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Abstract

The goal ofthis dissertations to study thebasic physics and -Xay emission (410
keV) of two X-ray sources: Xinch plasma and a clustered gasiff irradiated by an
ultrashort laser puls&X-pinches and otheypical X-ray sourcesisingsolid targetsreate
hot debris that can damage sensitive equipm@&herefore, to perform sensitive
backlighting or Xxray effects testing, debffsee sources of radiation must be investigated.
In this work, the authompresend a broad studyof clusterednoble gas puffsncluding
characterization measurements and laser heating experiments using several gas nozzles and
multiple gasedUltimately, the goal is to compare tlaserirradiatedgaspuff and Xpinch
plasmas as Xay sources.

Characerization ofthe gaspuffs isperformed at the Radiation Physics Laboratory at
the University of Nevada, Reno (UNMhysics Departmentsingoptical interfeometry
and Rayleigh scattering to determohensity and clustaladius.By changing the gapuff
variables control of both the density and cluster size of the gas jets is oblaurelhser
systems provide thieigh intensities desired for tHaserirradiated gas puféxperiments
the UNR Leopard Laser (2x10° W/cn?) and the Lawrence Livermore Naiial
Laboratoryoés ¥wWamd.iX-ray emsssion is tddied a8 a functioriasfer
pulse parametergas target type, gas puff density, dnegasdelay timing between puff
initiation and laser interaction with the puffhe ested gases arer AKr, Xe, and four
mixturesof the noble gase¥ime-resolved Xray measurements are captured with Silicon
diodes and photoconducting diamond detectd@ectronbeamdetectors include Faraday

cups and a higknergy (>1 MeV) electron spectrometgtodeling of spectra from Xray



crystal spectrometers provides plasma density and temperature measuagcheat
molecular dynamics (MD) codeescribesclusterinteractions with the laser pulséhe
conversiorof laser energynto X rays isalsomeasuredLaser bem transmission through
and absorption by the gas puff reveal the complexity of Uas®firradiatedgas puffsas
X-ray sources. A strong anisotropy offXy and electron emissions were obserieoioth
laser facilities.

X-pinch plasmas can provide intense hérdys and strong electron beams originating
from small sourcewith many applications. Recent research has been conducted into four
wire X-pinches at the UNR Zebraathine, a AMA pulsed power generator. Two diféart
wire materials are considered in this study, Ag and Mo. We observe a relatively linear
correlation between load mass and implosion time for Mpirnkhes; in fact, this
relationship also extends to include Ag. Interestinglyray burst features drasaity
change in shape when the load mass is vaAdaantages ofaserirradiated gas puffs
include a lack of damaging debris, high repetition rate, and ease of control. Its
disadvantages include its inefficiency at converting electrical energyrays{which is
mostly limited by laser efficiency, and relatively low total energy yielghixches, on the
other hand, produced kJ of energy in a broad spectral region. However, they create a large
amount of debris, have a low repetition rate, and;M#A] have hardto-predict implosion

times.
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1 Introduction and Motivation

The development of efficierdnd, ideally,debrisfree X-ray sourceswith photon
energies 120 keV (~0.612 A) is important ér high-energy density physiaesearch at
largescale facilitiedike NIF and OMEGA[1]. This studyis not only of academic interest,
but might also lead to applications of noXetay sources forelativelylow-energy (<15
20 keV) X-ray effects testing an¥-ray backlighting researchifo maintain experiment
purity, X-ray sources for such researsiouldhave maximunX-rayyield and at the same
time generateminimum ion and electron beanad especially neutral solid micre
particles and liquid droplet debrRrotection from ion and electron beams can be provided
by theapplication of strong magnets that will deflect bearwmwyvever,neutral components
can be stopped only with filters that will absorb a loKafys(especially in medium and
soft spectral regions). Even modern solid targets consisting of flat surfaded woth
nanotubes generate a lot of debris in the form of solid microparticles and liquid droplets
duringtheemission oX rays[2].

Many different methods exist for creating sugoarceand among the most ubiquitous
are lasesproduced and pulsedower plasmas, which will be the focus of this work. The

Z-pinch class of plasmas is created by driving a large current thrthegzaxis of the

machine, stripping electrons from atoms. Concurrently, theimplbsedv &6 force
compresses the resulting plasma along thgig and creates a favorable environment for
the production of Xay radiation.In contrast, laseproducedplasmas on the university
scale are generally not confined by a global force field, whether inertial or magnetic. Laser
radiation can liberate electrons either through direct photon absorption or optical field

ionization (OFI), where the laser electriclfiecounteracts the binding potential of the



atoms, allowing electrons to tunnel out of confinement. In either case, once the initial
plasma has been formedsrXy generation can then be discussed.

Though the creation method of these two plasmas is diffetengeneral mechanism
for X-ray productionare the samedn high energy density plasmas (HEDP), inskell
el ectrons can become | iberated from an ato
photon absorption or collisions in the plasma. Whenwhcancy is filled by an electron
from a higher energy state, a photon is emitted with energy equal to the level difference
which, in the case of Xays, is at least 1 keV. Hence;rXy production relies on creating
these inneshell vacanciesSpecifically this work explores clustered noble gasdf
plasmas generated with a higfftensity, subpicosecond laser pulse (2®/cn?) as an
X-ray source compared teMA X -pinchesLaserirradiated gas puftudies took place at
the University of Nevada, Reno NR) Leopard Laser and the Lawrence Livermore
National Laboratory (LLNL) Titan Laser. The UNR Zebra Generator was used to create
the X-pinch plasmas.

Cluster formation in supersonic gas jets provides the advantages of a gaseous target in
tandem with nearddid (~10°%2% cm®) local density within the clusted8], [4]. Laser
radiation can propagate through the gas puff while being efficiently absorbed by atoms in
the cluster$5]. Clustered gas puffs have bestndiedas an alternative to solid targets for
laserplasma studies due to their inherent lack of debris. Importantly,-ghize laser
beam interaction witlaserirradiatedgaspuff plasmas can produce shorirays bursts (4
20 keV), suitable for many applications. It has been demonstrated in the past that when a
subpicosecond or femtosecond laser irradiates clusterd@]Af7], Kr [4], [8], [9], Xe

[10]i [12] or mixtures like KrAr [13], [14] or Xe-Kr-Ar [15], [16], X rays with energy 4



10 keV are emitted. Thesaserirradiatedgas puffs have beesvaluatedor hot electron
production[17]i[19], high harmonic generatid20], [21], and laser seffocusing[22],

[23] in addition to soft and hard -Kay generatiof13], [24], [25] Additionally, the
characteristics of the gas jet are highly dependent otypiegeof nozzle usefR6]i [28].
Characterization of the cluster size and density of the gas jets is imperative to
understanding the processesXefay generation in Isergas jet plasmas], [29], [30].

X-pinches are a variation on the typicapiich where the electrode gap in the pulsed
power generator is spanned by a load which has a small crossing point rather than a parallel
wire or foil arrayand have been extensively died on the Zebra Generatf@®1]i[34].
Especially on lower cuent machines (< 1 MA), Xpinches provide an attractive-tdy
source due t o t-ragpulses) highsniewsitybasd neanyopdike si2e.
Many types of Xpinch loads have been studied including rawitie [35], foil [36], [37],
hybrid [38], [39], and asymmetrif32], [33], [40], [41] Common applications include use
as an Xray backlighting[42]i [44] and HEDP sourcpl5] and for studying jet formation
for astrophysical resear¢f6], [47].

The structure of the dissertation is the followit@@hapter2 introduces important
terminology and theoretical backgroundlaserirradiatedgaspuff and Xpinch plasmas
relevant to this work. The facilities where the experiments took place are detailed in
Chapter3. Descriptions of thgaspuff nozzle sgtem, Xpinch loads, and the diagnostics
implemented during experiments lie in Chapteilhis includes introductions to optical
diagnostics including interferomgtand Rayleigh scattering to determitie important
gaspuff parameterslensity and cluster size. Additionally, the use efay and electron

detectors, imagers, and spectromeferplasma diagnosis are explained.



Chapter5 presents gspuff density and cluster radius, the gadf parametersas
measured through interferometry and Rayleigh scattefingeenozzles(linear, conical,
and tubg and a total of sevegaseqAr, Kr, Xe, and mixtures of the threare compared.
Control over theyaspuff parameters comes from nozzle type, gas type, gas valve backing
pressure, and a variable termed the gas delay timing.

Laserirradiated @spuff and Xpinch plasma chargarization is presented @hapter
6, beginning witlthegas puffs. Gapuff X-ray emissions from experiments at the Leopard
and Titan lasers are compared as ationoof both gaguff variable and laser parameter
including: gas delay timing, gas type, nozzle type, laser pulse contrast, and position of the
laser focal spot within the puff. These emissicaa® characterized using -pdy
photodiodes, pinhole camerasdaspectrometers with additional diagnostics for electron
beam detection. Molecular dynamics modelling provides theoretical support to the
observationsAnisotropy of Xray radiation isalsoexplored.

Chapter6 also investigates fouwire Mo and Ag IMA X -pinch plasmas using similar
diagnostics to those listed above. Implosion timing and the conversion of electrical energy
into X-ray radiation are presentedl.comparison ofaserirradiated gaguff and X-pinch
plasmasas Xray sources is presentadd, fnally, the main body of this work concludes

with a summary in Chaptét

2 Theoretical Introduction to Laser-irradiated Gaspuff and X-
pinch Plasmas

2.1 Gaspuffs Plasmas as Laser Targets
Spontaneous condensation of gas into clusters occurs due to density fluctuations in a

supersaturated g448]. The random thermal energy converted to the directed kinetic



energy of a gas puff, reducing the temperature of the puff and producing clusters of atoms
bound byvan derWaalsforces. Saturation at higher densities, due to higher pressure or
lower temperature &s to higher condensation rates and, therefore, larger cluisterss

with higher boiling points and spedifheats also tend to produdesters more efficiently

[3]. As a whole, lhe clustered gapuff target is consideretb be a twephase medium,
consistingof a continuous gas phase aadliscrete condensed phasethe clusters[3].
Typically, in high pressure (a fevinaospheres) ggsuffs with averagealensities of around

10*° cm®, clustersare formedwith diameters of several tens of A, andi100* particles

per clusterintra-cluster density, therefore, is nearly on the order oflsat 407> cm®.

Upon laser irradiation, e cluster lifetimef is limitedto 10'100 fsby hydrodynamic
expansion oCoulomb explosionMost of the early experiments on the investigation of
ultrarshort lasempulse interaction with clustered gas pufisre performed with cocal
nozzleq4], [8], [49], [50].

Plasma is formed when the target (cluster or gas) is ionized by laser radiation via optical
field ionization and/or collisional ionizatiof24]. The htter is negligible for the general
gas puff due to their low average density (¥10n3), butis important fa clusters due to
the high background plasma density within the cluster. Clusters apdffjaiae common
features, but clustered gas pudi® better suitetb efficient laser absorption and plasma
heating than nowlustered gases due gomeunique prgerties and dynamics. Both form
low-density plasma, buheclustersare initiallyat nearsolid densitymeaning they absorb
laser radiation with high efficiency amelads tathe creation of &igh-density plasma ¢
~107*24 cm®). Cluster explosiordue to Coulomb repulsiortonverts it back into low

density plasma, but the shdisted intermediate state (as a cluster) is crucial.



2.1.1 Photoionization of Plasmas irStrong Laser Fields
Laser heating an¥-ray generation within gaget plasma is a complicated process

involving both atomic and collective effects. On the atomic level, photoionization of the
atoms is primarily accomplished through two procesbeth illustrated inFigure 2.1:

optical field ionization and the absorption of single or multiple laser photons undbo
electrons[51]. In OFlI, the laser pulse is treated as a uségiionary electric field and
allows electrons to tunnel through the energy barrier, ionizing the atom. Direct absorption
of one or more photor{snultiphotonionization)can vertically excite bound electrons into

the conduction band of the clusters, called above threshold ionizéigitiphoton
ionization and OFI dominate at different laser intensities and the demarcation between the

two regimes islenoted athe Keldysh paramet¢s2].
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Figure2.1 Simplified picture of optical field vs mulphoton ionization. Figure from Ref.
[53].



The Keldysh parameter serves as thjaai for whether the laser field can be treated

classically as a global electric field or as an ensemble of photons and is defined as

0 -
[ gV

N

Equation2.11
where O is the ionization potential of given electron in the atorand Y is the
ponderomotive potential. The ponderomotive potential is the-@yxaeaged kinetic energy
of electrors subject to an electric field whicim practicalunits, is

Y o pmnm zO_h
Equation2.12

for laser intensityO in W/cn? and wavelength inem.Whent | p, i.e., the laser field

is weak compared to the binding energies of the atoms, plasma ionization is dominated by
multiphoton d@sorption. For sufficiently large laser intensities,becomes less than or
equal to one and ionization enters the OFI dominated rediiternatively, this can be
described as when the tunneling time of electrons becomes larger than the laser pulse
length.

For7 1, strong field physics governs lasplasma interactions in this parameter
space liigh laser intensities of >3®W/cm?). The ponderomotive potential bbth the
Leopard and Titan Lasers is on the order Blel, and @en for K-shell Xewith the lagest
ionization potential of 34 keV s still much less than one. This affirms that the pa#
plasmas and laser interactiomsplored in this worlkare in the strong field regim&he

Barrier Suppression lonization (BSI) mogef] can beused to determine the peak laser



intensity required to completely suppress

~

PG Q
Equation2.13
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where Z is the charge state created in the ionizatioriGusdn units of eV to givéO in
Wi/cm?. For Art% "O comes to 5x18 W/cn? while Kr*3* requires 18! W/cn?. This
implies that at the intensities reached at the Leopard and Titan Lasers, Ar atoms could be

fully stripped through purely OFI, but Kr cannot.

2.1.2 ClusteredLaserirradiated Gaspuffsin the Strong Field Limit
Electronic structure itaserirradiatedgaspuff plasmas can be quite complicated. The

electrons in the clusters can be considered bound, -freasior continuum. Bound
electrondn the cluster have the same definition as those in atoms, i.e., they are bound by
the electric pantial of individual atoms. Quafiee electrons, however, do not have a
monomer (single atom) analogue. Electrons are consideredfipg@sihen they have been
ionized from the atom, yet still reside within cluster bounds. Continuum electrons are those
that have escaped completely from atom and cluster and are truly free. These three binding
definitions then lead to two possible ionizations in the plasma: inner and outer. Inner
ionization occurs when an electron transitions from the bound state teflqgeasemaining

in the cluster. Electrons have undergone outer ionization when they become excited to the
continuum and have left the cluster. Inner ionization increases the charge levels ofthe intra
cluster atoms, while outer increases the charge of tire eluster. Due to Coulomb forces,

the higher the charge state of the cluster, the faster it dissociates.
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Figure2.2 Atomic binding potentials within clusters. Figure from RBB].

Inner ionization occurs via both collgial and optical processes. Optical processes
include OFI and multphoton ionization and were discussed in Secidnl However,
clusters can enhance the effeaf OFI. In addition to the atomic barrier suppression by the
| aser pulseds electron f i etoxdmityof reighbdoiryr r i er
atoms in the clustdfigure2.2. In the case of collisional ionization, qudise electrons
reside inside the cluster, where frequent collisions further ionize and heat the plasma. These
collisions can induce inner shell vacancies in gas atoms, leadingsi@lKemision in
lower Z atoms like ArCollectively, inverse bremsstrahlung, collisions between excited
electrons and ions, drive a strong heating of the plasma [5].

The high local density of the gas clusters increases collisionatseotens, making
these proesses particularly important in clusters compared to plasmas with typical gas

densitiesThe weltknown Lotz formulgd55] gives the rate of laselriven collisonal
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ionization,w , as
A0 ) a& jo o .
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Equation2.14

where¢ is the electron densityp is a constant equaling 1.1x30cn?erd, 0 is the
number of outer shell electrons in the ion, ands the kinetic energy of the quésee
electrons. For most clusters with density on the order of solid, this collisional ionization
rate can exceed tunneling ionization rg#4 and poduce charge states higher than those
observed for single atoms at similar laser intensj&6§ [58].

Cluster outer ionization is accomplished via laser radiation or electron heating. In

sufficiently large laser electric field® whereO 1 Q0 j 'Y and the number of

electrons removed from the cluster is given by
5 ¢ E'YQ C%]
PS5 ]

Equation2.15

where'Y is the cluster radius and is the plasma frequencifor the plasma and laser
conditions in this workD is estimatedo be<10’ and, with'Y in the tens of nm,
indicates that outer ionization of our clusters is dominated by laser ionization. On the other
hand, electrons can also be heated to energies sufficient to escape the binding potential of
the cluster. Howeverhts is a negligible effect for the plasmas in this work.

Experiments with the clustered gas puffs began with pure noble gases. However,
interest in using mixtures of Ar, Kr, and Xe gases was sh@wsterformation efficiency
and ionization are known to incred48], [14], [16], [59], [60]with the addition of a lighter

carrier gas (Ar) to heavier, mmeasily ionized atoms (Kr and X@heinitial idea about
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increasing theX-ray generation efficiencyf the laserirradiatedgas puffswas based on
the possibility of improving the cluster ionization efficiency and, consequently-tiag
yield from lase irradiated gas jets by adding easily ionizable seed atoms (Kr ant Xe)
the lighter carrier gas (Ar). Firstlusters formed from Kr or Xi@ the mixed gas pufimay
have higher starting electron dengitycompared to pure gasese tothelower ionization
potential of outer electron shelbf Kr and Xe compared with Ar. Secotitg characteristic
line emissiorof thegas mixturesvill cover a broader spectral range compared to gasge
puffs. And finally, the internal degrees of freedom of the heaseed gas areooled by

the carrier gaggromoting more efficient clustering in the seed [§44, [60].

2.1.3 Selffocusing of Laser Radiation in Plasmas
The dynamics of a laser beam propagating in a medium are highly dependent on the

refractive index of said medium. Any ladesised experiment relies on changes in the index
of refraction between aar vacuum and optical components to focus laser beams and other
radiation In fact, lasers themselves must be desigméudthought tathe correct index of
refraction for the gain mediurixperimentsith the nonlinear processf laser beam self
focusing[61] when laser beam propagatbsough thdinear gas puff are possible and of
interest due to previous studies that indideederX-ray emissionwith observation of
selffocusing[62].

When laser radiation propagates through a medium, it interacts with it and these
interactions can affect the refractive index. This causes the laser beam to experience a
focusing or defocusingffect due ¢ its own impact on the mediufavidence of focusing
(whether due to sefbcusing or neutral material effects) will be apparent if the Rayleigh

length of the laser beam is exceeded. Along the laser propagation direction, the distance
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betweerthe location of the beam waist, , and/icV , i.e. the distance it takes the area of
the beam to double, is the Rayleigh length. For a Gaussian beam, the Rayleigh léngth
, “0
a —
Equation;.l6
where_is the laser wavelength.

The driving mechanisms behind s&tusing in plasmas are due to thermal,
ponderomate, and relativistic effectsThermal seHfocusing in plasmas occurs in
collisional, usually cold, plasmas. Collisions in the plasme interactions of the plasma
with laser radiation cause the temperature to rise, hydrodynamically expanding the region
[63]. This expansion induces an increase in the index of refraction of plasma which then
acts as a positive lens, focusing the laser beam radiation. For a plasma with electron density
¢ =10%cm®, o = 20 c¢ mthe threshld I&er powdr toeadh thermal self
focusing is very lowpn the order of TOW. However, once laser intensity increases to high
energy density physics regimes, neschanisms begin to take over.

Ponderomotive and relativistic sdtfcusing in plasmas aroften treated together

because even in the relativistic case, ponderomotive effects are significant. When an

intense laser beam interacts with a plasma, the ponderomotive @eoeels electrons
from high intensity regions of the beam, e.g. on axis, following

Q
TA]
Equation2.17

n0O

where O is the electric field of the laser beam. The displacement of electrons creates a

restoring force that, in turn, pushes i@wayfrom the local high intensity of the beam.
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This density perturbation reduces the electron density of the plasma in reglighesf
radiation intensity, increasing the refractive index and focusing the beam inside the plasma
[64].

In an early study on ponderomotive sdibcusing [65], the authors derived an

expression for the critical power needed to begin ponderomotivéosaling:

5 P8 @ pmzY QEN 1 WETY pi:r)o's)
PP L p T2 YQEN L7
Equation2.18

Assuming a plasma temperature of 300 eV (measured in our experiments) indicates a
threshold ponderomotive power of 1.82 GW, well below that produced by the Leopard and
Titan lasersThe othernecessary condition for ponderomotive gelfusing is that the
beam diameter must be larger than the plasma Debye length. This implies that in all laser
produced plasma experiments with powers of >1 MW-feelfising occurred65].
However, current high energy density laser experiments can reach several orders of
magnitude higher power. Hence the onset of relativistic lasefoseiing. Note that even
at these large laser intensities, ponderomotive effects are not negligible since the
pondermotive force increases with the gradient of laser intg6$ity

The relativistic mass increase of electrons under the influence of a stron§ (~10
W/cn?) [67] electromagnetic field decreases the plasma frequency, which induces a change

in the refractive index of the plasmageaccording td68]

gee p —

Equation2.19
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where] is therelativistic, corrected plasma frequency giveniby —— with ¢ as

the plasma electron densityas the Lorentz factor, and is the permittivity of free space
The higher the intensity of tHaser, the higher the quiver velocitytbie electrons in the
plasma, leading to a further increase in the index of refraction. The threshold power for

relativistic selffocusing was foun{b6] to be

0 oyPup— —— pPp@ — Ow.
Equation2.110
When the power of a lasbeam propagating in an underdense plasma exceeds the critical
power and has a frequency greater than the plasma frequetativistic selffocusing
occurg69], [70]. For laser and plasma parameters preskimtthis work, the critical power
is 6 GW,again,easily reached by modern hightensity lasers.

2.2 X-pinch Plasmas

2.2.1 Stages of the Zor X-pinch
The Zpinch is a magnetically confined plasma generation method that is a direct

product of the Lorentz force. Generally, a capacitor bank is held at a high voltage and then
discharged quicklyhrough a load spannirg set of electrodes known as the anadd
cathode. Various load typare usedo provide material for ionizatiosuch as wires, foils,

thick bars, gas puffs, and even laser ablation plumes. This work focuses onpimehXs;
however the general theory of this sectiawll be addressed fothe more common
cylindrical or planar wire arrays in which thin parallel wires are strung between the anode
and cathoday. H. Bennet performed the first implementation of theizch in 193471]

by studying the equilibrium flow of charged particlés.the strongcurrent flows through

the load electrons are stripped from the wires to form the initial plasma column
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surrounding a cold core. For single wires and arrays of wire8, tlieLorentzforce draws
charges at the outside of the current flow towards the central axis, creating thegatedma
about the zaxis. If multiple wires are used, the ablated mass of the load converges and
implodes during the pinch.

Z-pinches progress in four stages: initiation, ablation, implosion, and stagnation.
Initiation [72] occurs during the initial current rise of the shot processsacithracterized
by ohmic heating of the wires at relatively low current (<1% of peak current). This heating
creates a lovdensity plasma sheath about the wires upon material breakdown and provides
a lowresistance path for the main current pulse. Attihig, only about the first-20 ns
of the current pulsgr3], the ablation stage iow active.

Ablation, the second-pinch phase, is characterized by the current being confined to
the plasma sheath and the start of inward plasma migration due to the global magnetic field
[74]. As the coronal plasma surrounding the wires is drawn towards the symmetry axis, it
is continually repénished by thermal conduction and radiative heating of the remaining
wire cores. Strong expansion of the wires occurs at the beginning of this phase, resulting
in high density gradien{§5]. The plasma thebegins to accumulate along thexs into
a precursor plasma column at gpproximately constd velocity[76]. The wires remain
stationary during the ablation phase with the momentum balance used by thenadékt
[77] to approximate theate of mass injection to be

Qa © 0 i
Qo ™“Y0

Equation2.21
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where'Os the currentY is the wire core radius, and the ablation velogity is a function
of material current, and wire array configuratioAccording to Ref.[77], the initial
structure of the coronal plasma seeds Rayi@igylor and magnet®ayleighTaylor
instabilities during the implosion stage.

During the third stage of the-ginch, the vires have been fullgblated,andthe
plasma is strongly pulled toward the center of the pinch. During the design of loads,
impedance matching to the machineassideredsuch that the implosion coincides with
peak current to produce very energetic plasrAasnplosion, gaps form in the wires due
to nonuniform ablation[78]. This allows the magnetic field to penetrate the plasma and
accelerate the remaining wire cores inwards. The gaps, or plasma HiddhI§#9], have
strong magnetic fields that sweep up trailmgss on their path to the central axis and
expand under Rayleighaylor instabilities.

Finally, the stagnation phase occursen the plasma has collided in the center of the
pinch to form a singuladenseplasma columnThis compression produces a strdngst
of radiation across a broad spectrantd represents thimary radiation of th@nplosion
As theleading edge of thplasmabubbles arrive, they deliver a significant amountrofiss
andkinetic energyhich is converted to thermal ener@hepower of the radiation burst
is dependent upon the spatial correlation and the temporal spread of the bubble fronts
arriving on axislInstabilities ultimately destroy the plasma column and signal the end of

radiation bursts and the implosion itself.

2.2.2 X-pinch Physics
X-pinches are a class offdnch in whichwiresar e cr ossed | nThis he she

can be accomplished though twisting of the wires or simply looping them. The latter was
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used in this researclihe main stages of an-pinch proceed as abowéth a few unique
changes and characteristidsitiation of the pinch proceeds as in the previous section.
Ablation and expansion of the wire cores causes coronal plasma formation. In contrast to
the relative constant coronal density of the parallel #penches, Xpinch coronal plasma
accumulates along the axis of the pinch with higher density surrounding the central
crossing point[42]. Largescale instabilities begin to form that feed through to the
implosion stageDuring an Xpinch, the ctrent is funneletowards the central crogmint,

inducing strong ionizationin this small volumedue to the high current density. The
magnetic pressure at the center has a square relationship to the number of wires in the load
[35].

The implosion stage of the-pinch is characterized by the formation of a long, thin
cylindrical plasma column on the pinch axis. This colunenrdases in size during the
pinch and, ultimately, spans the distance between two plasma electrodes. This is known as
a mini diode or micro inch. The high pressures produce a localized, micro (<e50pD
Z-pinch [42] and produces a bright spot from which the majority of radiation is emitted.
The rapid implosion of the mini diode is highly unstable and leads to plasmaupreak
shortly after the main Xay burst of the pincf2].

Unlike planar or cylindrical aays where the mass is distributed at a distance from the
symmetry axis, Xpinch mass is concentrated at the center. Theratoeeimplosion is
driven by oscillations in implosion and explosion of the |damlvever, the exact nature of
the multiple burstgs unknown at this timé’he explosion is due to charge repulsion, while
the Lorentz force reonfines the plasma during the implosioAgsma jets are a common

feature of Xpinches[47]. Theyare ejected bythe magnetic gragntinducedpressure
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along the z-axis of the wiresresulting from the axial asymmetry of the-pxch.
Additionally, jets commonly form perpendicular to the wires.

Electron beams are also a primary feature of therfli Xpinch and have been
extensively sudied[40], [80], [81]. These beams can have energies exceeding 20 keV with
a peak current of 10 kA. The formation of the electron beams coincides wikinekup
of the plasma column duringini diode phasedue to the fields that accelerate the electrons
to energies greater than that expected from the applied electrode y8&hgehese high
enegy electron beams can then generate Bardhys (>30 keV) by bombarding the
electrodes and plasma colunmmoducing characteristic line radiatidelectron beams are
generally directed along theaxis of the pinch towards the anode, where they have enough
energy to punch holes through8tl], [83], [84]. Short bursts of Xay radiation occur due
to disruptions in the plasma colunmronger radiation pulses are generated from electron
beam interaction with the plasma and additional thermalization of the plasaiatensity

of the electron beam depends on ¢baditions of theX-pinchload.

3 The Facilities

The two highintensity laser systems and thginch machine used for the plasma
experiments discussed in this waake detailed here. The Leopaabkér and the Zebra
pulsed power generator are both housed at the University of Nevadatédedhe Titan
laser is operated by thé NL Jupiter Laser Facility (JLFYGaspuff heating experiments
were performed dioththe Leopard and Titdases. X-pinch studies were conducted with
the Zebra generatoh full accounting of the diagnostics used in each facility will be given

in Chapted.
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3.1 The Leopard Laser
The Leogrdlaseris located irRenqg NV about D miles north of UNR aheuniversity

Physi cs DbBgvada Teraveatt Fadilsy (NTF). It is a hybrid Ti:Sapphire/Nd:glass
laser systenoperating at a wavelength of 1.05#h and a laser pulse intensity of up to
2x10" W/cn? [85]. Its amplification chain is shown ifigure3.1. The Leopardaseris
linearly polarized in the vadal direction Figure 3.1a). Laser beams are sometimes
referred to as having ®r p-polarization; this polarization is determined with to the lab
floor. Therefore, the Leopatdserbeam, with its vertical polarization is considered an s
polarization laser beam.

In ourexperimentsthe Leopardaserbeamwas directed into the Phoenix chamber for
lasergaspuff heating experiments, with a typical diagnostic schematic and picture shown
in Figure3.2. Diagnostics varied between experiments, but usually included/ Xiystal
spectrometers, Xay detectors, and electron beam detectors arranged in different
orientations about the targdte Phoenix chamber iarge enough that diagnostics can be
placed inside the chamber, as close to the Halssma source as neededith the

additional option of many diagnostic ports on the chamber.
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Figure3.1 The amplificationchain of the Leopard laser, courtesy of UNR
(https://www.unr.edu/physics/ntf/facility/laser
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Figure3.2 Sample (a) schematic and (b) actegberimental setup of Leopalaser
experiments irfc) the Phoenix chamber.

The Leopardaser is capable of shooting in several different modes (phts,
long pulse, gh contrast, and lowontrastleach of which was used in thaspuff heating
expeiments The different pulse length parameters are summarizédbie3.1. An off-
axis parabolic (OAP) mirrowith focal number f/1.50cused the laser radiatiamto a 10

>m spot and laser intensity is determined for this spot $ize.complete Leopard pulse
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conssts of a pedestal (essentially the -prdse) of lower intensity with the main pulse
occurring at the center of the pedestal. This pedestahdace pe-heating in the target

that couldnegativelyaffect experiments. Therefore, Leopard was designee t@bke to

vary the laser pulse contrast. In this work, laser pulse contrast is defined as the ratio

between laser peak intensifgakand the prepulse intensitypre and can be written as

."08
Y o

Equation3.11

We used pulse contrasts of Hhd 10 in the gaspuff heating experiments. If laser pulse

contrast is not specified, it is assumed tdnigg, i.e. 10.

Label Pulse Length  Pulse Energy Pulse Intensity
Range (J) (W/cm?)
LongPulse 800 ps 20-25 10
ShortPulse 350 fs 10-15 10'°

Table3.1 Laser parameters for both the short and long Ledpasdpulses. Beam
intensity is calculated forai®m s pot si ze

3.2 The Titan Laser
The Titanlase, located in the JLF at LLNL in Livermore, CA, ipatawaticlass two-

beam laser platformsed for higkintensity laseiplasmaphysics[86]. A summary of &
different operation regimes is given kiigure 3.3. The goal of these experiments was to
maximize Xray and electron emission from tlaserirradiatedgas puffs. Since we already
had access to 1.05%n laser radiation with Leopard, the decision was made to convert
Titan laser to its frequeneyoubled configuration. Ae shorpulse Titan laser was
frequencydoubledusing the KDP typél crystal to produce ~708s, 40-J pulses at 527

nm [87]. The short pulse washosen to maximize laser intensity at this wavelength and
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energy.An /3 OAP gives a best focus of 20n, producing laser radiation intensities up
to 7x10° W/cn?.

The suite of diagnostics used in the Titan experiments is shoWwigume 3.4, with
descriptions given in Chapter/s with the Leopartaser diagnostics can be placed either
very close to target chamber center (TCC) and the plasma source or on oneahyhe
available portsNote that Titan laser beais\p-polarizedand itspolarization is orthogaad

to that ofthe Leopard laser.

Jupiter Laser Facility

Titan Laser

Long-Pulse Beam Short-Pulse Beam

S o TE
Phase Plates 200-1000 pm 200-]000 um
B I I R

Figure3.3 The different pulse regimes of the Titaser courtesy of LLNL
(https://jIf.linl.gov/laseffacilities/titan).
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Figure3.4 Experimental schematic of plasma diagnostics at the Titan laser. Laseisbeam
p-polaized,normal to botlgaspuff and laser propagation direction, i.e. into and out of
the page.

3.3 The Zebra Generator
The Zebra generator is a pulsed power generator capable of reaching a peak current of

1 MA in approximately 100 n88] and was originally designed by Los Alamos National
Laboratory to drive frozen deuterium fibg¢89]. Zebra is located at the NTF, along with
the Leopard laser andsamplified schematic is shown irigure3.5.
Current pulse generation begins in the Marx capacitor,b@msisting of 32 1-3F
capacitors and picturezh theright of Figure3.5. The capacitors areharged in paralleto
a maximum voltage af00 kV, with typical operations chargirige capacitors to 85 kV
The Marx bank capacitors are then discharged in series into an intermediate starBge 28
3.5MV capacitor usingleionizedwater as a dielectric. Onélding 80% of maximum
charge the intermediate capacitor is triggered by a gasi®&tilated Rimfire switch,
causing current to flow throughthe 49 ver ti cal transmission |

reaches the load, travelling from the anode to thieocktand the walls of the chamber
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provide a return path for the currenta$mais thencreatedin the chosen load type as

extremely strong current quickly ionizes load material. Thé force pinches the plasma
on axis, resulting in further heating and ionization of the plasma, which facilitatag X
emission.Due to the high energy nature of thepiich and the large amount of debris
produced during the shaliagnosticsare often plaag at least 1 m from the center of the
chamber

The previous description of Zebra is for its standard configuration. However,
another option is available: the Load Current Multiplier (LCJ&I9]. The LCM can be
installed in the chamber to increase tlurrent of Zebra up to 1.7 MA. This allows for the
implosion of more massive lda, which will be evident in later chapters. The anode

cathode gap is decreased to 1 cm for LCM shots.

___-—_f'/—-\
VACUUM CHAMBER = RIMFIRE SWITCH

INTERMEDIATE STORAGE

VERTICAL TRANSMISSION LINE MARX CAPACITOR BANK

Figure3.5 Simple illustration of the Zebra generator, image courte$yNR
(https://www.unr.edu/physics/ntf/facility/zebra
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4 Experimental and Theoretical Techniques

This chapter contains both experimental techniques as well as the principles of
diagnostic operation andgsma measurements. Diagnostic locations and setup are unique
to each set of experiments and will be described in Chapter 5. The organization of this
chapter proceeds in the following manner. First,ghgpuff nozzle system used for laser
heating experimnts is described. The following section explains the optical diagnostics
used in this work, includingaspuff characterization techniques, optical plasma imaging,
and laser absorption.-¥y diagnostics are discussed next. Electron beam diagnostics end
the chapter.
4.1 GasPuff Nozzle System

Three gaguff nozzles were studied in this work: tube (subsonic), linear (supersonic),
and conical (also supersonic) nozzles. The linear, supersonic nozzle will be the focus of
this work with comparisons made between dkiger two. Designed by the UNR Physics
Department, the linear nozzle has a rectangular (1.5 x 3 mm) aperture with a throat size of
0.5 mmFigure4.1. Initially, this nozzle was designed to output three parallel gas puffs
(Figure 4.1a andFigure 4.1c), but it was determined that the central puff was defined
enough to make the outer nozzle openings unnecedsgrye 4.1c, shows the cross
section of the adral nozzle.

The tube finozzl ed simply consisted of an
of 2.4 mm. Later in this work, the tube nozzle will also be referred to as the subsonic nozzle.
The conical nozzle, with its elongated throgig(re 4.2), is more suitable for -pinch

plasma at the compact Sparkypifich facility at UNR, but was still considered a possible
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candidate for gapuff plasma experiments at powerful lasers. It has an exit diameter of 4.7

mm and a throat diameter of 0.5 mm. The total length of the nozzle is 19 mm.

Gas flow direction

_3 mm

Central
Nozzle

Figure4.1 (a) and (c) Original dggn of the supersonic nozzle. Only the central nozzle

portion is used foexperiments presented hefta). Crosssection of the nozzle, showing

its rectangular aperture (1.5 x 3 mm) and throat size of 0.5 mm). (d) Nozzle mounted on
Parker Co. Series 9 peld gas valve.

@4.7 mm

1 T

Figure4.2 The conical nozzle (total length 19 mm) schematic and mounted on a
connecting flange. The arrow shows gas flow direction.



28

When implemented in experiments, each nozzle was connected to a Parker Co. Series
9 pulsed gas val®1]. The small footprint of the valve made mounting it within a vacuum
chamber simple and the maximum operating pressure of 1250 psi iabeet our
experimental parameters. When the gas valve is powered ®jtlaeconstant DC voltage
or voltage pulse, the gas puff is initiated via the opening of a solactichted poppet
inside the gas valve, which remains closed and-peakf when not under voltage. For
normal operations, the gas valve is run in its putsgrcity using thgaspuff control box
with the electrical schematic shownkigure4.3. An 815 V biasedransistoftransistor
logic (TTL) signal is condensed intoshorter pulse by the righthand side of the schematic
to abruptly open the gas valve.

ELECTRICAL PULSER WITH OPTICAL ISOLATION
+400 V MAXIMUM OUTPUT

V,=81Sv

7805

Figure4.3 Gaspuff control box electrical schematic to quickly open the valve.

A 2D hydrodynamic code was developed by Dr. Andrey Esaulov (UNR) to verify the
supersonic speed of the linear nozzle as well as simulate other important parameters as
shown in Figure 4.4 [92]. Mach number and temperature are particularly important

parameters to simulate, as they show conditions favorable for the formation of clusters.
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The linear nozzle reaches a maximum Mach number of 4 outside the nozzle and a minimum

temperature 0f100 K.

o

b
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Figure4.4 2D hydrodynamic simulations of (a) Mach number, (b) temperature, (c)
velocity, and (d) density of the gas puff produced by the linear supersonic nozzle. Gas
flow direction is from left® right in the images and the edge of the nozzle is at x = 16

mm.

4.2 GasPuff Variables
Several differengaspuff variables control the shape, density, and cluster size of the

gas puff. During our experiments, gas target type, gas valve backing pressdedagnd
timing are each varied to observe their effect on the gas puff. Definitions and summaries
of these variables are presented in the section. First, however, we describe the coordinate
systems used to discuss the gas puffs.

Both the tube and conical ndes have cylindrical symmetry. The linear, supersonic
nozzle does not, so care must be taken to describe the coordinate system used throughout
this dissertationFigure45def i nes the coordinate system
nozzle. View 1 looks along the long plane of the puff, while View 2 is generally the side
view of the nozzle. Unless specified, the nozzle and gasyeuéforiented so that the laser
travek along View 1, in the-girection. The magnitude of z describes how far away the

area of interest is frotie nozzle exit. The View 2/system is unique to the linear nozzle.
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The conical and tube nozzle results will be presented as a function of x tadkaépn

similar.

. T b- View Schematic
y

(:)x 5__ «—y—>
-/1.5mm View1|:> Ix

. I
| 3mm

View 2

Figure4.5 (a) Side and (b) top view of central nozzle aperture. View 1 (shows variation
in x of the gas puff) and view 2 (showaspuff variation in y) denote the direction from
which the puff is viewed.

A total of seven noble gases and noble gas mixtures were used gagpaff
experiments. We chose to use noble gases due to their nonreactivity and relative safety,
compared with othepopular clustering gases such as.Sme pure gases consisted of
Argon (Ar), Krypton (Kr), and Xenon (Xe). As discussed in the introduction, adding lighter
carrier gases to heavier seed atoms can facilitate cluster formation and plasma ionization.
Hencefour different gas mixtures were created for experimentation, showahle4.1,
with gas partial percentages given by percent volume. Laser heatingassmpaff
chaacterization experiments were performed with each listed mixture, with emphasis on

15Kr-85Ar and XeKrArl.

Mixture Name Percent Ar Percent Kr Percent Xe
5Kr-95Ar 95 5 0
15Kr-85Ar 85 15 0
XeKrArl 68 19 13
XeKrArll 80 12 8

Table4.1 List of gas percentages by volume of the noble gas mixtures.
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For each of the nozzles, we can vary both gas delay timing and the gas valve backing
pressure. Gas delay timingigure4.6) is the difference in time from when the gas valve
is triggered to when the laser pulse occurs. The laser pulse can refer to bgibviseghd
lasers for plasma experiments or lasers used in the charaaberizbthe gas puffs. Gas
valve backing pressure was varied betweenZlpsi. Variation of gas delay timing and
backing pressure induce changegadspuff parameters like density, cluster size, and shape
for a given noble gas. In turn, this is usedaatrol thelaserirradiatedgaspuff X-ray and
electron emissions. Therefore, determination of how these variables affect puff parameters

is important and the measures used will be detailed in Setdon

Gas Delay Timing

7 N
gas valve laser pulse
triggered

Figure4.6 Schematic demonstrating gas delay timing.

4.3 X-pinch Wire Loads
Pulsed power experiments necessitate the use of a load or target that spans the anode

cathode gap, creating a path for the currerpinth wire loads are formed by crossing thin
wires at the midway point of the load as seefRigure4.7. Wire X-pinch are comprised

of multiple wires, but other configurations include using laser cut foils or even conical
electrodes with a small bar in the middle, termed hyb+in¢hes. In this work, four wires
were used in the looped-pinch configurationThe current in an »pinch does not travel

orthogonal to the anoemathode gap. Instead it is initially funneled along the wires towards
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the center crospoint of the Xpinch. Oncetie plasma column forms, the familiar 6
force implodeghe pinch along the-axis.The different wire materials, diameters, and total

load mass used in this work are summarizetiaible4.2.

A B
- y Anode

1-2cm
Cathode

0

Figure4.7 Picture of a fouwire X-pinch.

Material Zebra Number of  Wire Diameter  Load Mass
Configuration Wires (e m) (eg/cm)
Ag Standard 4 30 297
Mo Standard 4 20.3 132
Mo Standard 4 24.4 191
Mo Standard 4 34.8 388

Table4.2 Summary of Xpinch loads in this work.

4.4 Optical Diagnostics
The first two sections detail optical diagnostics used to characterize the gas puffs in the

UNR Radiation Physics Laboratory. These experiments took place independently of the
laser heating experiments. A measure of laser beam propagation through the gas puff in

the Titan experiments is discussed in the final part of this section.

4.4.1 Interferometry
A MachZehnder interferometer was used to measure the density of the gas puffs.

Interferometers work on the principle of the linear superposition of electromagnetic (EM)
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waves. Assuming two EM waves, with electric fieldg Or A @EQ; A 1 0o
%op, , exist at a given point in space and time, the resultant electric field is

O O 0©s8

Equation4.4.1

Q5 is the wave vector andy, the position vectorfThe totalintensity however, depends

onthe square of the electric fields:

O O LOs POs c¢OD?E ih%

Equation4.4.2
where
% Q32 QA — —38
Equation4.4.3
The two sources are rually coherent i— — is a constant. Interferometers require

spatially and temporally coherent light sources to produce fringes.
Therefore]asermradiation due to its outstanding spatial and temporal coherenased

to produce interference fringdsterferometers typically split a single laser pulse into two,

making™ @ Q, so thesdringes are created simply by changing the path difference
between two irphase EM wavesr laser beams. The frequency of theges is given by
L, so the magnitude of the path length governs the periodicity of the pattern.

The system is then aligned with no sample present to produce a background fringe
patternFigure4.8a. If there is aifferencein path length between the two beams, like that
introduced by a gas puff, a phase shift is introduced and the fringedHigune4.8b. This
figure gives an example of leWwequency interferograms, which was the initial setup of

our experiments.
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Figure4.8 Lo

gas puff present.

The interferometry experimental setup is showRigure4.9. A pulsed 832-nm beam
from a Continuun® PowerlitcE Precision 8010 YAG lasg®3] is first expanded and
collimated. Tlen, in the MacfzZehnder interferometer, laser light from one source is split
into two beams: the scene and the reference beam, as shielgaried.9. The scene beam
passes through the sample, in this case the gas puff, while the reference beam travels the
same path length unimpeded. The window on the vacuum chamber are Quartz crystals with
an antireflective coating to maximize beam quality in the scene beam. A famaldmitter
recombines the beams, which are then focused onto a Princeton Instruments CCD
(chargedcoupled device) camera with a 1317x1095 pixel array. Fhe Rser pulse is
assumed to be on a short enough tsoale that the gas puff does not changeifgntly
during imaging. Camera focus and measurement of camera magnification was

accomplished by backlighting a clear ruler at the nozzle position. The scale on the images
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was generally 90 pixels/mm. Neutral density (ND) filters decrease laser intenaitgid

damage to the CCD array and improve image contrast.

gas nozzle
(top mount)

Y

2” beam-

splitter
2” mim?%) X

BS1

AM10
ND 3”imaging  Window

ﬁ]ter lens BS2
CCD
1 3 17x1095

20 ND filter 1 collimator

Nd:YAG
~6ns / [:E:O f

~0.5] O

Photodiode

Figure4.9 Interferometry optics schematND stands for neutral density. Beam splitters
(BS) split and recombine the scene and reference beams.

During alignmentor high-frequency interferometryve adjust the interference fringes
to be oriented at #5vith a fringe frequency of at least 0.3 dsf&ringe. The 45tilt allows
for calculation of both the vertical and horizontal carrier frequencies required for the
analysis program with thEourier transform method detailed in Appen@ixigure4.10
shows a sample interferogram with a zoomed in portion showing the tilt of the fringes. The
nozzle is mounted upsig®wn inthe chamber, so the view Figure4.10s true to real

life.
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edge of: nozzle

.“
N 33

Figure4.10 Sample interferogram of the nozzle wéth inset for a magnified view of the
interference pattern.

It is necessaryo have the ability to vary the gas delay timing when perforrgamsg
puff characterization experimentibhis is achieved with the eleatric schematic shown in
Figure 4.11. The user activates the system by pressing the Run/Stop button on the
triggering scope, which awaits a signal from the first delay generator (DG). DG1 controls
the laser flaslamps and €witch, firing them at a frequency of 10 Hz. When the triggering
scope registers that the laser has fired, everything is primed for the next shot of the laser
and DG2 sends a signal to both the CCD camergasypuff control box Figure4.3). The
mechanical shutter of the CCD is open for miactyer (~20 msphan the laser pulse length
(6 ns), hence the captured interferogram occurs at the laser firingdeteemined by the
signal from a photodiode (séegure4.9 for placement of photodiode) measured by the
monitor scope. The gas delay timing is measured on the onsoitpe as the difference in
time from the initiation of the gas valve (signal from DG2 Channel C which is a copy

Channel A that fires the valve) to the pho
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Run/Stop Button
Triggering Scope

Aux Trigger Main Trigger

Input Output
|
| Low High | |
DG1 P32 Voltage Voltage PS3 DG2 Ext
0 A B Gas Puff A B C Trigger
— ’J \—‘ Control Box —
Flashlamp Qswitch Pulse Trigger
Trigger Trigger Out Ext
Laser Control Box Nozzle Trigger
Flashlamp Backing Valve CCD Camera
Power
= Monitor Scope
PS1
|
Photodiode

Figure4.11 Electronics schematic of the interferometry setup. Three power supplies (PS),
two delay generators (DG), and two oscilloscopes are used to time the system. Two
control boxes trigger the pulsed laser and the gas backing valve.

After the derivation preserden Appendix0, the relative phase shift introduced by the
gas puff in the scene beansisown to be

Y% QO 5 . h

Equation4.=4.4
wherek is the Gladston®ale constant for a given gad,is the atomic mass of the gas,
is the density of the gas, and the lingegrated density i® _ 0 ‘Q with the integral
performed along the path of the laser through the gas. F&=Br157 cni/g at 532 nm.
Ultimately, determination of averaggaspuff density N is desired from these

measurements.
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For cylindrically symmetric gas puffs, the density of fh&ff can be extracted using an
Abel inversion; this approach, however, cannot be used for the linear, supersonic nozzle.
Its rectangular aperture complicates the determinatiogaspuff density. This is the
reason that, for each set gdispuff parametes (backing pressure and gas delay timing),
an interferogram itakenfor both View 1 and View 2, as displayedrigure4.12. We can
approximate the average densitylee gas puff by taking the quotient of the linéegrated
density of one view and the width of the gas puff of the orthogonal venugcingline-

integrated densitto

Equation4.4.5

where the indices designate View 1 or 2 ang width of the gas pufOriginLab, a data
analysis software, can determine with width of the-litegrated density profiles. This
method is not welkuited for determiningylz, the average density of the gas puff as viewed
from View 2, because the profile of View 1 is sharply peakelsis not constant over

the gas puff the integral. View 2, on the other hand, as a relatively constant density profile,

as seen ifrigure4.12.
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Figure4.12 Line-integrated density of a linear Ar gas puff at a backing pressure of 600
psi and gas delay timing of 1088 for both (a) View 1 and (b) View 2.

4.4.2 Rayleigh Scattering
Cluster size measurements of the gas puff are conducted on the principle that the

intensity of light elastically scattered by a particle or an object is related to its size. The
dominant scattering regime is determined by the relative sithee gfcattering particlend

the laser wavelengthVhen the scattering parameter,

“ i
o h

Equaton4.4.6

wherer is the characteristic length, usually radius, of the scatterereaadhe laser
wavelength, ix << 1, Rayleigh scatterin(RS) dominatesThis occurswhen the size of

scattering objectsimuch less than the wavelength of the laserxfor 1 , Mi e scatt
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occursand thephase variati on f r omsintérferenaebn teect 6 s
scattered light When the object is comparatively large ¥> 1), scattered light is
considered classically and is simply related to the projected area of the scatterer.

Due to the small clusters in our gas puffs,i®R8mployed measutbeir size This is a
parametricprocess meaningthe state of the cluster e not change with measurement.
The elastic scattering of light from a transparent dielectric, such as a gas cluster, is due to
induced dipole radiation of the cluster by
small relative to the laser wavalgh, the atoms in the cluster radiate in phase. However,
the random positioning and movement of the clusters within the puff can create many light
6sources6 and produce iimefard)leadimgnotimmeasutablat i o n
signals. Howewve the camera exposure is kept short (¢&Pand multiple exposures are
averagedo minimize these effects.

The RS signal from the clusters in the gas puff can be written in terms of laser intensity
“Q density of clusters , and the cluster scatieg crosssection, as

Y 6@ , h
Equationd4.4.7

with the constant of proportionalit¢ which is determined by the geometry of the
experimental systenT.he derivation of this equation is givem AppendixC. It must be

noted that the gas puffs are not comprised solely of clusters of atoms, but also contain
monomers, or single gas atoms. However, shown in Appédixe scattering signal of

the entire gas puff (monomers and clusters) is dominated by cluster scattering because of
the0 dependence o¥Y, which is linear for monomers. is the totalnumber of toms

contained within a cluster. An intuitive derivation of the square dependence on number of
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scatterers per cluster is given in R8#]. After the description of the experimental setup,

Equation4.4.7 will be altered to include experimental parameters and cluster size.

}“—D Beam stop
i)

blackened
black board foil

enclosure
]
," gas nozzle
‘ — | 1~ (top mount)
| -
-4

ICCD 3", 16 cm

2" AR window

CW Diode Laser
445 nm blue
laser

2W

lens

Figure4.13 RS optics schematic.

A continuous wave diode laser was directed through the chamber and focusedsby a
onto the center of the gas piigure4.13. The rectangular beam profile gave a focused
region of éx, az) = (< 1 mm, 3 mm), allowing for a large portion of tfees puff (in the z
direction) to be imaged for o Aite thenlweanz | e
propagation axis imaged the scattered light onto an intensified CCD (ICCD) camera with
array size 512x512 pixels. The observation location is chosemxwmze scattering light
intensity, the "Qe term ofEquationC.5.

Due to the high light sensitivity of the ICCD, a black enclosure box was erected around
beam jath outside of the chamber. Additionally, black laser foil had to be placed inside the
chamber and around thgaspuff nozzle itself to reduce reflections. As with the
interferometry setup, the ICCD was focused by backlighting a clear ruler, which also

provides scaling for the images. The height of the laser beam is fixed with respect to the

pc
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chamber, so the imaged region is changed by varying the position of the nozzle, mounted
on a moveable rod inside the chamber.

Since the diode laser is a continuous wkager, camera exposure is determined by
both the gain of the sensing region and the gate, or time of exposure. Pixel intensity is not
a linear function of the ICCD gain, so the gain was kept constant for the entirety of the
experiments. The gate time, dehined by the time delay between Channels A and B on a
delay generatorHjgure4.14), was instead used to control the exposure of the ICCD to the
scattered light. Inheory, doubling the gate time should also double the amount of light

detected by the ICCD. The gate time then also provides a way to normalize images.

| Low High | |
PS2 Voltage Voltage PS3
Gas Puff
Control Box Delay Generator
Pulse Triger TO A B D
Out glg e
I
Nozzle o Ext
Backing Valve Timing :
Generator Sync
Monitor Scope ICCD Camera
Monitor
|

|

Photodiode

Figure4.14 RS electronics schematic. One delay gatwercontrols gas valve
initialization and ICCD timing. The delay between Channels A and B is the gate time.
The power supplies (PS) agdspuff control box are the same usedrigure4.11.

Images of the radiatioscattered by the gas puffseeFigure4.15a for an examplegre
recorded while keeping laser power constéhe laser power is monitored by a photodiode
to ensure reliable and reproducible measurements. For each gatpfff paraneters

(viewing direction gas type, gas valve backing pressure, and gas delay timing), multiple
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images are taken and then averaged to minimize variations in scattering intensity due to
cluster movement. This results in a 2D profile"raft , thescattering signal due to the
gas puff where the »coordinate could refer to either x or y as define#&igure4.5. The

gate timing must be kept coast over data collection for eagaspuff parameter set.

edge of nozzle nozzle out of frame

Figure4.15 (a) Rayleigh scattering (RS) image of an Ar gas puff at a gas delay of 1000
es and a backing pressure of 600 psi. (b) Calibration imathel atm Ar gas, with the
nozzle pulled out of frame.

After the necessargaspuff images are collected, calibration conssamtust be
determined for thexperimentageometry Thevacuumchambeiis backfilled with 1 atm
of the target gas and severapea s ur es ar e taken attodetedtong g
the much lower monomer signal, shownHigure 4.15b. This necessitates moving the
nozzleout of frame tofurther reduce reflections #tis high sensitivity Averaging the
calibration signal over the extent of tha&spuff region gives thealibration constarfk for
the set of detectand opticssolid anglesas well agransmission of the radiation through
the chamber windows.
A program written by John Moschelldetailed in AppendiX, analyzes a set @fas
puff and calibration images, and averatigese images to pduce a 2D plot of0 , where

—is the fraction of atoms in clusters. For examgple, p implies that all atoms in the gas
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puff are contained in clusterBhis prograntalculates th@roduct

OYY aix & .
(V)0 — — h

Y ¢ o
Equation4.4.8

where¢ is the Loschmidt constant, the number density of an ideal gas in a given volume
and GR is the gate rati®he gate ratio is the gate time of the calibrasbats divided by
the gate time ofhe gaspuff shots and is usually on the order of ~&0000. Detailed
knowledge of «hi , determined from interferometry, is required for processing. Due to
the discrepancy in array size between the CCD (interferometry) and the ICCD (RS) a linear
intempolation is performed to magedsity data into the ICCD grid.

The space occupied by a cluster is simply 0 @ , wherew is the volume of the
cluster ando is the volume of a gas atom. This reduces to

~

Y 60 7Y h
Equation4.4.9

where the relation is now in terms of radius. Since our RS measurements result in the

parameter0 , an estimationof — will be made to determin& , discussed in Sectidh2

4.4.3 Spectralon® Scattering Plate
The Spectralo® scattering plate was provided for experiments on Titan courtesy of

G.E. Kemp [95]. Spectralo®, similar to Teflon, is a fluoropolymer produced by
Labspher®, Inc.[96]. A scattering plate made of optical grade Spect@lams used to
place an upper bound on the laser energy absorbed lgas$ipeiff plasmas in our Titan
experiments. Laser energy passing through the plasrspectrally reflected from the
Spectralo® scattering plate, a nearly perfect diffuse reflector (>99%), and imaged onto a
CCD camera. Light or radiation is diffusely reflected if it is scattered in all directions, i.e.

without a clear reflection anglé. variety of glass neutral density filters kept CCD within
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its linear range. The integrated spectra of each laser pulse itself was recorded by a fiber

coupled Ocean Optics® USB2000 mini spectromEXé.

Spectralon_20160323s19.fit
Energy on Spectralon = 4.2 J

Vertical Axis [cm]

-10 -5 0 8 10
Horizontal Axis [cm]
Figure4.16 Processed Spectralon® image. The two circles are diagnostic holes in the
plate. EpectraiorrENErgy on Spectralon from the figure title.

An integration over both time and spads, performedon the CCD image frorthe
Spectralon® to determine the energy transmitted through the gas puff and Egsaraon
Figure4.16. The fraction of laser energy absorbed by tasetirradiatedgas puff,U, is
calculated using

O O .
O
Equation4.4.10

where Eitan is theenergyof the laser pulsdn this calculation, w are assuming that all of
energyO O is absorbed by the plasntai nce t he critical d
Titan laser (527m) is 4x16! cm3 the laserirradiatedgas puff is an underdense plasma

and should allow for the propagation of the laser through the lgavfever, itshould be
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noted that laser energy can be spectrally or diffusely scattered by the gas puff in addition
to being absorbed by the plasma or cold surrounding gas. An example of spectral reflection
is light off a mirror; the reflected wave has a wddfined angle Scattering of laser
radiation somewhere in the puff would be interpreted incorrectly as besuyheol.
Therefore, the reported data places an upper bound on the energy absorbed by the gas puff

and plasma.

4.4.4 Laser Shadowgraphy
Laser shadowgraphy is a core diagnostic at the Zebra facility and is used primarily as

an imaging system in this dissertatidm expanded, collimated beam passes through the
plasma, where it is refracted and absorbed, leaving a shadow that reveals the structure of
the plasma. Quantitatively, the shadowgrams can be analyzed to determine plasma density.
However, this requires sohg the Poisson equation with the choice of appropriate
boundary conditions, as shadowgraphy is a measurement of the second derivative of
density[98]. The critical density of a 53@m laser is 3.9 x Zdcm®, so electron densities
in the plasma that exceed this value cause a complete shadow. This atlavesast order
of magnitude estimations of plasma density from the shadowgrams. The quantitative
analysis of shadowgraphs is not in the scope of this work.

Upon current start, an Nd:YAG laser (EKSP[99]) fires a 156ps, 532nm pulse that
can be delayed to image the plasma at different stages of the pinch by adding cable lengths
to the trigger system. Near the Zebra chamber, a beam splitter igoutieect the beam
either to the chamber or to a delay loop with an optical path length of 5 ns. The two channels
are orthogonally polarized after splitting and can be separated after the passing through the

plasma with optical polarizers for imaging owot CCD cameras. The result is two
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shadowgrams separated in time by 5 ns. If needed, neutral density filters are placed in front
of the imaging CCD to reduce light exposure and improve image contrast.

4.5 X-ray Diagnostics

4.5.1 X-ray Filters
As X-ray photons passribugh material, they can be absorbed or scattered via different

processes, attenuating the strength of the radiation beam. In plasmas, higher energy photon
signals are often disguised by the large amount of lower energy photons in the visible or
UV range.Filters can be placed in front of diagnostics to attenuate or even completely
block photons below a certain level of energy. Assuming a slab of material with thickness
d, the transmission of-xays is
Y Q h
Equation4.5.1

where n is the number density of atoms &nd i s  t-skeotion of plot®absorption and
scattering of the materi§l00]. The crosssection of a material is a function of atomic
scattering factors, density, and number. The Center foayXOptics[101] provides an
easyto-use onlhe platform that will calculate the transmission ofays up to 30 keV
through solids of varying thickness; this includes both pure elements as well as plastics and
other compoundgigure4.17 shows the transmission of&elm pol yest er f i | m
Myl ar and presents an interesting exampl e
The filter cutoff energy is defined as the photon energy for which theayX
transnission exceeds 1/e or 36.8Farthel-e m My | ar, t hi s occurs at
0.18 and 0.7 keV. Note that the Mylar film used was aluminized Mylar; the addition of a
0.2 em thick | ayer of Al does noter.dghegni fi c

cut-off energy gives a lower energy bound to the photons that reach the detectors after



transmission through the filter. A summary of the filters used in both laser-pimtiz
plasma studies is given ifable4.3. Filtered detectors will henceforth be referred to by

theircutof f ener gy. For exampl mTifitar wil belcalled @ n

3.5 keV silicon diode.

C10H804 Density=1.4 Thickness=1. microns

~ T T T T T T =y
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Figure4.17 X-ray transmission throughem Mylar (CioHsgOa4) film. The 1/e cuff

3000

energy i9.7keV. Plot generated usirief.[101].

Filter Material and

Filter Cut -off Energy

Thickness (keV)
1em Mylar + 0.2em Al
: 0.7
Coating
7.5em Kapton 1.4
6 em Mylar + 0.2em Al
- 1.4
Coating
25em Kapton + 4&m 24
Mylar + 0.8em Al Coating '
12.5em Ti 3.5
120em Al 9
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Table4.3 A list of all the filters used on diagnostics in this dissertation. Filteoffut
energy is defined as the photon energy for which transmission through the filter is greater

than 1/e.

di o«
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4.5.2 SiliconPhotodiodes
Two types of silicon photodiode detectors-@®des) were fielded in our experiments

at the Leopard Laser, Titan Laser, and Zebra Facility, both from Opto Diode Corp [formally
produced by International Radiation Detectors (IRD)]. These detectors prpatally
and spectrally integrated, tintesolvedX-ray flux measurements. Incident photons travel
through the thin (& nm) SiQ surface layer and produce electfooie pairs across the p
n junction, creating a current proportional to the number of chaageers. This current
can be measured on oscilloscopes for further processing to back out the photon flux
incident on the detector.
We implemented the AXUV H3 and HS5 photodiodes. The AXUV H& detectors
have an active detecting area of 0.25 x 0.25 amd a 250 ps rise time. The AXUV HB
[102] detectors have a larger detecting region of 1wmad longer rise time of 700 ps due
to its larger capacitance (40 pF quemed to 5 pF for the H$) [103]. The fast rise time of
these detectors allows for the measurement of very shi@y Yulses, like those observed
in thelaserirradiated gas puff@-10 ns). A main advantage to implementing theliSdes
is their near 100% quantum efficiency over a wide spectral region and little to no energy
is lost in the electroiole pair creatin [104], [105] Second, the creation of the electron
hole pair is a relatively flat response, meaning one detected photon produces one charge
pair[106]. Additionally, a biasing voltage of on#5 V is required to power the-8iodes,
unlike other Xray diodes.
Unfortunately, the spectral response of the diodes is not flat in the saff degion
(>1 keV) as seen iRigure4.18. The addition of filterss described in the prtting section

allows for the selection of a narrower spectral region to limit the energy of detected
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photons. In this work, the $liodes were filtered to detect photons in different energy
regions: >1.4, 3.5, 9 keV. Generally, comparisons will be madeeket different shots

and only qualitative differences between the spectral regions will be discussed. As such,
the spectral response of the diodes is not considered unless explicitly stateddiDaeSi

are also sensitive to electrons and ions with eaergl00 eV. Thus, permanent magnets

were placed in front of the detectors to deflect any incoming charged particles.

HS-1 diode response

ATcmiMW
8

10 100 1000 10000
eV

Figure4.18 HS-1 silicon diode spectral response fr{it03].

The filter cutoff energies were consciously chosen to observe different spectral
regions. Primarilythe Stdiodes were fielded for ttgaspuff heating experiments with the
noble gases Ar, Kr, Xe, and the mixtures mentioned abesgkell Xe lines occur between
3.954.6 keV and are detected by the 1.4 and 3.5 kedlidsies. Finally, the 1.4 keV Si
diodes sees, the Arine residing at 2.9&V and Ar kshell emission in general (~3 keV)
as well as kshell Kr (2.2342.361 keV). All the diodes will detect Bremsstrahlung photons

greater than their cudff energy. This can also be used to estimate electron temperature in

the plasma
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Multiple setsof detector packages were fielded in our experiments. For example, one
Si-diode filtered for each spectral region is contained in a package and several packages
were placed at different angular positions around the target. Calibration of the diodes was
performedat the UNR Plasma Physics and Diagnostics Laboratory (PPDL) at the Sparky
Facility to ensure the solid angles of the detectors and their relative sensitivities were
accounted for. An Nd:YAG ContinuuaSu r e | i t e wadvelefigth, 8 16 pulse
length, and 450 mJ of enerd9B] incident on a copper slab produced the plasma used to
crosscalibrate tie diodes. One diode was the control diode and was tested against the rest,
providing a normalization factor to be used during analysis. Haé@8es signals reported
later in this work reflect their relative sensitivities.

Si-diodes are also sensitive tacident electrons and will produce a current when
impacted by charged particles. To our signals elediem permanent magnets were used

in front of the Sidiodes to deflect electrons from hitting the detectors.

4.5.3 Photoconduction Diamand Detectors
PCDs, or photoconducting diamond detecf©€¥], are another Xay detector used in

each of our plasma experiments. Unliked®ides, PCDs do not measure photoelectrons

[108], but produces current via im@ntX-ray flux. TheP CDés t empor al respoi
good at 500 pgL09]. One advantage to using the PCD ovediSdes for absolute Xay

photon measurements is its flat speateaponse (within 20%) over a large spectral region
2002200 eV[110]. An electrorhole pair is produced by an incident energy of ~13 eV,

[111]. In Ref.[109], the authors formulated a method to absolutely calibrate PCDs for use
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as a laser beam profiler. The induced current in the PCD biasmgt, held at s is

given by

Equation4.5.2
where R is the incident power on the detectbris the absorption coefficient, is the
charge carrier mobilityd is the thickness of the diamond, T is the lifetime of the charge
carriers, and | is the conduction length of the diamond. The PCDs used in this dissertation
were absolutely calibrated, with sensitivities on the order GfA/V.
X-ray yield for the plasmas presented here was measured using the integrated PCD

signal. We define the coefficient of conversithfor laser plasmas to be

T ®w Qo
Yz’ Q0 @z
Equation4.5.3

where \bcp is the voltage measured by the oscilloscope, R is the resistance of the
oscilloscope channel, S is the sensitivity of the PGS the energy of the laser beam,
q is the solid angle of the detector, and we integrate over all space to get the factor of 4
To compare laser and-@inch plasmas, a slightly different coefficient of conversion is
implemented iec is calculated using the same method aBduation4.5.3, but Baseris
replaced by Epacitor the charging energy of either the Zebra capacitors or the electrical
energy powering the Leopard and Titan Lasers.

The PCDs ged in the laser heating experiments were outfitted with 2.4 keV filters
(seeTable4.3) putting their spectral region between the two lowediSdes (1.4 and 3. 5
keV). Compared to the 1.4 keV -Siode, they are sensitive to both ArsKell and K

emissions, but not the-8hell Kr. Therefore, the PCDs filtered to 2.4 keV in particular are
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a good detector for use in analyzing emissions of the mixtures, which contaiArknd

4.5.4 X-ray Pinhole Cameras

Kr.
Time-integrated Xray pinhole cameras (TIPHS) provide a simple way of imaging X
ray emitting regions of oyslasmas Each emitting point of the plasma uniquely maps to a

point on the detector, in this case Kodak-BiaxMS film recorded the images. Relevant
TIPH design parameters are the distance from the source to the pinthelelistance from

the pinhole to the detectbrand the pinhole diametdr they can be chosen to vary image

magnification, resolution, and th@nsmitted intensity through the pinhole. Magnification

of the TIPH is given by
Y
®w =h
W

Equation4.54
and the spatial resolution is
ya Q © 8
P %

Equation4.55

In the case where the desired wavelength of radiatiemot <<, the diffractionlimited

resolution is

Equation4.5.6

The full resolution of the TIPH would then be
% Ya a8

Ya
Equation4.5.7
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In the lasemgas puff studies, a pinhole camera outfitted with three pinholes was
implemented to simultaneousiyage the plasma in three energy regions (0.7, 1.4 and 3.5
keV) with a resolution of 6@m. The 1.4 and 3.5 keV pinholes cover the same spectral
regions list in the Sidiode section; However, the 0.7 keV filter has the two transmission
windows, shown irfrigure4.17, the lower of which is sensitive teghell Ar (250350 eV).

This allows us to see the shape of the plasma that creates@yeckissions detected by
the dodes as a function of photon energy.

Filtering of the images can also be accomplished by layering the film itself, as used in
the Zebra TIPH, where previous layers of film filter the photon energies for subsequent
films. The cutoff energies of those images will be reported later in this wankn
necessary. The Zebra TIPH images have a spatial resolution effR20

Once film is scanned onto a computer, its optical density can be measured. Optical
density (OD), how much light or radiation intensity passes through the film, is defined as

00 1 (;? h

(@)

Equation4.5.8
wherelo andl are the intensities of the radiation before and after interacting with the film.
Calibration of a scanner allows for the conversion of the scanned film pixel counts (or
intensity) into OD. This is then converted into film exposure using thayXesponse of
Kodak Biomax MS film in Refs[112], [113]to find the flux of particles (photons/&n
that hit the film. Using th&-rayresponse of Kodak Biomax MS film, the total energy flux

of anX-ray emitting region can be calculated from the exposure level of the fil
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4.5.5 X-ray Spectrometers
A very useful tool for obtaining plasma parameters in plasma science is spectroscopy,

the study of radiation. We use crystal spectrometers to observe and detgcspéctra
according to Braggods Law:

¢Qi Q¢ é&-h

Equation4.5.9

whereais the wavelength of the diffracted ligimh,is the order of the diffractiorg is the

atomic interplanar spacing of the crystal lattice,afids t he r adi ati onds ar
Definition of the angled is displayed inFigure4.19. The geometric scheme and crystal

choice for a given spectrometer deteres the wavelength range (bandwidth) of the
observed spectra as well as its resolution and ovatalsity Increasing one parameter

often comes at the expense of others, making it important to consider what is essential to
oneds studi e s spgectrometére o dvercome the gisladvantages of the
individual.

Incident
plane wawve

2d sin 8

Constructive interference

when
e o o o o o nA=2dsin 0
Bragg’s Law

Figure4.19 Pictorial schematic of selective refraction of radiation from a crystal with
Braggbs Law. | mfl4¢ court esy of Re

Once spectra are collected, it must be analyzed to produce meaningful results. This
is accomplished through Ndrmocal Thermodynamic Equilibrium (NebTE) kinetic

modelling. NoALTE indicates that equilibrium b&een the plasma particles does not exist
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and individual rate equations for relevant plasma processes that change energy level
population must be considered. These processes can includebakyeeescombination,
radiative decay and resonant phatmsorpton, photoionization and radiative
recombination, and collisional excitation andedeitation among othergor the models
developed by our group, the Flexible Atomic Code (FHQP]is used to calculat@omic

data for the above mentioned proces$éss data is then channeled into the Spectroscopic
CollisionalRadiative Atomic Mode(SCRAM), wherethe rate equations aselved,and

level populations andynthetic spectra are produced as a function of various plasma
parameters. SCRAM is a code developed by Hansen in[206Bandfurthermodified in

the groud41], [117].

detector
R
X-ray
crystal
source Yy

Figure4.20 lllustration of the convex crystal spectrometer schematic. Crystal radius of
curvature ig andR s the detector, in this casérayfilm, radius.

Non-LTE models are unique to each element that produced spectra and will be used to
estimate electron density and temperatur@. for our plasmasKodak Biomax MS film
is used at the detector for the specteters discussed in this work. Two spectrometers
were implemented fothis researchThe convexcrystal spectrometgFigure4.20, is a
widely-used spectrometer scheme for its simplicity #edibility in design. It uses a

convex crystal bent around a cylinder and has a large wavelength range, recording all
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wavelengthb el ow 062d 06 0o[l18]tThiespeBtromedeghas beem employed in
both X-pinch[33], [119]and gaspuff heating13], [16] experiments. It was fielded with a
KAP (potassium acid phthalate) crystal, giyia spectral resolution of ~3@00(a-/ ea-

A Johann scheme spectrometer was designed by UNR graduate student Matthew
Cooper for use ifaserirradiated @spuff plasma and lower energypinch experiments
[120]. The Johann spectrometer is a horizontal focusing, concave crystal spectrometer
[121], a general schematic for which is showHigure4.21. For the crystal element, a
cylindrically bent Si crystal with a radius of curvature of 275 mm was used. A thin Kapton
film (7.5 em) protected the crystal from directrdy radiation. Spectrometer resolution
was estimated to be arouh@d00(a-/ eamnsidered eelativelyhigh resolution.

X-ray crystal
source

Rowland circle

Figure4.21 A horizontal focusing concave crystal spectrometer Ribleing the radius
of the Rowland circle an2R as the crystal curvature. Figure courtesy of Matthew
Cooper[120].
One of the disadvantages of this scheme of spectrometer is its low bandwidth §~0.5
this is where the adjustability of our design mattdtgjure 4.22 diagrams the three
different geometries of the spectrometer. As required by the experimental shot pesamet

the spectrometerdés positioning can be vari

regions were chosen to coincide withdidde energy regions and to see diagnostically
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important spectral lines for determining plasma electron temperaturesasitlyd Later in
the text, the positions will be referred to as the Ar, Kr, and Xe positions of the Johann

spectrometerrigure4.22a, b, and, c respectively.

(a) (b) (c)

Figure4.22 Schematic of the Johann spectrometer in position to record in three spectral
regions: (a) Kshell Ar at 3.94.58 (3.182.71 keV), (b) Lshell Kr at 5.265.73
(2.36:2.16 keV), and (ch-shell Xe at 2.73.15 (4.593.94 keV). Figure courtesy of
Matthew Coope[120].

4.6 Electron Beam Diagnostics

4.6.1 Faraday Cup
Multiple Faraday cupdetected the presenoéelectrons beams in olaserirradiated

gas puff experimentA metal cup with a small metal disc act as the detecting region. As

an electron beam travels into the cup and impacts the metal disc, the disc picks up a charge
proportional to the number of chargarriers interacting with the cup. This voltage is then
discharged across a resistive network and measured by an oscilloscope. The total current
(in amperes) in the circuit is given by

- 0 Q
o —
(0]

Equation4.6.1
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where N is the total number of observed electrons, t is the observation time in seconds, and
e is the elementary charge of the electron (1.69%0). Foil filters place in front of the
Faraday cup can be used to measure the current of electron beams with different energies
[122]. Electronbeam cuioff energies varied from >19 keV g4mAl, Leopard Laser) to

>72 keV (& nCu, Titan Laser) in théaserirradiatedgas puffstudies.

Inner shell vacancies in atoms can be caused by electron beams, particularly in cold
plasmas, where collisional or thermal ionization has a low «esgon. The presence of
electron beamsr thermalelectronseven at lower energies (>1 keV) can causerleven
K-shell emission. Signals on our Faraday cups can verify the presence of electron beams

strong enough to produce radiation that we see oX-tay spectra.

4.6.2 Electron Spectrometer
High energy $100 keV) electrons are detected via a permanent magnet electron

positron pair spectrometer (EPPS). This EPPS was borrowed for experiments at the Titan
laser fromDr. Jaebum Park of LLNL, the design of which is giveflig3]. The device is
capable of simultaneous measurement of electron and positron spectra, though the focus
will be on relativist electrons. The principleboperationof the EPPS are quite simple. A

pair of permanent magnets create a magnetic field that bends the trajectories of the charged

particles according to the Larmor radius

aov .
NP
Equation4.6.2

i

where m is the mass of the particleyi s t he component of t he
perpendicular to the magnetic fieR) andq is the charge of the particle. The signoof

determines the direction of gyration, so the EPPS measures positively ativaigg
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charged spectra by implementing two detection regions orthogonal to the direddon of

An earlier design for the spectrometer from the same gusuny fiber optics in lieu of
image platess shown inFigure4.23to give an example of the schematic of the device.
The main difference between the spectrometer fielded in our experiments and the one in
Figure 4.23 [124] is the detector. In Refl124], the previous design used a fiber array
coupled to a CCD camera while ours used image plates.

El ectron spectra wer e2040é&magepldtesdP).bTe EPRS] i E
was placed 70 cm from target chamber center (TCC) and had a slit size of 1 X 5 mm
Absolute response of the IP to electrons at various energies islazelinented125],

[126] and accounted for in the dispersion of the spectrometer. The IPs were scanned by the

Fuji FLA-7000 IP scanner.

Permanent magnet
Slit 1 metal
-ray, y
Electrons
Q00000000 O0O0OO0O0
8cintinatin9ﬁby
Fiber coupled to a CCD

Figure4.23 Example of the schematic of a permanent magnet spectrometer. For the one
used in our experiments, two image plates were implemented instead of theGiber
package to have continuum detection of electrons and positrons. Figurd 24jm
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1 MeV 5 MeV

Figure4.24 Sample EPPS electron spectra produced at the Titan laser with 1 MeV and 5
MeV positions marked.

For analysis, the pixel intensities must be converted iptmtostimulated
luminescenceor PSL, units, either through the scanning software or ingrosessing.
PSL is a measure of the stored energy released from the IP by the scanner. To convert pixel
raw grey scale valu@ into PSL units, the following frorfiL27]

5 Vi Y TTTT — -7
0 YO o Y pm
Equation4.6.3

whereR is the resolution of the scaanf), Sis the sensitivity settind, is the latitude, and
B is the dynamic range in-&r 16-bit. For our experiments, this simplifies to

0 YD p 1T ~8
Equatior4.6.4

An ImageJ plugin was developed by the author to convert the image on the IP into PSL
units and then extract the electron spectra minus any backgroundseeiggypendiD.
The recorded signal does fade in time and the empirical fading rate refd@Tééor

this brand of IP as

00 ™ecT cAHDD 0 ™ nAoD 0 h
P p @ P @ WP
Equation4.6.5

with t being the time in minutes since espire. The reported electron spectra have been
adjusted to take this into account. Electron speateeconverted from pixel along the

dispersion plane to electron energy using the dispersion for the EPPS provided by Jaebum
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Park. A sample spectrum colledttfom a Xelaserirradiatedgas puff is shown ifrigure

4.24. Note that the number of electrons is normalized to be in units of number/MeV/sr. The
solid angle is caldated for the slit size and distance from TCC. And the /MeV is the
electron energy binning or difference in electron energies between pixels (MeV/pixel). For
lower energy electrons (< 3.5 MeV), the resolution of the spectra is limited by the
instrumentabispersion. This is greatly reduced > 9 MeV to less than (12%].

4.7 Molecular Dynamics Code

The interaction of noble gas clusters with a short, high intensity laser pulse ath.057
was investigated with a 3D relativistic molecular dynamics (MD) code developed by
George Petrov of the Naval Research Laborafgky[129]. In general, MD simulations
iteratively solve the equations of motion for each particle, accounting for forces and
processes one wishes to study. With the relatively small number of particles redukng
tracked (~16), the particleparticle model was chosen for the simulation over the particle
mesh model which is more suitable for smooth forces and requires high spatial resolution.
Primary features of this model are the creation of particles (thrargzation) and the
tracking of their motion. This allows for plasma formation in the cluster, coupling of laser
energy to the plasma, and temporal evolution of the plasma.

The simulation itself follows the evolution of one cluster. However, periodiocdany
conditions are used to simulate the presence of neighboring clusters that would be in the
actual gas puff. Intecluster distance was set to 50 nm. Upon simulation start, the cluster
consists of a programmed number of neutral noble gas atoms wittera igteratomic
spacing, to match the density of liquid Ar, Kr, or Xe. Laser energy is introduced to the

system via a global Gaussian electric field, whose parameters are chosen to match the laser
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beams used in experiment8t any given time, the clusteradius and ion charge

distribution, from which the ion densities are derived, can be calculated.

5 Characterization of Noble Gas Puffs

Results for measurements obtained via interferometry and Rayleigh scattering are
presented in this section. For specifies each of the diagnostics, refer to Sectidds1
and4.4.2

5.1 GasPuff Density Measurements

5.1.1 Effects of Nozzle Type on G&Ruff Density
Several nozzles were developed for usgaspuff heating experiments: the linear,

conical, and tube nozzles. The conical nozzle was originally intendgddpuff Z-pinch
experiments atie newly renovated compact Sparkypifch facility. Figure5.1 shows the
line-integrated density profiles of both the linear and conical gas puffs; note that line
integrated density has units of éniThe coordinate system for the nozzles is outlined in
Sectiond4.1The first notable difference between the two is the ovsiadl of the puff. The
conical nozzleKigure5.1c) produces a large (~4 mm), cylindrically symmetric puff, while
the linear nozzle creates a rectangular 1 x 2.75 ofin(pigure5.1a and b). Additionally,

the linear puff is more collimated, while the conical puff spans a larger z distance without
the dropoff of the linear. The higer density areas of the linear puff are much more

localized.
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Figure5.1 Linear [(a) View 1 and (b) View 2] and (c) Conig@spuff line-integrated
density profiles with Ar gas at backing pressure 60@pdigas delay time 10@0s
Adapted from Ref[15].

Another significant difference resides in the magnitude of thetitegrated intensity;
it is about nine times smaller for the conical gas plifie aberrations ifrigure5.1c are
due to the small linentegrated density of the conical gas puff. The-limegrated density
of the conical nozzle is just at the edge of the detection range of our interferometer and
some sets of gasuff variables (pressure, timing) did not produanalysisquality
interferogramsSince the path length of the interferometry laser is roughly the same, the
average density of the conical puff should be an order of magnitude smaller as well. Indeed,

the calculated density comes to 2.8 ¥i@n? for the linear gas puff and 2.25x¥@nm?
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for the conical at a z = 1 mm from the nozzle eRinsity calculations were performed
along both views of the nozzle; View 1 giving a density of 2.8%di®3 and View 2 giving
3.05x13° cm. This is a difference ofround 10%, but is within experimental error.
Detailed interferometric data is not available for the tube nozzle, but the density was
determined to be around 12%imes that of the linear nozZ[&3].

The cylindrical symmetry of the coniaaozzle is an important design choice fajes
puff Z-pinch as it provides favorable conditions for the pinch to occur on axis. The
elongated linear nozzle, on the other hand, creates an opportunity to stfdgistig of
the laser beam along the lasg path length ajaspuff. Figure5.2 shows the difference
between 604psi 1000es Ar gaspuff profiles of the two viewing directions. Data in the
legend ofFigureb5.2a is determined using the buiiltn 7 | riunhcdiagin @rilgidLab. The
profiles of Figure5.2b are then generated by dividing by the orthogonal width of the puff,

which results in the scaling of the maximum to matching values.
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Figure5.2 (a) Line-integrated and (b) average density profiles of a linear Ar gas puff at
600 psi backing pressure and 168@as delay time.

5.1.2 Linear GasPuff Density Characterization
In this section, the variation of gas target type, delay timing and backissupeewill

be evaluated on how they affect linegaspuff density. Prior to using higfrequency
interferometry, simple graphical analysis was used to estimasgpuff density as
described in Appendix0. Results presented from lefnequency interferometry
measurements have a higher error than those with collected with thérdggbncy
interferometry due to estimation of the fringe shifts.

During the lowfrequeng interferometric measurements, a large span of gas backing

pressures and delays were tested and are summarigigaiie5.3 at z = 1 mm for Ar gas
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puffs from the Viev 2. This value of z is chosen due to its high density and because the
most promising laser heating experiments had a focus there (S@&dtidn As expected,
increasing gas valve backing pressure in turn increases the density of the gas puff. This
result is logical due to fluid dynamics and mass flow conservation. There is a very strong
jump in density when moving from 200 psi to 300 psi, adrérat does not continue at
higher pressures. Additionallgaspuff density rises with delay time until ~788, when

the density variations due to a change in gas delay decrease.

Ar View 2

— ’
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> 2.00E+19 - . ¢ >0 pst
‘a * 400 psi
Q

(=) 300 psi
& 1.00E+19 - _
@© 200 psi
g

<L

0.00E+00 T T T
400 600 800 1000
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Figure5.3 Graphically esmated averaggaspuff density measured from View 2 at
varying gas backing pressures and delay timings.

The remainder of interferometric data was captured using -fregliency
interferometry as described earliergure5.4 displays the behavior of the density profile
from View 1 and we observe that it varies significantly at large distances (>3 mm) from
the nozzle exit. Until z = 2 mm, the gas puff is remains redbticollimated with the

majority of gas contained between x86.75 mm. Past this point, the gas spreads out and
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the density drops off significantly, signifying the end of the studiegbgésegion. Further

results will focus on linear gas puffs for Z<smm.
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Figure5.4 Lineouts of a linear Ar (600 psi, 1080sg)as puf f 6s average
increasing z (distance from nozzle exit).

Figure5.5 shows lineintegrated density profiles of Ar, Kr and Xe gas puffs at the same
color scale. At a gas delay time of 1GX) Ar gas produces the densest puffs, followed by
Xe, and then Kr. This figure, though, is a comparisorilmegrated density plots, which
need to be converted to average density. However, the width of the gas puff from View 2
is relatively independent through changeggaépuff variables. Hence, out of the pure

gases, Ar does produce the densest puffs.
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a. Pure Ar 600psi 1000us b. Pure Kr 600psi 1000us
View 1
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Figureb5.5 Puregaspuff line-integrated density profiles (View 1) using the linear nozzle
with backing pressure ~600 psi and gas delay time 2066 (a) Ar, (b) Kr, and (c) Xe.
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Continuing the analysis stv3 that, even compared to the mixtures, Ar gas puffs are
the densestigure5.6. For both pure and mixed gas puffs, the densities are compared to
pure Ar. See Sectiod.2 for the mixture composition percentages. Bverage density of
the gas puffemains constant for the first 0.5 mm just outside the nozeleuap. It then
decreases witthe distance at the about same rate for each gas puff shown, though the

denser gases do have a slightly stronger slope.
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Figure5.6 Average gas density as a function of z for (a) pure gas puffs and (b) mixed gas
puffs. Density as measured from View 1 The backing pressure is 600 psi for each shot.

The data inFigure5.6 shows the density of gas puffs at different gas delays; a more
complete picture of variations in tgaspuff profile with varying delay timing, can be seen
in Figure5.7. The figure presents the View 1 lum@egrated density profiles of the two
triple mixtures, XeKrArl (ac) and XeKrArll (df). The color scales are the same for each
plot. Density maximums occur at a gas delay time of ¥@r both mixtures and, in

general, the overall shape of the gas puff remains constant. In addition, the&sL000
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produces the highest gradients for a given delay time, shown by the closer distance between

contours.

a. XeKrArl 600psi 830us
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Figure5.7 (a)-(c) XeKrArl and (d}(f) XeKrArll line-integrated density profiles (View 1)
at various gas delay timings and a backing pressure of 600 psi.

The average gas puff density was calculatedeatlistance = 1 mm for the gases and

gas alays tested at the Titan laser (see Sediar6.9). Figure5.8 illustrates the control
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of gaspuff density for a range of delay timings. Density measurements were taken along

View 1 axis. The gaspuff densities have maxima between time delays of 830 to 200
with minimum densities at 608s. The details regarding tigaspuff density are essential

since, as it will be shown later in this work, the density of the gas puff directly impacts

plasma parameters such asay and electron emission.

Average Gas Puff Density
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Figure5.8 Average gas density as a function of gas delay time with constant backing
pressure 600 psi. KrAr is 15K35Ar and XeKrAr is XeKrArl in as defined in this work.
Density as measured from View 1.

5.1.3 Density Gradients at the Edges of thieinear GasPuff
The majoity of laser heating experiments were performed with the laser beam

propagating along View 1, with the focus spot at y = 0 mm, i.e. at the actual center of the
gas puff. However, several shots were taken at different values of y (moving towards the
front edge of the gas puff). Several interesting results were observed (see 8dcgon
and it is surmised that they were due, at least in part, to the high gradigmésedges of

the linear gas puff. It is known that the density of a material directly affects the index of
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refraction. Therefore, density gradients will produce-hio@ar variations in the index of
refraction of the gas puff, which can foster focusifighe laser beam in the gas puff and
lead to hardeX-raygeneration. It is also possible that the negfaalipuff density gradients
can aid in the selfocusing of the laser beam in the plasma it createsf@&@wising occurs
when the refractive indexf a plasma (or any medium) is changed through laser
interactions.

Density profiles of Views 1 and 2 for ~600 psi Xe gas puffs taken at a gas delay of 830
€s are shown ifrigure5.9a. Like with the previous data, the lineouts were taken at z = 1
mm. Since the yposition of the laser focal spot was changed, View 2 is the direction of
interest for this section. The gradient of View 2 is therefore includ€ibure5.9b. Due
to the large amplitude of the gradient, the View 2 density profile has been scaled to fit on

the graph. The density gradient has maximums betwg&dr251.5 mm.
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Figure5.9 For the Xe linear gas puff (550 psi and &%) at z = 1 mm, (a) density
profiles and (b) View 2 density (adjusted to be seen on graph) and gradient of the View 2
density in units of cr.

5.2 Cluster Size Measurements

5.2.1 Determination of Cluster Radius
As shown inEquatior4.4.9, the radius of the cluster depends on the metric chosen for

atomic radius. Common definitions include: atomic, Van der Waals, Wigeiz, and
covalent radii. The atomic radius is alone in expressing the size of neutral, isolated atoms.

The others represt radii in the presence of other atoms. The Van der Waals radii is the
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distance of nearest approach for an additional atom. The distance between two covalently
bonded atoms defines, logically, the covalent radius. Finally, the W&gier radius
guantifies the mean volume per atom in a sdlidble5.1 summarizes the different atomic

radii for Ar, Kr and Xe. Values are in A and were collected from RE38]i [133] for

atomic, covalent, Van der Waals, anilgner-Seitz radii, respectively.

Atomic Covalent Van der Wigner-Seitz
Gas

Radius Radius Waals Radius Radius
Ar 0.71 1.06 1.88 2.40
Kr 0.88 1.16 2.02 2.57
Xe 1.08 1.40 2.16 2.73

Table5.1 Various atomic radii for Ar, Kr, and Xe. All values are in A.
Consequently, the choice of atomic radius determines absolute cluster radius. In this

work, the WignerSeitz radius is used. For articles in literature where cluster size is
measured, the autt®also implement the Wign&eitz radius in their calculations as it
assumes liquid, i.e. high, density in the cluster. However, many groups do not even measure
the cluster size and use the Hagena parameter to estimate clustdBijafiag [23], [30],
[134]i[136]. The Hagena parametes’ is a semiempirical formula relating nozzle
geometry and gas parameters to cluster[8izeuch that

o QQ0"Y ®h

Equation5.21

where’Q is the equivalent orifice diameter m, "Q is a gasdependent constar,

denotes the gas backing pressure in mbar;anepresents the gas temperature at
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stagnation in K. Fop m m iy’ X o Trtite average number of atoms per cluster is then
O cofpnmhbs
Equation5.22

We chose not to employ this parameter for the linear supersonic nozzle bQwenisiel
be a complicated function due to our nozzle geometry. Hence, this work is special for its

measurement of cluster agdspuff parameters in addition to laseeating &periments.

5.2.2 Effects of Nozzle Typ®n Cluster Formation
The linear, tube, and conical nozzles were evaluated for the presence of clusters. In

summary, cluster production occurred in both the linear and conical gas puffs, but not the
subsonic tube gas puffigure’5.10 demonstrates the lack of the clusters in the subsonic
tube gas puff. The nozzles are mounted so that the gas flow direction is downward in the
figures. Recall that pixel intensity on the ICCD array is a linear function of gate, or
exposure, time. The gate time kigure 5.10b is ten times that dfigure 5.10a, further
emphasizing the absence of clusters in the subsonic puff. It should be noted that no

scattered light was observed for any subsonic gas puffs.

No clusters

Evidence
of clusters

Figure5.10 Representative RS images from the (a) supersonic (View 1) and (b) subsonic
Ar gas puffs. Note that the exposure time of (b) was 10 times larger than for (a). Gas flow
is downwards.
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Figure5.11 RS images from the (a) conical and (b) supersonic (View 1) Ar gas puffs.
Gas flow is downwards.

Images comparing the conical and linear gas puffs are showigune5.11a and b.
Testing the conical gas puff for clusters was a direction taken through curiosity and,
surprisingly, the conical nozzle scattered a measurable amount of light, suggesting that its
flow is supersonic. Tkijustified additional RS shots for the conical nozzle changing both
gaspuff backing pressure and delay time, summarizdeigare5.12. The graph displays
ICCD pixd intensity averaged over the entire scattering region.

The onset of major cluster formation is observed between 400 and 500 psi. The increase
in magnitude of the scattered radiation could be due to the presence of larger clusters or an
increase in densitgs the backing pressure rises. Without reliable interferometric data,
contributions from the two cannot be separated. Gas delay also affects the scattered
intensity; the presence of detectable clusters diminishes at 600 and 200 higher

pressuresdwing a stronger decrease.
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Figure5.12 Pixel intensity averaged over the enggaspuff region Figureb.11a) ofthe
conical gas puff at various gas backing pressures and delay timings.

Due to the lack of detailed interferometric data, absolute cluster size could not be
measured for the conical gas puff. However, an estimatiosi ofas achieved using the
following parametersQ =1650[137], 0 =500 psi, andY=100 K. For a conical nozzle,
the equivalent diameter in terms of the opening-aaffle and the throat diamet€r‘ &
is

Q =8
OAl
Equation5.23
The halfangle of a cone is four[d38] via
.. -0 Q.
| OEIl——nh
qU
Equation5.24

where D is the output diameter and L is the length of the cone. This redlts660e m,

giving a final value of 3.8x10for ¢ using Equation4.4.9.That valueis well above the
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parameter range given in the previous section, making the estimation of cluster size from
the Hagena parametdtquation5.2.2) invalid. However, adjustments have been made by
other groups. Ref28] provides an improved formula the rangegoft @ p
WO pnwip mm f8
Equation5.25

Therefore, the average number of atoms per cluster in the conical gas4df1ie,
which is considered quite large. Using the Wig8Beitz radius for Ar and assuming all
atoms are confined in clusters=(l) gives an estimate of 390 A for the average cluster
radius. For comparison, clusters in Ar linear gas puff at 600 psi @d@les delay time
have an average radius of 90 A. Unfortunately, only characterization experiments were

performed on the conical gas puff and not data are available for laser heating experiments.

5.2.3 Linear GasPuff Clusters
Most of the characterization expments focused on the supersonic linear gas puffs

from View 1. Analysis of the RS images for the linear gas puffs is performed using the
program detailed in Appendi®. The-0 profile for a 600psi, 830es Ar gas puff from

View 1 is shown as a surface and contour nagufe5.13a and b, respectively). Cluster
generation appears to extend just past theifitegrated density profileH{gure5.5a and

Figure5.13b). We observe Owi ng pdstthe éddges & the gas paff g e

where the sharp gradients cause—fhﬁ— term inEquation4.4.8 term to blows up-0 ,

andthereforecluster radius, increases with distances from the nozzle exit
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Figure5.13-0 contour for a linear Ar (600 psi, 10@8) gas puffs a (a) 3D surface
map and (b) 2D contour map.

Two sets of assumptions were made to generate cluster radius, pleasedetetian
4.4.9 for the calculation of cluster radius from our measurements. First, the \ABgiter
radius was used fo¥ . And, second, ouneasurediata is in the forme0 , yetEquation
4.49 requiresO . Therefore, the selection of cluster condensation faetdigr both the
mixed and pure gas puffs must also be addressed. In the lite@fuf&l], [23], [30],
[134]i [136], and especially when the Hagena parameter is utikzedpften assumed to
be unity as it places a lower bound on the cluster size. We-topk , and- to be one
as well. However, it is likely that this number is less than one in practice. The estimation
of — for the mixtures is more involvetut has been measured through Mie scattering and
using simulation$28], [139]i [141]. Corrections have been madehe cluster sizesince
our previous articlefl3], [15], [16] were published.

Duringthe lasetheating experiments, it was found (see Sedidrg that Ar does not
condense into clusters in either the KrAr or XeKrAr mixtures. The percentages of Ar
contained in 15Kr85Ar, XeKrArl, and XeKrArll are 85%, 68%, aB@Po, respectively.

This then allows us to assume values-of =0.15,—- =0.32, and- =
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0.2. Since 15Kr85Ar clusters only contain Kr, its radius will be usedyvfor . For the

triple mixtures, we are unable thetermine if the Kr and Xe cluster independently.
Therefore, the relative percentages of Kr and Xe in the triple mixtures was determined to
be very similar at 59.4% Kr and 40.6% Xe (XeKrArl) and 60% Kr and 40 % Xe (XeKrArll)

The effective WignefSeitz radus for the triple mixtures is then 2.63 A.
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Figure5.14 Cluster radius of differergaspuff targets at 600 psi and a gas delay of 1000
€s (Ar, Kr, 15Kr85Ar) or 83&s (Xe, XeKrArl, and XeKrArll).

Figure5.14 demonstratethat cluster radius does indeed increase with distance from
the nozzle exit, z, unlikgaspuff density Figure5.6). The valuegor cluster radiusvere
averaged over 0.25 mm at the center of the gas puff (x = 0 mm) and error introduced by
this average is negligible at <1%. Different gas delays were chosehéd targets to
coincide withX-ray emission maxima angaspuff backing pressure remained constant at
600 psi. Xe produces the largest clusters by a large margin, even witli, followed by

the order in the legend. Cluster size does increasezwhilnt a drogoff is observed in both
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triple mixtures and pure Xe. Since this decrease is absent in the Ar/Kr gas targets, we can
assume that the feature is due to the presence ofafde 5.2 summarizes the average

cluster radii of the gases at (x, z) = (0, 1) mm.

Gas Xe XeKrArll 15Kr85Ar Ar XeKrArl Kr
Cluster
Radius ( A) 205 145 110 90 85 70

Table5.2 Average cluster radii 1 mm frothe center of thaozzleopeningat 600 psi
and a gas delay of 10@8 (Ar, Kr, 15Kr85Ar) or 83&s (Xe, XeKrArl, and XeKrArll).

In contrast to the strong increase-ih as a function of x shown iRigure5.13, the
cluster radius remains quite constarthatdistance = 1 mm Figure5.15). Cluster radius
remains relatively constant over thalixection for all gasesThis is due to thel) 7
dependence of cluster radius. Significant variations to cluster radius requitelzahge
in U . This also implies that exact calculation of the cluster condensatsonot required
to generate relatively accurate cluster sizes. Changilngm 1 to 0.25 for a given gas

results in a 1 %increase to cluster radius.
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Figure5.15 Cluster radius of differergaspuff targets 1 mm from the nozzle exit at 600
psi and a gas delay of 1068 (Ar, Kr, 15Kr85Ar) or 83&s (Xe, XeKrArl, and
XeKrArll).

Interestingly, despite having very similar averagaspuff densities, XeKrArll
produces clusters with radii double that of XeKrAfrtis difference is most likely not due
to the assumed values fesince the difference betweer= 0.2 or 0.32 only introduces a
percent difference of 7%. Insteadcall that X6eKrArl contains Xe:Kr:Ar partial pressure
percentages of 13:19:68 and XeKrArll of 8:20:80. The relative percentages of Xe and Kr
and roughly equal, so the major difference between the two is the amount of Ar in the
mixtures. As stated in Sectid) adding lighter carrier elements to heavier seed gases
allows for more efficient cluster formatipthe observation of larger clusters in the gas
mixture with more Ar indiates that varying the amount of a rabastered gas in a mixture

will change the cluster condensation when other variables are held constant.
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6 X-ray and Electr on Beam Characteristics of Laser-irradiated
Gaspuff and X-pinch Plasmas

6.1 Laser-irradiated Gaspuff Plasma Results
Thelaserirradiated gas pukxperiments took place at two different laser platforms as

detailed in SectioB: the Leopard and Titan lasers. Milbdelling of the lasegas cluster
interactions if discussed in Sectiéri.1 The results presented in Sectié6nk.26.1.5were
obtained in experiments done only at the UNR Leopard Laser over several experimental
campaigns. Care wasken during the experiments to keep experimental parameters
constant so that comparisons can be made between different campaigns. 6dcéand
6.1.7show a mixture of results from both Leopard and Titan experiments. Finally, some

Titan-only results are discussed in Secttoh.8

6.1.1 Molecular Dynamics Modelling of LasefGas Puff Interactions

Numerical simulations using the 3D relatiwtd¥ID code described iSectiord.7were
performed for Ar, Kr and Xe clusters. The clusters were initiated with liquid dearsity
an initial radiusof 5 nmcorresponds to the number of atoms in the cluSt@4?2 for Ar,
7,364 for Kr, and 6,144 for Xe. Intercluster distance was set to 50 nm, ten times cluster
radius. Periodic boundary conditions account for the presence of neighboring clusters.
Laser parameters for the simulation are: wavelengtin lintengty 1x10'° W/cn?, pulse

length 350 fs.
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laser pulse. The simulations follow the time evolution of electron andansities (top)
and cluster radius (bottom). Laser radiation beings at time t = 0. Figures adapted from
Refs.[16] and[13].

The simulation outputs the temporal evolution of cluster radius and electron and ion

densities, shown iRigure6.1 for pure Ar, Kr, and Xe clusters. For each of the gases, the

clusters exist for only the first 5000 fs of the laser pulse. The clusters expand within 20
30 ns of laser incidence, léag a hot, low density plasma to interact with the remaining

laser pulse. Electron and ion densities decrease-dbyi8lers of magnitude due to the

cl ust

er so

expansi ons.

For

t

> -dersity pldsg,

mo st

causingX-ray production. Even though the clusters survive for only a brief period, they

have a profound impact on the emissions ofl#serirradiated gas puffsdiscussed in

Section6.1.2 They absorb a large portion of laser energy in that short amount of time,

leading to higher ionization states and hotter plasmas that can increasX-hayrd

generation.
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The density of each ionization stage in the plasmas was also calculated for Ar, Kr and
Xe, though only results for Xe are showrFigure6.2. The qualitative behaviaf Ar and
Kr ion densities is similar to Xe and was presented in detail in [R8f. Sequential
ionization (optical field and collisional) gradually increase the ion charge, q, in time.
Highly ionized ions are produced later in time framich soft and hard Xay emission is
observed on Siliodes and Xay crystal spectrometers. Charge states of g > 9 are only
created after ~15 fs, corresponding with the initial stages of cluster expansion and decrease
in ion density Figure6.1c). Later in time, ions with charge state up to g = 26 are observed
with decreasing density, approaching-ga#f density. After t > 150 fs, only X& (Ni-
like) remains becausef ionization stall at the closed shell formation, with ionization

potential for the next levép = 1.4 keV.

107 107

a. 102 5 b. 102 |
] 0 ] 7 e
B — 1 4 8 -
1022 4 —= 2 1022 4 9 A
] basri —- 3 ] 10 v
- 1 ) 31\ [ - a - 1 11
° Snoyp { 5 ° 1 12 *
3 1 | — £ _
S 10 & S 107 ] I} lon charge
z lon charge | > ] ‘ X
‘@ 4 ‘G 1
S S
$ 102 o ¥ 107 7 ‘
c ] c ] |
2 k]
10° o 10° o
1018 T T T T T T T T 1018 T T T T T T
1 10 t(fs) 100 1000 d 1 10 t(fs) 100 1000
C. 107 - 1023
3 1 19
13 5
] 18 = ] 20 o
1022 _ 15 =— 1022 i 21
] 16— ] 22 ——
- 17 - 23 ——
? 1 18 2 ] 24
£ 21 | £ 21 | 25—
-”; 10 ] lon charge .E 10 1 26
'E E lon charge
S 3
e £
° °

1019 \ 1019 y
1 ] S s avaaeity

] | 1 ;‘3";’5»"
T T T T T T T T T T T T

100

1018 T T T T T 1018

1 10 t(fs) 100 1000 1 10 t(fs) 1000

Figure6.2 Time evolution of Xe ion densities with ion charge q from (&) (b) 712, (c)
13-18, and (d) 126. Figure from Ref.16].
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The fast explosion of the clusters is also used to explaiXthey b ur st sd t i m
signature, se€igure6.11 andFigure6.13 as examples. The sharp forefront corresponds
with the creation of many lightly ionigeparticles, while the trailing edgepsurtly due to
the presence of the highly ionized emission from thedewsity plasma interacting with
the tail of the laser puls®adiative cooling of the (expanded) plasma, which continues on

a nanosecond time deaalso contributed to the tail of therdy pulses.

6.1.2 30PAOOTI T EA OO 30AO0OTTEA 'AO 0O0&F£A& AO p8mu
As described in the previous chapter, the subsonic tube nozzle does not produce a

clustered gas puff. Thus, the effect of clusters eray)Xand electron emigms can be
studied and will be discussed in this section. These experiments were performed with the
shortpulse UNR Leopard Laser (350 fs, ~1X1®/cn?) and tested both the supersonic
linear and subsonic tube nozzles as laser targets. While in thectaagaber for the laser,
the nozzle is mounted to a 3D translational mount to facilitate-¢gsepuff alignment.

The supersonic nozzle was oriented so that the laser pulse propagates along View 1, is
focused at the center of the puff, and travels thr@®igim of gas. For both nozzles, the
laser was focused at z=1 mm afsdwas used as the target material. Gas valve backing
pressure was kept constant at 500 psi, while gas delay timing was varied betw8&8&0 500
€es. The full expernFgeebBandinchdesseverX-ragcrystal s pl ay e
spectrometers, pinhole cameras,difides, and a Faraday cup witedn Al Tbi | t er .
protect the Sdiodes from ion amh electron impacts, 0:5 permanent magnets were
mounted between the detectors and the pla3ina.Stdiodes and pinhole camera data

presented in this section are from one plasma viewing direction, horizontally for both.
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o 3

Figure6.3 Experimental schematic for the Leopard results in this secti@adpuff
nozzle. 2. 3D translational mount. 3. Leopard laser beam. 4. OAP focusing mirror. 5,6,7
X-ray spectrometers. 8. Haxdray spectrometer. 9,10.-Kay pinhole cameras, one
vertical and one horizontal. 11,12. Groups etileides, one vertical and one horizontal.
13. Faraday cup.

A comparison of peak-ray emissions from both the supersonic and subsasker
irradiatedgas puffsare presented iRigure6.4. The yaxis is the maximum magnitude of
signal obtained by Sliodes, normalized by solid angle and relative detector sensitivity.
First, it must be noted that changing the gas delay timing offers some control over the X
ray emissions of thiaserirradiated gaguff plasmasa relationship that is stronger for the
supersnic than the subsonic nozzReak radiation >1.4 keV iargerthan3.5 keV, which
is expected since the lower filter enff energy includes a larger spectral region. In the
lower spectral regiorHgure6.4a), the difference in enggns between the two nozzles is
less thann the higher spectral region. This trend continues at 9 keV, showing that the
clusters enhance-Ky yield at higher photon energi&nce the density of the two nozzles
is of the same order of magnitude and shene gas, backing pressure, and delay timing

were used, the difference inrdy emission is most likely due to the presence of clusters
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in the supersonic gas puff. The temporal behavior of tukkd8ie signals depends on nozzle
type used as well. Signataptured from thiaserirradiatedsupersonic gas puff had a sharp
forefront (quicker than the temporal resolution of our detectors, ~0.5 ns) with a gently
sloping trailing edge. The subsonic puff also exhibited a sharp forefront, but lacked the

gentle, tailing edge.

4. Increasein X-ray emission due to presence
5 . Of clusters (>1.4keV X-ray photons)
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Figure6.4 Maximum Stdiode signals from Agaspuff plasmas produced by the
subsonic and supersonic nozzles in two spectral regions: (a) >1.4 keV and (b) >3.5 keV.
Diode signals are normalizedth respect to solid angle and detector sensitivity. Error
bars indicate standard deviation when more than one shot was performed. Adapted from
Ref.[13].

Time-integrated pinhole imageBigure6.5) also show how the -xay emitting regions
of alaserirradiatedsupersonic and subsonic gas puff differ. The laser is propagating from

left to right on the film Figure6.5b and d), back téront on the surface plots, along the x
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axis (Figure6.5a and c). Th&-ray emitting regions of both puffs are smaller than the gas

puffs themselves. However, the emitting region ofl#serirradiatedsubsonic gas puff

has larger gradients than the supersonic puff, especially downstream of the laser beam

has been hypothesizdatat the clusters surrounding the hot plasane heatednore
efficiently than the monomers in the subsonic pluig to the higher localized densifyhe

high local density inside the clusters would provide conditions favorable to this.
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Figure6.5 Time integratecK-ray pinhole images of laser plasma fréeserirradiated(a
and b) supersonic and (c and d) subsonic gas puffs. OD is optical densitgpinages
on the film. Laser beam propagatédra x-axis. Spatial resolution is &n and filter
cut-off energy is 1.4 keV. Backing pressure was 500psge adapted from RdfL3].

Shown inFigure6.6 andFigure6.7 are the Xray K-shell Arspectra emitted from the

laserirradiated supersonic and subsonic gas puffespectively. These spectra were

Lt
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recorded during the same experimental campaign using thepldsg (0.8 ns) Leopard
Laser; similar results for the supersonic puffs were observed in later experiments using the
shortpulse (350 fs) Leopard Lasgr3]. Scanned film is at the top of the images and the
synthetic spectra at the bottom. The #dfE model used to analyze the spectra was

developed and implemented by Emil Petkov.

[

Focusing
Mirror /1.5

3./ 3.8 39 4 4.1 4.2 43

Wavelength [A]

Figure6.6 Experimentafilm (top) andineout fit with the modellingdbottom) Xray
spectra from daserirradiatedsupersonic Ar gas puff captured with tevex KAP
crystal spectrometekaser energy was 18 J and was focused as shown in the inset.

Fundamental dierences are evident between the tospectra. In the case of the
laserirradiated supersonicAr gas puff, many satellite lines are observed, including
ionization stagefrom Li-like Ar down toF-like Ar. A very broadcold Kyis also present,
which, conbined with the whole sequence of ionization stages, indicates the presence of
electron beamsit anonMaxwellian electron temperature distribution of ~Z8D eV
[13]. Sporadic Faraday cup signals were detected during this campaign,ngjoinei

presence of electrons of at least 19 keV in energy. Note that the orientation of the nozzle
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is along View 2 of the supersonic gas puff. Similar spectra are found witlagbe
irradiatedgas puff in the orthogonal orientation as well.
i
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Figure6.7 Experimental film (top) and lineout fit with the modelling (bottoxyay
spectra from #aserirradiatedsubsonic Ar gas puff captured with a convex crystal
spectrometer outfitted with a KAP crystal. Laseergy was 18 J and was focused in the

center of the gas puffigure from Ref[13].

On the other hand, tHaserirradiatedsubsonic gas puff produces only the Arlike,
Figure6.7. Thi s | i ne i glingasitimmodaccontpanied by spectral linds
indicative of a hotter plasma, like Figure6.6, and gives an electron temperature of 10
30 eV. Therefore, an electron beaar thermal electronsvith energy >4.4 keV (the
ionizationenergy of Ar K) must have been present to cause the inner shell vacancy that
produces th&gline. Observation amore lines ahigher order reflections of theghine in
the spectra suggests the existence of multiple iagnitiources within the plasmédpon
further investigati on, tdireislveyimnporiant @ssence o
researchThe lack of cluster formation in the subsonic gas wa$ previously discussed

(Sections.2.2. Therefore, the occurrence of giaglefi ¢ o | utb prooKof lack of clusters
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within the gas puff. Clusters only last for a short time during the laser pulse, as seen in

Section6.1.], but have a profound impact.

6.1.3 Effect of Laser Focal Distance from Nozzle-(rection) on Gaspuff Plasma
Emissions

The laser focal spot distance from the edge of tezle (the zdirection in Fig. 3.4)
was varied (13 mm) to determine which produced the greatesayemissions. The
diagnostic setup is shown Figure6.8 for use wth the shorpulse Leopard Laser, with
the radiation again propagating along the View 1 direction, the typical orientation of the
nozzle. Three detector packages were fielded: one vertical and two horizontal. These will
be referred to as the Vert, H90daH15 detector groups for brevity. The vertical detector
group was along the-axis and the angles of the two horizontal groups are measured from
the yaxis within the xy plane. Each detector group housed thregi&®ies (with filter cut
off energies of 4, 3.5, and 9 keV) and a PCD (aft energy 2.4 keV); two Faraday cups
observed the plasma from the Vert and H15 groups witlgm 4l filter. To protect the
Si-diodes and PCDs from ion and electron impacts;TOfiermanent magnets were
mounted betweerhé detectors and the plasma.d&ide data are collected from the H15
group and PCD data are from the H90 group. Sed@itry will addressX-ray emission

from othe viewing directions. Both Ar and Kr gas puffs were tested with the supersonic

linear nozzle at a backing pressure of 600 psi and a gas delay timing afsL000
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Figure6.8 Schematic oX-ray and electron beam diagnostic positions for the
experiments. Adapted from R¢16]
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Figure6.9 Maximum Stdiode signals from Ar and Kr ggmuff plasmas produced by the
supersonic nozzle. Laser focal distance from the edtieeafozzle, z, is varied. Diode
signals are normalized with respect to solid angle and detector sensitivity. Error bars
indicate standard deviation when more than one shot was performed.

The peak Xray emissions measured by filtereddBdes is shown ifrigure6.9. As
the distance z increases, the emissions decrease for both the Arlasériradiatedgas
puffs. This is most likely due to the density variationghe gas puff. As discussed in

Section5.1.2 the density of the gas puffs decreases with the distance z, whereas cluster
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size increaseXr is less susceptible mission decrease than Ar and, as expected due to
its higher charge state [&f vs Kr"?® (Figure6.26)], has stronger ay radiation than Ar
>1.4 keV. The 3.5 keV diode signals are similar for both Kr and Ar, suggesting that the
discrepancy at 1.4 keV is due to the higher intensity of nell line emission compared
to K-shell Ar. Though, higher electron temperatures were also reached in theeAr
irradiatedgas puffd13]. Additionally, the cluster size and density of thda&erirradiated
gas puffs has a weaker depende on the distance z compared toFAg(re5.6 andFigure
5.14), providinga possibly explanation behind why Kr shows a less intense decrease in
emissions.

As described in Chapté&; gaspuff density and cluster size have contrastingalvedr
as a function ofhe distance: density decreases while cluster size increases. Both density
and initial cluster radius contribute to laser energy absorption efficiency and plasma
heating, where higher local density and an optimum cluster r@sliisre desired. For
Leopard laser and linear gpsaff parameters, the idedistancez is, therefore, 1 mnThe
coefficient of conversio of laser energy into >2.4 keV photons also diminishes as the laser
focal spot is moved farther from the nozzle exit, as seBigure6.10. Again, this is most
likely due to the strong coupling of gasiff density to laser absorption. Unfortunately,
spectrometers were not fielded for shots wilea distancez was changed,and no

spectroscopic data is available.
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Figure6.10Conver si on

laserirradiatedsupersonic gas puffs at various distances between the laser focus point
and nozzle exit. Error bars denote standard deviation when multiple shots atéhe sam

coefficient X-thys tofKr andhArr t

distance were performed. Figure adapted from R8&}.

6.1.4 Laser PulseLength Effects on Gapuff Plasma Emissions
The Leopard Laser can operate at two laser pulse lengths: 350 fsp{dkejtor 800

ps (long pulse). There is a differerinebeam intensity as well, with the long pulse having

an intensity on the order of Towv/cn? and the short pulse with ¥on/cn?. The temporal

length of laser interaction with clusters can change the which processes dominate heating

and emissiond_argersignals were observed when irradiating Ar gas puffs of comparable

parameters with the short pulse Leopard laBgyufe6.11). The length of the Xay burst

was alsdonger for the short pulse.

as



97

12 -
10 - ,\‘
:l === Short Pulse
S 8- X
< ' Long Pulse
T X
6 - ]
c \
D2 " \
Dy '
\
2

0

_ 20 40 60
Time (adjusted to align signals) (ns)
Figure6.11 3.5 keV Sidiode signals from Agaspuff plasmas irradiated by an 800 ps

(long) or 350 fs (short) pulse. Adapted from R#&8].

6.1.5 LaserPulse Contras Effects on Gaguff Plasma Emissions
When planning to transition from the Leopard to the Titan Laser, the higher relative

energy of the prpulse was a concerRreionization of the clusters causes expansion of
the clusters due to Coulomb repulsion lbefdhe main laser pulse, inhibiting laser
absorption by the clusters due to the reduced cluster density. In other studies, this has led
to a decrease in-Kay emission§27], [49], [53]. Therefore, an experimental caangn was
planned to study the effect of the Leopard laser pulse contragagpuff plasmas. As
discussed in &tion3.1, the laser pulse contrast is the ratibnmen laser peak intensity

lpeak and the prepulse intensitylpe. The Leopard Laser can be operated with K=10
('O=10"*W/cn?) or K=10 ('0=10'2 W/cn).

Diagnostics and the experimental setup used are the same as presegacei8.

To repeat, three detector packages were fielded: one vertical and two horizontal. These will
be referred to as the Vert, H90, and H15 detector groups for brevity. The véeteetor

group was along the-axis and the angles of the two horizontal groups are measured from
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the yaxis within the xy plane. Each detector group housed thredi@ies and a PCD;

two Faraday cups observed the plasma from the Vert and H15 groupsh©®XgKrArl

and 15Kr85Ar mixtures were tested with both high and low contrast laser pulses. The
shots were chosen for comparison for having similar laser pulse energy.

The maximum Sdiodes signals for single shots in different spectral and spatial
viewing regions for the two gas mixtures are showRigure6.12. The attentive reader
may note the anisotropy of radiation; this will be discussed in Se&tlonn tandem with
Titan laser results. Each puff had a gas valve backing pressure of 600 psi and XeKrArl
results are shown for two gas delay timings.

Figure 6.12 demonstrates thaX-ray yield depends insignificantly on laser pulse
contrast. For a gas delay timing of 10 (XeKrArl), the yields in the softest (1.4 keV)
region for contast K=16 were several percent higher than for K5Mere close or even
smaller for 3.5 keV, and decreased to 40% in the hardest region of 9 keV. The differences
X-rayyield for the 15K¥85Ar mixture at a gas delay timing of 1008 follow the same
pattegn as the XeKrArl 83&s puffs. On the other hand, yields for the XeKrArl &30
laserirradiatedgas puff indicate that the low contrast pulse produced smaller signals on
the 1.4 keV Sdiodes and 2.4eV PCDs and similar or a little larger for the 3.5/k8i-
diodes. In fact, in the hardest spectral region, reducing laser contrast increaXe@yhe
yield. These results could offer a practical way to tune the radiation spectra to favor higher

or lower energies by changing the delay timing, i.e. ingagdpuff density.
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Figure6.12 Normalized Sidiode maximum signals from single shots of (a) XeKrArl
(830¢s), (b) XeKrArl (100Ces), and (c) 15K85Ar (1000es) gas puffs irradiated by
laser pulses with diffrent contrasts. (a) and (b) are adapted from[R&f. Gas valve
backing pressure was 600 psi.

Table6.1 further emphasizes the point that changing the laser pulse contrast toes no

decrease and, in some cases, even increase¥X-tlag yield. The table presents the
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coefficient of conversion in three viewing directions. Recall that this is found by integrating
the absolutehcalibrated PCD signal in time and space and is thereforeea bettisure of
total yield than the maximum Siode signalsNote that each measurement is integrated
over 4, giving the total radiated energy independent of other measuremh®@Kt85Ar is

more sensitive to changes in K than XeKrArl and, at the loweanevalf K (with a
significantly smaller laser energy), had an 80% increasé-riay yield in all directions.
Similar results have been found in R¢23], [142], contrary to othestudies with pure gas

jets (Ar, Krand Xe)[24], [27], [53]

Coefficient of Conversion (x16%)

Gas (Delay Laser Beam
Ti ming iK Energy (J) H15 Vert H90
XeKrArl (1000) 10’ 16.7 3.03 1.36 3.11
XeKrArl (1000) 10° 17.3 2.47 1.18 2.9
XeKrArl (830) 10 17.0 2.05 0.990 2.52
XeKrArl (830) 100 17.6 242 0.886 2.53
15Kr-85Ar (1000) 10’ 17.6 2.39 0.921 251
15Kr-85Ar (1000) 10° 145 4.32 1.76 4.57

Table6.1 For XeKrArl and 15K#85Ar, the coefficient of conversion fot-ray radiation
>2.4 keV measured by three calibrated PCDs in different locations as defifigdiie
6.8 for different laser pulse contrast ratiés Gas valve backingrpssure was held at 600

psi.

6.1.6 X-ray and Electron Emission®f Pure and Mixed_aserirradiated Gas Puffs
A total of seven gas target types, detailed in Secti@nwere investigated aX-ray

sources over the course of two Leopard laser and one Titan laser experimental campaigns.

Section6.1.6.1details the results from the dpard laser campaigns using all seven gas
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targets and Sectioh1.6.2provides conclusions regarding the Titan laser campaign using

the five most promising gas taats. Experimental details will be given in each section.

6.1.6.1 X-ray and Electron Emissionat the Leopard Laser
The following results were obtained from experiments at the Leopard Laser over two

experimental campaigns using the linear, supersonic nozzlieldirst experimental
campaign, Leopard laser pulses irradiated Ar, Kr and -Ba3&r gas puffs. The second
campaign used XeKrArl, XeKrArll, 5kB5Ar, 15Kr85Ar, and pure Xe as target gases. It
will be noted if comparisons are made between the two canghaigcause the focusing
mirror inside the Phoenix chamber was changed.

Al l shots ut i |-pgulgeehijhcontrast relgimesaad lader ensrgies vatied
between 1218 J, with an average intensity of 1*3@/cn?. Gas valve backing pressure
remaired constant at 600 psi, but gas delay timing was controlled and varied. The position
of the focal spot was not varied and was placed at the center of the gas jet with the
propagation of the beam was along View 1, as showkFigure 6.8. During these
experiments, the distance of the focal spot from the edge of the nozzle (the z position) was
constant at 1 mm.

The general experimental setup for both Leopard campaigrsplayed inFigure6.8
and the same nomenclature for detector group names associated with said figure (in Section
6.1.95 is used here. Timeesolved diagnostics include: three sets otliSdes in each
detector group with filter cudff energies 1.4, 3.5, and 9 keV, three 2.4 keV PCDs (one in
each group), and two Faraday cupedéors (one in the Vert group, one in the H15 group)
with 4-em Al shielding let electrons with >19 keV energy pass through. To protect-the Si

diodes and PCDs from ion and electron impacts,J0p@rmanent magnets were mounted
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between the detectors and fflasma. Two timentegrated pinhole cameras were located
near the Vert and H15 detector groups. And the JoKaray spectrometer with Si crystal
was positioned near the H90 group.
TheX-raybursts produced from the supersonic Ar, Kr, and 18EAr laserirradiated
gas puffs lasted from-2 ns and have a sharp forefront with a gently sloped trailing edge
in all observed spectral regions, as showRigure6.13. Thesharp forefront is a result of
the instantaneous (<1 ps) absorption of laser energy during the pulse and is unresolvable
due to the detectorés response time (~1 ns
result of radiative cooling of the expamd@asma, which occurs on a longer (ns) timescale,
see Sectio®.1.1 The shape of these pulses remained consistent for later campaigns and

otherlaserirradiatedgas puffs as wellKigure6.18).
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Figure6.13. Non-normalizedX-ray bursts from (a) pure Ar, (b) pure Kr, and (c)15Kr
85Ar laserirradiatedgas puffs (gas delay time 1000 us, backing pressure 600 psi). Figure
from Ref.[13].

X-ray ectra detected with the Johann Si crystal spectrometer from Kr anéBBBIKr
laserirradiatedgas puffs are shown irigure6.14 andFigure6.15. With its high spectral
resolution 120@e-/ Yxethe Johann spectrometer in its Kr position is able to distinguish 2

4 transitions. The dominance of the-Na (Kr*?°) and Nelike (Kr*%) Kr spectral features
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indicate a lower temperature and higher electiemsdy compared to Ar witheE 400 eV

and n ~10?* cm®. Synthetic spectra calculated at a lower temperature, but with the
inclusion of a small fraction of hot electrons3%) leads to a similar fit of the Kr spectra;

an effect discussed in R¢143]. Therefore, the presence of hot electrons in the Kr plasma

is possiblesupported by electron emissions detected by Faraday cups.

Na -like Na -like
Ne Ne
4C ( A \ 4D {_k_\
| \
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Figure6.14 Pure Kr X-ray experimental spectra (top) and lineout of the film (middle)
captured with the Johann type spectrometer with SitakyTheoretical synthetic spectra
(bottom) are calculated atJ400 eV and &10? cm®. Figure from Ref[13].

In Figure6.15, the Johann spectrometer was in its (a) Kr and (b) Ar positions for two
identical shotdo capture both spectra. The Kr spectrum for the mixture is very similar to
that of pure Kr, with a slightly higher electron temperature.sf 450 eV and &~1C* cnv
3. Most importantly, however, is the sole presence of thegAagobserved in the spaatr
of a subsonic Alaserirradiatedgas puff Figure6.7). Therefore, it was concluded that Ar
forms clusters inefficiently when in mixture with Kr, as predicted &i. 1], which is a

very important result. Kr, however, does clusteewlmn mixtures with Ar and Xe.



105

Considering that Ar does not cluster in the mixture, theyXyields with only 15%
volume of Kr were like that of pure Kr, as showT&ble6.2. The measuredwas between
104-10°3. Experimental deviation of the measurements was estimated to be af&%d
In the H15 diagnostic grouflfor 15Kr-85Ar was 20% and 50% higher than pure Ar and
Kr, respectively. The initial idea to genexdtigher Xray efficiency was to add an impurity
gas (Kr) to a lighter carrier gas (Ar), enhancing cluster formation of the impurity gas. The
easily ionizable carrier gas will start at a higher initial ionization stage, leading to faster

ionization of theheavy impurity gas. This experimental campaign supports this hypothesis.

5.25 5.3 5.35 5.4 5.45 5.5 sss 36 38 4 42 44 46 48 5
Wavelength (A) Wavelength [A]

Figure6.15 (a) Kr and (b) ArX-ray spectra from two shots of a 158bAr laser
irradiatedgas puff captured with the Johann type spectrometer in two of its orientations.
(a) Kr X-ray spectra are compared with theoretical modeling [(a), bottom] with460

eV and r~10** cm3. Figure from Ref[13].

Peak electron beam currenéasured with a Faraday cup for Leopard laser experiments
(electron cutoff energy greater than 19 keV) was ~0.6 kA produced in the XeKrArl gas
puffs. The 15K#85Ar mixtures created a lower peak of the electron beam current of 0.2
kA. Note that the peakd the electron beams were correlated in time withdhay bursts

for both jet types.
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Average Total H15 Vert
Energy Total radiated energy Total radiated energy
in 4" above 2.4 keV (mJ) and e (mJ)ande
Ar 7.2and 4.7 x 16 1.3and 8.4 x 10
Kr 8.8and 5.6 x 10 3.3and 2.1x 16
15Kr-85Ar 10.8 and 7.2 x 16 2.3and 1.5x 16

Table6.2 For Ar, Kr and 15K+85Ar, the average total energy emitted insblid angle
and averagein the spectral region >2.4 keV measured with absolutely calibrated PCD
detectorgdelay time 1000 ps for each gas puff). Table adapted fi@in

A comparison of th&-raypinhole images from the supersolaserirradiatedgas puff
show hat the three plasmas are similar in size. Typical images at three differaft cut
energies (recorded from a single shot with a tute@nnel pinhole camera) are seen in
Figure6.16a for a Krlaserirradiatedgas puff. The full width half maximum (FWHM) of
the X-rayemitting regions imaged by the pinhole cameras decrease with increasoffy cut
energy Figure6.16b), with a minimum size of 200m at 3.5 keV. This indicates that the
plasma is nonuniform in temperature with a compact, hot core at the laser foc@hgpot.
Rayleigh length of the Leopatdser is 7%em, giving a confocal lengtqd of 150&m.
Given that this is on the same order at the minimum spot size at 3.5 keV, there was no

evidence of selfocusing during these particular experiments.
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Figure6.16 (a) RepresentativE&-ray pinhole images of a Kr supersotéserirradiated
gas puff at a gas delay of 1008. Filter cutoff energy is inlaid on each image and a 1
mm scale is also included. (b) Size of ¥x¢ay emittingregions at three photon energies

for Kr, Ar, and 15K¥r85Ar.

The second campaign focused on comparing the four gas mixtures to each other and to
pure Xe. First, the laser heating experiments have shown that8B3¥rand S5Kr95Ar
mixtures have approximatethe sameX-ray yields in the spectral regions of interest
(Figure6.17). Signals in the 1.4 keV region were 20% larger for the 5% mixture, while the
maximum signalsvere very similar for the other -Siodes. On the other hand, in the 2.4
keV region, the 15% mixture produced a larteTherefore, studies proceeded with the

15Kr-85Ar mixture.



108

15Kr85Ar vs 5Kr95Ar
1000us

B H90 1.4 keV
W H90 3.5 keV
mVert 1.4 keV

1000.00

W Vert 3.5 keV
H H15 1.4 keV
m H15 3.5 keV
m H15 9 keV

Normalized Signals {arb. units)

15Kr-85Ar 5Kr-95Ar
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Figure6.18 UnnormalizedX-ray bursts from (a) pure Xe and (b) XeKrAfaser
irradiatedgas puffs. Figure adapted from R@f6].
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The temporal shape of théray bursts for Xe and the triple mixtures have the same
shape observed in earlier experiments with Ar and Kr, as se€igure 6.18, with the
sharp forefront and an elongated tail that persists up to 10 ns after the peak emission burst.
The signals for XeKrArll are not shown, but follow the established trend. In general, the
maximum X-ray burst signalmeasured by Siiodes was larger for XeKrArl than for
XeKrArll; however, the spread in measuremerféggre 6.19) makes it difficult to

conclusively choose which muxte yields a greater amountXfray radiation.
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Figure6.19 Si-diode signals for the two triple mixtures with a backing pressure of 600 psi
in three spectral regions: (a) >1.4 keV, (b) >3.5 keV, and (&®e*9 Error bars indicate
standard deviation of the averaged shots. Adapted fron] Foéf.

Therefore, the coefficient of conversidrand total radiated energy is compared for
pure Xe and several mixtures, Seable6.3. Since it is a temporalintegrated parameter,
it should be a more stable measurement than looking at peak signals. For this laser

campaign (the second on Leopard presented in this seat@ugs ofUwere as good as
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0.03% conversion to >2.4 keX-ray radiation. At comparablgaspuff parameters, each
mixture radiated more and more efficiently than pure Xe. The addition of Kr and Ar as
lighter carrier atoms appears to have increased tihaeeify of X-ray generation; this

could be due to the increase in density of the gas jets or it could be due to a more complex

process such as cluster generation efficiency.

Gas target type . H1S
Total radiated energy (mJ) ande
15Kr-85Ar 4.2 and 2.8 x 16
Xe 3.7and 2.5x 16
XeKrArl 5.1and 3.4 x 16
XeKrArll 4.3and 2.9 x 16

Table6.3 Xe vs the triple mixtures and 15#85Ar in terms of total radiated energy in 4
and i n tGaspufibacking preSsure was 600 psi and gas delay was 830 ps.
Adapted from Ref{15].

To further characterize the differences between the pure and mixeghs{miff
plasmas, the Johann spectrometer was used to diagnose Ar and Kr spectraidiedls. L
Kr spectra of XeKrArl is shown ifrigure6.20afit with thetheoretical spectrum calculated
at =10 cm® and Te= 450 eV; similar results were observed in XeKrArll. Again, when
oriented to detect Ar i§hell emissionsthe Johann spectrometer detected only the Ar
A c o | wdire (FiYure6.20b) that has come to indicate the absence of Ar clusters in the
gas puff[13], [15], [16], [59] For pure Xe, only strong unresolv&eray spedra (4.24.6
keV) were obtained in this campaign. TXway spectra of the mixtures do cover a broader
spectral range as compared to paserirradiatedgas puffs. With the XeKrAr and KrAr

mixed sources, we recorded spectra covering at leagt @KV and 2.23 keV [13]. In
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contrast,L-shell Kr spectra were observed in the range of2#£2keV and Ar radiated

strongK-shellline spectra near-3-3.2 keV[13].
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Figure6.20(a) L-shell KrX-rays pect r a, a a Ar X{dyljne dbtaimed witco K
Johann spectrometer from XeKrAlalserirradiatedgas puff from two shots. Gas delay
time was 830 ps and backing pressure was 600 psi. The modeling result is the dashed
line. Figure from Ref[16].

6.1.6.2 X-ray and Electron Emissionat the Titan Laser
This section will serve as the bulk of text for a stotbe-published articldbased on

the presentations given in Refereng¢&44], [145] The author is currently awaiting
comments from one eauthor.Experiments at LLNL with the Titan laser were conducted
with the linear, supersonic nozzle, using Ar, Kr, Xe, XeKrArl and 188Ar gases, and

10-em silver (Ag) and molybdenum (Mo) to compdeserirradiatedgas puffs and the
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more typical solid foils aX-ray sources. The suite of experimental diagnostics is shown

in Figure6.21. As in the Leopardampaignsthe timeresolved diagnostics viewed the
plasma from three directions: one vertical and two horizontal. The horizontal packages are
positioned at angld, measured from the direction of laser beam incidemzkthee vertical
package looks directly down on the gas puff. Again, the detector group will be referred by
its angle, e.g. H80 is the horizontal package locateéd=at8 0 U and H1E8d&h i s at
package consists of three-@odes, filtered to record -Xay emission in three spectral
regions: 1.4, 3.5 and 9 keV. The PCD was housed in the vertical detector package with a
filter cut-off energy of 2.4 keV. Filter ceaff energy is defined by the 1/e transmission of

the filter and represents a lower energuiary on detected photons. To protect the Si
diodes and PCDs from ion and electron impacts,JOp@rmanent magnets were mounted
between the detectors and the plasma.
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Figure6.21 Schematic of Titan plasnthagnostics. Laser beam polarization is normal to
both gas puff and laser propagation direction, i.e. into and out of the page. Angle of
detector packages, d, I's measured from th
View.
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An X-ray pinhole camera wsapart of the Vert detector group. A Faraday cup detector
with 12.5em Cu filters, with cutoff energy of 72 keV, was employed for electron beam
measurements. It was located along the laser propagation direction, behind the gas puff
with respect to laser ben propagationd=15C). High energy electron spectra (>100 keV)
were recorded on a shby-shot basis by the EPPS with imaging calibrated plate strips
(BAS-SR 2040). The plates were scanned by an-#DB80 IP scanner. In order to obtain
data on the absoiph or reflection of laser energy by the gas puff, a calibrated scattering
plate made oSpectralo® (Labsghere® Inc.) was coupled to a 46t Andor DV434 CCD

camera and filtered with various neutral density optical glass filters.

830 ps 1000 ps 1200 ps

o Wy A AT
—

15Kr85Ar

XeKrAr

Laser beam propagation direction ———>
Gas jet propagates out of page

Figure6.22 Pinhole camera images at 1.4 keV for 15&Ar and XeKrArl at different
gas delay timings with athm line in each image.

First, pinhole images of the two mixtures at each of the tested gas delay timings are
shown inFigure 6.22. The X-ray emitting regions at energies >1.4 keV vary in length
depending on gas delay and are longest at gas delay timings of 600 angs120@s
lengtheing of the plasma is evidence of laser-getfusing within the plasma. At the 1200
€s delay time, the edges of the plasma are less defined, indicating that heating extended

farther into the surrounding gas.
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Figure6.23 Peak Sidiode signals as a function of either averggepuff density (a, c)

and gas delay time (b, d) for twerdy energy regions >1.4 keV (a, b) and >3.5 keV (c,
d). Error bars denote standard deviation.

Peak Xray emission signals measured byd&ides in the H80 detector package and
filtered to detect photons of >1.4 and >3.5 kaé presented iRigure 6.23. For béter
overview of the results, the-May emission is compared between gases through a physical
parameter, theyaspuff density (Figure 6.23a andc), and a controllablexperimental
parameter, the gas delay tinfregure6.23b and d. In both spectral regions for a given gas,
the X-ray emission is not a strong function of eitigaspuff density or gas delay time;
however, general trends can be seen. For example, a decrease in density corresponds to a
decrease in diode signal. Xe emits the highest amount of radiation (>1.4 keV) followed by
Kr and then the triplenixture, with themaximum amount of radiatioaccurring at similar
densities.Radiation from plasmas is generated through bremsstrahlung, recombination,

and line emission. The strength of each depends on electron density, electron temperature,
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and charge state of the plasmaewwus result$13], [16] haveshown that the different
laserirradiated gas puffexhibit similar electron densities and temperatures. Therefore,
charge state is an important parameter governing the power losses to radiation. In general,
the power loss scales a% #here Z is theharge of the ion and x is greater than 1. For
bremsstrahlung and recombinat{@46] radiation, x=2 and, using previously found charge
state oHe-like Ar andTi-like Xe [92] givesa 5x increase to emitted radiation for Xée
3.5 keV emissiols also gretest for Xe, but the strength of the Ar signal increases relative
to the other gases in this higher energy region.

We see that thel5Kr-85Ar mixture exhibits the strongest relationship between
density/delay time and -Xay emission and has the lowest peakission at delays of 600
and 1200es, corresponding 'cro Dhtamwseré dldoes of
collected from Sdiodes with a filter cubff energy of 9 keV. The signals from that diode
were too small to be distinguished from the noise withéxception of the Xgaspuff
targets. In addition to having the largest softer (< 9 keV sigrthlsXe laserirradiated
gas puff also produced the highest peak hard (> 9 kely>emission

The addition of the Spectralon® scattering plate to thenlésgeriments gave us the
ability to determine another parameter of critical importance for the-gmsempuff
interaction: laser transmission through the plaglampuff system. As defindxy Equation
4410t he fraction of | aser e derepgay, thadalsumatedo ed b
U places an upper bound on the @&heertigpfly abso
density of the 52hm Titan Laser igx10** cm®, meaning that thiaserirradiatedgaspuff
plasmas with electron densities commonly on the order B¥cf?® is classified as an

underdense plasma. Therefore, the laser beam is free to propagate through the plasma with
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minimal backscattel he absorbed energy can then be converted intay<adiation. This
conversion is, of coursg, Due to anisotropy of the-Xay radiation, addressed in previous
studies[13], [15], [16] and later in this work, the values presented here provide an

overestimation of U.
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The relationshi p b eFRigure62d Wit inareasingdelay s s h o
time (i.e.gaspuff density), both the energy absorption and conversion efficiency mnto X
rays increase. M a ‘% @ndviasen enérgyralesarptibneagprodches 10090
for most of the gas target§or further increase of the delay tiniétemains constant at
>95%, however, the conversion efficiency sharply decrekgpse6.25 displaysthe data
for U i maspufé demsity rathér than gas delay timing. We theorize ¢hiat
controlled more by thgaspuff density than the energy absorbed by the gas puff. Indeed,
Figure5.8andFigure6.25d e monstrat e that the decrease in

with thedecreas@ density of the gapuff targetslt is clear thathegaspuff density plays
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a leading role in the conversion of laser energy4ays as would be expected due to the
ne? dependence of bremsstrahlung and recombination radiation Hatesver there ae
competing effectssuch as the magnitude of laser absorption that also affect&ray

emission that must also be considered.
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Figure6.25 Coefficient of conversion as a functiongdspuff density. Error bars
display standard deviation.

In the Titan experiments, Xe consistently has the highest laser absorption and the
mixtures (XeKrArl and 15Ki#85Ar); however, for a given densjtKr has the highest
conversion efficiency and XeKrArl mixtarhas the smallest. Further examining 15Kr
85Ar, illustrates the complexity and issues with explaining the phenomena observed in gas
puff-laser plasmas. 15k8 5 A r has the | owest U, t he sei
conversion, and roughly average emissiamghe 1.4 and 3.5 keV spectral regions.
Comparing pure Xéaserirradiatedgas puffs and the 15K85Ar mixture inFigure6.23,
the difference between the two dece=aat higher spectral regions. The emission for the
mi xture increases compar Eigure6.2d) antiés diedorthet he U
chosen filters (>2.4 keVyyhich are sensitive to+hell Kr and Ar K, both having strong

emission spectra in the double mixt{t8].
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The fact that the pure gases have stronger signals is surprising considering that, as
described in Sectiof.1.6.1 our previous resulfd6] showed that the mixtures produced
the strongest radiation bursts. As a reminder, the experiments in the present section were
conduct ed srlttan ladereThd elxgeriments in the prior section took place at the
Leopard laser. The most significant differences between the two systems are the laser pulse
length (kopare= 350 fs andan= 700 fs) and the wavelengthebpars= 1.057€S anddxitan=
527 nn). The effects of pulse length on lastustered gas interactions have been studied
[30], [147]i[150] and generally repb that shorter pulse lengths increaseaX yield,
possibly due to laser sdibcusing within the plasma. Laser wavelength has also been
shown to effect Xray emission in clustef§3], [150]i [153]; according to the referenced
articles, varying wavelength carthegr increase or decrease yi€lthe radiation efficiency
of clusters, a parameter similar to dlihas been shown to have a wavelength dependence
as well[22]. Overall, the emission of thgaspuff plasmas is strongatthe Titan laser, as
expected. The coefficient of conversion was up to 3 times larger for the Titan laser
compared to the Leopard laser. In our combined studies-thg eneration in pure gases
is enhanced compared to the mixed gas targets when mavimdonhger pulse length,
shorter wavelength, and higher laser intensity. At this poirdn@anable to separate the

impact of each parameter.
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Figure6.26 X-ray L-shell Krspectra of (a) pure Kr and (b) 16RB5Ar (830¢s) recorded
on film (top) in the KAP convex crystal spectrometer. NdiE modelling is shown in
red (middle) and the lineout, box on the film, is in blue (bottom).
Spectroscopic Noh TE kinetic modeling of 23 transitionsin L-shell Kris usedto
estimate plasma electron temperature and density. Modeling also describeg! the

transitionsandindicate optically thin Ndike Kr lines. Electron density is estimated by
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matching intensity of 3F and 3G lines. In the mixtute® broadeningnd thefact that

the Ne-like 3C intensityis lower than 3D indicatean optically thick 3C Nelike Kr line.

In the L-shell Kr spectral range, both Kr and 158%Ar radiaten similar spectral ranges

However, the mixture also emits radiation arounghell Ar (3.1 keV); a pattern

continuing for the other pure vs mixgdspuff comparisons. The mixddserirradiated

gas puffs provide broader and stronger emission line spectra for X rays than pure gas puffs:

KrAr sources cover 1.68.1 keV and XeKrAr sources cava 0.93.1 keV region from Xe

M-shell[16] to Ar K-shell. For comparison, Ar radiates likeshellspectra near 3.1 keV,

L-shellKr covers a range 1.655 keV, andM-shell Xe radiates in a region 0.851 keV.

Therefore, even though the mixtures did not produce stronger radiation at Titan than the

pure gas puffs, they are promising &y sources due to their wider emission spectra.
Faraday cup signals for electrons with iggye>72 keV were collected along the laser

beam path directly behind the gas pifiigluire6.21, seed 60°). Figure6.27 indicates that

electron beam current is relatively independent of gas delay; however, the gas target type

does affect the currentds magnitude. XeKr

current at 0.76 kA, wibh is 50% larger than both 15#85Ar and pure Ar with the smallest
current at around 0.5% In Section6.1.6.1 it was reportedhat XeKrArl at theLeopard
lasergave a peak beam current of 0 A&, kneaning a 20% increase in current for was
achieved. An even larger increased was observed with-85Kr. At Leopard, an electron
beam current of 0.2 kA was observed for 15%Ar, compared to 0.5 kA on the Titan
laser,a 2.5x increase.

When the electron beam current is displayed in termgaspuff density Eigure

6.27a), the current of the mixtures has no clear dependence. Howewére pure gases,
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we see that the strength of the electron beam is strongly affected by varying the density.
This contrasts with the Xay emission behavior given by the-@odes aboveHigure

6.23), where changing the pugaspuff density had almost no effect on theay output.

Electron Beam Current
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Figure6.27 Electron beam current as a function of gas delay time measured by Faraday
cups. Error bars represent the standard deviation of the data when multiple shots were
available.

With experiments at the Titan laser, an EPPS unit was used to record spectr@ of >10
keV electron and proton/ion beams. Pure Ar and the -BoAr mixed gas puffs reliably
produced measurable electron spectra. Observed spectevérall5Kr-85Ar shotsare
shown inFigure 6.28 for multiple gas delay timings. While the number of detected
electrons varies, the maximums occurred reliably at0®5MeV. The FWHM of the
spectra varied between 0.2 and 0.6 MeV, with both the 600 and>$Q@B#)ay being othe
lower side of the rangéaserirradiatedAr gas puffs also produced high energy electrons
peaking near 0.7 MeV. The recorded electrons are nonthermal and could not be easily fit
to a MaxweltBoltzmanndistribution, supporting the spectroscopic resstiswn inFigure
6.6.

In contrast to 15KB5Ar and pure Ar, no higikenergy electrons were detected for any
shot with a pure Klaserirradiatedgas puff. It was previously discussed (Sectah6.1

and Refs[13], [16]) that Ar atoms in the mixeghspuff targets do not cluster as evidenced
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by the presence of the coldknhe observd in a norclustered gas puff. This spectroscopic

line in the absence of more thermakays (low background noise) indicates an electron
beam in the plasma strong enough to produce inner shell vacancies. Therefore, Ar must be
a strong factor in the prodien of highenergy (>10keV) electrons.The peak of the
electron spectra is consistent with the effective temperature of the "hot electrons”, a fast
electron component moving along the laser propagation direction, which is generated by
subpicosecond lars at nearelativistic intensities. The scaling of the hot electron
temperature with laser intensity and wavelength is well knodB4], [155}

"Y x "0 7. For the frequencyloubled Titan laser, the Beg's formi54],

"Y QQepnfO_ * & T, yields"Y ~580 keV.This estimate agrees well the peak

of the electron spectra measd in our experimentgure6.28).
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Figure6.28 Electron spectra recorded by the EPPS for different delays of the 15%Kr
85%Ar gaspuff targetss stands for shot number.
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The EPPS did not record electron spectra for Xe and XeKrArl mildsegirradiated
gas puffs. Out of the 11 XeKrArl shots, only one produced analyzable electron spectra
which peaked sharply at 0.7 MeV (FWHM of 340 keV). All eleven Xe shots produced no
spectra. The addition of Xe gas in the triple mixture seems to have detteasnergy of
electrons detected at the EPPS location. The Faraday cup data supports the fact that the Xe
and triple mixture plasmas produce electrons with at least 72 keV energy, so then: why
were they not detected by the EPPS? It was surmised thelettteon beam produced Xe
pure and mixed puffs may have energy not exceeding the detection threshold of the
spectrometer. Another reason may be due to electron beam interactions wythsgaes
vacuum boundaries or with the plasma itself.

Collective effets within the plasma as well as boundary interaction with electron
beams have been known to refract and focus/defocus the beams. Refraction of electron
beams propagating through electron clouds has been a known phenomenon for many years
[156]. Sharp density gradients at the back edgd &) of the gas puff inducgradients
in the index of refraction of the gas/plasma medium at the vacuum boundary. Refraction
of the electron beam will occur at this boundflry7]i [159]. If an electron beam passes
through a plasma column boundary atamgle«, the deflection angle of the bed 58]

can be given as

[ a
U, OB
Equation6.11

where b is a factor <2 for beams with | eng

Lorentz factor of the electrons in the bedM¢*, is the charge per unit length of the








































































































































































