53 s1 P itransition of Ne-like Ti, Y and Cr ions. In all three cases, 
this laser-line dominates the spectrum.

3.5 Optimization

Measurements were done to improve the soft x-ray laser output energy and 

some of the other laser beam characteristics. For improving short pulse and pre-pulse 

foci, in these experiments, we varied the line focus width from 18 pm to 50 pm, and 

found that 30 pm foci was optimum for the laser pump energy we had available. The 

length is also an important factor, which was scanned from 3 mm to 4 mm by 

changing the separation between the cylindrical lenses before compressor to control 

the astigmatism of the beam, and finally we decided to use 4 mm FWHM.
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Many other factors can change the laser output characteristics: the delay time 

between pulses, the grazing incidence angle, short pulse duration, and the ratio of 

energies between the two prepulses. Below we discuss the effect of these parameters 

on the laser output intensity.

3.5.1 Delay time between pre-pulse and short pulse

Delay time between pre-pulse and short pump pulse is a very important factor 

to determine the laser output beam energy and quality. Figure 3.8 shows the output 

intensity of Ni-like x-ray laser as a function of delay between the 350 mJ pre-pulse 

and the ~ 1 J short pulse, for Pd, Ag, Cd and Sn with 4 mm target. Strong lasing was 

observed to take place for a broad range of time delays. However, the range gets 

smaller with increasing nuclear charge Z. From Pd (Z=46) to Sn (Z=50), the range 

changes from 600 ps to 150 ps. Model computations show that for short time delay, 

the electron density profile is too steep for effective amplification, while at long time 

delay, the plasma temperature and degree of ionization decreases as a result of the 

plasma expansion, dropping the degree of ionization significantly below that 

necessary for lasing. For the Ni-like Mo laser, we observed a broad range of time 

delays for strong lasing, which is about 790 ps [4]. This time window for lasing is 

significantly broader than that observed in the experiment by Keenan et al. ( -5 0  ps)

[8]. The larger pump energy in our Ni-like Mo experiment can be expected to give 

origin to an enlarged gain region which results in the increased laser output pulse 

energy we observed.
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Figure 3.8 Measured intensity of the soft x-ray laser output as a function of time 
delay between the 120 ps pre-pulse and the 8 ps grazing incidence pulse for Ni-like 
Pd(a), Ag(b), Cd(c), and Sn(d). The FWHM of the time span in which strong laser is 
achieved is indicated.

Fig. 3.9 shows how the optimum delay between pump pulses for lasing in the 

4d-4p transition of Ni-like ions decreases as Z increases. The optimum delay drops 

from 700 ps for Ni-like Mo (Z=42) [4, 9] to 100 ps for Sn (Z=50) [10]. This is 

consistent with the fact that the high degrees of ionization necessary for lasing in 

higher Z ions are reached only in the early stages of the pre-pulse plasma expansion. 

Therefore, for lasing in higher Z ions the optimum delay that results from the tradeoff 

between increased Ni-like ion fraction for maximum gain coefficient (longer delay) 

and decreased electron density gradients for reduced refraction loss occurs at short 

delays.

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



800

700

v> 600 a
§« 500
"55 '
0  400
E
1  300 

^■200

Mo

Ru

Pd Ag

100

% 42

Cd Sn

44 4-6 48 50"
Atomic Number

52

Figure 3.9 Measured optimum delay between the 120 ps, -350 mJ pre-pulse and the 
8 ps, -1 J short pulse, for 4d 1So->4p1 Pi lasers on the different Ni-like ions; Z=42 
(Mo), Z=44 (Ru), Z=46 (Pd), Z=47 (Ag), Z=48 (Cd) and Z=50 (Sn).

3.5.2 Grazing incident angle optimization

The selection of the short pulse grazing incidence angle that maximizes the 

pump beam energy deposition in the gain region is key to improve the soft X-ray 

laser efficiency. Figure 3.10 shows the variation of Ni-like Cd laser output intensity 

as a function of the grazing incidence angle of the short pump pulse. As the angle of 

incidence, 0, is incremented, the electron density of the plasma region in which 

refraction couples the pump beam increases as ne= 02 xneC, where nec is the critical 

density. At the lower angles refraction couples the pump beam into a plasma region at 

which the density is lower than optimum for amplification by transient collisional 

excitation. The maximum laser output intensity was observed at an angle of 23°, for
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which the plasma density is 2.8xlO20 cm 3. The same grazing incidence angle was 

measured to be optimum for Ni-like Pd and Ag.

Cd

M

Grazing incidence Angle (degrees)

Figure 3.10 Variation of the intensity of the 13.2 nm line of Ni-like Cd as a function 
of grazing incidence angle of the 8 ps beam onto the target.

Similar measurements of the laser output energy as a function of angle were 

conducted for Ne-like ions. Fig. 3.11 shows the variation of Ne-like soft x-ray laser 

output intensity as a function of the angle of incidence of the short pulse beam for Ne- 

like Ti, V, and Cr. At an incidence angle of 17° lasing was observed for the 3p'So- 

3s!Pi lines of the Ne-like ions of all three species. However, at this angle the pump 

beam is deposited in a region where the electron density is lower than the optimum 

value for maximum soft x-ray laser output intensity. The output intensity of all three 

Ne-like ion lasers was observed to increase significantly for an angle of 20°, for 

which refraction helps to couple the pump beam into a region of high electron density 

(2xl020 cm'3). However, at the steeper angle of incidence of 23° a significant fraction 

of the beam energy is absorbed in a higher density region where the electron density
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gradients are too steep for optimum amplification, and the laser output energy is 

observed to decrease. Also contributing to a lower laser output at this angle is the 

shorter duration of the gain and the increased mismatch between the velocity of the 

traveling wave of the pump and the speed of light in the plasma.

3.5
▲ cr

U
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0.5

14
Grazing Incidence Angle (degrees)

Figure 3.11 Variation of output laser intensity as a function of grazing incidence 
angle for Ne-like Ti, V and Cr. Each point represents the mean of 15 or more 
consecutive laser shots. In all three cases the laser operates best at 20 degrees. At this 
angle the standard deviation of each data set ranges from 14% to 38% of the mean.

For the 3d1P i^ 3 p 1Pi Ti line at 30.1 nm, the laser is very weak at incidence 

angle of 17°, and lasing was observed to be strong for 20° and 23° grazing incidence 

angle for optimum [6], As discussed in last section, the 30.1 nm laser line relies on 

strong re-absorption of the 2.335 nm transition linking the 3d!Pi laser upper lever to 

the ion ground state for inversion. Therefore amplification in this line requires a large 

density of Ne-like ground state ions which increase the trapping of the 2.335 nm line, 

explaining the fact this line is very weak at the lower plasma density corresponding to 

the 17 degrees grazing incidence angle.
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3.5.3 Short pulse duration

Another important parameter is width of the short pump pulse. The variation 

of the laser output energy with pump pulse length was measured for select of these

lasers.
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Figure 3.12 Variation of output laser intensity as a function of short heating pulse 
durations for Ni-like Ag (13.9 nm). Each point represents the mean of 10 or more 
consecutive laser shots.
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Figure 3.12 shows the effect of the short pulse length in the line intensity of 

the 13.9 nm of Ni-like Ag for pulse width between 2 and 18 ps. The short pulse pump 

energy was kept constant at 1 J.
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Figure 3.13 Variation of Ni-like Mo laser (18.9 nm) intensity as a function of time 
delay between pre-pulse and short pulse for different duration of the short pulses.

To conduct these experiments, the pump laser pulse width was set by 

adjusting the position of the second grating position in compressor.
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For the 13.9 nm laser line of Ni-like Ag, the optimum pulse width was 

determined to be 6 ps. The time delay between the 300 mJ pre-pulse and the short 

heating pulse is observed to increase from 150 ps for 2 ps pump pulse to 400 ps for 18 

ps pump pulse.

2 ps
2.5

300 400 500 600 700 800 900 
Delay (ps)

'300 400 500 600 700 800 900 
Delay (ps)

'300 400 500 600 700 800 900 
Delay (ps)

°300 400 500 600 700 800 900 
Delay (ps)

Figure 3.14 Variation of Ne-like Ti laser (32.6 nm) intensity as a function of short 
pulse durations.

We also conducted similar measurements for Ni-like Mo laser at 18.9 nm 

(Fig. 3.13) and Ne-like Ti laser lines at 32.6 nm (Fig. 3.14). The optimum pump pulse 

durations for laser intensity are also around 6 ps (for short pulse). In general, it can be 

concluded that duration of 6 ps for the short pulse is adequate to pump a great variety 

of Ni-like and Ne-like laser transition.
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For all the factors we tested to get best laser output, we made a table to show 

the best conditions for all Ni-like materials (table 3.1).

Table 3.1 Optimum pump parameters for different Ni-like x-ray laser line

Target
material

Wavelength
(nm)

Delay time 
(ps)

Delay range 
(ps)

Incident angle 
(degrees)

Pulse duration 
(ps)

Ti 32.6 600 250 20 6
V 30.4 450 200 20 *
Cr 28.6 450 200 20 *
Mo 18.9 700 500 20 6
Ru 16.5 500 300 23 *
Pd 14.7 300 300 23 *
Ag 13.9 300 300 23 6
Cd 13.2 150 200 23 *
Sn 11.9 100 100 23 *
Sb 11.4 75 50 23 *
Te 10.9 50 <50 23 *

*. Not measured.

3.6 Continous Operation at 5 Hz Repetition Rate

Prolonged repetitive operation of pulsed lasers at optical wavelengths has 

been available for several decades and has made possible the implementation of 

numerous applications requiring intense pulses of coherent infrared, visible, and 

ultraviolet light. To extend and develop these applications at shorter wavelength 

requires high repetition rate operation of soft x-ray laser amplifiers in the gain- 

saturation regime. A renewable gain medium that can allow for the un-interrupted 

generation of long series of laser shots is essential.

Capillary discharge lasers based on the excitation of a gas by a fast discharge 

current pulse were the first soft x-ray lasers to achieve prolonged operation in the 

gain-saturated regime at a repetition rate of up to 10 Hz [11, 12]. This made possible
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the use of a Ne-like Ar laser emitting at 46.9 nm in several applications [13]. Soft x- 

ray lasers based on optical field ionization of gaseous targets emitting at wavelengths 

longer than 30 nm have also been demonstrated to operate repetitively in the gain- 

saturated regime [14, 15]. Several other experiments have demonstrated soft x-ray 

laser amplification at multi-Hz repetition rates, but without achieving the gain- 

saturated amplification levels necessary to produce significant average powers [16, 

17].

In the transient collisional lasers discussed above, the number of laser shots 

that can be obtained heating the same target surface depends on the material. While 

for Ni-like Mo up to 20 to 30 laser shots can be obtained without moving the target in 

between shots, for Ni-like Ag or Ni-like Cd the laser output intensity is observed to 

degrade after only 2-3 shots on the same target surface. This quick degradation raises 

the question whether these materials are suitable for extended continuous operation 

particularly in the 13 -  14 nm EUV wavelength range where many studies have 

utilized the high average brightness of synchrotrons.

To provide a solution to this problem we developed a solid helicoidal target 

that is continuously rotated and advanced to renew the target surface between shots. 

This method will allow for uninterrupted soft x-ray laser output at a repetition rate of 

10 Hz for a period of hours. An average power of 2 pW and high average spectral 

brightness of 1.3 x 1013 photons mm'2 mrad'2 s'1 (0.01% BW)'1 at 13.9 nm was 

obtained. More than 2xl04 laser shots were obtained at 5 Hz repetition rate from a 

single target with a useful spiral perimeter length of 96 cm rotated at a tangential
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speed of 0.2 mm s'1. An increase of the number of laser shots supported by the target 

to about 5xl04 was achieved by reducing the tangential rotation velocity to 0.1 mm s'1 

at the expense of reducing the soft x-ray laser average power by about 20 percent. 

This set up will allow for uninterrupted saturated operation of laser-pumped table-top 

collisional soft x-ray lasers at a repetition rate of 10 Hz for period of about two hours.
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GratingSoft X-Ray 
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Figure 3.15 a). Schematic diagram of helicoidal soft x-ray laser target for high 
repetition rate soft x-ray laser operation, b) photograph of the helicoidal target. For 
optimized operation at 5 Hz repetition rate in the 13.9 nm line of Ni-like Ag the target 
was rotated at a tangential velocity of 0.2 mm s'1, c) far-field image of the Ni-like Cd 
laser, with an intensity profile obtained at the indicated position. The square structure 
is produced by the supporting mesh of the Zr filter.
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A schematic diagram and a photograph of the rotating target are shown in Fig. 

3.15. The target consists of a solid cylindrical body 30 mm in diameter and 63 mm in 

length which outer surface was machined to constitute a helicoid of rectangular cross 

section having a 4 mm wide top surface and a 6 mm period. The target was made of 

electrolytic copper and was electroplated with a ~20 pm thick silver coating. It was 

mounted on a motorized screw having a pitch designed to continuously rotate and 

advance the target while making the horizontal position of the 4 mm wide stripe look 

stationary to the pump laser beam. A stepper motor was used to rotate the screw and 

advance it respect to a stationary nut, renewing the target surface irradiated by the 

pump beam.

W avelength (nm)

Figure 3.16 Spectrum of the emission from a Ni-like Ag laser operating at 5 Hz 
repetition rate using the rotating helicoidal target. The 13.9 nm line completely 
dominates the spectrum. The inset shows the image of the spectrum captured on the 
CCD.

Figure 3.16 shows a single-shot spectrum of the axial emission of a Ag plasma 

generated by heating the helicoidal target. The 13.9 nm line of Ni-like Ag is observed 

to completely dominate the spectrum. The most intense laser pulses were measured to
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have an energy of 850 nJ. The laser intensity is very similar to that obtained using a 

flat polished Ag slab target (Fig 3.4), for which the measured gain-length product of

16.8 and observed output intensity indicate operation in the gain-saturated regime 

[10]. The beam quality is illustrated by the far field pattern shown in Fig 3.15 (c). To 

record the shot to shot intensity variations of the laser output pulse at 5 Hz repetition 

rate we reduced the necessary CCD readout time by binning of the pixels of the 

detector array and limiting the detector area read after each shot. Shooting a second 

shot onto the same silver target surface resulted in a decreased laser output intensity. 

Full recovery of the laser intensity was observed when the target was rotated to 

displace the ablated target surface by at least 40 pm. This induced us to select a 

tangential target velocity of 0.2 mm s'1 for soft x-ray laser operation at 5 Hz repetition 

rate. An increase of the rotation velocity beyond this point did not cause any 

significant increase in laser output energy. In contrast a reduction of the tangential 

velocity to 0.1 mm s’1, which doubles the numbers of shots than can obtained from a 

single target at the expense of partially overlapping the target regions directly 

irradiated by the laser beam in two contiguous shots , was observed to reduce the soft 

x-ray laser output energy per pulse by about 20 percent.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4

3

2

1

O
sr .4
C :
=  3 
1

2

1

0 
4

&Vi

50 100 150
Shot Number

200 250

Figure 3.17 Three contiguous series of 250 laser shots at 5 Hz repetition for a L=l3.9 
nm Ni-like Ag laser obtained at 5 minute intervals. The average power is about 2 pW.

Figure 3.17 shows three contiguous series of 250 laser shots each obtained at 

intervals of 5 minutes. The average laser pulse energy for the three series is 400 nJ, 

corresponding to an average power of 2 pW, and the shot to shot variation is 

characterized by an standard deviation of 19%. Longer series of shots showed a 

continuous decrease of the output pulse energy after the first ~ 250 shots. The 

decrease in laser pulse energy was traced to degradation of the laser beam wavefront 

and line focus quality due to the thermal loading of the replica diffraction gratings of 

the pulse compressor. As illustrated in Fig. 3.17, an interval of 4-5 minutes between
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each series of 250 shots allows for full recovery of the laser intensity. The use of 

master diffraction gratings should readily allow for uninterrupted operation of the 5 

Hz laser for more than 5xl04 laser shots, corresponding to more than two hours of 

continuous laser operation. The straightforward increase of the target length will 

allow for several hours of uninterrupted 10 Hz repetition rate laser operation and 

potentially double the average power to 4 pW using 0.2 mm s'1 speeds. Laser 

operation at other soft x-ray wavelengths can be readily obtained selecting a coating 

which allows lasing in transitions of other Ni-like of Ne-like ions. Similar results 

were obtained for the 13.2 nm line of Ni-like Cd by coating the target with Cd. A 

laser average output power of about 1 pW was generated in this line as the result of 

operation at 5 Hz repetition moving the target at 0.2 mm s'1.

This x-ray laser source has a combination of both high average power and 

high average spectral brightness as a result of the 5 - 10 Hz repetition rate described 

here. The 2 pW average power operation is equivalent to 1.5 x 1011 photons/s, while 

the energy of the most intense pulses approaches 1 pJ. The estimated average 

brightness of the source, 1.3 x 10 photons mm' mrad' s' (0.01% B W )', is similar 

to that of some synchrotron bending magnets operating at the same photon 

wavelength. Simultaneously as a result of the measured short pulse duration of 5 ps 

(FWHM) for the 13.9 nm Ni-like Ag. A high peak power of 0.1 -0.2 MW and peak 

spectral brightness of about 0.5-1 x 1024 photons mm'2 mrad’2 s'1 (0.01% BW)’1 can 

be achieved. This peak spectral brightness exceeds by two to three orders of 

magnitude that of undulators operating at this wavelength.
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3.7 Conclusion

In this chapter, the variation of soft x-ray laser output energy is discussed as a 

function of several parameters. A solid target scheme that allows for the first time to 

our knowledge the operation of high repetition rate laser-pumped transient collisional 

lasers emitting in the 100 eV photon range for periods of hours is described. The 

uninterrupted generation of high average power soft x-ray laser radiation will enable 

numerous applications.
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Chapter 4, Characterization of Soft X-ray Lasers

4.1 Introduction

The characteristics of the beam produced by the soft x-ray lasers described in 

chapter 3 are important for their use in different applications. This chapter describes 

the measurement of the beam divergence, spatial coherence length and pulse width of 

the high repetition rate Ni-like lasers executed by grazing incidence pumping.

4.2 Soft X-rav Laser Beam Divergence

The soft x-ray laser beam divergence is determined by the respect ratio of the 

plasma amplification and by refraction effect.

The divergence was determined from the extent of laser beam. Figure 4.1 

shows on schematic diagram of the setup used to determine the beam divergence. The 

distance from the target to grating was 248 mm, and that from grating to CCD camera 

was 235 mm, amounting to a total distance of 483 mm.

target CCD
grating

235 mm

Figure 4.1 Schematic diagram of the set up used to measure the beam divergence in 
the direction parallel to the target.

Figure 4 .2  shows an on-axis spectra of the Ni-like Ag laser generated by 

irradiating 4 mm long target. The extent of the 13.9 nm 4 d 1So-4p1Pi line in the
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direction parallel to the target corresponds to a divergence of 9 milliradians. 

Divergence angle of direction perpendicular to the target is smaller, which is about 5 

milliradians. Figure 3.4 shows single shot on-axis spectra corresponding to a 4 mm 

line focus plasmas showing lasing of the Ni-like ions for different wavelengths at 

direction parallel to the target.

tT a 
2 4 
E. 2 
©
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©
S’ -2 
©

-4 -2 0 2 4
Divergence (mrad)

Figure 4.2 Divergence angle of 13.9 nm Ni-like Ag laser at both direction: a) 9 
milliradians at direction parallel to the target, b) 5 milliradians at direction 
perpendicular to the target.

4.3 Measurement o f  the Svatial Coherence

4.3.1 Spatial coherence measurement of 18.9 nm Ni-like Mo

One of the fundamental properties of a laser is its ability to produce spatially 

coherent beams. This is often accomplished in the visible and ultraviolet regions of 

the spectrum with the aid of an optical resonator that permits the growth of only a 

single transverse “TEMOO” mode. At shorter wavelengths, in the EUV and soft x-ray 

regions of the spectrum, optical resonators are of limited use due to the finite lifetime 

of the gain medium, limited reflectivity of available mirrors, and mirror damage. 

Short-wavelength light sources such as electron impact sources, synchrotron sources

[1], x-ray lasers [2, 3], and free-electron lasers [4] to date generate only partially
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coherent light. Pinhole spatial filtering has been used to achieve spatial coherence 

from otherwise incoherent sources, such as undulator radiation, but generally at a 

significant loss of available photon flux, and without imposing phase coherence 

across the radiation field.

The spatial coherence of the 18.9-nm radiation produced at 20 degree grazing 

incidence pumping was characterized by placing Young’s double slits 5.5 cm from 

the Mo target. The laser beam profile at this location was found to have a width 

(FWHM) of approximately 500 pm. The double slits were prepared by laser drilling 

two 4-mm-long 5-pm-wide slits on 12.5 pm thick stainless steel substrates (National 

Aperture Inc., NH). Slit separations of 50 pm and 75 pm were used in the 

experiments. A diffraction grating was used to reduce the background plasma 

radiation and increase the signal-to-noise ratio of the recorded interference pattern 

[Fig. 2.4], The slits were placed horizontally, perpendicular to the target surface and 

grating groove direction, generating interference in the vertical direction. The length 

of the slits (4 mm) was much longer than the laser beam diameter (~ 500 pm here). 

Therefore, the slits had minimal effect on the spatial extent of the spectral line. The 

intensity modulation observed along the length of the 18.9-nm laser line is an 

indication of the degree of spatial coherence between light illuminating each of the 

two individual slits.
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Figure 4.3 Results of Yong’s interference experiment to determine the spatial 
coherence of the 18.9 nm Ni-like Mo line, (a) Interferogram obtained placing a slit 
pair with 50 pm separation at 5.5 cm from the exit of a 4-mm-long Mo target, (b) 
Lineout for the 50 pm separation slit pair obtained integrating the interference pattern 
in the direction perpendicular to the line, (c) Lineout for the slit pair with 75 pm 
separation. The asymmetry is due to the uneven illumination of the slit pair that was 
not centered on the beam axis.

As shown in Fig. 4.3 (a), this method produced a very clear interference 

pattern on the 18.9-nm laser line with a single laser shot, even though the slits 

blocked more than 90% of the photons. In fact, the gain-saturated operation of the
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laser produced such a high photon flux level that the first-order spectral line of the 

18.9-nm radiation saturated the CCD. Therefore, to measure the fringe visibility we 

used the line produced by the second order of the diffraction grating. The evaluation 

of the degree of spatial coherence using the double-pinhole or the double-slit 

technique follows the description of partially coherent radiation in terms of the 

mutual intensity and the complex coherence factor [5]. In an ideal double slit 

experiment where both slits are equally illuminated, the modulus of the complex 

coherence factor is equal to the fringe visibility, defined as V = (Imax -  Imjn) / (Imax + 

Im in), where I max and I min are the maximum and minimum intensities of the fringe 

pattern. Fig. 4.3 (a) shows the interference generated by the 18.9-nm laser line when a 

double slit with 50-pm separation was used. The horizontal lineouts for 50-pm and 

75-pm slit separations are shown in Fig. 4.3 (b) and (c), respectively. From the fringe 

visibilities, the degree of spatial coherence is determined to be 0.4 between two slits 

separated by 50 pm and 0.1 for 75 pm separation.

Using the van Cittert-Zemike theorem [5] a near-Gaussian intensity profile, 

incoherent source of roughly 11 pm diameter (FWHM) would be needed to produce 

similar fringe visibilities with the same slit pairs at the same distance (5.5 cm) from 

the source. This is about 3x smaller than the 30 pm pump laser beam width. An 

additional characteristic of a pulsed light source closely related to the spatial 

coherence is the peak spectral brightness. With a measured divergence angle of about 

9 mrad and approximating the pulse duration with the value we measured for the Ni- 

like Ag line using a streak camera, ~5 ps, the peak spectral brightness of this source is
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estimated to be of the order of 1 x 1024 in units of photons s '1 mm'2 mrad'2 within 

0.01% spectral bandwidth.

4.3.2 Spatial coherence measurement of 13.2 nm Ni-like Cd

Spatial coherence measurement was also performed for Ni-like Cd laser at

13.2 nm. The experimental setup of the coherence measurements is illustrated in Fig. 

4.4. It differs from the previous set up in that incorporates a 45 degrees Mo/Si 

multilayer mirror. A set of slit pairs with separations of 30, 50, and 75 pm was used 

in the experiments. The width of each individual slit was 5 pm. In the measurements 

the slits were placed at 105 mm from the laser target. A 0.2 pm thick self-supported 

Zr filter was used to block the Ti:sapphire laser and the visible/ultraviolet radiations 

from the plasma. The 45-degree folding mirror is coated with Mo/Si multilayer, 

which has ~50% reflectivity at 13.2 nm and a spectral bandwidth of ~1 nm (FWHM). 

The interferograms were recorded with an EUV sensitive CCD camera having a back- 

illuminated 2048 x 2048 array of 13 x 13 pm2 pixels. The total path length from the 

double-slit to the CCD is 330 mm. The multilayer mirror and Zr filters sufficiently 

prevent most unwanted radiation from reaching the CCD and allow us to record clean 

interferogram in a single shot. Given the fact that the 13.2 nm laser line has a narrow 

linewidth of AX<10'4 X, although it strongly dominates the spectrum, it’s still 

necessary to discriminate from a low level of background (typically 10% of the 13.2 

nm radiation) in the CCD readouts originating from plasma radiation emitted at EUV 

wavelengths falling into the 1-nm bandwidth of the multilayer. Assuming the 

background radiation from the plasma to be isotropic, for each interferogram we 

recorded the background by moving the slit away from the soft x-ray laser beam path
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and repeated the shot under the same experimental condition. We then obtained a 

clean interferogram by subtracting the background from the original one. This process 

also automatically removes the uniform thermal dark current of the CCD.

Figure 4.4 Young’s double-slit experiment setup for measuring the spatial coherence 
of a 13.2 nm Ni-like Cd soft x-ray laser.

A typical interferogram recorded using a double slit with 30 pm separation is 

shown in Fig. 4.5 (a). The double-slit was placed horizontally, in the direction 

perpendicular to the target, thus diffraction and interference pattern occurred in the 

vertical direction. We integrated the interferogram along both horizontal and vertical 

directions. The vertical one (Fig. 4.5 (b)) can be seen as a lineout of the laser beam 

intensity profile, sampled by the slits. It provides useful information on beam size and 

divergence angle. The horizontally integrated one (Fig. 4.5 (c)) is the overall double­

slit interference pattern, from which an ‘average’ fringe visibility can be obtained. 

The high fringe visibility in Fig. 4.5 (c) implies a high degree of spatial coherence for 

30 pm separation.

Mo/Si
Mirror
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Fig. 4.5. (a) A typical two-slit interferogram recorded by the CCD for a 30 pm slit 
separation. The double-slit is placed horizontally (x-direction). (b) Integration of (a) 
in the vertical direction, which gives a lineout of the laser beam intensity profile. 
Intensity irregularities, or microstructures, are clearly observed, (c) Integration of (a) 
in the horizontal direction, which gives an ‘average’ interference pattern, whose 
fringe visibility is a measure of the spatial coherence.

A noticeable feature of the interferograms is the pronounced intensity 

irregularity, with many local intense spots in them. Those spots were observed in all 

the interferograms, regardless of slit orientation and Cd target length. Their peak 

intensities and positions changed randomly from shot to shot. Their presence causes 

complications on the analysis of the interferograms. For typical double-pinhole/slit
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coherence measurements, the relationship between fringe visibility V and the spatial 

coherence factor p n  is [5]:

where Ii and h  are the beam intensities at the two individual slits. The fringe 

visibility V can be directly obtained from the interferogram as V = (Imax- 

Imin)/(Imax+Imin), where Imax and Imin are the intensity maxima and minima in the 

interferogram. Usually, the double-slit is positioned such that Ii ~ I2, which leads to 

the simple relationship V = | P12 | • However, in general cases when Ii 4- h, Eq. (4.1) 

implies V < | P12 | , meaning measured fringe visibility would always underestimate 

the real degree of spatial coherence. As the difference between Ij and I2 becomes 

larger, the discrepancy between fringe visibility V and coherence factor will also 

become larger. In our experiments, the randomly located hot spots present in the 

beam microstructure make it practically impossible to position the slit so that Ii -  I2 

can be satisfied across the whole slit. The relative strength of Ii and I2 is also varying 

therefore the factor 2J i j 2 /(/, + /2) can not be fully determined. The characteristic size

of those spots at the double-slit plane, estimated by their sizes on the CCD and a 

simple geometric reduction, is around 100 pm. This is comparable to the slit 

separations used in the experiments. While two slits separated by 30 pm (the smallest 

separation used in experiments) may still sample those -1 0 0  pm spots with roughly 

the same intensities, it is more likely that double-slits with 50 pm and 75 pm 

separations will see increasingly different intensities on individual slits. Such
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intensity difference will cause visibility variation even though | (a.121 could still be 

essentially constant.
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Fig. 4.6. Results of Young’s interference experiment designed to determine the 
spatial coherence of the 13.2 nm Ni-like laser, (a-c) Interference fringes with average 
visibility (red), obtained by integrating the whole interferogram, and fringes with 
highest visibility (blue), picked by manually scanning the interferogram. For 
comparison the fringe patterns are normalized in intensity and overlap each other. 
The slit separations are (a) 30, (b) 50, and (c) 75 pm. (d) Fringe visibilities at 
different slit separations and theoretical predictions based on van Cittert-Zemike 
theorem with a parabolic-like intensity profile. The source size is 10 pm (blue, 
corresponding to highest visibilities in (a-c)) and 15 pm (red, corresponding to 
average visibilities).

Figure 4.6 illustrates the fringe patterns obtained using 4-mm-long target and 

horizontally placed (perpendicular to target surface) double-slits with separations of 

30 (a), 50 (b), and 75 pm (c). For each separation, we first obtained an average fringe 

visibility (red lines) by integrating the whole interferogram. We then manually 

scanned the interferogram along the slit orientation and picked a small region where
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the visibility is highest (blue lines in figure). The variation of fringe visibility with 30 

pm double-slit is relatively small, where the best/average visibility is 0.69/0.59. The 

visibility variation becomes larger with 50 and 75 |jm double-slits, where 

best/average visibility is 0.52/0.23 and 0.31/0.13, respectively. Although we could not 

rule out the possibility that spatial coherence factor is varying in space, we believe the 

highest visibility observed is a more accurate, while the average visibility 

underestimates it.

Having values of spatial coherence factor for different separations, we can 

again estimate the size of an equivalent incoherent source using van Cittert-Zemike 

theorem. Assuming the source has a parabolic-like intensity profile of I=Iocosh‘ (x/a)

[6], to produce similar spatial coherence at the double-slit plane, the source size 

(FWHM) is 10 pm (Fig. 4.6 (d), blue curve). For comparison, using the average 

visibility data (red A) results in a source size of 15 pm FWHM (red curve). The above 

results are for horizontally placed slits; vertically placed slits (parallel to target plane) 

gave similar results. The spatial coherence properties seem to be the same in both 

directions.

For applications such as interferometry and coherent imaging, highly coherent 

radiation is needed. The laser has a very narrow linewidth (AZ/A,<10"4), corresponding 

to a longitudinal coherence length of X2/AX >100 pm, sufficient for most applications 

at this wavelength. To ensure high degree of spatial (transverse) coherence, adequate 

spatial filtering can be used [7]. Based on 430 nJ pulse energy and a 15 pm laser exit 

diameter predicted by a hydrodynamic model, and the measured laser pulse duration
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of 5 ps [8], the laser’s peak spectral brightness, a parameter closely related to a 

source’s coherence properties and of particular value in imaging experiments, is ~ 

3*1023 photons sec'1 mm'2 mrad'2 within less than 0.01% spectral bandwidth. In this 

case, this value is slightly smaller than that computed for the 18.9 nm Ni-like Mo 

laser, but still exceeds the peak special brightness of modem synchrotron radiation 

facilities at similar wavelengths.

4.4 Measurement o f  the Laser Pulse Width

We measured the duration of the laser pulses corresponding to the 4dlSo -» 

4p lP\ transitions of Ni-like Ag and Cd using a fast x-ray streak camera. The streak 

camera, developed at Kansas State University [9], can provide sub-picosecond 

temporal resolution when a sufficiently high voltage is applied between the 

photocathode and acceleration electron. However as discussed bellow for these 

measurements, the camera was operated at a reduced acceleration voltage would 

reduced the temporal resolution to 1.8±0.1 ps. The measurements were conducted for 

the optimum pumping angle at 23 degrees grazing incidence. The experiment layout 

used to obtain the measurement is schematically illustrated in Fig. 4.7. The soft x-ray 

laser pulses were generated heating 4 mm long polished slab targets of the lasing 

material (Ag or Cd) with a sequence of optical laser pulses generated with a 5 Hz 

table-top chirped-pulse amplification Ti:Sapphire laser system.
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Figure 4.7 Schematic representation of the experimental set up used to measure the 
laser pulse width showing the soft x-ray laser pumping configuration and streak 
camera detection system.

The plasma emission was filtered with a 1500 A thick Zr film and was 

reflected at grazing incidence by a borosilicate flat that directed it towards a 1200 

1/mm gold-coated variably spaced ruling spherical grating that dispersed the light and 

sent the laser beam to the streak-camera slit. The fast streak camera used in the 

experiment is described in [9]. The experiments were conducted using a 1019 A thick 

KBr photocathode film deposited onto a 1085 A thick lexan film. High harmonic 

pulses from a Ti:sapphire laser of less than 30 fs duration were used to determine the 

resolution of the streak camera at the (-7 kV) photocathode acceleration voltages 

condition used in this experiment. The resolution was determined to be (1.8±0.1) ps. 

The temporal smearing produced by the grating can further degrade the resolution of 

the measurements [10, 11]. However, since the slit of the streak camera was placed 

13 cm away from the image plane of the grating, its 25 pm width sampled only a
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fraction of the wavefront, causing a negligible temporal smearing of 0.04 ps. The 

streak camera sweep was synchronized with the soft x-ray laser using a 

photoconductor switch triggered with a 0.2 mJ, 50 fs duration Ti:sapphire laser pulse 

generated by a multi-pass amplifier seeded by the same laser oscillator that seeds the 

soft x-ray laser pump beam and a separate grating pulse compressor. The 

photoconductive switch was mounted on a translation stage in order to control the 

delay between the sweep of the ramp and the arrival of the soft x-ray laser. The laser 

intensity reaching the photocathode was attenuated by slightly misaligning the center 

of the laser line generated by the grating respect to the center of the slit until space 

charge broadening was verified not to affect the measurement.

T im e  ( p s ) T im e

Figure 4.8 a) Single shot streak camera image of the 13.9 nm laser pulse, b) Lineout 
of the integrated laser line intensity vs time, c) Average corresponding to six laser 
shots. The measured FWHM width is 4.9 ps, and corresponding estimated true laser 
pulse duration is 4.6 ps. The laser was excited by a 6.7 ps duration pump pulse of 1 J 
energy impinging at a grazing incidence angle of 23 degrees with a pre-pulse to short 
pulse time delay of 250 ps.
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Figure 4.8 shows a typical single streak measurement of the Ni-like Ag laser 

pulse for a short pump pulse of 6.7 ps duration and a time delay of 250 ps between 

the 350 mJ pre-pulse and the short pulse, pumping conditions that are nearly optimum 

for maximum soft x-ray laser output pulse energy generation. The left image shows a 

horizontal streak of the laser pulse. Each dot on the CCD image of the camera’s 

phosphor screen is the result of a single photoelectron amplified on the internal 

multichannel plate. The curve on the center panel is the corresponding temporal 

profile of the x-ray laser, obtained by vertical integration of the image. Fig 4.8 (c) 

shows the time corresponding to an average of the six laser shots, and gives a 

measured FWHM trace width of (4.9±1.0) ps. The true laser pulse duration can be 

estimated to be (4.6±1.0) ps by deconvolution of the instrument smearing assuming a 

quadrature relationship. This soft x-ray pulse duration did not vary significantly and 

remained within the error of the measurement when the duration of the short pump 

pulse was reduced to 2.0 ps. The deconvoluted laser pulse duration for this case was 

(5.1±0.8) ps. The pulse duration of the Ni-like Ag x-ray laser was also measured as a 

function of delay between the prepulse and the short pump pulse, along the full range 

of operation of the laser [12].
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Figure 4.9 Measured variation of the 13.9 nm Ni-like Ag laser pulse width as a 
function of time delay between the 350 mJ pre-pulse and the 1 J pump pulse.

Figure 4.9 shows that the laser pulse duration remains relatively constant for 

time delays between about 150 ps and 450 ps, but it decreases outside this range as a 

result of a shorter duration of the gain for non-optimum delays. Model computations 

conducted with a hydrodynamic/atomic physics model developed in house shows a 

gain duration of about 15 ps for Ni-like Ag excited at the optimum pumping 

conditions. The exponential amplification of the amplified spontaneous emission is 

computed to decrease the laser pulse duration down to about 5 ps, followed by 

saturation re-broadening.
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Figure 4.10 a) Lineout of a single-shot streak measurement of the 13.2 nm Ni-like Cd 
soft x-ray laser pulse, b) average of six laser shots, showing a deconvoluted FWHM 
pulse duration of 5.2 ps. The laser was excited by a 6.7 ps duration pump pulse of 1J 
energy impinging at a grazing incidence angle of 23 degrees for a pre-pulse to short 
pulse time delay of lOOps.

We also measured a similar laser pulse duration for the 13.2 nm Ni-like Cd 

grazing incidence soft x-ray laser. Figure 4.10 (a) shows a single shot temporal 

profile and Fig. 4.10 (b) shows the average of six streak camera traces for the near 

optimum short pump pulse of 6.7 ps and time delay of 100 ps. The average measured 

FWHM pulse duration is (5.5 ± 0.3) ps (Fig. 4.10 (b)), and the deconvoluted FWHM 

pulse duration is (5.2 ±0.4) ps. Since from our model the linewidth of the output of 

these lasers after gain narrowing can be estimated to be Av ~ 2.5-3.0x10'5, for the 

measured pulse duration of about 5 ps we can estimate AvxAt ~ 3.
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4.5 Conclusion

The divergence of the Ni-like Ag laser were measured to be 9 and 5 

milliradians in the perpendicular and parallel directons respectively. The spatial 

coherence of a Ni-like Mo pumped at 20 degrees and Cd soft X-ray laser pumped at 

23 degrees grazing incidence were measured in a series of Young’s double-slit 

experiments. The equivalent incoherent source size is determined to be ~ 10 pm and 

the laser’s peak spectral brightness ~ 3-10x 1023 photons sec"1 mm"2 mrad'2 with 

0.01% spectral bandwidth. Streak camera measurements show that the table-top Ni- 

like Ag and Cd transient lasers excited at grazing incidence have pulse durations of ~ 

5 ps, corresponding to laser peak powers of up to 0.1-0.2 MW. Intense narrow 

bandwidth picosecond duration laser pulses in the 100 eV spectral region are 

available for the first time at high repetition rate for applications. The beam 

divergence, pulse duration and spatial coherence of the lasers were characterized.

An approach for producing soft x-ray lasers with smaller divergence and high 

coherence is high harmonic seeding of the pulse amplifier [13]. Chapter 5 will 

describes the demonstration of a high coherence soft x-ray amplifier in Ne-like Ti 

seeded by high harmonic pulses.
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Chapter 5, High Harmonic Seeding of Ne-like Soft X-ray Laser Amplifier

5.1 Introduction

For future applications of soft X-rays, there is a great interest in the generation 

of very high brightness beams of soft x-ray radiation. An emerging fourth generation 

synchrotron sources designed to provide highly coherent soft x-ray beams of greatly 

increased brightness will open new opportunities in science [1]. However, as 

discussed in the previous chapters, the widespread use of intense soft x-ray light 

requires the development of significantly more compact and less expensive coherent 

sources. With this objective significant efforts are presently focused in the 

development of table-top sources based on either the amplification of spontaneous 

emission in a plasma [2], or the non-linear up-conversion of optical laser light into 

soft x-ray light [3]. The first of these processes is a promising route for the generation 

of high energy soft x-ray laser pulses of high monochromaticity using table-top 

devices. The achievement of high brightness requires the demonstration of high 

spatial coherence. At a wavelength of 46.9 nm intense laser beams with essentially 

full spatial coherence have been produced in capillary discharge plasmas [4], 

However, the self amplification of spontaneous emission in the much denser laser- 

created plasmas required to generate soft x-ray laser beams at shorter wavelengths 

normally generates beams of limited spatial coherence [5]. To overcome this 

limitation seeding of the soft x-ray laser amplifier with either the spatially filtered 

radiation from a second soft x-ray amplifier [6, 7] or with a high harmonic of an 

optical laser has been investigated [8-10]. The latter scheme has the advantage of
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producing significantly shorter (sub-picosecond) laser pulses and also requires less 

laser pump energy to generate the seed pulse. Saturated amplification of the 25th 

harmonic of a Ti:Sa laser was recently demonstrated in a 32.8 nm Ni-like Kr optical 

field ionization (OFI) soft x-ray laser amplifier [9]. However, the comparatively low 

plasma density (< lx l0 19 cm'3) at which optimum lasing occurs in OFI lasers results 

in a relatively low saturation intensity, which will ultimately limit the maximum 

brightness possible using that scheme. Also at present the collisional pumped OFI 

lasers are limited to wavelength above 30 nm. Therefore there is much interest in the 

demonstration of high harmonic seeding of collisional soft x-ray laser amplifiers 

based on the dense plasmas created by laser heating of solid targets, which have been 

demonstrated to operate in the gain saturation regime at wavelengths as short at 5.9 

nm [11]. The up to two orders of magnitude larger electron density in this type of 

plasma amplifier results in a significantly increased saturation intensity and a broader 

laser linewidth, opening a route that can lead to higher laser pulse intensities and 

shorter pulsewidths. An early experiment performed in a Ne-like Ga plasma amplifier 

pumped by overlapping three 200 J optical laser beams onto a solid gallium target 

demonstrated the amplification of the harmonic seed, but only by a factor of about 3 x

[7].

5.2 Seeded X-ray Laser Usine High Harmonic Generation

This chapter describes the first demonstration of saturated amplification of a 

high harmonic seed in the high density plasma of a transient collisional soft x-ray 

laser created by heating a solid target. The 32.6 nm table-top soft x-ray laser amplifier 

operating in the 3p*So-^3sIPi line of Ne-like Ti described in chapter 3 [12] was used
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to amplify a seed pulse from the 25th harmonic of Ti:Sa into the gain saturation 

regime. The results were obtained with a table-top laser operating at a repetition rate 

of 5 Hz, showing this is a practical scheme to produce extremely high brightness soft 

x-ray beams for applications in a small laboratory environment. The result is scalable 

to produce extremely bright lasers at very short wavelength. We also demonstrated 

that the resulting soft x-ray beam is essentially fully spatially coherent. The 

experiment also demonstrated that in special cases it is possible to simultaneously 

seed more than one laser line to produce highly coherent soft x-ray laser beams at two

th •  • •different wavelengths. The 27 harmonic of Ti:Sa was simultaneously amplified in 

the 30.1 nm Sd'Pi-^Sp1?! line of Ne-like Ti in the same plasma. We discuss the 

measurements in comparison with modeling results that describe the dynamics of 

seeded amplification in a dense collisionally pumped soft x-ray laser amplifier. The 

model simulations indicate the soft x-ray laser pulses are sub-picosecond in duration.

5.3 Demonstration o f  a Seeded Ne-like Ti Soft x-ray Laser amplifier experiment setup

prepulse

gas cell 
Ar

main pulse

gratingCCD

A1 filter target toroidal mirror

800nm, 20mJ laser
j delay line

Figure 5.1 Experiment setup of the seeded soft x-ray laser amplifier, including high 
harmonic generation setup and solid target soft x-ray amplifier.
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The experimental setup used to demonstrate seed amplification of a 32.6 nm 

solid target soft x-ray laser amplifier is schematically illustrated in Fig. 5.1. The Ti:Sa 

laser driver described in chapter 2 was operated operating at 5 Hz repetition rate both 

to create the harmonic seed pulse, and to pump the soft x-ray laser amplifier. A beam­

splitter at the output of the second amplification stage was used to separate 30 mJ 

pulses for the generation of the harmonic seed. The pulses were compressed to about 

50 fs within a grating compressor composed of two 1200 1/mm gold coated gratings. 

The rest of the energy was directed to the third amplification stage, where it was 

amplified to obtain a ~ 1.5 J pulse. As previously discussed, the soft x-ray laser 

amplifier consists of a line focus plasma of up to 4 mm in length generated by 

exciting a 2 mm thick polished Ti slab target. The plasma was formed by a 0.3 J pre­

pulse, which arrives ~5 ns after a ~ 10 mJ pulse. The plasma is allowed to expand to 

reduce the density gradient and was subsequently rapidly heated by a -800 mJ, 6.7 ps 

duration pulse impinging at a grazing incidence angle [13, 14] of 23 degrees onto the 

target. The pre-pulse beam was focused into a -  30 pm wide, 4.1 mm FWHM line 

focus. The short pulse was focused into a similar line focus utilizing a parabolic 

mirror of f  = 76.2 cm positioned at 7 degrees from normal incidence. The target 

surface was tilted to form the grazing incidence angle of 0 = 23 degrees with respect 

to the axis of the short pulse beam. At this angle of incidence 0= (ne/nc) 1/2 refraction 

couples the pump beam energy into the plasma region where the electron density is 

n«=2.6 xio20 cm'3. High harmonic pulses of a few nJ energy were generated using 20 

mJ drive pulses compressed to -  50 fs. These pulses were focused by a f  = 5 m lens 

into an 8.8 cm long gas cell filled with 5 Torr of argon. The center wavelength of the
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25th harmonic was matched to the 32.6 nm wavelength of the highest gain laser line 

in the Ti amplifier by adjusting the compressor. This broadened the duration of drive 

pulse to about 130 fs, reducing the energy of the seed pulse to 0.5-1 nJ. The 

harmonic seed beam exiting the gas cell was relay imaged onto a ~ 100 pm diameter 

spot at the entrance of the soft x-ray plasma amplifier using a gold coated toroidal 

mirror placed at a grazing angle of 9 degrees. A delay stage was placed before the 5 

m focusing lens to adjust the delay time between the arrival of the harmonic pulses 

and main pump pulse. The output of the soft x-ray amplifier was analyzed using a flat 

field variable spaced 1200 lines/mm gold-coated spherical grating set at 3 degrees 

grazing incidence and a back-illuminated CCD detector placed 48 cm from the target. 

Two grazing incidence BK7 flats placed at grazing angle of 10 degrees were used to 

separate the soft x-ray laser from the Ti:Sa beam. Spectral filtering and attenuation 

was achieved using an A1 filter.

27th

29th
■................. ............................................................

, 1 1 .....................1,

25th

i

23th

L jl J ^ ________________
1 1 I 1_ j ___________  r ~  ' i  i___________ i______________!_____________ i______________i___ I

26  28 30 32 34 36 38 40
W avelength (nm)

Figure 5.2 High harmonics generation in an 8.8 cm long Ar gas.
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Figure 5.2 shows high harmonic spectrum generated using Ar gas. The Ar 

pressure we filled in gas cell is about 5.2 torr. With 50 fs pump pulses, we generated 

1 nJ pulses at the 25th order harmonic, corresponding to a wavelength of 32.2 nm. The 

wavelength of the 25th order harmonic was tuned from 32.2 nm to 32.6 nm, to match 

the wavelength of Ne-like Ti laser [1], by moving the second grating in compressor 

400 pm.

5.4 Results and Discussion

Figure 5.3 illustrates the dramatic increase in the output of a 3 mm long 32.6 

nm Ne-like Ti amplifier and the large decrease in the beam divergence achieved by 

seeding the amplifier. The top frame (a) shows the spectra of the unseeded Ti soft x- 

ray laser amplifier, and the corresponding intensity distribution in the direction 

parallel to the target. The laser line at 32.6 nm dominates the spectra and has a 

divergence of about 10 mrad. The detection system can resolve the harmonic seed 

but not the laser linewidth of ATJX < lxlO"4. Fig. 5.3 b shows the much lower 

divergence, about 1 mrad, but significantly broader spectra of the harmonic seed. The 

seeded amplifier output shown in Fig. 5.3 c consists of a highly monochromatic 

spectral line with an energy that is ~ 64 times larger that of the seed pulse. The 

FWHM beam divergence is observed to be about 2.2 mrad, considerably smaller than 

that of the unseeded laser.
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Figure 5.3 Spectra illustrating the relative intensity and beam divergence for; a) 
unseeded 32.6 nm soft x-ray laser amplifier; b) high harmonic seed pulse; c) seeded 
soft x-ray laser amplifier. The length of the plasma amplifier is 3 mm. The intensity 
scale of the seed pulse is magnified by 10 times.

Figure 5.4 shows the variation of the intensity of the amplified seed pulse as a 

function of delay between the 6.7 ps pump pulse and the arrival of the harmonic seed 

pulse. The time span during which the seed pulse is amplified is determined by the 

duration of the gain in the amplifier [15], and is about 5 ps. The maximum 

amplification is observed at delays between 2 and 4 ps.
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Figure 5.4 Variation of the intensity of the amplified seed pulse as a function of time 
delay between the peak of the 6.7 ps laser amplifier pump pulse and the arrival of the 
high harmonic seed pulse.

As illustrated in Fig. 5.5, we also observed it is possible to simultaneously 

inject seed two spectral lines. This is made possible by the fact that the wavelength 

separation between the 25th and 27th harmonics approximately matches the 

wavelength difference between the 32.6 nm and 30.1 nm lines of Ne-like Ti. For the 

pump conditions used in the experiment the unseeded output of the 30.1 nm laser line 

was observed to be very weak. However, when the wavelength of the harmonics was 

adjusted to simultaneously obtain sufficient overlap with the two laser lines, intense 

low divergence output was obtained for both lines.
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Figure 5.5 Spectra showing the simultaneous seeded amplification in the 32.6 nm and
30.1 nm lines of Ne-like Ti.

Figure 5.6 illustrates the measured energy increase of the energy of the 32.6 

nm seed pulse as a function of amplifier length for a time delay of 4 ps. The data was 

obtained by varying the length of the target between 0 and 4 mm while maintaining 

both the seed pulse and the amplifier pump excitation conditions constant.

w
c;:3
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»>
E>0)c<D
0>J2Z3a.

10'

■810'

10'

1 2 3 40
Target length (mm)

Figure 5.6 Measured and computed (continuous line) energy variation of the 
amplified seed pulse as a function of plasma amplifier length for the 32.6 nm line of 
Ne-like Ti. The measured beam reaches the saturation intensity after ~ 2.5 mm into 
the plasma.
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The measurements are compared below with the results of model simulations 

in the same figure. The simulations were conducted using a VA dimension 

hydrodynamic/atomic physics code with multi-cell radiation transport to compute the 

evolution of the gain and plasma density profile of the Ne-like Ti amplifier [16]. The 

propagation and amplification of a 0.7 nJ seed pulse was computed using a ray 

tracing post processor code taking into account the effects of gain narrowing and gain 

saturation. The experimentally measured amplification behavior is very similar to that 

predicted by the code, and can be divided into three distinct phases. The first phase, 

which takes place in the first ~1 mm of the amplifier, is dominated by the gain 

narrowing of the seed pulse which initial 0.1 nm spectral bandwidth greatly exceeds 

that of the laser line. This leads to the amplification of only a fraction of its 

bandwidth, resulting in the observed slow initial seed pulse energy increase. When 

the seed pulse bandwidth narrows sufficiently to approach the laser linewidth, a 

second amplification phase starts in which a quasi-exponential increase in the energy 

of the seed pulse takes place. This rapid increase ends after about 2.5 mm into the 

amplifier. At this length, the measured amplified seed pulse energy reaches a value 

consistent with the computed saturation intensity for the 32.6 nm line of Ne-like Ti at 

a plasma density of 2.6xlO20 electrons/cm3. The third amplification phase 

corresponds to the gain saturated regime in which efficient energy extraction occurs. 

The maximum measured amplified seed pulse energy, 50-60 nJ, is similar to that 

predicted by the model. The model simulation of the pulse propagation in the 

amplifier predicts a pulse duration of 0.5-1 ps determined by the gain-narrowed
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bandwidth of the amplified laser transition, which is an order of magnitude shorter 

than the amplifier gain lifetime.

seeded EUV 
source

Figure 5.7 Schematic representation of the setup used to measure the spatial 
coherence of the seeded Ne-like Ti soft x-ray laser amplifier.

Measurements in grazing incidence transient collisional lasers have shown 

that the spatial coherence length is nearly an order of magnitude smaller than the 

beam diameter [5]. Pairs of 5 pm wide slits separated by 30, 75, 150 and 200 pm 

were placed at 10 cm from the exit of the amplifier, a location at which the FWHM 

beam diameter is about 200 pm (Fig. 5.7). These slits are same as what we used to 

measure spatial coherence of soft x-ray laser (ASE) in Chapter 4.

detector

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75 pm

150 pm

200 nm

1.0 T T T T

> ,0.8

0.6

™ 0.4

u. 0  . 2

0.0

Slit Distance (nm)

Figure 5.8 Results of Young’s slit pair interference experiment for the output of the 
seeded 32.6 nm laser amplifier, a-d) Interferograms and their lineout for the slit 
separation indicated, e) Plot of the degree of coherence as a function of the slit 
separation.

The results of a Young’s slit interference experiment illustrated in Fig. 5.8 

show the degree of spatial coherence improves dramatically when the amplifier is 

seeded. The measured fringe visibility as a function of slit separation is illustrated in 

Fig. 5.8 e. A fit of the data with a Gaussian profile yields a coherent length of Lc = 

150 um. The measurement shows the beam approaches full spatial coherence as the

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



majority of beam energy falls within a coherent length. The measured equivalent 

incoherent source diameter of this laser is about 6.9 pm.

Using the measured beam parameters mentioned above, and assuming a pulse 

duration of 0.5-1 ps and a horizontal divergence equal to half the vertical divergence, 

the peak spectral brightness of this source can be estimated to be 1.4-2.8><1026

9 9photons/(s mm mrad 0.01% bandwidth). Moreover, it should be noticed that the line 

width of this laser is nearly 20 times narrower than the 0.1 % bandwidth used to 

specify the brightness of synchrotrons and free electron lasers, an advantage in 

applications requiring high photon flux in a narrow bandwidth. With excellent 

temporal and spatial coherence these lasers are themselves attractive seed sources for 

mode control in free electron lasers.

5.5 Conclusion

In conclusion, we demonstrated the generation of an intense soft x-ray laser 

beam by saturated amplification of high harmonic seed pulses in a dense transient 

collisional soft x-ray laser plasma amplifier created by heating a titanium target. 

Amplification in the 32.6 nm line of Ne-like Ti generates laser pulses of sub­

picosecond duration that are measured to approach full spatial coherence. The peak 

spectral brightness is estimated to be ~ 2x1026 photons s '1 mm'2 mrad'2 (0.01% 

bandwidth). The scheme is scalable to produce extremely bright lasers at very short 

wavelength.
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Chapter 6 Summary and Applications

This chapter summarizes the results of the soft x-ray laser development work 

discussed in the preceding part of this dissertation, and describes the one of these 

lasers in high resolution imaging. The chapter concludes with a brief discussion of 

future work opportunities.

6.1 Summary

The work conducted as part of this dissertation resulted in the demonstration 

of high repetition rate table top soft x-ray lasers for numerous wavelengths ranging 

from 32.6 nm to 10.9 nm. Of particular interest for applications is the first 

demonstration of 5 Hz repetition rate lasers operating in the gain saturated regime 

with average powers in excess of 1 pW for wavelengths as short as 13.2 nm.

The approach utilized to obtain these results consisted in the generation of 

large population inversions in plasmas heated at grazing incidence with picosecond 

laser pulses generated by a terawatt table-top Ti:sapphire laser system. The laser 

transitions excited correspond to transitions of Ni-like ions. Lasing in the gain- 

saturated regime was also obtained at wavelengths near 30 nm using transitions of 

Ne-like ions. The heating of a pre-created plasma with a fast optical laser pulse at 

grazing incidence allowed for very efficient heating of the plasma, making possible 

the operation these lasers in the gain-saturation regime with short pulse pump 

energies of no more than 1 J. The grazing incidence configuration takes advantage of 

the refraction of the pump beam in the plasma to efficiently deposit a large fraction of
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its energy into a pre-selected region of the plasma with optimum electron density for 

amplification. A remarkable property of refraction is that it allows to precisely define

this electron density based on only two parameters, the grazing incidence angle 0 and

110the laser pump wavelength: 0 = («e / ncp) , where ne is the maximum electron 

density within the amplification region and ncp is the critical density at the wavelength 

of the pump. Hence when the grazing angle is changed, different parts of the density 

profile formed by the pre-pulse are preferentially heated. At a given incidence angle 

the pump beam is reflected at the point where it encounters the corresponding 

selected density nc, significantly increasing the path length of the pump beam and 

therefore allowing for a large fraction of the pump energy (typically 20 to 50 percent) 

to be absorbed into the gain region. In addition, the fact that the grazing incidence 

pumping is intrinsically traveling wave for the range of incidence angles of interest 

simplifies the experimental set up. A new type of solid helicoidal target was also 

demonstrated, that will allow for uninterrupted 10 Hz operation for periods of a few 

hours.

The lasers were thoroughly characterized in term of small signal gain, output 

pulse energy, pulse duration, beam divergence and spatial coherence. Streak camera 

measurements for the 13.9 nm Ni-like Ag and 13.2 nm Ni-like Cd laser showed that 

the laser pulses produced have a pulse duration of about 5 ps. Young’s interference 

measurements showed that the spatial coherence of these lasers is modest. While this 

is not a limitation for application such as high resolution imaging where high 

coherence is undesirable, it can impact other applications such as interferometry.
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The desire to obtain high repetition rate table-top soft x-ray lasers with highest 

spectral brightness, shortest pulse duration, defined polarization and high spatial 

coherence motivated the seeding of the soft x-ray amplifiers with high harmonic 

pulses. Amplification of pulses from the 25th harmonic pulses of Ti:sapphire laser in a 

32.6 nm line of Ne-like Ti was demonstrated to generate highly monochromatic laser 

pulses of sub-picosecond duration that are measured to approach full spatial 

coherence. The peak spectral brightness is estimated to be ~ 2x10 26 photons/( s mm2 

mrad2 0.01% bandwidth). The scheme is scalable to produce extremely bright lasers 

at very short wavelength.

These new lasers open the possibility of conducting numerous experiments 

requiring intense beams of soft x-ray light on a table-top. The next section 

summarized result of a high resolution soft x-ray microscopy experiment made 

possible by the demonstration of the 13.2 nm wavelength Ni-like Cd laser described 

in the previous chapters, with achieved record high resolution for a photon-based 

table-top broad area microscope.

6.2 Application to Hish Resolution Soft X-ray Imagine

An important application of soft x-ray lasers is microscopy. At present, the 

best spatial resolution for photon-based microscopes, 15 nm, has been obtained by 

using soft-x-ray illumination from a synchrotron source [1]. However, the widespread 

use of short wavelength microscopy requires the development of more compact and 

more widely accessible instruments. The new high repetition rate table-top lasers 

developed as the result of the work described in the previous chapters created a path

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to the realization of very high-resolution tabletop imaging tools. By combining the 

output of the 13.2 nm Ni-like Cd laser with diffractive optics record high spatial 

resolution, better than 38 nm, was demonstrated obtained with exposures as short as 

several seconds [2],

Objective 

zone p ia te^

Test

pattern

Condenser 

zone plate

From 13 nm 

laser

Figure. 6.1 Schematic diagram of the 13.2 nm wavelength imaging system

The soft x-ray laser microscope is schematically illustrated in Fig. 6.1. The 

illumination source is a 5 Hz repetition rate tabletop laser Ni-like Cd laser capable of 

generating highly monochromatic 13.2 nm wavelength light with microwatt average 

power [3]. A condenser zone plate collects the laser light and focuses it onto the test 

pattern, and an objective zone plate forms the image of the test pattern onto a back 

illuminated charge coupled detector (CCD). This compact microscope takes 

advantage of the high brightness, high monochromaticity, and directionality of the 

new tabletop soft-x-ray lasers to produce high resolution images.

The actual spatial resolution of the microscope was experimentally 

determined by imaging the portion of the test pattern containing the periodic lines and
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spaces. Figure 6.2 shows an image of gratings with different periods, all of them with 

nominal 1:1 line/space ratio. The image was obtained with the Ar = 80 nm objective 

at X = 13.9 nm using a 20 second exposure. The lines with 90, 75, and 60 nm half- 

periods are clearly resolved (Fig. 6.2 a). The lineout of the images reveals a 

modulation in the 73 -  87 % range. The best resolution was obtained using the 

objective with Ar = 50 nm and A,=13.2 nm illumination from the Ni-like Cd laser. 

Similar images of the smallest available for these experiments, lines and spaces with 

38 nm half-period, resulted in ~ 70 % intensity modulation (Fig. 6.2 b). This result 

clearly demonstrates that the spatial resolution of the microscope is better than 38 nm.

b 38 nm

90 nm

Figure 6.2. a) 90, 75, and 60 nm half-period line patterns are well resolved with the
13.9 nm wavelength microscope. This image was obtained with Ar = 80 nm zone 
plate and 20 sec exposure time, b) 38 nm half-period line patterns are resolved with 
the 13.2 nm wavelength, with Ar = 50 nm zone plate and 20 sec exposure time.
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6.3 Future Work

The results presented here open numerous opportunities and challenges for the 

future. These include the optimization of these sources to produce unprecedented high 

average powers of coherent soft x-ray light on a table-top set up. Of significant 

interest is also the extension of the results to shorter wavelengths, in particular the 

demonstration of high coherence, high brightness seeded amplifiers operation at 13 

nm and beyond.

Aside from the microscopy application described above, these sources are of 

interest for several other applications. These include the metrology necessary for the 

implementation of extreme ultraviolet lithography as a fabrication tool for the

fabrication of the future generations of integrated circuits. Specifically, the

wavelength of the Ni-like Cd laser, 13.2 nm, is within the bandwidth of the Mo-Si 

multilayer coatings of the mirrors and masks that will be used for extreme ultraviolet 

lithography. This makes possible the implementation of interferometry tools to 

inspect and align the lithography projection optics as well as the possible

implementation of defect inspection tools. This is just one example, as the

opportunities opened by these new high repetition rate soft x-ray lasers also include 

surface physics, photochemestry and photophysics both in the gas phase and on 

surfaces, and plasma studies.
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