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ABSTRACT OF THESIS

LASING AT 52.9 NM IN NE-LIKE CHLORINE AND STEPS
TOWARDS SHORTER WAVELENGTH CAPILLARY

DISCHARGE LASERS

Significant advances have been obtained in the past few years in the development
of soft x-ray lasers. Both, laser-pumped and discharge-pumped schemes have been
successfully demonstrated. In particular, a very compact capillary discharge laser has
been demonstrated to deliver an average power of several mW in the 46.9nm line of Ne-
like Ar.

The work presented in this thesis, that was motivated by the possibility extending
the very practical discharge excitation scheme to other short wavelengths laser

transitions, can be divided in two parts. The first resulted in the successful demonstration
of amplified spontaneous emission in the 3p'S,-3s'P, transition of Ne-like Cl at 52.9
nm. Laser pulses of ~1.5 ns duration with energies up to 10 s/ and a beam divergence 4

mrad were obtained at repetition rates of 0.5 — 1 Hz. This new 23.4 eV table top laser is

of particular interest for applications requiring high peak fluxes of photons with energy



slightly below the He photoionization threshold. The results discussed in the
second part of this thesis represent the first steps necessary for the development of a
discharge—pumped Ni-like Cd laser at 13.2 nm. A room temperature source of atomically
pure Cd vapor was developed and used to inject Cd into the capillary channel, where it
was excited by a fast high current pulse to produce a hot dense plasma. The first
spectroscopic data of a capillary discharge plasma containing Ni-like Cd ions (Cdxx)
was obtained and analyzed. These results can be of use in future works when trying to

develop a collisionally excited discharge-pumped Ni-like Cd laser.

Maximo Frati

Department of Electrical
and Computing Engineering
Colorado State University
Fort Collins, CO 80526
Spring 2001
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CHAPTER1

1.1. Introduction

Several motivations exist for the development of practical soft x-ray lasers. They
include studies in atomic physics, photochemistry and photophysics, lithography, very
high density plasmas diagnostics, also in the future, when the wavelength drops below 1
nm, x-ray lasers will allow time-resolved x-ray diffractometry of biological and inorganic
substances and medical diagnostics.

Before focusing on the discussion of soft x-ray lasers, it should be mentioned that
the direct amplification of radiation in plasmas is not the only mean by which coherent
soft x-ray radiation can be generated. Other techniques include synchrotron sources'?,
free electron lasers (FEL)*, and harmonic up-conversion of high power optical lasers™”.
Synchrotron sources have the great advantages of broad tunability and high average
power. However, they have low peak brightness, and are very large and expensive to
build. Self-amplified soft x-ray emissions in FEL lasers are expected to have better

coherence and radiate at higher power than synchrotron sources, but still they are in their

infancy and far from being table-top devices. For a high order harmonic pulse, the highest



energy reported using a powerful glass laser was 60 nJ at a photon energy of about 50 eV,

which corresponds 7.5-10° photons per pulse’.

Although all the systems previously mentioned produce coherent soft x-ray
radiation, their size, cost or average power, requires improvement to allow their
widespread use in the applications mentioned above. Therefore, the development of more
accessible schemes for the generation of soft x-ray lasers becomes important. One very
convenient approach is the discharge pumping scheme which was proved to be successful
in 1994 whenvla:rge amplification was first obtained at 46.9 nm in Ne-like Ar. A very
compact system developed based on this approach is capable of generaﬁng laser pulses

with an average energy of 0.88 mJ at 4 Hz repetition rate corresponding to an average

power of 3.5 mW. At an energy per photon of 26.5 eV, this flux corresponds to 2-10"
photons per pulse®. Lasing by discharge excitation was also demonstrated in Ne-like S at
60.8 nm”.

The objective of this thesis is the development of methods necessary to extend
capillary discharge pumped lasers to other wavelengths. The work completed as part of
this thesis can be divided in two parts. The first part, discussed in Chapter II, consists in
the demonstration of lasing at 52.9 nm in Ne-like Chlorine’. Laser output pulses with an
energy up to 10 uJ were obtained in this line, at a repetition rate of 0.5 Hz by modifying
existing hardware that was previously used to obtain lasing at 46.9nm in Ne-like Argon.
The laser beam characteristics were studied, yielding a divergence of approximately 4
mrad. Chapter III discusses the second part of the research, in which the first results of
capillary discharge created metal vapor plasmas are presented as an approach to the

development of shorter wavelength soft x-ray lasers. For this purpose a new method for



creating cadmium vapor at room temperature was developed. Spectra corresponding to
cadmium up to twenty times ionized are analyzed for different discharge parameters with
the purpose of characterizing the plasma behavior. The results are useful as a step toward
optimizing the plasma condition for lasing.

The rest of this chapter discusses the collisional electron excitation scheme used
in our experiments and summarizes the pumping techniques that have been developed to

realize collisional soft x-ray lasers.

1.2. Collisional electron excitation

The electron impact excitation was one of the first soft x-ray laser schemes
investigated theoretically in detail'®". Collisional electron impact excitation of Ne-like
and Ni-like ions has resulted in some the most robust soft x-ray lasers available. In the
traditional implementation of these lasers the generation of a population inversion occurs
in a quasi-cw regime by strong collisional monopole electron excitation of the laser
upper level, aided by the very favorable ratio between the radiative lifetime of 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.

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

this approach, realized at Lawrence Livermore National Laboratory, involved the

2p°3p-2p° 3s transitions in Ne-like Se and Ne-like Y*°.



While any 2p" (n=1 to 6 ) isoelectronic sequence can be used in principle'’, the
n=6 Ne-like sequence'® has proven to be the most successful configuration in this type

of system. This is at least partially due to the greater stability of this ions in a transient
plasma, which is associated with the higher ionization potential of their closed shell
configuration. Following the first successful results in Ne-like Se, lasing has been
extended to nearly all of the Ne-like ions having atomic number between Si'° and Ag?
with wavelengths ranging from 87 nm to 9.93 nm . Figure 1.1 shows a simplified energy
level diagram for a typical Ne-like system illustrating the laser transitions and the
dominant processes involved in the generation of amplification. Also shown in this
diagram is how this scheme extends with Ni-like ions. In this case the laser transitions
take place between n =4 levels,such that An =072, The 3p laser upper (4d for Ni-like)
levels are dominantly populated by electron monopole collisional excitation from the ion

ground state and by cascades from higher energy levels.
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Figure 1.1. Energy level diagram for the Ne-like and Ni-like collisional laser schemes. In Ne-like
lasers, the amplification occurs for transitions between 3p and 3s energy levels. In the Ni-like scheme
the transitions amplified are the 4d-4p.



The population inversions are maintained by the very rapid radiative decay of the
3s laser lower levels (4p for Ni-like) to the ground state of the ion through strong dipole-
allowed transitions. Therefore, operation of these lasers in a quasi-cw regime requires

the plasma to be optically thin for the transitions originating from the laser lower level.

Lasers in the 3d°4d -3d’ 4ptransitions of Ni-like ions are in direct analogy to

2p°3p—-2p° 3s laser transitions in closed shell Ne-like ions, but have the advantage of

producing amplification at shorter wavelength for a given state of ionization. This higher
quantum efficiency for Ni-like ions significantly reduces the pumping energy required to
achieve lasing at a selected wavelength. Ni-like soft x-ray lasers were first demonstrated
in 1987 in an Eu laser-created plasma, producing a gain length product g/~ 4 at 7.1
nm**. Subsequently, the scheme was isoelectronically extrapolated to other ions with
laser wavelengths as short as 3.56 nm in Ni-like Au®. Recently, gain saturation has been
obtained at wavelengths as short as 5.8 nm**. Gain has also been observed in Co-like
jons®, and the use of the Nd-like sequence has also been proposed™.

Different pumping methods can be used to collisionally excite the soft x-ray laser
transitions. Two very successful schemes, discussed next in this chapter, are the use of

powerful optical lasers and fast capillary discharges.

1.2.1. Pumping using optical lasers

The collisionally excited soft x-ray lasers developed before 1990 consisted in

laser created plasmas generated by focusing optical laser pulses into solid targets. The



energies of the pump laser pulses range from several hundred Joules to several kilo-
Joules, and therefore involving the use of very large facilities'®!°2022:232633  The typical

experimental set up used to generate one such laser is schematically illustrated below in

figure 1.2.
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Figure 1.2. Scheme showing the generation of x-ray laser radiation using focused laser light as
pumping scheme. A short laser pulse is line focused onto a solid target using a cylindrical lens. The
laser pulse ablates material, creating and heating a high density plasma with the favorable conditions
for lasing by collisional electron excitation.

In the last several years much progress has been made in improving the laser
efficiency of collisional soft x-ray lasers. Strong refraction of the amplified laser beam,
caused by the large electron density gradients in the amplifier, was recognized early as a

major obstacle to the generation of efficient soft x-ray lasers with good beam quality.

Some of the methods implemented to mitigate refraction are the use of foil targets'®**,

35-38

opposite-gradient targets and curved targets™°, and in particular the use of one or

39-61

multiple pre-pulses In the pre-pulse technique the first pulse is used to create a



plasma with an optimized density for amplification and with reduced density gradients
for improved beam propagation. The subsequent pulses, which are more efficiently
absorbed in the gain region, heat the plasma to lasing conditions. This pumping method
leads to the observation of large amplification in a large number of elements with
dramatic increase in the J = 0-1 laser line intensity and reduced excitation energy.
Another important step in the reduction of the pump laser energy has been the use of
shorter excitation pulses. Daido et al. reported lasing in several lanthanide ions in the
spectral region between 5.8 nm and 14 nm using a three-prepulse sequence and a main

excitation pulse of 100 ps duration and 250 J of energy®>®.

A subsequent series of
experiments conducted at Rutherford Laboratories obtained gain saturation in several
transitions®*®’ with wavelengths as short as 5.86 nm (Ni-like Dy®®) using sequences of 75
ps duration pump pulses with about 100 J of energy. Balmer and co-workers used a
relatively compact Nd:glass laser to demonstrate saturated lasing in Ne-like Fe (25.5 nm),
Ni-like Ag (14.0 nm) and Ni-like Pd (14.7 nm) with driving energies below 30 J in a 100

%61 In terms of improving the soft x-ray output beam characteristics double

ps pulse
pass amplification experiments have demonstrated increased spatial coherence and
reduced beam divergence®.

The collisional electron excitation scheme described above is intrinsically a quasi-
steady state scheme in which lasing can occur for as long as the plasma conditions
necessary for the generation of a population inversion are maintained. It was first
recognized by Afanasiev and Shlyaptsev® that one to two orders of magnitude larger

gain coefficients can be produced for a short period of time (typically sub-picosecond to

tens of picoseconds) by heating the plasma faster than the relaxation rate of the excited



states. The larger gain coefficients are mainly the consequence of the larger rate of
excitation of the laser upper level from the ion ground state by electron collisions, that
results in a large population inversion before collisions have time to redistribute the

populations. Another phenomenon that contributes to a larger gain is the increased rate of
electron excitation in an overheated plasma. Transient gains greater than 100 cm™ have

been predicted theoretically®’. In the transient regime there is no need to limit the
transverse dimension of the plasma in order to ensure optical transparency of the laser
lower level radiation. A main advantage of the transient excitation scheme for the
realization of table-top x-ray lasers is the greatly reduced laser pump energy required for
excitation. The recent availability of multi-terawatt ultrashort pulse optical laser systems
with output energies of several Joules opened the opportunity to demonstrate soft x-ray
lasing by transient electron collisional excitation’'”’. The implementation is based on a
two-step excitation sequence. First, a long laser pulse ( typically nanosecond duration) is
used to produce a plasma containing the desired active ions, which again are usually
closed shell Ne-like or Ni-like ions. The temperature of the plasma generated with this
pre-pulse must be sufficiently high to produce an abundant ground state population of
these ions, but does not need to reach the values necessary to populate the laser upper
level. The plasma is allowed to expand hydrodynamically to reach the desired degree of
ionization, optimum electron density, and minimum possible electron density gradient.
Second, the plasma is heated with a picosecond or subpicosecond laser pulse to rapidly
increase the electron temperature to values that exceed the excitation energy of the laser
upper level. The ionization balance is not significantly altered and a large transient

population inversion is generated by electron excitation. The first demonstration of



amplification by transient inversion was realized by Nickles et al. in the 32.6 nm line of
Ne-like Ti’'. The experiment used a hybrid CPA Ti-sapphire/Nd:glass pump laser
delivering a long laser pulse of 1.2 ns duration and 3 J of energy, synchronized with a
short laser pulse of 0.7 ps duration and 2 J of energy. The soft x-ray laser pulse duration
was measured to be less than 20 ps. The results were analyzed to correspond to an

average gain of 19 cm” and a gain-length product g/ ~9.5"!. Weaker lasing was also
observed in a line near 30 nm, identified as the 3d —3p, J = 1-1 transition in Ne-like Ti.

These results were improved and extended to other Ne-like ions (such as Fe and Ge) and
Ni-like ions in subsequent experiments conducted at several laboratories’"’. Dunn et al.
reported gains of up to 35 cm™ and g/ ~12.5 inthe 4d 'S, —~4p 'P, line in Ni-like Pd at
14.7 nm™, and large amplification in several other Ni-like ion transitions. The gain
coefficient for target lengths between 1 and 2 mm was about 35 cm™, but continuously
decreased to reach a value of 3.9 cm™ for target lengths above 7 mm. This smooth
decrease of the gain with target length has been observed in all non-traveling wave
transient collisional excitation experiments, and resembles gain saturation. However, it is
mainly caused by the short duration of the gain and by refraction. Gain saturation with
the transient excitation scheme was first demonstrated on the Ne-like scheme for the 32.6
nm line of Ne-like Ti and the 19.6 nm line of Ne-like Ge at Rutherford Laboratories’*.
However, these experiments utilized a total reported excitation energy of 32 J and 60 J
respectively, which is not available in smaller facilities. To achieve gain saturation with
smaller excitation energy, traveling wave excitation schemes have been implemented at

several laboratories. The short gain duration in these transient systems, T, limits the

amplification length to values less than cT, (where c is the speed of light in the plasma),



unless traveling wave excitation is used to maintain the excitation in phase with the
amplified x-ray pulse. A traveling wave system was used to demonstrate gain saturation
in Ni-like Pd at 14.7 nm with 1.8 J of long pulse energy and 5.2 J of short pulse. With the
traveling wave excitation scheme, an increase in x-ray laser intensity of 20 to 100 times

5

was observed with respect to the no traveling wave configuration. The soft x-ray laser

output energy with traveling wave excitation was estimated to be approximately 10 s/ .
Strong amplification was also obtained in Ni-like ion ranging from Mo (18.9 nm) to Sn
(11.9 nm)™. A different traveling wave method was also used at Rutherford to obtain
gain saturation in several Ne-like ions and in Ni-like Sm at 7.3 nm’. Experiments
conducted at CEA-Limeil yielded gain saturation in the 13.9 nm laser line of Ni-like Ag

and also observed strong amplification at 16.05 nm in a 4f —4d transition in the same

ion”’. Future improvements in pumping efficiency resulting from optimized target

configurations and traveling wave excitation can be expected to lead to saturated transient
inversion soft x-ray lasers occupying a single optical table, and to tabletop lasers that

operate at shorter wavelengths.

Another method for pumping collisional lasers in which traveling wave excitation
is intrinsic was demonstrated by Lemoff et al. in Pd-like Xe utilizing optical field
ionization’®. In this scheme an intense circularly polarized femtosecond laser pulse is
used to simultaneously create close shell ions and hot pumping electrons by tunneling
ionization. In the experiment the excitation was provided by circularly polarized laser
pulses with an energy of 70 mJ and a duration of 40 fs generated by a CPA Ti:sapphire
laser operating at 10Hz. The radiation of the pump laser was longitudinally focused onto

a Xe gas target to tunnel-ionize the atoms to the Pd-like stage and produce hot electrons

10



that collisionally excite the laser upper level. The pump laser was focused by a 50 cm

focal length mirror to an intensity greater than 3-10' —-E,—z- An amplification of gl ~11
cm

was measured in the 41.8nm line of Pd-like Xe for a cell length of 8.4 mm. Subsequent
experiments determined that to achieve a high gain it is critical to avoid a significant pre-

pulse in the femtosecond pump pulse®.

1.2.2. Fast capillary discharge pumped lasers

In 1994, six years after capillary discharges were proposed as pumping schemes
for compact high eﬁicienéy soft x-ray lasers’, the first observation of large soft x-ray

amplification in a discharge created plasma was realized by Rocca et al. in the
3s 'P" -3p 'S, transition of Ne-like argon at 46.9 nm®**®'. In that initial experiment,

current pulses of 60 ns half-cycle duration and 40 kA peak amplitude were used to excite
Ar plasma columns 4 mm in diameter and up to 12 cm in length. The capillary was
placed in the axis of a 3 nF liquid dielectric capacitor as it is shown in figure 1.3, and was
pulse-charged by a Marx generator The capillary loads were excited by discharging the
capacitor through a spark-gap switch pressurized with SFs A small gain was also
observed in the J=2-1 line of Ne-like Ar at 69.8 nm®'. The optimum conditions for
lasing occur several ns before stagnation, when the first compression shock wave reaches

the axis. Lasing by collisional electron excitation of Ne-like Ar ions takes place at a time

when the electron density is rapidly increasing and reaches a value of 0.3-1-10"cm™,

11



and when the electron temperature is around 60-80 eV®. The laser pulsewidth is
approximately 1 ns in duration®’**. Subsequent experiments employing longer plasma
columns under better optimized discharge conditions yielded an effective gain-length
product g/ ~ 27 and resulted in the first observation of gain saturation in a table-top soft

x-ray amplifier?. Saturation of the laser intensity was observed at gain-length products of

about 14%,

Switch

Capillary
Rogowski Coil
Fast valve

Marx Generator +HV = To Spectrometer

'

To Vacuum Pump

Liquid Capacitor

Figure 1.3. Schematic of the capillary discharge setup utilized by Rocca et al.,, to achieve coherent
agpliﬁcation in Ne-like Ar. A modified set up was used by Tomasel et al. to obtain lasing in Ne-like
S*.

In this type of discharge pumped amplifiers, the duration of the gain is usually

shorter than the time required for the effective use of an optical cavity. Consequently,

12



discharge-pumped soft x-ray lasers operate without a cavity with a single pass
amplification of the spontaneous emission. Then, the spectrally integrated intensity of the

laser line depends on the length of the medium as:

1=[£) (e —1)7 (gle® ) 2

g

where g is the small signal gain coefficient, / is the length of the medium, and E is a
constant proportional to the emissivity**. This exponential amplification continues until
the saturation intensity value is reached. The circles in figure 1.4 represent experimental
data for the intensity of the 46.9 nm laser transition in Ne-like Ar versus the length of the
medium. The solid line corresponds to the fit of those values using the previous formula
(Linford). From the fit, a value of g =0.92 cm™ and a saturation length of 15 cm "** is

obtained.

10°
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Figurel.4. Integrated intensity of the 46.9 nm line of Ne-like Ar as a function of plasma column
length in a capillary discharge amplifier. The exponential increase of the intensity ceases at / ~15,
where the saturation intensity is reached.
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Direct excitation of plasma columns with an electrical discharge has the
advantage of generating soft x-ray lasers that are very efficient and compact. Fast
discharge excitation of capillary plasmas has produced the highest soft x-ray laser
average power to date®®®, 3.5 mW. In these lasers the electromagnetic forces of a fast
current pulse flowing through a 3-4 mm diameter capillary channel rapidly compress the
plasma to a column of about 300um diameter. Figure 1.5 schematically illustrates the
process that leads to the generation of laser radiation in the capillary channel. The fast
current risetime minimizes the amount of material that is ablated from the capillary walls

before the magnetic field detaches it from the walls®*$25788,

A (2)
« A
Pre-ionized gas < { \\ \ \
M ]
A\ 7
- Capillary
Channel
A A (b)
e
} } } Current
Plasma Column 7 )
Magnetic Field

A A A ©)

Soft x-ray \ \
Radiation -'I /}

]
/
e

B DEig
. 4

Figure 1..5. Scheme showing the steps in the generation of soft x-ray radiation from a discharge
created plasma. (a) The gas is injected in the capillary channel and then pre-ionized. (b) The
magnetic field produced by the current pulse compresses the plasma. (¢) The soft x-ray radiation is
obtained shortly before the time when the plasma column collapses (pinch), corresponding to a high
density and high temperature plasma.
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A very compact high repetition rate saturated 46.9 nm laser of size comparable to
that of many widely utilized visible and ultraviolet gas lasers was developed utilizing the
capillary discharge technology®®*%¢. This laser was operated with capillaries 18.2 cm in

length at a repetition rate of 7 Hz to produce an average output pulse energy of 135 w/J,
corresponding to an average laser power of ~1 mW ®. Increasing the plasma column
length to 35.4 cm resulted in the generation of 0.88 m.J laser pulses at a repetition rate of
4 Hz, corresponding to an average power of 3.5 mW ®. The spatially coherent average

output power per unit bandwidth emitted by this compact laser at 26.5 eV is comparable
to that one generated by a beam-line at a third generation synchrotron facility, while, its
peak coherent power per unit bandwidth exceeds that of the synchrotron by several orders

of magnitude®®®.

These capillary discharge pumped table-top lasers were successfully used in
several applications, including high resolution soft x-ray laser interferometry®,
shadowgraphy of plasmas®, the measurements of XUV optical constants of materials’’,

and the demonstration of laser ablation with a focused soft x-ray beam®”.

The Ne-like Ar results were extended to Ne-like S (60.8nm)’*. To obtain
amplification in Ne-like S, the discharge setup illustrated in Fig. 1.4 was modified to
allow the sulfur vapor to be injected into the capillary channel through a hole in the
ground electrode. The sulfur vapor was produced ablating the wall of an auxiliary
capillary channel drilled in a sulfur rod by a slow current pulse. The generation of gain in
Ne-like sulfur plasmas from a solid target using a table top capillary discharge proved the

feasibility of producing amplification utilizing capillary discharge excitation schemes in

15



elements that are solid at room temperature. This is of vital importance in the attempt to
extend this scheme to shorter wavelengths since scaling of collisionally excited capillary
discharge lasers to wavelengths shorter than 46.9 nm, will require the use of elements
heavier than Argon, leading into the metallic section of the periodic table.

The generation of coherent radiation at shorter wavelengths requires heavier
elements to be ionized several times in order to observe transitions between high energy
levels. As an illustrative example, while to obtain laser action in argon at 46.9 nm it is
necessary to ionize the argon atoms eight times (Ar *%), the generation of coherent
radiation at 13.2 nm in cadmium requires the atoms to be ionized twenty times, and
subsequently excited to the upper energy level, as shown in figure 1.1. The power density
needed to accomplish such task is one to two orders of magnitude larger than the power
density required to produce lasing in argon. Subsequently a new type of discharge
configuration was designed to be able to deliver a very large amount of energy in very
short period of time. This discharge scheme and the first results in capillary discharge-

created metal vapor plasma are presented in chapter III of this thesis.
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CHAPTER II

DEVELOPMENT OF 10 MICRO-JOULE TABLETOP
LASER AT 52.9 NM IN NE-LIKE CHLORINE.

2.1. Introduction

There is much interest in the demonstration of practical XUV and soft x-ray lasers
that would offer a variety of wavelengths for applications. As discussed in the previous
chapter, several laser excitation schemes for the development of tabletop short
wavelength lasers, based on the excitation by optical lasers or fast capillary discharges,

are currently under investigation' >

. While gain has been demonstrated in a large number
of transitions, to date, only a few compact short wavelength lasers have been reported to
produce laser pulse energies greater than 1 uJ. These include a capillary discharge
pumped 46.9 nm Ne-like Ar laser that has produced average output pulse energies of
0.88 mJ at 4 Hz repetition rate'!, and laser-pumped transient inversion lasers in Ni-like
Pd at 14.7 nm and Ni-like Mo at 18.9 nm, that have produced output pulse energies of

about 10 pJ and 2-5 uJ respectively, at repetition rates of one shot every 4 minutes®.

There is significant interest in extending the availability of practical tabletop short
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wavelength lasers to other wavelengths. In particular, applications in photochemistry and

photophysics can significantly benefit from laser sources of high energy photons that are

capable of single-photon ionization of any neutral specie, yet fall short of the 24.6 eV

corresponding to the He photoionization threshold. These applications include the study

of nanoclusters created by optical laser ablation, a technique that uses He as a carrier
13

gas .

In this chapter, the generation of laser pulses at 52.9 nm (23.4 eV) in the 3p 'S, -

3s'P, transition of Ne-like Cl utilizing a very compact tabletop capillary discharge is
discussed. Figure 2.1. is an energy level diagram of Ne-like Cl showing the laser
transition. Laser amplification of this line was previously observed by Y. Li et al. in a
plasma generated by exciting a solid KCl target with 450+20 J laser pulses of 0.45 ns

duration produced by the powerful Asterix iodine laser facility at a rate of several shots
per hour'*. In that experiment the amplification obtained in a 3 cm long plasma (gl ~ 7.5)
was far below that required to reach gain saturation, limiting the laser pulse output energy
to relatively low values. In the 18.2 cm long discharge-pumped plasma column used in
the experiments reported in this thesis the amplified spontaneous emission intensity
reached values of the order of the saturation intensity, allowing for the generation of a
significantly greater laser output pulse energy. Laser pulses with energy up to 10 uJ
were measured operating the discharge at rates between 0.5 and 1 Hz. Moreover, the
results were obtained with a very compact tabletop device of size comparable to some of

the most widely used visible and ultraviolet gas lasers.
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Figure 2.1. Energy level diagram for Ne-like Cl. The red line shows the laser transition between the
energy levels 3p'S -3s'P.

2.2. Experimental setup

Although the capillary discharge set up utilized in the experiment is similar to that
previously used to obtain lasing in Ne-like Ar at high repetition rates'’, special care had
to be taken to protect the detection and diagnostics equipment from the corrosive effect of

Cl. The chlorine gas was continuously admitted into the capillary channel using
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chemically compatible Teflon tubing and stainless steel fittings. The gas was pumped
using a rotary vane pump containing perfluoropolyether oil and turbomolecular pumps
purged with N,. An aluminum fitter 1400 A thick was placed between two
turbomolecular pumps to isolate the laser from the detection system. Figure 2.2. shows a

scheme of the setup utilized in the experiment.

Gas
Al Pinhole Inlet
Gate , filter
y / \ =
Spectrometer E = Lo X-ray
= aser

Mechanical
Pump

Turbomolecular
Pumps

Figure 2.2. Scheme of the experimental setup utilized for the demonstration of the chlorine laser. The
figure shows the differential pumping stage used to isolate the detection system from the corrosive
effects of the chlorine gas.

The gain media, consisting of a plasma column of the above mentioned length,
was generated by rapidly exciting a 3.2 mm inside diameter aluminum oxide capillary
channel filled with pre-ionized chlorine gas with a fast current pulse. Amplification was
observed at Cl, pressures ranging from 120 to 300 mTorr. The plasma columns were

excited by current pulses of approximately 23 kA peak amplitude, 10-90 % rise-time of
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approximately 25 ns, and first half cycle duration of 110 ns. In this discharge, the fast
current pulse rapidly compresses the plasma creating a small diameter column'” in which
monopole collisional electron excitation of Ne-like Cl ions creates a large population

inversion between the 3p 'S, and 3s'P, levels, resulting in strong amplification at 52.9

nm.

Spectral diagnostic was implemented utilizing a 1m focal length normal incidence
spectrograph containing a 600 J/mm diffraction grating. The detector consisted of two
microchannel-plates (MCP) in a chevron configuration, a phosphorus screen and a
charged-coupled device (CCD) detector array. The front MCP, coated with magnesium
oxide to enhance the photoelectron response, was voltage pulsed in order to perform time

resolved measurements.

2.3. Experiment and results

In order to detect and demonstrate laser action, time resolved spectra were
obtained covering the vicinity of the laser transition. Figure 2.3. shows spectra of the
axial emission of the discharge, covering a 40 nm region in the vicinity of the J =0-1
laser line of Ne-like Cl. The spectrum obtained at a pressure of 120 mTorr (Fig. 2.3.a),
shows line emission at the 52.9 nm wavelength of the laser transition. However, at this
pressure, the intensity of this line is weak, smaller than that of several neighboring
transitions of Clvi and Clvn, which cannot be inverted. A dramatic change in the spectrum
was observed when the pressure was adjusted to 224 mTorr, the optimum pressure for

lasing (Fig. 2.3.b). At this pressure, the laser line is over two orders of magnitude more
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intense and completely dominates the entire 40 nm wide spectrum. This is clear evidence

of large amplification in the 52.9 nm line.
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Figure 2.3. On-axis emission spectra of the Cl capillary discharge plasma in the region between 30
and 70 nm. (a) spectrum corresponding to a 120 mTorr discharge. (b) spectrum corresponding to a
224 mTorr discharge. In the latter, the dominance of the 52.9 nm Ne-like Cl transition is a clear
indication of strong amplification.
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The most common way to characterize the performance of XUV and soft x-ray
lasers is the measurement of the gain of the integrated laser line intensity as a function of
plasma column length. However, since in our case the laser output intensity was observed
to be high, we could afford to directly measure the laser output energy which is of higher
practical interest for applications. The energy and temporal evolution of the laser output
pulse were monitored with a vacuum photodiode placed at a distance of 90 cm from the
exit of the laser. The data was recorded and stored by a 2 Gs/s digitizing oscilloscope
with 500 MHz analog bandwidth. The efficiency of the aluminum photocathode was
previously calibrated with respect to a silicon photodiode of known quantum efficiency’.
To avoid saturation of the photodiode, the laser output was attenuated with a stainless
steel mesh of measured transmissivity. Figure 2.4. shows a laser pulse with energy of
10 u4J measured operating the system at a repetition frequency of 0.5 Hz. For an
accurate measurement of the laser pulsewidth we utilized a fast vacuum photodiode and a
1Ghz bandwidth analog oscilloscope. The laser pulsewidth was obtained by correcting
the measured signal for the response of the detection system. The measurement of
multiple shots yielded an averaged laser full width half maximum (FWHM) pulse of
1.56 +£0.25 ns. The corresponding peak power is approximately 7 kW. However, the shot
to shot variation in the laser pulse energy was significantly larger than those measured
operating the laser at 46.9 nm using Ar'®!!. The laser output pulse energy was also
observed to be significantly deteriorated at repetition rates greater than 1 Hz. This is
probably due to insufficient gas renewal in the capillary channel, in which the reactive

nature of excited Cl, gas leads to the buildup of contaminants.
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Figure 2.4. Temporal evolution of the laser output pulse. The insert in the top right corner
corresponds to the signal recorded with a fast vacuum photodiode and a 1-GHz bandwidth analog
oscilloscope. The signal corrected for the limited bandwidth of the detection system yields a laser

FWHM pulsewidth of 1.56 ns.

A direct measurement of the beam divergence was also obtained by recording the
far-field pattern of the laser beam. The laser beam profiles were recorded using a detector
composed of a MCP, a phosphorus screen and a CCD, placed at 97 cm from the end of
the capillary. The MCP was gated for about 5 ns to minimize the background signal
resulting from the long lasting spontaneous emission radiated by hundreds of spectral

lines excited by the discharge. The laser beam was attenuated by the Al-Si filter that was
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again used to protect the MCP from Cl, gas. Figure 2.5. illustrates the far field beam
profile measured at optimum discharge conditions. The beam was observed to present
maximum intensity on axis, and a FWHM divergence of approximately 4 mrad.

The next chapter discusses the results of the work conducted utilizing a high
power capillary discharge developed with the purpose of extending capillary discharge

pumped soft x-ray lasers to shorter wavelengths.
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Figure 2.5. Far field profile of the chlorine laser pulse corresponding to a Cl pressure of 224 mT and
a current peak of 23 KA. (a) Picture of the beam at 94 cm from the output. The pattern observed is
due to the mesh used to sustain the 1400 A filter. (b) Same image after filtering. (c) 3-D plot of the

beam profile.
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CHAPTER I

STEPS TOWARDS THE DEVELOPMENT OF CAPILLARY
DISCHARGE LASERS AT SHORTER WAVELENGTHS

3.1. Introduction

In the previous chapter the demonstration of a 52.9 nm laser in Ne-like Cl (seven
times ionized CI) was discussed. The generation of lasers at shorter wavelengths requires
heavier elements to be ionized several times in order to obtain higher energy level
transitions.

Although the Ne-like isoelectronic sequence (lszZ 252 2 p6) has proven to be
successfill in the creation of laser transitions’, a faster scaling to shorter wavelengths is
obtained using higher Z atoms in the Ni-like configuration as it can be seen in figure 3.1.

Lasing in Ni-like ions takes place in An =0 transitions between n =4 levels®.
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Figure 3.1. Plot showing the scaling of the wavelength with the ionic charge (Z) for Ne-like and Ni-
like ions.

As discussed in the next section we selected cadmium vapor plasma as possible
gain medium of Ni-like ions. This chapter discusses preliminary studies related to the
possibility of observing gain at 13.2 nm in a capillary discharge created plasma using

these ions.

3.2. Motivation and approach

There is a particular interest in the election of cadmium as the amplification
medium for soft x-ray lasers and it resides on the facts that cadmium can be easily

vaporized, and it has the right energy level configuration to obtain laser radiation in the

transition 4d 'S, - 4p'P, in Ni-lke Cd at 13.2 nm. This wavelength, considerably
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shorter than 46.9 nm obtained in Ne-like Ar’, has a significant importance for EUV
lithography.

In order to obtain gain in a Cd vapor medium at 13.2 nm, plasmas with electron
temperature greater than 300 eV and density around 10% cm™ need to be generated. This
plasma conditions require a much larger power density deposition than that produce in
the Ne-like Cl experiment, which can in principle be obtained increasing the discharge
current. However, in capillary discharge-created plasmas, an increment in the excitation
current does not necessarily result in a significantly higher plasma temperature, as more
material is ablated from the walls. For example, high current pulses of 500 kA and 300 ns
rise time injected through narrow capillary channels have created high density but very
cold plasmas (Te = 10 eV), which have been used for the study of transport coefficients
in partially degenerated, strongly coupled plasmas®. Under this conditions, the material
injected into the plasma by wall ablation limits the temperature to relatively low values.
The key to generate a hot plasma in a capillary discharge consists in depositing a very
large energy density during a very short period of time. A fast rise of the current allows to
rapidly decouple the plasma from the capillary walls. For this purpose, a new high power

fast capillary discharge set up was designed and implemented’.

3.3. Development of high power pulse generator and capillary discharge

As mentioned in the previous section, in order to create the conditions for a short

wavelength laser emission to occur in a capillary discharge created plasma, a large and
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very fast current pulse must be generated. In order to supply a high power density, the
three-stage pulse compression scheme, shown in figure 3.2., was developed®. The three
segments of the setup, in the direction of the traveling current pulse, are a Marx

generator, a water capacitor and a Blumlein transmission line.
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Figure 3.2. Schematic illustration of the pulse compression scheme to produce high power electrical
pulses by successive transfer of energy, operating principle and the observed outputs of the current
generator. The arrows indicate the relative time at which the different switches are closed.

Each of the three pulse compression stages are separately discussed below.
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3.3.1 Marx generator

The first block from the left in figure 3.2 represents a Marx generator. In this case
consists of eight capacitors separated by eight spark-gap switches. In normal operation,
these capacitors are charged in parallel and discharged in series generating at the output
eight times the charging voltage.

The Marx generator is the initial energy storage medium, converting the DC
current from the charging power supply, in the milliampere range, into a 10 k4,1.3 us
rise time current pulse. When operated fully charged, it delivers peak voltage pulses of
800 kV. In the experiments reported herein, each of the eight stages of the Marx was
charged to 70 kV, giving an output voltage of 560 kV. The current pulse created by the
Marx generator is used to charge the water capacitor that constitutes the second stage of

pulse compression.

3.3.2. Water capacitor

The second compression process makes use of a water capacitor (shown in the
central part of fig. 3.2). This part of the setup consists in a coaxial capacitor 1 m in
diameter that uses water as a dielectric, and which has a total capacitance of 26 nF . The
purpose of this stage is to significantly shorten the duration of the pulse generated by the
Marx to create a narrower current pulse that can rapidly charge the third and last stage.

This compression is achieved by drastically reducing the inductance between one stage
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and the next. The water capacitor is connected to a self-triggered spark-gap switch that

onces closed produces a ~80 k4, 100 ns rise time current pulse.

3.3. 3. Blumlein transmission line

The final compression stage is a Blumlein transmission line consisting of three
circular parallel plates and seven radially arranged spark gap switches.

The basic structure of a Blumlein transmission line may be viewed as two simple
transmission lines connected in a way such that they are charged in parallel and
dischharged in series. This configuration can produce an output voltage twice as high as
that of a simple transmission line on an open load. An equivalent circuit is shown in

figurre 3.3.
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Figuree 3.3. Equivalent circuit for a Blumlein transmission line in parallel-plates configuration, A=
upper- plate, B = middle plate, C = lower plate; Z1, Z2 = characteristic impedance of upper and lower
lines; Z’ = load impedance.
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A Blumlein transmission line can be constructed either in cylindrical form or in a
parallel plate configuration. In parallel plate form, its basic structure mainly consists of
three parallel plates arranged in the configuration shown in figure 3.4. For operation at
very high voltages the space between the plates is filled with a liquid dielectric medium,
such as oil or de-ionized water. Between the middle (B) and lower plate (C) there is a
switch to control the discharge of the line. The distance between the plates and the width
of the plates is chosen to obtain the desired characteristic impedance while maintaining
the electric field below the value of dielectric breakdown. The load (Z’) is commonly
connected between the lower (C) and the top (A) plate. The high voltage input (HV) that
charges the line is fed in via the middle plate. In our implementation, however, the plates
are circular, the capillary load is placed at the axis, and several spark gaps are distributed
along the periphery as shown in figure 3.4.

The motivation for using a circular array of seven spark-gaps is to obtain a very
low switching inductance resulting in a very fast output current pulse rise time. Moreover
it is necessary to provide a symmetric and synchronized switching of the transmission
line. This produces a radially symmetric electromagnetic wave that rapidly advances
towards the center of the circular parallel plates, generating a fast current pulse on the
load located at the axis of the discharge. It should be noticed that an asynchronous firing
of the switches would result in a broadening of the current pulse. Once the current pulse
leaves the last compression stage its rise time is reduced a hundred times respect to the

original pulse generated by the Marx generator (from ~1us to ~10ns).
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Figure 3.4. Schematic showing a side view cut of the last pulse compression stage, the radial Blumlein
transmission line.

This high voltage pulse generator is able to produce peak current pulses of up to
225 kA with 10 ns rise time (10%-90%) and full width half maximum (FWHM) of 20ns
over a 1 cm long capillary load. A typical current pulse and the maximum current pulse
obtained up to date using this generator, are shown in figure 3.5. The higher amplitude
and shorter nature of the pulse shown in the lower part of the figure are the result of a

better synchronization of the radial spark-gap switches.
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Figure 3.5. Measured current pulses obtained over a 1cm long capillary load. The difference in the
amplitude and rise time between the two pulses is due to a better synchronization of the seven spark-
gap switches.
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In order to obtain a more uniform plasma column suitable for laser amplification,
the plasma must be pre-ionized. This is achieved using an auxiliary discharge that
generates a low amplitude and slow current pulse. This discharge is triggered
10 us before the fast current pulse reaches the capillary.

The whole firing sequence involves the synchronization of ten events from the
charging of the Marx bank to the time-resolved acquisition of the radiation pulse. The
process is entirely controlled by electronics through a computer interfaced console,
allowing just ohe person to drive the entire equipment, including the discharge and the

diagnostics.

3.4. Generation of highly ionized plasma column in Argon gas

Time resolved spectroscopy of the plasma columns generated by the experimental
setup mentioned in section 3.2. (for a more detailed description see ref. 5) was performed
using argon gas. Although argon is not expected to show amplification at wavelengths
shorter than 46.9 nm, it was selected because its well known XUV spectral composition
and the extensive previous experiments carried out by our group with this gas greatly
facilitate its use as a test element to characterize the discharge. The setup used to perform
these spectral measurements is schematically shown in figure 3.6. It consists of a gold-
coated cylindrical mirror that focuses the radiation emitted by the plasma into the
entrance slit of the 2.2 m grazing incidence spectrometer. A fast shutter is placed between

the mirror and the spectrometer to protect the optics and the detection elements from the
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debris that originates in the electrodes and capillary walls. Inside the spectrometer, a

600 %n - gold-coated diffraction grating place at 4.2° respect to the incoming radiation

disperses the different wavelengths along the Rowland circle. Because soft x-ray
radiation does not propagate in air, the entire light path is under vacuum (z 10°° Torr).
The detection system is composed of two micro-channel plates (MCP) arranged in
chevron configuration, a phosphorus screen and a charged-coupled device array (CCD).
The MCP have a double purpose, they act as intensifier (a gain factor ~10°) and they
provide time resolution by gating the gain for a short time (approximately 5 ns FWHM
time resolution). The surface of the MCP exposed to the incoming soft x-ray radiation is
coated with MgO to improve the efficiency. The phosphorus screen is used to convert the
electrons coming from the MCP to visible light, so then they can be read by the CCD and

loaded into the computer for further analysis.
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Figure 3.6. Schematic view of the grazing incidence spectrometer used to analyze the radiation
emitted by the capillary discharge.



From the observation of the radiation emitted by the different ions present in the
plasma for different discharge conditions (current, pressure, and time delay respect to the
beginning of the current pulse.), an estimation of the electron temperature can be
obtained. Figure 3.7. shows a series of four time-resolved spectra of argon at different
times during the plasma compression process with the discharge parameters being
approximately the same for all the shots. The data were obtained using a 3 mm diameter
by 25 mm long ceramic capillary. The Ar pressure inside the channel was 1 Torr. The
time indicated in the upper right corner of each spectrum in figure 3.7 is the delay
measured between the beginning of the current pulse and the center of the 5 ns wide
detection window. The Arxy transition appears on the spectrum at 18 ns, but the higher
intensity is obtained 25 ns after the start of the current. At this point the plasma is
reaching its maximum electron temperature estimated to be around 250 eV. This time
will vary accordingly to different discharge conditions like gas pressure, gas composition,
capillary diameter, amplitude and rise time of the current pulse, etc.

A similar analysis was done in which the current amplitude was varied. Figure 3.8
compares a series of spectra with a similar time delay. In this case the intensity of the
22.11 nm of Arxy line increases as the current amplitude increases. What it should be
noticed in figures 3.7 and 3.8, more than the intensity of the 22.11 nm transition, is the

ratio between this line and the neighboring lines with lower degrees of ionization.
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3.5. Effect of heavy atoms

It is well known in plasma physics that the presence of heavy elements in plasmas
can contribute to significantly cool the plasma through intense line radiation, that
constitute important losses in the energy balance equation. In order to verify the
feasibility of the generation of highly ionized species in heavier elements, a useful study
is to observe the spectrum of the radiation emitted by a particular ion when a heavier
element is added to the plasma.

In the experiment discussed in this section, time resolved spectroscopy of an Ar-
Xe gas mixture was performed for different proportions of xenon gas. Figure 3.9 shows a
series of spectra in the 20-23 nm region for different mixing proportions.

The mixture of the gases was realized inside a separated container equipped with
a rotary vane and a pressure gauge. The desired mixture proportions are achieved
adjusting the partial pressure of the gases. The gases are agitated for about 15 min before
the mixture is injected into the capillary.

From figure 3.9 it can be seen that, even with 20 % of xenon gas in the mixture,
the argon line at 22.11 nm corresponding to Arxy is still present in the spectrum. This
result gives some confidence in trying to obtain higher degree of ionization in heavier
elements. In order to study cadmium as a heavy element medium for lasing at shorter
wavelenths, a room temperature metal vapor source was developed to produce and inject
vaporized cadmium into the capillary channel. The next section discusses this cadmium

source in some detail.
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Figure 3.9 Series of four spectra with same discharge conditions and different gas composition,
ranging from pure argon to 80 % argon and 20 % xenon. Delrin capillary 4 mm in diameter, 195 kA,
and 1T.
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3.6. Development of room temperature metal vapor source.

Like most metals at room temperature, cadmium, is found in the solid state. In
order to uniformly fill the capillary channel with cadmium vapor, the metal first needs to
be vaporized. Although the simplest way to create vapor out of a metal is by heating up a
small sample of the material, an alternative technique had to be developed because the
geometry of the discharge makes impossible the implementation of an oven in the region
where the high voltage is present. In order to create a reasonable uniform metal vapor
column inside the capillary channel, a small discharge that uses a cadmium electrode was
designed. Figure 3.10 illustrates the implementation of this discharge in the setup shown

in figure 3.4. A scheme of the pulse generator is also shown.

A discharge between the cadmium electrode and the ground electrode produces a
current pulse that can be varied from 1.5 kA to 15 kA in order to create different
cadmium densities inside the capillary channel. This controlled current pulse is triggered

10 us before the pre-ionization discharge is fired in the capillary, creating a metal vapor

jet that completely fills the capillary channel.
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Figure 3.10. Schematic diagram of the room temperature metal vapor source and the corresponding
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In order to achieve a significant gain-length product, the plasma column created
must be uniform over a certain length, it must have the right temperature and density and
it must be very pure in cadmium composition. With the purpose of determining the purity
of the metal vapor generated by the small discharge setup, spectral measurements of the
cadmium vapor were taken using a visible normal-incidence spectrometer with a 300
I/mm grating. From figure 3.11. it can be seen that no significant spectral lines other than
cadmium transitions were observed over a wide range of wavelengths from ultraviolet to

the infrared end of the visible region of the spectrum.
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Figure 3.11. Spectrum in the visible region of the cadmium vapor generated by the setup shown in
figure 3.10.
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The fact that in the spectrum shown in figure 3.11 only the cadmium transitions
are visible, is a clear indication that the composition of the vapor created is practically
atomically pure cadmium.

In the next section the first results corresponding to the generation of highly

ionized Cd plasma column using a capillary discharge are discussed.

3.7. Experimental results

In order to determine the degree of ionization obtained in a capillary discharge
created cadmium plasma, several spectra at very different discharge conditions were
taken. In a first series of observation, the region covering from 23 nm to 26 nm, was
studied using a 600 I/mm grating. This spectral region is of particular interest because it
contains a large number of Cdxx transitions, the specie of interest for the generation of
soft x-ray amplification. Also lines of Cu-like Cd are present in this region®’®!%!1,
Figure 3.12. shows a time resolved spectrum, corresponding to a polyacetal capillary 4
mm in diameter, as observed with a CCD after conversion from soft x-ray to visible
radiation is achieved by mean of the MCP-phosphorus combination previously described.

This image can be vertically integrated to give origin to the spectrum shown in figure

3.13.
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23-26 nm spectral region.
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Figure 3.13. Vertically integrated version of spectrum shown in fig. 3.11. The cadmium plasma
column was generated by a 175 kA current pulse and spectrum was recorded 30 ns after the

beginning of the current pulse.
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The observation of a radiative transition from a higher energy level to the laser
upper level can also be considered a good indicator in the creation of a more favorable
plasma condition for the occurrence of the laser emission. For that purpose two
transitions were studied, the 18.0218 nm and the 18.0299 nm corresponding to Cd
xxi' 2. Since these two lines are only 0.0081 A apart, a 2400 I/mm grating had to be used
in order to achieve enough resolution to differentiate the two transitions. Figure 3.14 is a

spatially integrated spectrum of that region.
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Figure 3.14. Vertically integrated spectrum around the 18.0 nm region. A 2.2 m grazing incidence
spectrometer with a 2400 /mm grating was used. The cadmium plasma was excited by a 180kA
current pulse and spectrum was recorded 35 ns after the beginning of the current pulse.
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From the argon data, an increment in the degree of ionization was observed when
a capillary with a ceramic channel was used instead of the most common polyacetal
channel. This can be explained by the fact that in the capillary with ceramic channel less

material is ablated from the walls by the fast current pulse, resulting in a hotter plasma.

For the case of the cadmium plasma the data evidenced the opposite behavior, and
proof of this can be seen in figure 3.15. These spectra correspond to a two different
capillary material with the same discharge conditions. Figure 3.15 (a), that covers the 23-
26 nm spectral region, compares the behavior of several 4p —4s transitions in Ni-like
Cd. Figure 3.15 (b) shows a similar comparison in the 17.2-18.4 nm region, where two
Ni-like Cd 4d —4p transitions are observed in the vicinity of 18 nm. One possible
explanation is that after a few discharge shots, a metal coating develops inside the
channel, turning the inner wall of the capillary into a conductor. When the current pulse
reaches the load in the next shot, most of the current starts flowing through the wall
thereby producing a much cooler and less dense plasma. When a polyacetal capillary is
used, the material ablated from the walls in each shot helps to prevent the formation of

the metallic coating, obtaining a better degree of ionization.
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Figure 3.15. Comparison between delrin and ceramic capillary channels for: (a) the 4p-d4s transitions
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In order to understand the behavior of the cadmium plasma column, several shots
were fired varying different discharge parameters like discharge current, observation
time, and current in the metal vapor source that controls the cadmium vapor density.
Shots with the same fixed parameters were grouped forming series for a more clear
comparison.

The first discharge parameter changed was the magnitude of the excitation current
in a delrin capillary, ranging from 100 kA, where the Cdxx; transitions are just appearing,
to 190 kA where the Ni-like cadmium lines are among the most intense lines on the

spectra as it can be seen in figure 3.16.

Another relevant parameter to be analyzed is the time elapsed between the
beginning of the current pulse and the time when the spectrum is recorded. The
acquisition of the radiation takes place during a narrow time window, allowing for time
resolution analysis to be performed on each spectrum. This type of study provides the
moment in time when the maximum ionization occurs, based on the behavior of the ratio
between the Cdxxy; and Cdxx lines. This time depends on many factors such as the
diameter and the composition of the capillary channel, the type and pressure of the gas
injected, etc. A typical temporal series for a 5 mm diameter delrin capillary is presented
in figure 3.17. Maximum intensity of the Ni-like Cd lines is observed at a time delay of

37 ns respect to the beginning of the current pulse.
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Figure 3.16. Series of cadmium spectra showing the correlation between the intensity of the Ni-like
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Figure 3.17. Temporal series of cadmium spectra corresponding to a 5 mm diameter, 20 mm in
length delrin capillary. All four spectra were taken under the same discharge conditions, 170 kA
current pulse and 4.2 kA of cadmium pre-discharge to ensure the same cadmium density over all the
series. (a) 29 ns, (b) 37 ns, (c) 44 ns, (d) 52 ns from the beginning of the current pulse.
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An additional parameter over which we have control is the cadmium density
inside the capillary channel at the moment of the current pulse. This density is controlled
by the current magnitude of the pre-discharge in the cadmium electrode. In figure 3.18 a
series of spectra can be seen as the cadmium density is changed varying the pre-discharge
current. The intensity of the Cdxx; lines is observed to increase as a function of the Cd
discharge current up to ~4.5 kA, after which the degree of ionization is observed to
decrease, probably due to a reduction in the electron temperature caused by the higher Cd
vapor densities. Although more current through the cadmium electrode represents more
metal vapor generated, a characterization of the cadmium density as a function of the pre-

discharge current still needs to be completed.

The last degree of freedom that we can adjust to try to create a highly ionized
plasma is the length and diameter of the capillary channel. While the length of the
channel should not greatly affect the plasma parameters if the rest of the discharge
conditions are maintained constant, the diameter is closely related to the electron
temperature and density of the plasma at the moment of the pinch. In figure 3.19 a
comparison between two spectra corresponding to a 4 mm and 5 mm channel diameter is

presented. Both spectra were taken under the same discharge conditions on a delrin

capillary.
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Figure 3.18. Series of cadmium spectra showing the correspondence between the relative intensity of
the Cd XXI lines vs. the cadmium density for a 5 mm delrin capillary. All four spectra were taken
under the same discharge conditions, 180 KA at 37 ns after the beginning of the current pulse. (a) 2
kA, (b) 4.6 kA, (¢) 5.9 kA, (d) 7.25 KA current in the cadmium electrode.
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Figure 3.19. Comparison between two cadmium spectra corresponding to capillary channels 4 mm
and 5 mm in diameter and 20 mm in length. In both cases, the discharge current was 175 kA, the
time elapsed from the beginning of the current pulse was 32 ns and the pre-discharge current in the
cadmium electrode was 4 kA.

While moving towards smaller diameter channels seems to improve the ionization
degree, in practice, there is a difficulty that still has to be addressed. This is the large
mechanical stress imposed to the capillary structure when the current pulse reaches the
load. In experiments conducted for this purpose, the lifetime of the capillaries was
observed to decrease from hundred shots to about forty shots when the diameter was
reduced from 5 mm to 4 mm in delrin capillaries. The lifetime decreased to less than ten
shots for capillaries with 3 mm channels. Similar degradation was observed when the

length of the capillary channel was increased from 20 to 35 mm.
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In summary, the generation of Ni-like Cd in a capillary discharge has been
demonstrated. This result constitutes a first encouraging step towerds the demonstration
of a discharge-pumped Ni-like Cd laser. As discussed in chapter 4 of this thesis,
additional work needs to be completed before laser amplification can be observed in this

ion.
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CHAPTER 1V

4.1. Summary

The work conducted in this thesis was motivated by the possibility of
demonstrating the generation of soft x-ray and extreme ultraviolet coherent radiation by
capillary discharge excitation at new wavelengths.

The generation of 10 uJ laser pulses at 52.9 nm was demonstrated and
characterized utilizing a very compact capillary discharge. This new 23.4 eV tabletop
laser is of particular interest as a high energy photon source for photochemistry and
photophysics studies in which He is used as a carrier or buffer gas. This result extends the
number of laser transitions available from high intensity tabletop capillary discharge
excited lasers. In addition to this one, are the previously reported laser transitions using

the same pumping scheme, the 3p 'S, - 3s'P, in Ne-like Ar at 46.9 nm and Ne-like S at

60.8 nm.

The second part of this thesis presented a new source capable of inserting metal
vapor produced at room temperature into the capillary channel. Spectroscopy over the
entire visible region of the cadmium vapor generated with this source was realized in

order to determine the purity of the resulting gas produced and spectra where only
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cadmium transitions could be seen were obtained, proving evidence that the device is
able of generating atomically pure Cd vapor .

In addition, the utilization of a very powerful capillary discharge, in conjunction
with the metal vapor source, leaded to the observation of Ni-like Cd (Cd*?®) transitions.
Extensive studies were performed over the plasma by changing different parameters of
the discharge such as current magnitude, time of observation, gas density, capillary
channel size and composition, etc.

Although the observation of strong radiation in the Ni-like Cd transitions
represents an encouraging step, much more needs to be done before the demonstration of
amplification at 13.2 nm is achieved. Part of future work should include the study of the
homogeneity and stability of the plasma column utilizing a time-resolved pinhole camera.
A direct measurement of the cadmium density and electron density that characterize the
plasma column will be necessary to optimize the conditions for lasing. After these steps
are completed it will be possible to begin the search for laser action in the 13.2 nm Ni-
like Cd transition. Since the experiment involves many parameters, the search for gain

must be done systematically and in coordination with model calculations.
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