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Li st of Figures

Figure 1.1: Regimes of né-intense laser ionization. An electron (black dot) is bound in
a Coulomb potential (gray curve) in its ground state (gold line), and requires energy
'O to overcome the ionization potential (purple lin@).multi-photon ionization
(MPI). Absorption of multiple photons sufficiently increases electron energy until it is
above the ionization thresholdh) tunneling ionization. A strong electric foefrom
the laser pulse perturbs the Coulomb potential and increases the probability that the
electron is able to tunnel through the potential barrier and eqcapetical field
ionization (OFI). The perturbation from the laser electric field is sigmtienough
that the electron is no longer bound and escapes............cccvvvveeeecivvvrvvvnennnnnn 4
Figure 1.2: Example of laser wakefield acceleration. An-iirense laser pulse expels
electrons from the optical axis and drsva plasma wave behind the pulse. The ions
are effectively stationary on the electron movement timescales, resulting in bulk
charge separation in phase with the plasma electron oscillations. This generates strong
electric fields, which can rapidly accedée coupled electrons beyond the velocity of
the Propagating PUISE........e e 7
Figure 1.3: Examples of wakes and wakefields excited by drive pulses of different
intensities(a)-( a Gawia glectric feld of the wakes excited by drive pulses of
different intensities. Each panel is normalized to its respective maxithiifr.b 6 6 6 )
charge density of the driven wakes. Each frame is normalized to its maximum
amplitude variation(c)-( c¢ dirdedujs of the wal electric field and charge density
taken on the OptiCal AXIS........oooviiiiiiiii e 10
Figure 1.4: Plots of important quantities for ionization injection. A wake with
accelerating fieldD (solid blue line) and corresponding potential  (solid
black line) is driven by an ultrashort laser pul€e ( , red line) which is shorter

than resonanti _.0O is well above the thresholdif OFI,O (solid

green line). However, most electrons born during the pulse are outside of the trapping
region between and (dashed black lines), and will not gain suitable
longitudinal momentum to be trapped in the waRa the other hand, a weaker, but
resonant pulse) (dashed red line), will ionize many electrons in the trapping
region.O , andO are taken from the same simulations as Figure 1.3.
However, , , O , andO are artificial and added for conceptual

(o3> 11175 USSP 18

Figure 1.5: Example of quasibound mode calculafi@normalized (0,0) ah(0,1)
modes (red and blue lines) corresponding to the given plasma density profile (black
line). (b) — T eeresonance curves corresponding to each of the bound modes in panel
(a). The plasma profile corresponds to the waveguide with on axis dénsity

o® p ma generated in the experiments discussed in Chapter.3............ 25
Figure 1.6: Comparison of plasma waveguides generated above a supersonic gas jet (left)
and in a discharge calairy (Fght). ......cooiemiiiii e 31

Figure 1.7: Expansion of the plasma and neutral gas around a plasma column ionized by a
0 Bessel beam(a) Hydrogen plasma and neutral gas profiles measured by two color
interferometry [93] as function of delay after-axis plasma generation by a 75 fs
FWHM 100 mJ pulse with mean intensi@ t8& p 1 W/cn?in the central
maximum. The expansion of the neutral shell is nearly constantaty &

vii



p TIo GFi . The neutral gas density profiles at different delays are plotted as solid
lines (left axis scale) while the electron density profiles are plotted as dashed lines
(right axis scale)b) 0 -induced rms plasma column radius (red circles) and neutral
shock position (blue diamonds) with plasma expansion fit (red dashed line) and
constanh * X& p T G neutral expansion fit (blue dashed line). Calculated
electron temperature (black line) and shock expansion (green triangles) from
hydrodynamic simulation are also shoWg)-(c;) Sample results from twoolor
interferometry of Or efr apulse. (¢)®hasersidfte x st ruct
profile of neutral hydrogen, showing neutral shock at outsige Rloase shift profile
shoving accompanying central plasma Column................ciiiiiiiccceiiiieiiieennn 33
Figure 1.8: Plasma density profiles and guided modes from th8é&ssel methoda)-
(c) Measured density profiles generated usjn@order Bessel beams with varying
positioni ;  of the maximum intensity ring, obtained by varyipgnd approach
angle . The solid blue curves plot the density profiles after ionization of the neutral
shell by the Jpulse. The red angkeen curves plot the initial plasma column formed
by the 4 pulse, and the expanded plasma column immediately before passage of the
Jy. The dashed pink line corresponds to the location of thafimaximum. The

dashdot black curve and represent the calculated fundamental mode of the

given plasma density profile [89] and; is the calculategp¥Qattenuation length of

the guided mode. The dotted line denotes the background atomic density of the

neutral gas. The insets in egumel are representative guided modes measured after

propagation in (a) 15 cm, (b) 30 cm, and (c) 30 cm guides at the given condi@bns.
Figure 1.9: Selwvaveguiding in prepared index sttues.(a) Particlein-cell simulation

of the selfwaveguiding process in hydrogen using the gqagndrical code FBPIC

[120] for pulsewidth 40 fsp 1@ (b) (c) (d) Propagation simulationsy 1@ Y

using the code YAPPE [93], illustrating (b) the effects of injection mode mismatch

on the oraxis peak intensity as well as minimal energy loss from the self

waveguiding process for high intetys{®o  ¢) pulses, (c) the minimal effect (at

& ¢ A i) of mode mismatch on the downstream plasma waveguide transverse

profiles after selwaveguiding, and (d) the necessary features of the prepared index

structure to ensure seMfaveguiding(e) Imagedfluorescence profile after

transmission of 88 mJ selaveguiding pulse over 10 cm long prepared index

structure, showing periodic fluorescence oscillations (column integration indicated by

the white line) due to mode beating of the two lowest order duiteles. The laser

is injected from the left and attenuates from-sedi’eguiding erosion as it propagates

10 the TIGNL. e 38
Figure 1.10: Transverse interferometry of plasma profiles gendrateelfwaveguiding

at z = 20 cm from entrance generated by-ws@Weguiding pulse&) of different

energies injected T ¢® ns after tha) indexstructuring pulse witld [o15))

p 1 cm?initial hydrogen densityb) of 88 mJ injeatd ate T ¢® nsinto

prepared index structure with different initial hydrogen dendtesf 88 mJ injected

with variedw T intro a prepared index structure with initial p® p ™ cm>

Figure 2.1: Bessel beam generati@).Cutaway schematic of Bessel beam formation. A
collimated, finite aperture gaussian beam passes through a spiral phase plate (Sec.

viii



2.2.2) and ring grating (Sec 2.2.1) to formx 8essel beam. The radial phase applied
by the ring grating causes each annulus of the incident beam to approach the
transmission axi s at -anforna extehded Bessellppamn er at i n
focus of length) Y @0 g wherew is the radius of a central driver
beam access hole in the ring grating (not shoym))(c) Measured intensity profiles
of 0 and0 beams generated by this approach............ccccccceveiieeeceeiiiieinenn 45
Figure 2.2: Comparison of phase applied by a traditiBhCX lens, Fresnel lens, and
discretized Fresnel lens. The applied phase corresponds to a7 i¢BK p& p)u
lens with a focal length of L meterat L O & G .oevvvveeeeeeeeeiiiiieiccceee e, 46
Figure 2.3: Diffractive axicon desig(a) possible surface profiles for a diffractive axicon
made from fused silic&( p® 7J..The radial position is normalized to the effective
radial wavelength, ~ p¥Q i "Q¥_J and the thickness is normalized to the
vacuum wavelengti{b) example of the phase applied by-&e¥el diffractive axicon
¢ oYona_ T&"‘ dbeam.c-e) BPM simulated profiles of Bessel beams
generated bya o Jplane wave passing thraugliffrative axicons with a perfect
linear profiles (c), Ztep discretized profile (d), andstiep discretized profile (e).-(c
e) are normalized to the maximum intensity in (c), and the middle value on the
colorbars for (d) and (e) denotes the maximunetmh respective image...........48
Figure 2.4: Neafield beam masking. The conical focus of a Bessel beam in the presence
of an obstruction leads to blockage of the beam. The blocked portion afahéetd
can be calculated as described in Eqg. 2.6. An example of this effect on the near field
of the beam is shown for the experiments in [22].............cccooiiiiieeei e, 50
Figure 2.5: Far field effects of obstruami on Bessel beam formation. Pulse evolution is
simulated with BPM (Sec. 1.6) and the gas jet profile used is the same as in [22] and
Figure 2.4. All beams are formed by applying the appropriate azimuthal and radial
phase profiles to a plane wave with T@®)‘ &and have an approach angle o".
(a-d) Intensity profiles after 8 cm of propagation without the gas jet foiB@ssel
beam (a)p Bessel beam (b), hybridh U0 7¢ superposition of Bessel beams (c),
and binaryv Bes®l beam formed with a-step phase plate. Each frame is
normalized to its maximun{. adédlntensity profiles after 8 cm of propagation with
the gas jet obstructing the beamfar8e s sel mbadBamsedaleam (bod),
Bessel ared dinary( Besdsgl beam formed with‘as t ep phase pl ate |
(aé) and (dé) are normalized to the maxi ma
to the maximum of (b). (e) lineouts of the intensity vs. angular position at the position
ofthefrstb maxi mum for the profiles..sho® in (b)
Figure 2.6:1n situ correction Bessel beam wavefront aberratiaj(€) and(a))-(e;) show
the uncorrected and corredtintensity profiles for asBessel beam formed with a
reflective axicon at different points along the focal lifig(j) and(f;)-(j ) show the
STz LA [STN (0] = B3 o1 T= Tt o PP 53
Figure 2.7: Gas janhterior structure with essential features identified. This version of the
jet (used in [74] and the experiments discussed in Chapter 4) features injector gas
inlets, which allow for localized regions of a second gas to be inserted into the density
profile generated by the main gas filling the reservair..............cccccoeeiieeeevvnnnns 56
Figure 2.8: 20 cm supersonic gas {a).characteristic longitudinal density profiles at
different heights above the jet used in [4B). characteristic transverse density
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profile of the jet extracted from longitudinal interferomefg).jet in situ for LWFA

experiments with) -ionized plasma abové. c jét )n situ for LWFA experiments

with fluorescence from selaveguiding above.............ccccccoce . 57
Figure 2.9: Ruorescence measurement of longitudinal unifornfayexampleof H;

fluorescence above the 20 cm jet used in [R24.eéxample of fluorescence in

backfill. ( a 6néduts comparing fluorescence response above jet and in backfill of

IffEreNT PrESSUIES ...t e e e e e e e e eeemeees 60
Figure 2.10: Comparison of electron beam profiles recofaedith and(b) without end

mode imaging mirror in place. On panel (b), characteristic-argérgy photon noise

(K531 (o1 [T RSP RPPSTPP 64
Figure 2.11: Example of gradiebised edge detection cleaning for Lanex image of

electron beam modéa) cleaned image of raw signal shown in Figure 2.10()).

lineouts of the raw and corrected signals through the noise circled in Figure 2.10(b)

Figure 2.12: Comparison of noise removal methods for electron spectrometer ifapges.
raw image(b) correction using gradient edge detecti@).correction usig the
DBSCAN method. (afc) are normalized to the same arbitrary va{dgangle
integrated spectra for @g¢), normalized to the maximum of the integrated raw

] = T [ PP 66

Figure 2.13: Contars permanent magnet field components. Electrons propagate in the
l ongitudinal (6z06) direction, and are def/
transverse magnetic fi el da-Edhempyandznt al ong
components of the magnefield. ... 68

Figure 2.14: Lineouts of the fringe field values during the magnet upramp. The steel caps
are located at z = [0, 1.27] cm and the magnets z > 1.27 cm. The solid lines represent
the field values at the center of the magnet (in x and y), while the dashed lines
correspond to the maximum values of the respective fields at the magnet boundaries.

Figure 2.15: Example of sp@am interpolation onto a linear energy axXes). Raw
spectrum showing positiedependent deflectioifb) The same spectra plotted on a
linear energy axis using the calibration from the measured field..................... 71
Figure 2.16: Absolute uncertainty and resolution limit of electron spectrometer with
variable width collimating slits. Left axis: the absolute energy uncertainty is shown in
the blue dashed lines. Right axis: the solid line is for a divergfeeedeam (only for
the 1 mm case) and the dashed lines are for a beam with the maximum accepted
(0 (A= 0 1T T PRSP 72
Figure 3.1: Experimental setup. LWFA drive laser pulse (P1): ¢ matq, t =45
fs, energy <15 J), focused by ‘@i wff-axis paraboloid through a 9.5 mm diameter,
T v hble in mirror M1. Indesstructuring pulse (P2): ( Y matg t =75 fs,
energy 0.5 J)oBessel beam pulse formed byevel transmissiveliffractive axicon,
forming a 20 cm long plasma by OFI in the working gas 2.5 ns in advance of P1. The
plasma expands radially, forming an elongated refractive index structure: a low
density plasma on axis surrounded by an enhanced density annular sbeliraf
gas. Two colour interferometer probes: for measubingnd neutral gas density
profiles (see Sec. 2.4.2). M2: pickoff mirror for guided mode imaging. LALl: Lanex
fluorescing screen for full electron beam profile imaging. Magnetic spectrometer

X



(Sec. 2.5.2 and online supplement of [22]): 1 mm entramd&k), 30-cm long
permanent magnet array (field 0.93 T), Lanex fluorescing screen for electron energy
spectrum (LA2). Gas jet: Mach 4 supersonic nozzle, orifice length 20 cm, fed by 5
solenoid valves backed by pure ét a 95/5% H/N2 mixture at backingressure
13.834.5 bar. Inset panel@) Focal profile of P1(b) Longitudinal scan of theyJ
Bessel beam (P2) focug) Axial profiles of gas density vs. height above the nozzle
(Appendix A) (d) Simulation using the particie-cell code FBPIC ([120Appendix

C) of selfwaveguiding in hydrogen refractive index structed Plasma waveguide
profile interferometrically measuredp r) iafter passage of selfaveguided pulse.

(f) Guided laser spectra at waveguide exit vs. input pulse energy (anédnpeetk

® ). (g) Effect of shotto-shot P1 pointing fluctuations on guided mode for (i) low
density guide and (ii) higher density guide. The 1o@ansquare pointing jitter is (i)

y T G, @' & and (i), X' Q. ) G SUTUT TP 76

Figure 3.2: 8lf-waveguided transmission of P1 at different energies arakisrplasma
(0 =TS T PSSR 80

Figure 3.3: Snulated transmission curves. All simulations performed in WarpX with on
axis electron density o4 pnm®a. O6neutraloé indicates th
index structure is formed by an expandedbnized plasma and the resultant neutral
gasshock. Oplasmad indicat e sionizdu.abheoffsbte neut r &
are transverse between the center of the drive pulse and center of the index structure.
......................................................................................................................... 81

Figure 3.4: Guide modes at different condition@&)-(h) Guided modes for varying laser
and plasma conditions, showing the transition from monomode to multimode guiding.
All images were taken at the exit of a 20 cm waveguide, formed bwaedguiding
in prepared indextgictures in pure hydrogen. Although the se#veguiding pulse
was intense enough to excite plasma waves in the guide, there was no electron
injection source for these measurements such as:tiomixation injection source
demonstrated in [22]. All exihodes are plotted on the same spatial and intensity
scales(i) "¢ uocal spot of injected drive pPulSe..........coooviiiiiiiiiiieee 83
Figure 35: Mode and electron beam data for 43 consecutive shots at 1/8 Hz repetition
rate. Laser 15 %, 1 UQj plasma waveguide densily o pm Al .(a)
transmitted modegb) Normalized mode second momentfor each shot(c)
Associated electron beam profiles measured at Lanex screen LA in Fig.(d) and
associated angle resolved electron bunch spectra plotted on a&igy scale.......83
Figure 3.6: Offset coupling effect on injection and acceleration in dephiasibed
LWFA (a) Guided mode centroid oscillation and accelerated charge > 10 MeV for
three P1 coumg offsets (0  08). (b) Accelerated bunch spectra for three P1
coupling OffSEtSA  O8T)...cccciiiiiiiiie e 85
Figure 3.7: Density scan of 20 cm plasma waveguide showing increasing peak bunch
energy for decreasimgaxis waveguide density . (a) Peak bunch energy and
associated charge in the highest energy peak for each shot (colored dots, plotted vs
charge) and average peak energy (crosses, plottéd ysThe vertical bars are the
standard deviatiain energy. The dashed curve is a fiv¥to © O . (b) Angle-
resolved electron spectra plotted on a linear energy scale corresponding to colored
dots in (a). Each row represents all shots from a 20 shot series &t egodiding
acceleratio. The energy scales are varied to allow closer inspection of the specific
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features(c) Spectrum lineouts and anglesolved spectra for shots with highest

energy bunches. The two leftmost panels aréfor p& p 1 cmand the rest

are for0 o R T 1 Qo3 0 TR 87
Figure 3.8: Particlken-cell simulations using WarpX [128] of electron acceleration in 20

cm long plasma waveguide formed in 95%and 5% N. The guide is initiaked

with hydrogen fully ionized and nitrogen ionized t&*Ksee Appendix C). The

charges shown are for electrons with energy > 300 Ne\On-axis coupling of

@ ¢8tcdhd & @Brpulses into axially uniform waveguide with ~ p&

pmt A (O ¢ 9. (b)Couplingoféy ¢& pulse (i) oraxis into uniform

waveguide with) p& p m Al (i) onaxis into waveguide with eaxis

waveguide density proportional to the longitudinal gas jet profile of Figc)lét 3

mm above the nozzle, and (iii) 10 um-@aitis into the same profile as (ii). Also

shown is the charge in the peaks of (i) and (ii), bounded in energy by the dashed

boxes.(c) Onraxis coupling of®  ¢& pulse into uniform waveguide with

p& p m Al with restricted 6 mm sections of 5%°N\placed successively at

locations shown in the legend. The short 5% dopant region consistsmima 1

upramp, a 4nm plateau and athm dOWNramp........cccceeeieeieieeiiiirieeeie e 89
Figure 3.9: Asymmetric wakes driven by-@ftis coupling. WarpX simulation assessing

the effect on the plasma wake of-affis drive pulse (P1) coupling, using the

parameters of Figure 3.8(b). Hedah Tt corresponds to the lasbeam

axis and the centroid of the laser pulse. The red contours are folug

p TwA& ,thew gprojection is for, v ¢ @(centre of the accelerated electron

bunch), and they ,andw , projections are foto Tmandw Trespectively(a) No

P1 coupling offsety  p ux &, (b) 10 /7m P1 offsetd  p umm,(c) No P1 coupling

offset,d v ux &, (d) 10 //m P1 offsetd v W a. (aj)-(d)) xy projections of

electron density iN (A0d).......ccooeeieeeiiiii e 92
Figure 3.10: Laser spot and accelerated charge evolution for global vs. localized dopant.

Electron spectrum, normalized vector poteniigltotal accelerated charge (>300

MeV), and guided pulse energy transmissiga vs.d for (a) injected®®  ¢®),

continuous 5% Mdopant,i p& p 1 Al ,and(b)injectedd ¢&, 5%

Nz>dopantindg ocuv T @ &,0 P& pT[AI e ee e aanne e 94
Figure 3.11: Depletion tluced dephasing. (a) Mean normalized wavenur&ben of

the laser pulse along the plasma waveguide. The solid lines are simulation results and

the dashed lines are exponential T3s "QA @ BAFD & 70 .0 isin

unitsof p T @ & . (b) Position of the peak potential of the plasma wake bucket

following the laser pulse in a frame moving at the group velacii@of the

undepleted laser pulse. The reduced plasma wave phase velocity effectively shortens

the LWFA dephasing length. Solid curves: WarpX simulation. Dashed curves: model
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Figure 4.1: WarpX [128] particlen-cell simulations of drive pulse evolution in a

waveguide with) @ ¢ 1t & . Gas composition is 95%/5%M> and the

simulationGwg@r i d is 25612561 4096 (aPeaklaserl 256 ¢ ml 20

field & vs. propagation distance for: (i) mismatched input figld ¢80

ot ¢ht "B o UvQi, 0 ¢8t pm Al (blue line), (i) mismatched

@w mdho o1 dt "B o UQi, 0 ¢8t pm Al (orange line),
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and (iii) matchedd ¢®ho o 1t & "V o UQ[ L ot &0
18t pm Al (goldline). Labels |, II, and Il denote the three characteristic
propagation stages. LabeB((*), and @) denote the locations of the frames
displayed in Figure 4.6(k). (b) Electron spectrum vs. propagation distance
corresponding to the blueive of (a).(c) Final integrated spectrum................. 100
Figure 4.2: Accelerated electron and intensity evolution for different accelerator
conditions.(a)® p&M ‘™ ¢8t p 1t Al with a uniform longitudinal
prepared index profiledb) &  p®h) 18t p 1 Al with auniform
longitudinal prepared index profilic) &  p®M ‘@ 181 p m G A witha
uniform longtudinal prepared index profile with the drive pulse offget dfrom the
center of the structuréd) &  p®Hh) 18t p m Al with a uniform
longitudinal prepared index profile with the drive pulse offsetadfrom the center
of the stucture.(e) peak a (left axis) and injectable charge (right axis) vs.
propagation distance fory) P& 18t p 1w Al with a uniform
longitudinal prepared index profile and no offset. For all conditions the drive pulse
has 0 ot ot o UQiand is mismatched to thie ¢ 11 dchannel.

Figure 4.3: Peakd vs.afor mismatched injection of varying intensity pulses with
o1t ¢ho ¢t hdde @ o UQiin a pure hydrogen plasma waveguide.
....................................................................................................................... 104
Figure 4.4: Electron and neutral density profiles forming the prepared index structure
correspondingad the plasma waveguide structure used in our simulations....105
Figure 4.5: Calculated 0 8 curves forda manda p for the channel employed in
the blue curve of Figure 4.1(a). The ttmode for each case has the highest
value, with the peaks at decreadingorresponding to modes of increasingly higher
radial number. The modes are labelled with their attenuation lengths and the table in
the upper right gives the beating period betwéne indicated modes................ 107
Figure 4.6 Evolution of LWFA drive pulse witl ¢8tho ot dit
o UQiin a prepared index structure with ¢ T Gand on axiplasma density
0 ¢8t p T Wa . Column(a)for stage I, plotsy ,slices of the field magnitude
cxton the left and the-integrated mode on the right. The longitudinal positions
denoted on the frames are marked by the blue crosses (&jigColumn(b), for
phase I, plotsv ,slices of & for the longitudinal positions marked by the blue stars.
Column(c), for phase lIl, plotsv ,slices of & for the longitudinal positions marked
by the open circles in Fig. 1(a). All stis and profiles are normalized to the
(gF= D1 41U 0 T= o G o o O o SR 109
Figure 4.7: Effect of redshift on collected mode measurem@)tslice ofSOsafter 20
cm propagation for a0 p& drive pulse sefvaveguiding in a prepared index
structure with) ¢8t p T wa . The pulse is initially transversely offset from
the structure bp 11 & (b) the same slice after spectral filtering corresponding to the
endmode imaging camerpextral responséc) integrated signal (as would be
measured by the CCD) for the unfiltered pulse (blue line) and filtered pulse (orange
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Figure 4.8: Peak laser intensity evolutfon a low-intensity drive pulse with intensity
@ T and onaxis plasma density G P T WA wovreeeiieeeeeeeeeenne 113
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Figure 4.9: Intensity evolution of a matched o 1 &Gaussian drive pulse

(f o UQ  ¢®) in a parabolic channel with eaxis plasma densitly

18t p T W& . The numbers identify the propagation phase as defined for

mismatched guides. There is no phase | with high amplitude intensity variation due to

linear Mode DEALING..........ooiiiii e e e e ean 113
Figure 4.10: Pulse envelope and wake plasma density for a cycle of stage Il intensity

modulation show in Figure 4.4. The complete separation of the higher order modes is

clearly seen, as is a fudycle of beating between thepfit andriitcomponents of

the pulse, where theofit mode appears iéd , cross section as the 3 vertically

spaced peaks immediately behind tilit energy centroid. The solid and dashed

lines in the top left panel denote the locations of the corresponding waist si2é5.
Figure 4.11: Analysis of wake velocity and injecti¢e). Evolution of the axial laser

envelope A ) in the light frame, where U O Ois the local space coordinate and

O is the laser group velocity alohdj The white line showsijected charge per unit

length over the full propagatio(b) Zoomedin part of panel (a) ovey

ony 1t | showing the correlation between injected charge and the periodic motion
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Figure 4.12: Longitudinal density profiles for different jet 2 modes of operdtadn.| e t

16 usedb)ojnef 22 .used in [74] wit(h the same

with localized injector gas backed at high pressighewith localized dopant gas

backed at IOW PreSSULE......ccccii i i eeeeeeeeeeeee e 123
Figure 4.13: @aracteristic trends in spectra collected during\salfeguided LWFA

experiments(a) the average number of quasbnoenergetic pé&a observed in

spectra plotted against-@xis plasma density for different experimental conditions 1

4 identified in Table 2(b)-(n), representative anglesolved spectra for each of the
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Figure 4.14Characteristic trends in spectra generated with localized dopant (agion.

the average number of quasbnoenergetic peaks observed in spectra plotted against

onaxis plasma density for different experimental configions 12, 57 identified in

Table 1.(b)-(n), representative angiesolved spectra for each of the conditions

shown in (@) for configuratioNS B. ...........uuvuueiiiiiieie e eeeee 128
Figure 4.15: Eample of a continuouspectrum produced from a localized fégion.(a)
angleresolved spectrungb) integrated SpPeCtrum............ccceeeeeeeiiiicccciiiiieennn. 130
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Chapter 1: |l ntroducti on

1.1 Motivationand outline

Particle accelerators are an indispensable tool for modern scientiiarcé,
and haveébroad applications in industry. Amongany other uses, they are employed
in such varied areas as advanced radiation sources for crystallography and
nanotechnologfl], in thetreatment of certain cancdg, in the production of isotopes
[3,4], and to study fundamental ydics [5,6]. Electron accelerators in particulanea
usesin particle collidersand advanced light sourcgd. Conventional radiofrequency
(RF) accelerators rglon oscillating electromagnetic fields to accelerate electrons to
increasinglyhigh energies in sequential cavities. The voltage and phase of the fields
are carefully controlled so that the accelerated electron bunch is positioned to
experience a maximallccelerating field in each caviffihe accelerating fields of RF
accelerators are limited by material breakdown potentials to about 100 MeV/m, which
means that higlenergy accelerators such as the Stanford Linear Accelerator (SLAC),
Fermilab Tevatron, ahLarge Hadron Cdder (LHC) require kmscale acceleration
distances. The extreme scale and cost of these devices is prohibitive for not just the
development of TeV scale accelerators, but widespread proliferatiozuroént
technologybeyond a handful ifelect research facilities

As first proposed by Tajima and Daws¢8] plasmabased accelerators can
sustain accelerating fields 1000 times greater than conventional RF technology, and
offer a promising pattowardsthe future development of a potential Febale lepton
collider [9] and unique light sourcd&0i 15]. Plasma accelerators rely on the electric

fields (wakefields) from plasma wavéwmakes)driven by ultraintenselaser pulses
1



[16,17] or relativistic particle bunched8i 21]. Laserdriven wakefield accelerators
(LWFASs) have demonsttad multiGeV electron gain in ¢ tem [22i 25]. Beam
driven wakefield accelerators (PWFAs) have been showmdre than double the
energy of some electrons from a 42 GeV drive ®aluaplicating the energy gain the

of 3 km long SLAC in just 85 cm of plasr{20]. For use in an eventual ddler [9,26],

as an xray [27] or synchrotron radiation light sour§28], or as the driver for &ee
electron laser (FELR9T 31], significant improvements must be made in several areas
[32]: higher energy gain, more repeatable performaand, lower beam emittance.
These qualities, particularly energy gain and repeatabilitybeamproved by use of

a plasma waveguide, which extends the interaction length of the drive pulse beyond its
natural diffractive range. Use of a plasma waveguidbles maximum acceleration in
the more stable and efficient quéisear regime geeSec.1.3.2 and offers a path to
controllable electron injection into the wake.

In this dissertation, we present the firesplementatiorof novel lasergenerated
plasma waveguide formation techniques in a m@&V LWFA (the highest
demonstrated energy gain in an@itical LWFAat the timg and aitline a new picture
for intense pulse propagation and electron injection in meter scale LWFAs within long
plasma waveguided his chapter will provide a brief introduction televant topics:
how ultraintense lasers interact with matter, the key elements of LWFAs and plasma
waveguides, two techniques developedabygroup athe University of Maryland for
the optical generatio of meter scale plasma waveguidesnd computational

approaches for modeling LWFAs and pulse propagation



Chapter discusses the key elements implementing and diagnosihyVFAs
reliant on these techniques. Thmeludes Bessel beam generation éimeldesign of
meterscale spersonic gas jetas well as optical, plasmand electron bunch
diagnostics

In Chapter3, we discuss results from experimepésformed using the YEPH
laser systemat Colorado State University, where a seffveguiding pulse waused to
acceleate electrons up to 5 GeV ovaR0 cm gas jet. This includes analysis of the
plasma structure, guided pulse, and accelerated electron bunches, as well as
complementary particlen-cell (PIC) simulations detailing the process.

Chapter 4focuses on the details afitense pulse propagon and electron
injection in meter scale plasma waveguld&FAs. We outline three characteristic
phases of pulse evolution resultant from both linear andinear effects anghow
that the model is welinatdhed to experimental results. \Weesenturtherexperimental
results demonstratintpatlocalization of a dopant gas within the waveguide limits the
number of times localized injection occurs, producing electron beams with a single

guastmonoenergetic peak.

1.2 lonizationof neutralgasedy highintensity lasers

The development ahcreasingly brightoherentight sourcesand discovery of
chirped pulse amplification (CPAS33]) has enabled exploration ofasermatter
interactionregimes where the strength of tlaserelectric field becomes comparable
to the electrostaticfore s whi ch bind el eciinbasse¢ed 11 ®gism
the electromagnetic field®f a laser pulsean ionize atoms and rapidly heat the

resultantplasma.lonization by shorpulse (M ps) lasers occurs in thredistinct
3



regimes:(1) multi-phota ionization (MPI),(2) tunneling ionization, ang3) optical

field i oni zati on ( OF1 ,

al so referred

I oni z B4136p@né Wway toquantifythe comparative strength of the interaction

between a lasguulse and bound electras through the Keldysh parametgr, [34].

This compares the relative strengthf the electron binding energy and momentum in

the electric field:

(1.1)

whereO is electron ionization energy andx ‘O is the laser ponderomotive energy

(seeSec.1.4). Cartoon depictions of the differeregimes are showin Figurel.l.
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Figurel.1l: Regimes of ultrantense laser ionization. An eleatrgblackdot) is bound

in a Gulomb potential (gray curve) in its ground state (gold line), and requires energy

'O to overcome the ionization potential (purple li@).multi-photon ionization (MPI).
Absorption of multiple photons sufficiently increases electron enemglyiuis above

the ionization thresholdb) tunneling ionization. A strong electric kiefrom the laser
pulseperturbs the Gulomb potential and oreases thprobabilitythat the electron is
able to tunnel through the potential barrier and es¢epaptical field ionization (OFI).

The perturbation from théaser electric field is significant enough that the electron is

no longer bound and escapes.

Whenl |1 p, the electron energy gained from motion in the laser field is

insufficient to overcome the ionization potential barridbsorption of multiple

photons of energy] can sufficiently increase the energy to free the eledjanel

(a)). Far a given ionization potential and frequencythe number of photons required
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for multiphoton ionizationis 8073 Qwhere@denotes the ceiling functioifhe
ionization ratew for n-photon absorption will depend on tiember of photo-

electron colligons, specifically

®» , 0 (1.2)
where,, is the nphota absorption cross section alis the laser intensity. As seen

in Eq. 1.2 the intensity requirement increases exponentiallyh wite number of
photons required for MPI. As laser intensity increased[ * p, the electric field
becomes of comparable strength to @milomb potential binding the electrom its
ion. Tunneling ionization occurs when the perturbafrom the ex¢rnal laser fields
significant enough to dramatically increase tmebability of the bound electron
tunneling outside the potential (panel (B)FI (above threshold ionization) occurs
whenf L p. Under this conditionhielaser pulselectric fielddominates the binding
field and the electron is instantaneously liberafeanel (c)) gaining energy from
ponderomotive (Sed.3.1) motion in the electric field35]. An estimatg37] of the

laserintensity requiredn the barriersuppressiofionization limitis

O _— (1.3)
where Z is the ionization state of the product ils.an example, for hydrogé®
p& p 1 wFw , which is easily achievablevenwith low-energy(m mJ) ultra-
short(M p Tt fs) laser pulses.
We note one other ionizat regimewhich is accessible for longer pulses (>
ps). If the intensity is sufficiently high to ionize sos®eed population of electrons (or
if one is present due to some other pro¢a8$), these electrons will oscillate in the

electric field. Howeverywhen a freeslectron is located neayns orneutral atoms, the
5



oscilations in the laser fieldcan causeslectronrneutral or electrorion collisions,
knocking the electron out of phase with the electric field and allowing it to keep some
of the oscillation energy. This process is called inverse bremsstrahlung (IB) higating.
heated electrons can gain sufficient energy to collisionally ionize the surrounding
neutrals(or ions if they are not fully ionizedhn a cascading effect. This is called

6aval anch¢3]. i oni zati on

1.3 Laser wakefield acceleratighWFA)

A particlein-cell (PIC, seeSec. 1.6) simulation demonstrating the WFA
processs shown inFigure 12. The ponderomotive foe(Secl.3.]) of an ultraintense
laser pulse expels electrons from the optical axis. dilrssity perturbation forma
plasma wave (a wake, in analogy to a boat traveling atop a lake) behind the pulse with
regions of low and high electron density (theain heavier protons are effectively
stationarycompared to the electroms the short timescales of the lagpedseand
electron motioh Due to their appearandbgpositively charged regions are sometimes
call ed 6bucket sd. ,wherethelelectrdnaendity tarsitiomsafrorm b u ¢ k €
low to high, there is a large electric field which can accelerate elethatresre injected
into and trapped in the regiofss these electrons are accelerated, they eventually begin
to move faster than the dripelseand traverse the wake to the region where the electric
fields slow them dowr{Sec.1.3.2. Successful LWFA relies on two key piecé€k)
efficient driving of plasma waves over a long enough distance to maximally accelerate
electrons an@R) effectiveinjectionof free electrons into the fields generated by those

waves(Sec.1.3.3.
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Figure 12: Example of laser wakefield acceleration. An ultneense laser pulse expels
electons from the optical axis andiges a plasmaave behind the pulse. The ions are

effectively stationary on the electron movement timescales, resulting in bulk charge
separation in phase with the plasma electron oscillations. This generates strong electric

fields, which can rapidly accelerate couplel@ctrons beyond the velocity of the
propagating pulse.

1.3.1Ponderomotive force and plasma waves
Electrons are driven away from the optical axis by the ponderomotive force,
3= Of an intense laser pulse propagating masma In the linear regim this can be

derivedstarting withthe electrorcold fluid momentum equatign

'gi- Q o ”ﬁ
Q0o ™ X

(14)

in Gaussian unitsyherep andv are the momentum and velocity tbfe electron fluid
elementsand ‘QfQ as the convective derivativg16]. We define thedimensionless
paramete@® (B=STa &, whereA is the vector potenti@orresponding to the laser

field. is proportionalto the electron quiver momentum in the electric fialg



a (Ia|= The maximum value afy corresponding to the peak laser intensiylabelled

@ . It can be calclated from the peak intensiif@as® e x& p 1 “a Ow7r

a .Fore p, the electron momentum is sufficiently high that tielatic effects

become signifiart. This defines the relatistic, nonlinear regime of Iaerplasma
interactions, whiled L p definesthe linear regime. Thaansitionregime between
these two,% p, features some characteristic behavior of both iancalled the
quasilinear regime.

Assuming that the fidlis polarized transversely, agsL p, we can uséq.

1.4to find second order Motionifes e -y

—= N oy oy @ F. (15)
This gives the ponderomotive foraethe linear regire.

Qo O
= 00 a wn ? 8 (1.6)

For a Gaussianr nearGaussian drive pulsavhere the maximum intensity is at the
transverse centgEq. 1.6indicates thaFp will push electronslong ancaway from the
optical axisIn the nonlinear regimethe ponderomotive force can be derived from the
electron momentum equation for relativistic momentimterms of the normalized
momentun® =& G @,andthe relativistic correction factor p ¢ 7 ,the
generalized nofinear ponderomotive force is

9= G OU8 (1.7)

Just & in the linear regime, it can be seen thastes peaked in space and tinvél

expel electronslong and transversely awagpm the opttal axis.



After the pulse has propagated through a given region of the plasma, the
electrostatic force generated by the charge separatits gxpelled electrons back
towards the optical axis, forming a wave behind the pirighe linear regimed L p,
analytical descriptions dhesewaves driven by the ponderotive forceof an intense
laser pulsecan bedeivedfromPoi ssonds equation aford t
momentum and continuity. In a background plasma with degsitythis gives he

following equationsor the density perturbation ¢ & € 7¢ and electrostatic

potential%o[16]:
h 1 & oOn®
_ - 1.8
L c (1.8)
B 1 .
— % h 19
L (1.9
where 1 ¢ Q¥4 is the plasmaoscillation frequency. Since®w 0

implicitly, these indicate the behavior of a driven harmonic oscill&iprl.8 shows
thatthe density perturbationnake will be of comparable size to the transse laser
spot size, andeqg. 1.9 implies thatwakes will be driverresonantlywhen the laser
intensityenvelope is of comparable scale to the plasma wavelengthc“ @ . For

a plasma density ~310cm3, this meansghat%g and its corresponding electric field (the
wakefield)will be resonantly driven by pulses with temporal envelopes of ~100ds.
note thateq. 1.9also indicates the presence of transvelsetrec fields away from the
axis. These can haegfocusing effeabn accelerating electron bunchasad play a role

in the trapping of electrons in the wal&ec.1.3.3.
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Figure 13: Examples ofwakes andvakefields excitd by drive pulses of different
intensities(a)-( a Gawiad electric field of the wakes excited by drive pulses of different
intensities. Each panel is normalized to its respective maxinfo)¥(. b 6 ahaige
density of the driven wakes. Each frame is raiped to its maximum amplitude

variation.(c)-( ¢ digedujs of the axial electric field and charge density taken on the
optical axis.

As the laser intensity increasescom p , the model of a linear pertbation
begins to break down aride drivenplasma waves become (highly) rioear. A 1D
analytical solution can be found in the Aarear regimefor idealized conditionsbut
3D solutiors are best calculated by P(Sec.1.6) simulationg16,17,40]

A qualitative example of the change in theehavior between the linear,
guasilinear, and nelinear regmes is given inFigure 13. Panels (&) a 6 6 6the s how
structureof the accelerating fieldD, for drive pulses of different intensitie§he
horizontal coordinate 0 0 & gives the pulse frame coondtes at a tim@® and
position & (along the laser propagation direction) for a pulse travelling with group
velocity 0 . Panels (b b 6 6 6 }he srictorey of the plasma waves driven by the

pulses. The owmxis lineouts of each amotted inpanes (c}( ¢ 0 As@)increases,
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both the wave structure and the fields become less sinuseidhabiting less fidelity

to the driven harmonic oscillator descriptionskns. 1.8 and 1.91t can also be

observed that foedo ¢, the density perturbaitins haveexpelled nearly all electrons

from the wale, formingc o mp|l et e Obubbl esd of positively
electronsWhenall electronsare expelled from the wakthe bubbles become nearly

circular. This highly nodlinear regime is oftererf er r ed t o as [@d0ie Obl ow

43].

1.32 LWFA energy gain and scaling

Free electrons moving in phase withe wakefield will experience an
accelerating electrostatic force in the directbraserpropagationAs seen iregs.1.8
and 1.9increasing the drive pulse intensity or plasma density incrélasesnplitude
of the densityperturbationsndacceleratingvakefields Maximizing the accelerating
field, however, does not alwaysaximize energy gain in a LWFA.

Energy gain in a LWFA iBmited by three processes: dephasing, depletion, and
diffraction. Dephasing occurs when an electron bunch is accelerated beyomline gr
velocity of the drive pulsand moves into the region of the wakkere the fields are
deceleratingg | ect rons are considered O6dephasedd
plasma wavelength from the back of the wakand they have begun to experience a
significantly weaker accelerating fielfihe laser propagatiatistance over which this
phenomenon occurs is called the dephasing lefigthn the 1D limit for an idealized,

resonant pulse, the dephasing length is given by

11



P wlop
=  N® . h (1.10)
C_ T wl p

where_ is the laser wavelength anid is the number of plasma periods behind the

0 e

laser pulseEnergy gain, particularly at higher electron densitiep(mt & ), can
also be Imited by depletion of the laser puldeepletion refers to deposition of the
drive pulse energy into plasma wawasd corresponds with redshifting of the pulse
frequency[16,17,44 46]. If a sufficient amount of energy deposition has occurred, the
pulse will no longr have sufficient intensity to drive the wakédnder the same

idealizatiors asEq. 1.10, the scale length for depletian is given by

:) OLop
b é= __ 8 (111
- -NC, .
N wl!l p
Vg

We emphasizé¢hat these scalings aderived inonly one dimensionAnalytic
calculationsof 0 and0 in 3D will yield slightly different resultd40,43], as will
including moreof dynamic physical processes which are not acaslfior in many
estimates. As an example of the complexity dgplicitly calculating the dephasing
length, consider the followingthen®  p, theleading edge of the drive pulseodes
as it deposits energy into plasma waves, causorge amount ophase slippage
between the pulse and wake which depends on #wnal density. In this case, the

dephasing length can be estimafesim thegroup velocity:

p O U h (112

n|||

whereU is the laser group velocity and 0 T0  is the velocity at which

the leading edge erodes opposite of the pulse propagation due to dgpigtiénfull
12



calculation of the dephasing lendgtiom Eq. 1.12would requireacknowledginghat
implicity 0 0 , , and the group velocity changdse to nodinear propagation
effects[16,17,48 50]. The picture becomes even margactablewhen incorporating
more physical eleemts such as imperfect pulse and plasma density profiles. In
practice, scalings such #sose discussed here are best used for coarse estimations,
while PIC simulationgSec.1.6) are requed to more fully understanthe detailed
physical process inLWFA.

Assuming a constant accelerating field, the energy gainbefore dephasing
or depletion imominallyaw Q0 , whered is the length of the accelerator.
The maximum energy gain will occur whén is equal to the shorter of eithir or
0 (in the quasilinear regie,0 € 0 ). In[40], it is found that the energy gaimw

accounting for both dephasing and depletion scales as

] 0 . .
. S0 — W =—h wlLop
3W 1 0
—X . (1.13)
aw ' (V. "
W —  ®-=—h ol p
vl V

wherg is the laser frequency, aid & 7 71“'Q is the critical plasma density
above which the plasma is opaque to light of frequencyEq. 1.13 shows that
maximum energy gain relates inversely to the pladaersity. Though dephasing and
depletion limit the possible energy gain for a single LWFA, staging of multiple LWFAs
(similar to the many RF cavities used in convendl accelerators) has been proposed
as a path to accelerate electrons well beyond thel&eN[9]. Successful staging@6]

of LWFAs presents many technical challenges, and is active area of regegrch

outside the scope of this dissertation
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For the lowp Tt c&t  plasma densitiesonsistentith theenergy gain of ~10
GeVdesired for a potential modulea staged LWFA accelerat®], Eq.1.13requires
at leastPW laser power in the nonlinear regime. The desired energycgaibe
achieved much more efficiently in the quasilinear regime wwithp. This corresponds
to a dephasing lengihx p & . For the typical highntensity laser pulse of waist size
0 p T Tt & this is many, many times longer than the Rayleigheang “0 7_
over which the pulse diffracts sufficiently that the waist Sizéncreases byic.
Diffraction presents a challenge to LWFA design: the drive pulse will not
remain sufficiently intense for long enough to accelerate electmti®e maximum
achievable energy gain for a given plasma and laser. The solution issonusdorm
of optical guiding to counter diffraction and maintain the laser intensity al@rg
enough distance that acceleration is limited by either dephasdeptation Different
types of optical guiding and the generation of plasma waveguides will be discussed in

sec. 1.4andl.5

1.33 Injection
Beyond exciting strong plasma waves, LWFAs require mechanisms to trap
electrors in phase with the strong acceléng fields. At the simpledevel, electrons
inside the wake wil!/| be trapped and accel e
high longitudinal momentum to be accelerated to a velocity greater than the wake
velocity before the bucket passes blgey must also have sufficiently smalansverse
momentum not to escape the focusing fields from the edges of the biebtiques
for doing this generbi fall into three categories: satlijection, density transition

injection, and optical injection
14



As shown inFigure 13, for high laser intensitycf 1 p), the wake density

distribution becomes increasingly steep, and the electrostatic fields inqyBelsirge.

At a field strengthO , the wave breakindield strength the amplitude of the
electrostatic field generated by the wakesuch the velocity of electrons oscillating
accordimg to Eq. 1.8 exceedghe phase velocity of the wak&2,53] Those electrons
moving on trajectories witBuitable transverse momentum are trapped in phase with
the wake and can be fhdr accelerated by thewdké el d. Thi s process i
i nj e ¢54].ilncarthérmal plasma (or one gaated by the pulse itsel§, portion of

the electrons will have sufficient initial momentum that they lbartrapped through

this process even when the wakefield amplitude is below the wavebreaking threshold
[55,56] A major drawback of this technique is that it requires relativistic laser
intensities which are not ideal for high energy gain LWFAs.

While selfinjection relies on the electrostatic force of the wake to accelerate
electrons into pase, other techniques achieve injection by controlling the wake phase
velocity with tailored plasma density profileRownramp injection employs a
gradually decreasing plasma density gradient to reduce the wake phase velocity behind
the driver[57i 59]. The effect is more pronounced for buckets further from the laser
pulse. In the second bucket, the phase velocity of the wake becomes comparable to the
motion of electrons in the @éma oscillations (as in the fseljection case), and
injection occus [57]. Injection can also be achieved with a sharp (of ardedecrease
in plasma densit}60,61] Duringthe transition, the wakghasevelocity dramatically

slows. Hectrons which may have had insufficient momentum to be trappkd high

15



density phase velocitgre suddenly rephrased into the strong accelerated field of the
wake and trapped.

We note thah longitudinally varied density profileayalsobe u®d to increase
the overall energy gain of a LWFAIn the quasilinear regime, energy gain is limited
by dephasing as accelerated electrons begin t@ faster than the wak# the wake
velocity is increaplkas e dticaccetng dieldc mns ar e
practice, this is achieved by increasing the plasma density, either with a controlled taper
to lock the wake in phase with the accelerating electj@ls or more coarsely with
sharp increases in plasma denfiy,64].

Several techniques have been developed which aeliaser interaction to
impart electrons with the necessary momentum for injedtitamy of these rely on the
use of multiple pulses. Once class of approaches relies @omigeeromate force to
provide the necessary O6kickd to the =elect
perpendicularly propagating pulse which woptthderomotivelyaccelerate electrons
in the bucket after the drive pulse. With enough acceleration in the longitudin
direction of the drive pulse, they could be trapped in the wake. Howewas lbeen
best realized when the ponderomotive force was provided by the beating of laser pulses
with different frequenciefs5i67]. Thi s approach is called 6&be:
pul seé injection, and has many wvariations
discussed her&8].

The technique used in the experiments discuseethis dissertationis
ionization injection[69i 72]. lonization injection elies only on a single pulse (the

LWFA drive pulse) to inject electrons into the wake. Due to shielding, inner electrons

16



of atoms require more energy to ionize than outer electrons. ForyCGif bltrashort

laser pulse, this can mean thatagiven working gasthe inner electias will only be
ionized by the most intense portion of the pulse. If the pulse is driving a wake, electrons
born near the height of pulse will not experience sufficient ponderomotive force to
expel them from the ake. Moreover, they will experience significant longitudinal
acceleration from the wakefielthd can be trapped before slipping out of the wake.

In order for maximum trapping to occur, most of the irstegll ionization must
occur near the maximum of theake poéntial. This is the case forgenantly driven
wakefields:co £ _ , wheret is the timescale of the pulse. When the drive pulse is
much shorter than the plasma length some injectistillipossible. Tinnelionization
of off-axisinner shell electronehich were not previously ionized via OFI at the crest
of the pulse may be able to obtain sufficient longitudinal momentum for trapping
highly simplified cartoon is showm Figure1.4. From thesame PIC simulations as
Figure 13, an off-resonant drive puls® drivesa wakewith the accelerating field
0O and correspondinglectrostatigotentialwy . Even though the amplituct
the short pulsés well over the OFI threshold (green line), very few electrons will be
born at a loation with suitable potential for trapping (the dashed black lines denote the
minimum potential for trapping). A weaker, resonant pulse (dashed red line), however,
will ionize inner shell electrons at a much more suitable location for trappiagote
tha this schematic does not include the change in the wake structure excited by the

resonant pulse.

17



1
1
1
]
— 05 [ . = = ~
< 1
3. P d z I T N
© / \ // 1 /// \\
' / 1 'l
() - - )
T 0 = - JI_/ Ewake S =
-
-"é wake
g _Eshort
= 05"t = “resonant
Ethresh
--=v ¥
min’ ~ max

11200 1300 1400 1500 1600 1700 1800 1900 2000
Position (&)

Figure 1.4: Plots of important quantities for ionization injectionA wake with
accelerating fieldO (solid blue line) and corresponding potential (solid
black line) is driven by an ultrashort laser pul€e ( , red line) which is shorter than
resonantoy _.0O is well above the threstbfor OFI,'O (solid green
line). However, most electrons born during the pulse are outside of the trapping region
between and (dashed black lines), and will not gain suitable longitudinal
momentum to be trapped in theake. On the other hand, a weaker, but resonant pulse,
O (dashed red line), will ionize many electrons in the trapping re@on. ,

, andO are taken from the same simulas@sFigure 13. However, :

, O , andO are artificial and added for conceptual clarity.

These different injection phenomeda not necessarily happen in isolation.
lonization injectim has beershown to enhance shoakjection [73], and nofinea
pulse evolution may enable different types of injection as the latssrsity increases
and derease$74]. In Chapter 4we will discuss in particular hodifferent phases of
linear and nonlineapulse propagation can induce and suppress ionization injection,

and how this behavior can be used to better control ionization injection.
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1.4 Plasma waveguide theory

The high laser intensities (> fow/cm?) required for LWFA necessitathat
ultra-high power(> .1 TW)laserpub e s ar e f oc us enjibedmogzess ma |l | ( <
Focusing of a finite aperture beam leads to diffractive spreading after the focus. For a
Gaussian beam, this spreading is characterized by the Rayleigh damyer which
0 increases byi¢ and the intensity halve®iffraction presents significant barrier
to efficient LWFA, which requires that pulses maint constantigh-intensity over
distancegmany times the Rayleigh length. For example, to retegrhasingimited
energy gain in a plasma witlensityp p T ai , a pulse wth intensityc®>* p and
waist sizel T U @& must remain focused farpa, more than 100 Rayleigh
lengths.

In general, diffraction can be countered with a focusing refractive index profile
(a local maximum in the index correspondingtie center & the laser mode For a
Gaussiarbeam with Rayleigh range , the beam curvature leading to diffraction can

be exactly ancelled by a graded index of refractishen
L (1.14)
‘@

wherea¢ is the difference in thendex of refraction between the center of the beam
and at the waist an® ¢“7_ [75]. A waveguide extends this profile ava long
propagation distancenabling transmission of the beam over many Rayleigh ranges.
We note that the exact index profile reed to counter diffraction will vary for
different beanshapesin general, for a given index profile, the besimapedor which

diffraction balancing occurs are called the modes of a waveguide. Certain index profiles
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may not be capable of sustaining angdes (for instance if the conditiamEq. 1.14

is not met), while others may sustain many. We will discuss techniques for finding the
modes of aigenwaveguidan Sec.1.4.2 For low intensity beamsvaveguidesan be
formed with special glass strandsfiber optic @bles[76], dielectric chipq77], or
photonic crystals[78]. Fiber optics in particulaare widely used tcenable the
transmission of information encoded in laser modes over long dist@mesommon
class of fiber optics usa stepped index profile: a high index core surdmahby a low
index cladding. Throughout this dissertation we will use the core/cladding terminology
to refer to high and low index portions of a waveguide, even when the transition
between the two is continuoudnfortunately, for the ultrhigh intensitypulses needed

for LWFA and other relativistic lasgrlasma interaction, the damage thresholds for
solid waveguides are far tdow, requiring differentwvaveguidesolutions.Since the
ultimate goal is to study lasptasma interaction, plasmas are a natetadice of
medium for highintensity waveguidesn aplasmaguiding of intense laser pulses can

be achieveckither throughrelativistic selffocusing or with the use of a preformed

plasma channel.

1.4.1 Relativistic selfuiding

At sufficiently high pover, electron quiver velocities in tHaserelectricfield
become significantly relativisticThis effect introduces an intensitiependent term to
the index of refractiom & &€ "Qwheret is the nonlinear index of refraction. In

practical units, for a Gaussian pulse, we can define the critical poé@jer
5 g 0 .y
U - W
PR (1.15)
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as the power for which the intensityduced curvature in the index of refraction is
sufficient to counter the natural diffraction of the beam. If the laser power can be
maintained durig propagation, then the pulse can $glide over many Rayleigh
ranges [24,41,42,80,81] For longer pulsesc{t _ ), the density perturbations
introduced by the ponderomotive displacement of electrons can also provide a focusing
effect for later parts of the pul$48,50,82 85]. The process is complicated by pulse
erosion due tdaliffraction of the leading edge aedergy deposition into plasma waves
[16,17], aswell asionization induced diffractiofB0]. But these can bmitigatedwith
sufficient laser energy, temporal phase shaping,tamdg of the focal location with
respect the gas distribution. AlPlaser powers, seljuiding has enabled acceleration

of electrons to the GeV levi4,81] Seltguidinghas also enabled LWFA witub
terawattpulses[86], and is necessary for LWFAs driven kiiz lasers with limited
pulse energj87,88] The effects of ponderomotive plasmadificationby short { T

_ ) pulses within a plasma waveguimél be discussed further in sed..4.3and4.2.4

1.4.2Preformed plasma waveguides and leaky modes

For the low densities (160cm®) desirablefor multi-GeV LWFA, Eq. 1.15
indicates thatelativisticself-guiding requires >PW power. At these Idensitieshigh
energy gain LWFAs can be much more efficiently driven with lower intensityp
pulses and preformed plasma waveguides.doléplasma, the indeof refraction g,

is given by
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1 o (1.16)

for0 jO L p, which is satisfied in all of our experimenitherelationship baveen
index and plasma densityeans that pkma density profiles suitable for optical
guiding shaild beconcave.

Lasergenerated qe-formedplasma waveguides are leaky to varying degree
and their modes are qudsund[89,90] (see below)While excessive leakiness can
lead to rapid exponential emyy attenuation, a guide with a wdlbund fundamental
mode but leaky higher order modds desirable to help regularize the laser profile for
generation of welbehaved laser wakefield81,92] For a given waveguide profile,
the leakiness of a qualsound mode is quantified by tp&Qenergyattenuatiotength,

0 v [89]. For application to LWFA, the plasma waveguide should be designed to
ensure that the attenuation length of the fundamental mode sdlisfies 0 i
the dephasing and depletion lengths in the LWFA process.

As denonstrated in89,90], the quasbound mode structure and attenuation
lengths for a radialllsymmetric plasma profile are found by solving the cylindrical

Helmholtz equation forjit  eigermodes, wherg§ miphch8 anda  miphch8 are

radial and azimuthal indices:

J T1h (1.17)

whereO i Fi;( J 1 Q isthe electric fieldQ is the veuum wavenumbet, is the
longitudinal propagation number, "Qi is a dimensionless radial coordinai@nd

€ | is the refractive index profile corresponding to the plasma préfilean infinite
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parabolic plasma density profile i 0 30 i7 ,wherel isthe oraxis
plasma density is the scale widtrand3a0 0 i 0 ,Eq.1.17reduces to the

associatedLaguerre equatiof89,90] The solutions are the Laguei@alss (LG)

modes:
s T
O iy 6 Q 7 — b — Q Q2 . (118
In Eq.1.180 is a normalization constani, i ¥ “10 ,isthe channel mode
size,i QT4 ® is the classical electron radius, is the Laguerre polynomial of

radial orderp and azimuthal ordem, andf is the longituindal wavenumber
associated with thep(m) mode:

i N YN0 TR a pfo T (1.19
Differentiating Eqg. 1.19 we seethat different modes will propagate with different

group velocitiedependent on their mode numbE398,93}

T s ¥ 0 ¢ L (1.20)
W = 0 8 '
T P w9 p

For a given waveguidehe higher order modes will propagate more slowly than low
order modes. And for different waveguides, those with smalleand higher oraxis
plasma density will have slower mode propagation velocities. As will be discussed in
more detailin Chapter 4 this can mean that under certain waveguade pulse
condtions, energy coupled into different modes at the start of the ganlepatially
separate over long propagation distances.

ThoughEqgs.1.181.20areonly exactly true for an infinite parabolic channel,

they will bevery close approximati@mearlyparaolic, finite width channels. In the
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case of a finite parabolic channel with a maximum plasma density at someiradius
it is possible to derive a cut off condition for the number of higher order modes

sustained by the waveguide dependent on the channel gepth, [89,94]

. 1.21
a0 (1.21)

We note that the bound modes of a plasma waveguide are wavelength independent.
The structure will be slightly different sindée x 0 7 , but the same number of radial
azimuthal modes will be bound for different wavelengtus.a real plasma waveguide,

the plasma density in the region i quickly drops to zero, and the solutionEg.
1.17dictatesa superposition ahward andoutward propagating conical wa\&®,90]

As a mode propagates through the waveguide, energy will leak out of the channel
region into these radiating waves. The modes of plasma waveguidesso@nsidered

0 q W s u nhbuigh whers0 andi are sufficiently large, the leakage is minimal

and the resulting modes are sometimes refe

For increasingly less parabolic channels, fidelity of the waveguide moHes to
1.18decreases, as does the accuradygs.1.191.21 The quasbound modes will,
however, still be characterized by i@dand azimuthal mode numberghy , and they
canbe identified computationally with a method describe{B®$90] We sole Eg.
1.17for a range of I j "Q for afixed azimuthal mode numbér and useheJ i

solutions tocompute the resonance functienf 9 SO _ 9sQ9

whereJ is the vacuum solution ari denotes the waveguide cressction.If
there are any bound modes for a given—1  will have a maximum at the

corresponding longitudinal wavenumfdeeeAll radial modesp, will be identified by
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this process, assuming that the range offth&s large enough and the sampling
frequency is sufficient to resolve the resonanéssshown inEq. 1.19for a parabolic
profile, the—f  maximum at the largesiseorresponds to the) 1 mode, with

the maxima at decreasirigeecorrespondingto the )  plgfof8 modes. Further
information can be extracted fropeaks in the- resonanceThe full width at half
maximum, 3] , of the resonance peaks around these maxima gives the attenuation
length of each model ;  ¢“ 73 [89]. The attenuation length generally increases
for largera0 and0 , and for a given plasma profile, is always longer for modes with

higher propagation numbers.
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Figure 15: Example of quasibound mode calculati¢a) normalized (0,0) and (0,1)
modes (red and blue lines) corresponding to the given plasma density profile (black
line). (b) — 1 eeresonance curves corresponding to eacth®tbound modes in panel
(a). The plasma profile corresponds to the waveguide with on axis dénsity o&

p mua generated in the experiments discussedhapter 3.

This process is illustrated iRigure 15(a), were we find therit and Tip
modes 6r the plasma density profile plotted by the black curvénipanelb), the plot
of — T @eshows resonance peaks corresponding to these nidwdsndamental mode
has a larger longitudinal propagatinumberthan thed  p mode(and also a higher
group velocity) However, both have long attenuation lengihgx ¢ & hp & for the

(0,0) and (0,1) modes respectivel®2]. This means that both modes will be
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copropagating througlthe guide. Superposition of the fields propagating in the
longitudinal direction with different wavenumbefs and! leads to interference
called 6émode beatingbéb. Mode breatfZiing i s
I . The interference between the two modes causes oscillations in the maximum laser
intensity and the electric field profjl®oth of which can have a significant effect on
LWFA by altering the geometry and phase velocity of the walésen designing
plasma waveguides for LWFA, the goal is to operate in a parameter space where
0 ¢x 0 forthe fundamental mode, buty L 0 for higher order modes to minimize

the effects of mode beatinGhapter 4will explore mode beating in LWFAS in more

detail.

1.4.3Propagation of relativistic pulses in waveguides

Thus far, we have only considered linear propagation insn@lavaveguide.
For @ mp drive pulses, it is important toonsider nodinear promgation effects
which may alter the guidingrocessAs an example, consider a long t _ ) pulse
propagating in a matched parabolic chandeli 0 30 170 . If the
power is sufficiently highhd m0 Tt, then the beam will experience a significant
enoughrelativistic modification of the indefor selffocusingto affect the guiding
This in turn alters the density channel requiremémtmatchedguiding. In[95,96], it
is shown that for a long pulse witif0  p, the required channel dep#fd is less
than the lowpower casewith 30 T30 p 070 . If the pulse is sufficiently

intense to ponderomotively excite plasma waves, #readditional term accounting
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for the local density curvature of the plasma wawest be added to the index of
refraction[48,84,85]

In practice, the guiding effects of ndinear pulse evolution are extremely
difficult to model analytically.For ultrashort LWFA drive pulsesx(t _ ), the
amount of selfocusing and the plasma wav structure can varwgignificantly
throughout the pulse, and the above modificattorthe required waveguide structure
aredifferent for different parts of the pul§48,82] The modified matakd propagation
conditions are further complicated by ssiéepening of the laser pulse, and erosion of
the pulse head from exciting plasma waveshe commoving coordinate of the pulse
, , this means that the matched spot size varies throughout thelpul§e:0  , . In
[97], it is shownthat in the paraxial regie (neglecting selteepeningpulse erosion
and ponderomotive modification of the guiding structuneatched guiding could be
achieved by tailoring the waist size of the puise® 0 , .Itwas al® demonstrated
that quasmatched guiding could be achieved in a quartic channel with appropriate
depth.

Matched propagation becomes increasingly difficult for more intese p
pulses, where the pulse itself evolves dramaticdllying propagationand the
ponderomotive modification of the waveguide is significafe will look at this
regime in more detail iChapter 4 Another benefit of operating in the quasilinear
regime w* p identified as optimal for high energy gain LWFA is the suppoessf

these nodinear effectsand better conditions for matched guiding.
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1.5 Generation of prformed plasma wavequides

Many different techniques have been developed to form plasma waveguides
[98]. We will give an overvier of the most successful approaclaeslintroducetwo
techniques developed at the University of Maryland which enable the optical

generation of metescale plasma waveguides suitable for m@V LWFA.

1.5.1 Waveguides generated by the hydrodynamic ewolof a laseionized plasma

Thefirst plasma waveguides were demonstrated at the University of Maryland
in the 1990$75,94,99,100] These employed¥00 psdurationd Bessebeamto ionize
and heat a gas target to plasma densit@st A [ and temperatures ~100 eV. The
long pulse duration promoted inverse BremsstrahluB) plasmaheating. The
ionization ancheating vereprimarily driven by the high inteitg central maximum of
the 0 beam, of radius pfl for the refractive glass axicon usedhich had an
approach angle ¢ v (3eeSec.2.2). For a beam of radit¥ incident on the axicon,
and axicon inner hole radids (to allow injectionof a driver pulse into the waveguide),
the0 beamfocus extended a distante Y & jOATx pAl, toforma~
1 cmlong, hot,narrow plasma&olumnthat drove a cylindrical blast way&00] in the
surrounding gaas it expanded, forming thradially increasing plasnm@ensity profile
needed for a plasma waveguide structure. In close an@agdsaditionalgraded index
optical fiber [101], the radially increasing plasma density profile corresponds to a
radially decreasing refractive indeiXxtending the analogy to a steulex fiber, the
centr al region of the plasma actsgoas the w

performs the f un &isimponantddnote thaewaveguidesdodnech g 0 .
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this way necessarily have a coupling between the channel width and wall height,
constraining the possible @xis density for a given laser spot size.

For plasma wveguides in the density range of interest for raéV LWFA
accelerationx p 1 A ), IB heating is orders of magnitude less efficient, as its rate
is proportional to0 . This means that additional heating is required to implement
hydrodynamgally generated waveguides with electron densities~d63. Several
techniques were developed to improve the heating efficiertyding use of an initial
femtosecondaser puls¢102] for ionization and the use of clustergased103/ 105]
which canbe heated by femsecond laser pulsednfortunately none of tese were
able to efficiently reach the desired-axis plasma densiti@ver metetscale distances

Optical field ionization (OFI)[35] with femtosecond laser pulséss been
explored as a method for hydrodynamic plasma waveguide fornja&8,106 112]
due to the fact that ionization of the working gas depends only on laser intamgity
not on local gas densityOFI also significantly reduces the laser energy requirement
compared to IB to reach fully ionized hydrogen, for exampihe obstacle for relying
solely on OFI as a heating mechanisnthat electron temperatuf@"Y in the OFI
processs limited toapproximatelythe ponderomotive enerdgy in the laser field at
the imization threshold of the ga®"% Y w® ™Opmt 7jA _ti . For
hydrogen the ionization thresholidtensity is©prt 7 jA and) 1@ti forthe
Ti:Sapphire lasers typically used, givif@“¥ p T 6 an order of magnitude lower
than in the IB case. This resultsan insufficientpressuregradient to driveahe radial
shocksneeded toform a strongly camfining waveguidewith a sufficiently thick
cladding[93,106]
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1.5.2 Capillanydischargeplasma waveguides

An alternative approach for gerating plasma waveguidespillary discharge
[113,114] has been used successfully in LWFA experimgtits,116] Theplasmas
formed byelectric discharge anesistiveheatingalong the axis of a long hydrogen
filled dielectric tube, typically formed from ceramic or sapphire. In the egtasidy
statephase of the discharge under plasma pressure equiibthe high temperature
on the capillary axis and the lower temperature at the inner wall forms a plasma
waveguide structure with low plasma density on axis and high density at the wall.
Typical central waveguide densitiesére x v prt A . To further reducé
tothe prt A range needed for muiGeV LWFA, a nanosecond laser IB heater
pulse has recentlyeeninjected into a 20 cm long capillary discharge gyRi®117]
Nonetheless, capillary discharge waveguides mtdsentmultiple limitations for the
development of highepetitionrate LWFAs: (1) dischargenduced capillary erosion
andlaser danage, (2) lack of flexible controher the density, and waveguide structure
(both transversely and longitudinallyimiting control ovetthe guiding properties and
LWFA process, and (3) lack of diagnostic access to the plasma waveguide structure
and to the guiding and acceleration processside the capillaryA visual comparison
of the style of discharge capillary used23,116]and the /le of supersonic jet used

by our group i{22,93,106]is shown inFigure 16.
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Figure 16: Comparison of plarﬁa waveiges generated above a supersonic gas jet
(left) and in a discharge capillary (right).

1.5.3Plasma waveguides generated by ionization of tailored neutrdegagy profiles

Two new laseibasednethod493,106]bypass the main limitations of capillary
discharge waveguides: (1) Solid material structures are eliminated from the vicinity of
plasma waveguide generation, especially using our novel 1sedbr supersonicag
jets [93,106,118] eliminating plasmaand laseinduced damage and enabling high
repetition rate operation, (2) OFI is used to generate the wavegudecess that is
density independentand allowsmultiple laser pulses to separateliff i mp rthent 0o
waveguide core and claddimgdependent of longitudinatrsicture introduced by the
gas jet and (3) The frestanding waveguide structure enables unlimited diagnostic
beam and imaging access to the full length of the plasma waveguide

In bothwaveguide generation methodsewaveguidecore is generated byla
pulse sufficiently intensé¢ prt 7 j A in the central peakp generate a plasma
column via OFl.Although an OFgenerated plasmeolumn is not hot enough to
generatea cylindrical plasmashock of sufficient amplitude to serve as a low loss
plasma cladding (which had led to very weak guided laser confinement, with leakage

attenuation lengths ~1 ¢[83,106,107,110,112)] as it expands rives a cylindrical
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shock inthe neutral gas at the plasma periphery. As this expansion proceeds; the on
axis plasma density drops by uptp 1, withO decreasing well below the initial
hydrogen atone density. We call this lowlensity plasma core surrounded by a higher
density neutragjast h e & pirredpeaxr egOur twa rmethods discussed below
differ by how the neutral gas is ionized to fotime waveguidecladding.

Figure 17(a)plots the evolving plasma and neutral density profiles as a function
of delay afterionization bya 75fs FWHM 0 pulse with mearntensityx 18 p T
W/cn?in the central maximumThe general form of thpreparedndex structure, a
low density plasma core surrounded by a higher density neutral cylindrical shell, is well
predicted by simulation®3], which show that the shell expands stbedi the local
speedof soundp [ Q"Yja 1 xx pmAIijO where @] is the ratio
of specific heats)Y is the hydrogen gas temperature (elevated by conduction from the
adjacent few eV plasmaand a is the B molecular massThe plasma and neutral
expansiorradii, as well as electroremperaturgare plotted irFigure 17(b). Delaying
the ionization of the outward propagating shell increases the waveguide core radius
while minimally dfecting the difference between core and cladding plasma densities,

enabling control of the guided mode size.
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Figure 17: Expansion of the plasma and neutral gas aroupldsmacolumn ionized

by ab Bessel beam(a) Hydrogen plasma and neutral gas profiles measured by two
color interferometry93] as function of delay after eaxis plasma generation by a 75

fs FWHM 100 mJ pulse with mean intensity p 1 W/cn? in the central
maximum. The expansion of the neutral shellnearly constant ab * Xx&

p Tt® GFi . The neutral gas density profiles at different delays are plotted as solid lines
(left axis scale) while the electron density profiles are plotted as dashed lines (right axis
scale).(b) 0 -induced rms plasma column rasglired circles) and neutral shock
position (blue diamonds) with plasma expansion fit (red dashed line) and constant
O x X& p TGN neutral expansion fit (blue dashed line). Calculated electron
temperature (black line) and shock exgian (green triangles) from hydrodynamic
simulation are also showic)-(cj) Sample results from twoolor interferometry of
orefractive i nde xopslder(a)hagershid prafile df neutat
hydrogen, showing neutral shock at outsidg) ( Phase shift profile showing
accompanying central plasma column.

by

The dashed curves iRigure 17(a) and sample transvse interferometry in
Figure 17( ¢ ) ghowbthatelectron density expands from a peaked profile to a rather
flat profile surrounded by a sharply rising neutral density shell. Once subsequent
ionization of the neutral gas occurs, the overall plasma structure has a refractive index

profile reminiscent of atep indexoptical fiber For a stepndex fiber, the fundamental

OTH T PIpH pw ! cqxwmw E , wherebis the core

mode radius i®

radius, Qs the laser wavenumber, and Q¢ ¢ 7 is the step index
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fiber parametef119]. For a plama waveguide approximated as a step index fiber,

® &t“iad 7, wherel isthe classical electron radius &l 0

0 is the difference between the cladding and core plasma derjifiéf In
general, thdehavior of waveguides generateddbyjonization the neuwal shell around

an expandingd generated plasma will have characteristics that fall somewhere
between the stemdex and parabolic channel models.

In the two-Bessel methgdthe neutral gas dside the plasma core is optical
field-ionized by a timedelayedhigher ordetd)  Bessel bearpulsewhose maximum
intensity ringoverlags the expandingneutral shelfor a given delayln effect, the0
pulse imprints the plasn@dadding aroundhe core producinga fully ionized plasma
waveguide For a fixed Bessel approach angldseeSec.2.2), a largerradiusring
requires increaselessel orden, or for fixed Bessel ordef, a smallef will give a
larger ring. In general, for smallandr]  p, the radial position ;  of the intensity
maximum of a0 beam is'Q ; i Q¢ p8tg p& T[93]. Figure 18 shows
varyingl obtained by changingy  in plasma waveguides formedtiwthe twoe
Bessel methadrhe choice of gas density in the jet, the values of axis approach angle
¢ andorderr] of thehigh order Bessddeam and the posb delay of theb pulse are
al | Oknobsd6 for <cont 0o bndgroug velodityd ofgthei d e d

LWFA driver pulse.
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Figure 18: Plasma density profiles and guided modes from theBeasel method.
(a)-(c) Measured density profiles generated usingorder Bessel beams with

varyingpositioni

of the maximum intensity ring, obtained by varyipgnd

approach angle. The solid blue curves plot the density profiles after ionization of
the neutral shell by the pulse. The red and green curves plot the initial plasma

column formed by theppulse, and the expanded plasma column immediately before

passage of the,J The dashed pink line corresponds to the location of thefirst
maximum. The dasHot black curve and
mode of the given plasma density prof®] and0 5 is the calculate@¥Q

attenuation length of the guided mode. The dotted line denotes #grduared atomic

density of the neutral gas. The insets in each panel are representative guided modes

represent the calculated fundambal

measured after propagation in (a) 15 cm, (b) 30 cm, and (c) 30 cm guides at the given

conditions.

The selfwaveguding method relies on the drive pulse its® ionize the

neutral shel[93]. For a sufficiently intense pulsajected enebn into the refractive

i ndex structur e,

t

he

r adi feld-ionize they reeutral f

shell, generating the waveguide cladding forrégmainderof the puse.In effect, the

drive pulse generates ibsvn plasma cladding on the fly. Thisssen inFigure 19(a),
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which showsa snhapshot from BIC simulation(Sec1.6,[120]) of a relativistic pulse
selfwaveguiding through a prepared index structure in hydrogen, tHermjected 40
fs pulse has peak @ (corresponding tintensitypgo p 1 W/cm?) and its spot
size is choseto match the lowest order mode sifehe selfwaveguidinggenerated
plasma waveguide.

In practice0 can be selected to matéh by adjusting the delay between the
0 pulseandtheselfwaveguiding pulséjected into the refractive index structufan
example of the effeadf 0 0 on selfwaveguiding is shown ifrigure 19(b),
which plots peak intensity vs. propagation distance for three mode siz&s with@® x
injected into a waveguide with ¢ 111 . Here theisnulation code used ¥APPE
[93]. This inhouse code ibased on the unidirectional pulse propagation algorithm
[121] and gives goodphysical insigh into propagatiorfor &  p, where theraare
negligiblerelativistic effects anglasma wave excitatiorhe intensity oscillations for
the nommatched injected beams are caused by beating of the lowest order and first
order radial modef89,93], an effect directly measured by imaging periodic intensity
variations in plasma fluorescence after transmission of thevseiguidingpulse
(Sec. 2.4.2. Figure 19(e) shows an example of these oscillations from -self
waveguiding of an 88 mJ pulse over a 10 cm long prepared index stric{@&, the
measured frequency &2.3cit  is shown to agree with the moteating frequency
predicted in89]. Underthese conditions, the firstrder mode leaks out of the guide,
and the oscillations decay as the sediveguiding pulse evolves into the fundamental

mode of the waveguide. For higher intensity pulsesl higher density waveguides,
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0 ¢ for higher order modes can be longer than , resulting in multimode
transmissia through the guide as discusse&®et.1.4.2

In Figure 19(b), the energy decay is caused by leading edgsicralue to
energy losst the front othepulse from diffractiontransverse leakagend ionization
This loss isminimal for a highenergy LWFA drive pulsf93,122] where®d  p. For
the @ X ¢& pulse used irthe experiments discusséu Chapter 3 and Chapter 4
[74,122] the intensity exceeded thé** W/cn? hydrogen ionization threshold at the
neutral shell positiom o 11l , 100 fs before the peak of the puld&e minimal
selfwaveguiding energy cost for a higitensity LWFA drivepulse isillustrated by
the YAPPE simulation curvie Figure 19(b) for a modematched pulsaith @ ¢
and 0 ¢ 111 , showing almost 100% transmission, neglecting damping from
plasma wave generation to highlight setiveguiding erosion alone. In practice, for
the ~10 J pulses recently used in m@8V LWFA experiment§r/4,122] we esimate
that the small fraction o140 mJ was lost in far leading edge erosion from self
waveguiding. In LWFA experiments, however, ttheminant guided pulse damping
effect is plasma wave excitation.eMave measured and simulated up do1t f the

laser eergy directed into this chann@?2].
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Figure 19: Selfwaveguiding in prepared ingetructures(a) Particlein-cell
simulation of the selfvaveguiding process in hydrogen using the gqaglndrical
code FBP1J120] for pulsewidth 40 fso  1@. (b) (c) (d) Propagation simulations
(0 1@ Yusing the code YAPPPR3], illustrating (b) the effects of injection mode
mismatch on the eaxis peak intensity as well as minimal energy loss from the self
waveguiding process for high intensity ( ¢) pulses, (c) the mimal effect (at
& ¢ A i) of mode mismatch on the downstream plasma waveguide transverse
profiles after selwaveguiding, and (d) the necessary features of the prepared index
structure to ensure selfaveguiding(e) Imaged fluorescence profile after
transnission of 88 mJ selivaveguiding pulse over 10 cm long prepared index
structure, showing periodic fluorescence oscillations (column integration indicated by
the white line) due to mode beating of the two lowest order guided modes. The laser
is injected fom the left and attenuates from setiveguiding erosion as it propagates
to the right.

Figure 19(c) shows that injectionf pulses) 0 into the prepared index
structure has little effect on the plasma waveguide generated once thdeatidg
oscillations showrin Figure 19(b) damp oud at least when neglecting relativistic

effectsand ponderomotive channel modificatime¢Chapter 4) The necessary and
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sufficient feature of a prepared index structure to guaranteevaedguiding is
illustrated byFigure 19(d): an oraxis neutral densitgninimum. Remarkably, neither
a plasma core nor a neutral shock wall is necessary.

Measured density profiles of lggma waveguide generated byself
waveguiding pulsg are plottedn Figure1.10. Here, the injecte@ulse energy ranges
over 1188 mJ, the initial hydrogen density oya® ¢& p 1 cm?®, and injection
delay3t =1-5 ns.Figure 1.10(a) highlights the effect of varying injected pulse
energy witha fixed refractive index structure. At low injected pulse energy (11 mJ)
only part of the neutral shock region is ionized. As injected energy increases, the
plasma density profile becomes fully ionized and converges to the underlying ion
(proton) density profé. The effect of varying the initial AHensity is seem Figure
1.10(b), which shows that the radial position of the sedfveguidinggenerated
electron density peak is unchanged owing to the density indepenqgetsion speed
@ T QYja ! of theneutral shellFigure1.10(c) shows thathe waveguide
structure can be modified tccommodate different modgzesy by varying the
delay between the) pulse and the selflaveguiding pulseThis allows for nearly
independent tuning of the @axis plasma density and guided mode size. We note that
ionization by the wings of a guided pulse has been obsenaetigh densityseveral
millimeterlong guide[123]. Early guidingresults for OFheatedplasmawaveguides
[107,110] which otherwise would have been quite le§8$,106] have been more
recently explained by selfaveguiding124].

While boththe tweBessel and selivaveguidingtechniquesare attractive for
generang highly confining low densityguides with attenuation lengtlestending to
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several meters and several hundRayleigh rangefd3,106] thar different cladding
formation mechanisms result in differerdser energy costsper unit length of
waveguide Detailedcomparisons for the two methods suggest thatvealfeguiding
may be more efficierfor experiments requiringmaller guidedmode sizs, while the

two-Bessel method is more efficient for larger mode sizes[93].
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Figure 1.10. Transverse interferometry of plasma profiles generated by self
waveguiding at z =@cm from entrance generated byfsghveguiding pulse&) of
different energies injecteat ¢® ns after thed indexstructuring pulse with

0 p® p 1 cm?initial hydrogen densityb) of 88 mJ injected adt ¢®

ns into prepared index structure with different initial hydrogen dengt)esf 88 mJ
injected with variedwt intro a prepared index structure with initial PR
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1.6 Simulation methods

In this dissertation, we will primarily employ two computation techniques for
studying lasr evolution and LWFA dynamic3he keampropagation method (BPM,
[125]) is a standard technique used to model propagati@hecfromagnetigvaves in
a medium with alinear index of refractiorunder the slowly varying envelope
approximation We implement asplit stepFourier transform based approach which
models diffraction spectrally and refraction spatially. Thechnique islimited to
monochromatic and narrowband lighutis well suited for modelling diffraction and

linear propagation through long plasma waveguides.
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As discussed iec.1.4, analytical desgptions of lasefplasma interaction are
nearly impossible for relativistic laser intensities and physically realistic laser pulses
and plasmas. This requires us to employ computational methossl¥org the fluid
and Maxwel | 6s e qu a.tTheodonsinang appreachnfor sirgulatingVvk A
intense laseplasma interaction is through the use of PIC algorithih26].
Computational algorithms are not thecus of this dissertation, but we will give a
cursory introduction to the central ideas for the codes we have used.

There are far too many particles in even the least dense plasmas of interest for
LWFA to track individual particle trajectories. And theplarate timescales of electron
plasma motion and ultrashort laser pulses make traditional hydrodynamic simulations
unsuitable. PIC codes solve the problem by partitioning a plasma into a collection of
macroparticles on a grid. A single time step of a Afordhm generally has 4 key
phases: calculation of the electromagnetic forces on each macroparticle (2) movement
of the macroparticles according to the Newtamentz equations of motion, (3)
calculation the new charge and current distributions, (4) ledicn of the
corresponding electromagnetic fields. PIC algorithms generally require a tradeoff
between accuracy and speed. Using a larger number of macroparticles reduces the
likelihood of numerical instability, and using a higher grid resolution is itapofor
modeling physics which occurs at smaller spatial scales (injection into the wake, for
instance). Increasing both of these quantities can make the computational expense quite
large. Improvement of the accuracy and efficiency of PIC algorithmsciu@al

research area for LWFA developm¢§h?7].
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We employ two differentodesin this work: FBPIC[120] and WarpX[128].
FBPIC (FourierBessel Particken-Cell) enables faster computation of quagi
sydems by implementing a PIC algorithm on a cylindrically symmetric grid. WarpX
implements a PIC algorithm on a fully 3D grid. Both codes have the ability to compute
particle evolution in a Lorentz boosted frame commoving with the laser pulse
[129,130] This can greatly reduce computation times required for simulating

interaction over 10s of cm as in our experiments.
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scal eptgiemaelplhyasdna wavegui des

2.1 Introduction

Successful implementation of either of the waveguide formation tactsiq
discussed itvec.1.5.3 in an accelerator relies on several key elements. In this chapter,
we will discuss optical systems for generating extended plasma columns, design
principles for long supersonic slit nozzles, and diagnosticscharacterizing and
operating meter scale waveguides. We will also ds@ssential diagnostics for
characterimg electron beams produced througWFA in long plasma waveguides

and their implementatiom the experiments discussedGhapters3 and 4

2.2 Bessel beam generation

Under the condition that solutions are of the f&@m x 61 Q |, the
Helmholtz equation takes the form
n QoI mh (2.1
whereQ Q Q ¢“7_ 1 Toare the longitudinal, perpedindicular, and vaccum
wavenumbers, the vacouwavelengthangular frequency and speed of lighlutions
of this form have the property that at different longitudinal positions
G FO1 it s 01 M s and are used to construct beams in whiehfigld
distribution is propagation invariantl31,132] Ore suchclass of these are Bessel
beams, whiclin cylindrical coordinates have the generalized form
O ifke 6Q 0 Q Q h (2.2)
where for a given wavelength @ Q@ Q ¢“7_ are the longitudinal and

radial wavenmbers and is the dh order Bessel fuction[133,134] As seen irEq.
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2.2, the intensity'© 90s is independent of longitudinal positiqa). When viewed
geometrically, the Bessel beam has the unique property that all the rays forming the
beam apprazh the propagation axis at the same angle
r AOATQAQ. (2.3)
Because of this property, even if the focus is obstruateal certain longitudinal
position, the focusan reform further along in the propagatidiis has l&l some
researchers to ref-leealflBs d&ssel beams as O0s
A Bessel eam described exactly iBq.2.2is not physicallyealizablesince it
would requireinfinite spatial extentand therefore infinite energyHowever,quast
Bessel beams of finite spatial extent ba&and have beegeneratedTheyare used in
a wide array of fields including laser machinif$36,137] optical coherence
tomography [138], optical trapping[139,140] and the generation of plasma
waveguides as discussed in ttissertationFor simplicity, we will refeto these quasi
Bessel beams as Bessel beams.
Generation of Bessel beams wist achievedoy placing an annulaaperture
at the back focal plane of a converging |¢h31]. This selected from an incident
Gaussian beanrmaannular portion of the spatial frequency spectrum wiikere Q
Q, forming ab Bessel beam) beams of arbitrary order can be generated by applying
a conical phase to a LagueGauss beam of azimuthal ordpfThis can be done with
an axicor{141,142] spatial light modulator (SLM)L43], or diffractive optical element
(DOE, se.2.]) [144,145] For a neafield beam of radius’ , the approximate length
of the Bessel beam focal line is given by
0 — (24)
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If there is a hole of radius in the middle of the near field (as is required for coupling
a drive pulse inta plasna waveguide)thenY © 'Y @ in Eq.2.4

Different application®n different laser systenase naturdy suited to different
beam apertures focal lengths, and generation techniqu8sce the experiments
discussed in this dissertatiavhich require high power, large aperture beams with
shallow approach angles of <]0eflective axicong§93,106] or diffractive axicons
[22,118] were the most appropriate optics. For the expertmén[22,74], we found
the beamline geometry for diffractive optics easier to implerdesthematic showing

the generation oh U Bessel beam witl diffractive axicon(Sec.2.2.]) is shown in

Figure 21(a).

spiral phase plate

ring grating

Figure 21: Bessel beam generatiqa) Cutaway schematic of Bessel beam formation.
A collimated, finite aperturgaussiarbeam passes through a spiral phase [(&ee.
2.2.2)and ring gratindSec2.21) to form ab Bessel beam. The radial phase applied
by the ring grating causes each annulus of the incident beam to approach the
transmission axis at aunifora,rextdnaded Besselgeam er at i n
focus of length) Y  ® Jo W where® is the radius of a central driver
beam access hole in the ring grating (not shoy)).(c) Measured intensity profiles
of U and0 beams generated by this approach.
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Thecut-outs (b) and (c) show real andv profiles generated with this method.
2.2.1Diffractive axicon design

Focusing of higkpower lasers with refractive optics is generally difficult due
to the nonlinear focusingand temporal phase shiff the pulse inside the optic
material. Reflective opts offer one solution, but have strict geometrical constraints
At a slight efficiency cost, itfractive optical elements (DOEs) enable transmissive
beam geometries at high laser powers (<100 TW). Rather than applying a continuous
phase&%oi h— N s on an incident beam with a continuously varying surface thickness,
DOEs apply the same relative phase. But they hdigeontinuities in the surface
thickness so that %o i T Ak . Perfect DOE surface profiles are often
impossible taccurately manufacture, but they can be approximated by discretizing the
desired phase profile (and the depth of the corresponding surface features) into fixed
levels[144,145] An example of the difference in phaseplied bya traditional plane
convex lens (PLCX), corresponding DOE ¢kvn as a Fresnel lens in this

implementation), and a distized DOE are showin Figure2.2.

rf .

=57 emmTTT T - ---PLCX Lens
® 471 /—" ~~< —Fresnel lens
= 3 g —Discrete Fresnel lens
< .- -~
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Figure2.2: Comparison of phase applied by a tradiibALCX lens, Fresnel lens, and
discretized Fresnel lens. The applied phase corresponds to a7 BK p® p)uens
with a focal length of 1 meterat v o & &

For generation of a Bessel beam, the linear radial phase applied by a
transmissive (refractive) or reflective axicon canvidl approximated by a radial

phase profileof N-steps per* phase increase. We will call this type of DORiag-
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gratingd or diffractive axicor@ Figure 2.3(a) demonstrates the surface profiles
required in dused silica diffractive axicon for an arbitrary wavelengttand approach
anglel . A perfect implementation of linear phase requitedorm a Bessel beam
would be dificult to manufactureBut, the 2step and 4tep discretizations are much
more fasible. We note that the radial coordinate is normalized to the effective radial
wavelength_ ¢*7Q OR IT_, indicatingthat the relative thickness required of
the DOEstepsonly depends on the material and vacuum wavelength, whilgithie
of the steps depends on the desired approach &hglee 2.3(b) gives arexample of
the phase applied ky 4step diffractive axicon fouse with wavelength  1@*‘ &
andan approach angle o".

For coarsediscretization of the ideal surface profile, more light is scattered into
higher orders of diffraction. Fawur diffractive axicon, these higher orders correspond
to Bessel beams with steeper approach angles. The first order diffractioeneffiei

of anN-step diffractive axicon ig146,147]

- i Q&6 8 (2.5)
We can see that for a continuous profile? Hs, and— © p. The predicted first order
diffraction efficiency fora 2 step phase plate is ju€.8 %, while the efficiency fo
steps is 81%il44]. Figure 2.3(c)(d)(e) show the simulated near field profiles 1 cm after
transmission ofa  ™&°‘ dplane wave throughra o diffractive axicon with a
perfect linear profile (c), -8tep discretized profile (d), andsfep discretized profile
(e). All panels are normalized to the maximum intensity of (c), and the middle values
of the colorbars for (c) and (d) correspond thegpective maximum intensities. This

indicatesgood agreement with the theoretical diffraction efficiency limits.
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Figure 2.3: Diffractive axicon design(a) possible surface profiles for a diffractive
axicon made from fused silica ( p® 7J..The radial position is normalized to the
effective radial wavelength p¥Q i "“Q&_ and the thickness is normalized to
the vacuum wavelengti{b) example of the phase applied by de¥el diffractive
axicon[ o)ona_ T dbeam(c-e) BPM simulated profiles of Bessel beams
generated by a  o’plane wave passing through diffrative axicons with a perfect
linear profiles (c), Ztep discretized profile (d), andstiepdiscretizedorofile (e). (ee)

are nomalized to the maximum intensity in (c), and the middle value on the colorbars
for (d) and (e) denotes the maximum for each respective image.

The diffractive axicons and spiral phase plates use{@)74,118]were
manufactured in the FabLab at thimiversity of Maryland, College Park through
photalithography andplasmaetching. Themanufacturingprocess is detailed in
[144,148] Manufacturing error, most significantly alignment between the ifvasikh
determines the phase pattern and the subktrede also reduce diffractive axicon
efficiency. For the 4evel ring gratings used i22], we measuredn efficiency- &

vu b
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2.22 Higher order Bessel beageneratomnd O Bi naryé Bessel beams
In [106], the higher ordeLG beams required for higher ordBesselbeam
generation were formed by passing a zemer LG beam through a spiral phase plate
(SPP). The SPP is a DOE which applies an azimuthal ph&se 1qib the beam itNg
steps, with the phase increasigigf0 per step. The winding direction of the phase
determines the sign @fin Eq.2.2 WhenN = 2, the winding is indeterminate, and the
resulting beam can be viewed as a superposition of LG beams with azimuthal order
f. In turn, when focused with an axigdhis generates a superpositionbof Bessel
beams. Shutovet. alhave called this type [M9Abeam a o0
shown inFigure 25 (c-d), the interference of the superimposed beams generates
nucleated focal ring withlternatingregions of no intensity and double the intensity of
a singlev or v
These beams are potentially of interest in using theBessel method in longer
jets than[106]. Due to the shallow approach angle of the Bessel beams used in our
experiments, longer gas jets wilften block a portion of the focusing beam. For a
Bessel beam with approach angldocated a distand®, away from a gas jet of length
L and widthW which sits a distancEl below the optical axis, the near field beam is

blocked when the radial coordinatesfwo satisfies botlof the following conditions:

Py — @ 0 Dzodht
c [ (2.56)

i o O w 0OVzowerT

An example of this masking effect is showrFigure 24.
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Radius of beam used in Miab.
al. Phys. Rev. X2, 31038 (2022)
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Figure 24: Nearfield beammasking. The conical focus of a Bessel beam in the
presence of an obstruction leads to blockage of the beam. The blocked portion of the
near field can be calculated as describeBgn2.6. An example of this effect on the
near field of the beam is shoviar the experiments i[22].

This blockage naturally has a deleterious effect on the Bessel beam focus quality. For

0 beams, this leads to slight asymmetry and lowered intensity in the central maximum
(Figure25( a, a06) ) . So | on gemagsabovk the QFkthmesholdhd i nt ens
deformation does not prevent thengeationof a roughly cylindrical plasma column.

We note that there will be less ionization in the wings of the maximum for the
obstructed casdt is possible that this could resutt less heating of the surrounding

gas, whichwould reduce the local sodrspeed and expaion of the neutral shock, and

in turnwould result in some longitudinal dependence in the matched mods siZe:

0 & . Further study is needed to quantify @ffect of focal line deformation on

waveguide uniformityparticubrly in long (>20 cm) gas jets. Our initial assumption

was that beam obstruction did not significantly attez guiding propei¢s of the
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channels in[22,93,106,118] but recent measuremenf$50] of plasma channel
expansion suggest there may have beenneghgible longitudinal variation in
channel parameters.

Forv beams, the obstruction leads to significant deformation of thesfo
AsseenirFigure25( b6, c6) the focal ring is compl et
jet. Thislimited usthe use of a short,&n jet in the high power experiments[@D6].
Toimplement this technique in a meter scale, fpglver guide would require either a
significant redesign of the jet allowing operation over a centimeter above the nozzle
(which would require a significantly larger volume of gas and introduce toaggs
at the entrance and exit of the jet), or a solution to the focal deformation problem.

Fortunately, there is a psibleoptical solution. As shown iRigure 25( b § ¢ 0 )
the effect of the focal aberration rigstated 90 (counter)clockwise depending on the
direction of the winding. For a binary Bessel beam, widereare superimposed, this
means that the catastrophic deformation of the focus is significantly mitidadgede
25(d6,e) shows that despite some variation
still fully formed. And with sufficiently high intensitythe obstructed focuwill still
be able to generate a similar plasma to the unobstructed bhegamot clear exactly
how the waveguide with a nucleated cladding will perform compared to thg<#6in
PreliminaryBPM simulations using a loypower beam suggest the nucleated cladding
performs similarly to the cuinuous cladding. Air waveguides generated by
filamenting higher order LG beams have also successfully used nucleated index
structureg151,152] It is also possible that plasma expansion will lead to the formation

of a complete ring, or that ionization by the leading edge of the pulse (as-in self
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wavegiiding) could assist in formation of the cladding. Future experiments will

investigate further.
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Figure 25: Far field effec$ of obstruction on Bessel beam formatiBulse evoltion

is simulated with BPMSec.1.6) and thegas jetprofile used is the same as[2R] and
Figure 24. All beams ardormed by applying the appropriate azimuthal and radial
phase profiles to a plane wave with T@‘ aand have an approach angle o°.
(a-d) Intensity profiles after 8 cm of propagation without the gas jet for Bessel
beam (a)0 Bessel beam (b), hybridy 0 7¢ superposition of Bessel beams (c),
and binary0 Bessel beam formed with ‘a-step phase plate. Each frame is normalized
to its maximum.( adodintensity profiles after 8 cm of propagation with the gas jet

obstructing the beam foraBe s s el hieBaem s(ed a )h)e Bassel (bdad ) |,

( ¢, and binary0 Bessel beam formed with‘ast ep phase pl ate (do6).
normali zed to the maxima of (a) and (d). (
of (b). (e) lineouts of the intensity vs. angular position at the position dfrgte)

maxi mum for the profiles shown in (b), (d),

2.2.3In Situwavefront orrectionof Bessel beams

When applying Bessel beams to plasma waveguide generation, it is important
that the highest intensity for a given pulse energy bergéedn the central maximum
of av beam or uniformly around the first ring in@  beam. This is equivalent to
maximizng the fdelity of the neataxis portion of the beam to the Bessel functional
form over the full lengttd . As shown irFigure2.6, the fidelity can be significantly
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diminished by wavefronaberrationon the focusing beam. This aberration often has
two dominant component$l) wavefront ®errationsimparted bythe Bessé beam
generating element, ar(@) those alreadypresent and unavoidable in a high power
laser.While correction of waefront aberration is a common procedure in optrsl
reakttime correction of aberrations in Gaussian beams has beestudibd[153 155],
these techniques are not readily applicable tartlseéuwavefrant correction oBessel

beams:eeded for plasma waveguide generation.

126 mm (c) 158 mm (d) 39 mm (f) 75 mm (g) 111 mm (h) 147 mm (i)
: ; OO | ©| O
(c) (f) (9") () (i") (1§}
- O C O

Figure2.6: In situ correction Bessel beam wavefront aberratia)(¢) and (aj)-(€&j)
show the uncorrected and corrected intensity profiles foBassel beam formed with
a reflective axicon at different points along the focal I(ifle(j) and(fj)-(jj) show the
same for a4 beam.

To solve thisproblem, we have developedexhnique to directly retrieve the
complex amplitude of a Bessel beam fromendity measurements on[§56]. In
conjunction with a deformable mirror, this allows for reliable correction of standard
Zernike aberration§l55] encountered in our use of axicoasdring gratings For
either of theséocusingelements,iieradialphaseprofile imparted to thencident beam
results in thenapping of each differential annulws the incident beam to a point along
theBessebeam focal line. By resolving the measured field profile at a point along the
focal line intoa Bessel function basesmdthencomparingt with an ideaBessebeam,
we can find the phase aberrations ia torresponding azimuthal slice of the incident

beam.Using images at different points along the focal line, we are able to generate a
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full phase map of the aberratiofrem the retrieved near field phase maps for each
azimuthal slice, and correct any atagionswith a deformable mirroiThe uncorrected

and orrectedd beamfocusalongd is shown inFigure2.6(a and athrough e andjg

Note thatftor U p v it (farther from the axicon, toward the end of theal line),

the uncorrectedocal intensity profileis substantially deteriorated from the desired
form, and would generate a higlagymmetric initial plasmeDeteriorationof the focal

profile is even more pronounced for high oré&ssebeams, as sk in Figure2.6(f

and f through j and j) which showsan uncorrected andorectedd beam This
correction was employed in the experiments describ§Pij74,93,106,118]Though

the technique allowkr complete reconstruction of the ndeid phase by recording

the focus at many points along the focal line, we found in practice that measurement of
the dominant error components and correction at a single point near the end of the focal

line was ofta sufficient for correction of the entire focus.

2.3 Meterscale supersonic gas jets

2.3.1 Gas jets vs. gas cells

A suitable lasegenerated plasma waveguide for a higpetition rate,
x p 11 A BWFA module requires a gas profile which is low dengitprt A ) and
long (up to tens of cm so that MO ), with controllable longitudinal density
variation (down to scal&s ) andis accessible for diagnostic measurements of the
waveguide and the LWFA procdd$7]. While some of these criteria can be achieved
with gas cell§107], gas flow through theequiredlarge-aperture laser access pinholes

significantly limits the sharpness tife gas density ramps at therante and exit of
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the waveguide. They also linthe minimum steady stateperatingdensity of the gas.

Gas cells offer no control over longitudinal density variation, and their required laser

access pinholes are susceptibdedamage and widening by both the waveguide

generating pulse and the guided LWFA driver pulse. The structural requirements of a

gas cell can also limit diagnostic access to the waveguide and the LWFA process.
However, using a gas jed freestanding phsma waveguide can be generated

in the gas plume away from the jet nozzle, and the full length of the waveguide is

accessible for diagnostics. When operated in the ststatly flow regime, the repetition

rate is limited only by the available vacuum pungpspeed (assuming a high repetition

rate laser is available to generate the waveguide). The gas density ramps at the ends of

the jet can be significantly sharpened by supersonic flow, while the transverse gas

density local profile is nearly uniform on tremall transverse scales required for

LWFA.

2.3.2 Design of metescale gas jets

We have implemented all of these features into the jets used in
[22,74,93,118,122]Though the specifics varg each of these experiments, the general
design was the same: highessure gas backs multiple solenoid valves and flows into
a small reservoir beneath a narrow throat. The flow becomes supersonic as the gas
moves into the wider region above the thiaradthen out into the chamhéfhese key
features are identifieoh Figure2.7, which shows the interior structure of the jet used
in the experiments d@hapter 4[74]. Design of the interior features is assisted by fluid
simulations performed iRluent. Tlkesesimulations model flow in two dimensiora)d

employ a boundary laydrased on the model [@58].
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Figure2.7: Gas jet interior structure with essential features identifidws version of

the jet (used i74] and the experiments discusseCinapter 4 features injector gas
inlets, which allow for localized regions of a second gas to be inserted into the density
profile generated by the main gas filling the reservoir.

We have developed gup to 5&m in length Theversionaused in experiments
[22,93,106] achieved RMS longitudinal variation <25%, with variation due to
manufacturing issue3ypically, imperfectionin the throat width resulis highspatial
frequency variationswhile mechanical stress between the two halves leads to low
frequency variationsAn example of thse featurem the longitudinaldensity profile
at differentheightsabove the jetised in[22] is show in Figure2.8(a). The technique
for this characterization measurement is discussed in detasection2.4.2 The
transverse density profile is extracted from intenfieetry(Sec.2.4.1) in Figure2.8(b).

The supersonic flow ensures that the gas density gradient is flat on the short transverse

scales of a LWFA drive puls€igure28(c)c 6) show the jet in oper

56



~
£
N
3
3
—
(=2
A d

4

—1mm
4 —2mm
1 3 mm

—4 mm
—5mm

N, denslty(cm'l)

€
E
c
23
=
'3
o
o

N

20 cm e

-2 -1 0 1 2

Y 71
— :
%:eguk{a ¥

Drive beamon, B
Bessel beam on

¥ - Y ARy &Nd 1
Figure2.8: 20 cm supersonic gas j¢&) characteristic longitudinal density profiles at
different heights above the jet used2d]. (b) characteristic transverse density profile
of the jet extracted from longitudinal interferometig) jet in situ for LWFA
experiments with) -ionized plasma abové. c jét in situfor LWFA experiments with
fluorescence from seivaveguiding above.

Drive beam off,
Bessel beam on

The most recent jet implementation (used for the experimenfg4inand
Chapte 4) has improved the RMS longitudinal variation to <% depending on
the operating condition$his jet was also the first versiominclude the secondary set
of gas inlets mar k ehure23. Méasurenents bf the demsidy s
profiles are found ifrigure4.12. Though not successfully implemented in experiment,
the jet used if22] featured two separate reservoirs, allowing for diffegastedo be
used in the first 5 mm and following 195 mm of the getfuture design goal is to
implement longitudinal control @&r the density profile. This coulabtentiallyaid in

both controlling in injection, and reducidgphasing eéfcts as discussed $ec.1.3.3
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2.4 Optical and pasmaDiagnostics

Our diagnostics for plasma waveguide LWFAs fall into three main categories:
(1) plasma channel diagnostid?) LWFA drive pulse diagndis, and(3) electron
bunch diagnostics.Here will discuss the essential diagnostics for operating and

understanding the LWFAs discussedCinagers3 and 4

2.4.1Interferometry

In our experiments,lasma and neutral gas deresitere measured via tveolor
interferometry[93,106] Density profiles can be measured by passimgudtrashort
probe pulse ( T mataor_ Y marg 10s‘ (energy)transversely through the
plasma structure at a known delay from its formation. The relptiase shift is then
measured by splitting and interfering different portions of the probe beam in a shearing
interferometer[159]. Since the index of refractiom plasma and neutrajas has
different dependens®n wavelength, comparing the phase shift for the two different
colors allows extraction of separate plasmd aautral gas density profil¢83,106]
We note that the phase shift may also be meaghredgh other techniques, suah
wavefront sensing160]. Once a measurement of the phase has tetdanved, he
respective density profiles can be extracted through Abel inversion, remichstructs
the cylindrically symmetric dertsi profile corresponding to the measured phase shift
[161]. Though the technique introduces some uncertainty for plasma structures with
significant difference between on and-a¥is plasma densitig93,106] the method
has been frequently applied to measurement of plasma waveguide density profiles
[22,93,106,107,110,112,124A variation of the technique has also been developed

which allows extraebn of asymmetrical density profil¢$06,161]
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Phase measurement may also be applied to probe pulses propagating
longitudinally with respect to the plasma/gas structures. While the technique has been
successfully used for characterizing gas [@66,118]and short plasma waveguide
structureq110], thereare limitations on its application. If the accumulated phase in
some parts of the beamsach that the phase difference over a smalbreg ¢“,
interference fringes are brokand reconstruction of the true phase is difficktr the
cm scale plasmas used for waveguides, large phase shift is unavoidable, requiring much
small er Otestdé structures t odebsgdyrampsda sur ed .
the beginning and end dlfie structure can provide significant contributions to the
overall phase shift, requiring further nse@ement and analysis to infer the correct

density profile.

2.4.2 Fluorescence measurement of longitudindbemity

Longitudinal uniformity & waveguides generated in aexperimentss closely
tied to the longitudinal uniformity of the gas flow out of the supersm@igcused in
those experimentsThe longitudinal density profile of the extended gas plume is
characterizedhrougha novel fluorescence measurement technjgRe. 18]

A U pulse is focused in theHet, generating a plasma column via OFI. The
recombination fluorescence is imaged through a 656 nm bandpass filter, which restricts
the measuresant to the Halpha line Figure2.9). The abrupt ends ithe fluorescence
image ofFigure2.9(a) are determined by the sharp ~ 2 mm falloff in gas density at the
ends of the jet. While the fluorescence intensity is proportional ta-tlependent b
density & givenlocation, an absolute calibration of this measuremdenbupling the

longitudinal intensity profile of the lasey still needed. This is accomplished by filling
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the experimental vacuum chamber with variable known pressures of hydrogen and
generating OFI plasmas with the jet nozzle still in place but Wié valves closed
(Figure2.9(a 9. pince the gas now uniformly fills the region around the gas jet-any
dependence in fluorescence intensity is causedrgjtudinal variation in the beam
profile over the focal length, . Therefore, in regions where the fluorescence above
the pulsed jet does not have the same shape as the baatfdsitence, the gas density

is nonconstant. The gas density at a longitudinal positiois then found by
interpolating the density as a function of backfill fluorescence intensity at thedsame
and calculating the density corresponding to the meagatdtlorescenceFigure

29( ab60) p | o tageragedh fuoresoericel ah different backfill pressures and
above the pulsed jet, illustrating how the jet pressure may be inferred from the

fluorescence intensity.

Fluorescence

——gas jet
——0.05 mbar
6.7 mbar

05 - ——13.3 mbar | |

33.3 mbar
N ——46.7 mbar
—————
——66.6 mbar
1 n

0 | 1 1 1 1 | 1
-50 0 50 ])00 150 200 250
z(mm

Fluorescence(a.u.)

Figure2.9: Fluorescence measurement of londital uniformity. (a) example of H2
fluorescence above the 20 cm jet usel@#j. ( a @xampleof fluorescence in backifill.

( a) dinkouts comparing fluorescence response above jet and in backfill of different
pressures
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2.4.3 Exit mode analysis

Collection of the waveguide exit mode can be use@dover key information
about both the waveguide structure and evolution of the guided pulsginigrof the
exit mode (as irFigure 3.4)is essential for determining éhpresence of multimode
guiding and the fundanrgal mode structure for monomode guiding. If the imaging
system is calibrated to an unguided pulse, mode imaging can be used to estimate the
throughput of the guid@2,93,106] Mode imaging has also been used to calculate the
attenuation lengths of plasmeaveguides generated in adjustable length gas[&6Il$
and to determine discharge capillary waveguide structure by varying the coupling
alignment and recording effects on the exit m@#l62]. Light collected at the
waveguide exit may also be sent to a spectrometer. In particukdidignostic is
important for verifying reeshifting of the pulse related to driving plasma wakes

[22,46]

2.5 Electron binch diagnostics

Diagnosing electron beam properties requires a different set of tools than those
used for diagnosing optical systems. The key parameters of an electron bunch are its
chargegenergy distribution, and emittandgaively, thesguantitiedook at how many
electrons are in a given bunch, how fast they are moving, and how quickly they are
moving away from each otheBince the beam physics of LWFAs is not yet as mature
as for convational acceleratorgptimizationand understanding of these quantities is
an open research argdb7].

Due to the sensitive nature of the injection process, acceleratel therge is

typically highly variable in LWFAs. Better diagnosis and control of injected charge is
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key for future applications of LWFA electron beaffsl2,32] For conventional RF

accelerators, the energy distribution is monoenergeifitty very small spreadO

around a central valu&. This is not necessarily the case for LWFAs, which can

gener at e el ectron beams wi t h cquasit i huous
monoenerget@ peaks, or mor e ti ghtEmygtanceisatr ol | ed
measure ofhe area of an electron beammmomenturaposition phase spaceatge,

divergent beams have higimittance Small collimated beams have loamittance

For LWFA-generated electron beams with a small initial beam size, it is common to

refer b the divergencen placeof the full emittance We will use this convention in

this dissertation.

2.5.1Electron beam mode imaging

For applicatios (such as staged particle acceleration or as the driver for an
FEL), it is important to understand the lfphase space of an electron beam. This is
difficult to measure simultaneoysfor beams from LWFAs. However, some of the
information can be gathered by looking at the timegrated signal from passing the
beam through a fluorescent sheet (or image plafém) [157,163 165]. Though this
measuement is independent of electron energy and integrated over the entire temporal
duration of the bunch, it can be useful for estimating bgaantitiessuch as the
divergence or total chargbnages of the beam profile have also been used to identify
charateristic beanfeaturesindicative ofrelativistic filamentation and other electron
beam propagation instabiliti¢s66i 168].

In the experiments dR2] and[74], electron beam profiles were colled via

imaging of fluorescing anex(LAl in Figure 3.1, details of the response calibration
62



are discussed irBec. 2.5.2 [163]. The Lanex screen was located outside the
experimental chamber in order to enable simultaneous collection of the electron beam
profile and transmitted laser mod&/e  wi | | refer to this diagn
beam mode I magi ng onfigutaonodthe elBdiranlbgam mode e
imaging systenallowed for flexibility, the setup faced some clear accuracy limitations.
An example of the limitations of this diagnostic is showrFigure 2.10. When the
opticalend mode imagingirror is out of placén panel(a), the electron beam is tightly
focused and causes bright enougimex fluorescence that the imaging camera is
saturatedWhen the mirror is in plac@), the eletron beam propagates through it, and
experiences a significant increase in beanemjgnce due to scatterimg the bulk
material The effect increases for beams with lower energy and larger initial
divergence Scattering effectean modelled through sirfationswhich combine ray
tracingwith low-resolution PIC techniqud469]. Electrorrneutral collisions can also

emit x-rays which cause thHeanex to fluoresce. The combination of these two effects
resuls in the roundness of theahex fluorescence imaged in (Kpiven these
limitations, we have not useddtelectron beam mode imaging system for charge

measurement.
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Figure2.10: Comparison of electron beam profilescorded(a) with and(b) without
end moe@ imaging mirror in placeOn panel (b), characteristic higimergy phton
noise is circled.
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Both images display the same type of characteristic (sightial)frequency noise, an
example of which is circled iRigure2.10(b). Thisis caused by the interaction of high
energy photonsdih with theLanexand directly with the CCIdf the imaging camera
and must be removed for accurate image process3img includesnterpolation of
spectra and calculatimummed values such as the charge or antggrated spectra.
The problem is simdr to the removal of cosmic ray events in long exposure CCD

images collected by telescodé30i 172].
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Figure2.11: Example ofgradientbased edge tlection cleaning forLaneximage of
electron beam modda) cleaned image of raw signal shownkigure 2.10(b). (b)
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lineouts of the raw and corrected signals through the noise cirdtéglure2.10(b) and
through the center of the beam.

We haveemployediwo methods for removindits type of noise for our data.
For high signal images, where tinederlyingsignal is more continuous, gradidrdsed
edge detectioand replacemnthas been sufficienEigure2.11(a) shows the image in
Figure2.10(b) cleaned by this thnique.lt has been smoothed with a Gaussian kernel
over a 15 pixel window as art of the cleaning processinthe lineouts inFigure
2.11(b) correspond to the clean and raw signal both through the noise ciréliggdiia
2.10(b) and through the ce&sr of the electron beamand demonstrate that the
magnitudeand structur®f the underlying signal are presentadough this method.

For low signal images, there is more pik@lpixel variation inthanreal signal
than in the noise, see use @ensityBased Spatial Clustering of Applications with
Noise (DBSCAN,[173]) algorithm todetect clusters of noiggxels An example of
the different resultsising the gradient descent and BOBYN methods is showin
Figure2.12. Panel (a) shows the ravahex image collected after electrons have been
dispersed by the spectrometer, (b) shaleresult after cleaning byhe gradient
algorithm, and (c) shows the result after cleaning with the DBSCAN algorithm. Angle

integrated spectra for each frame are shown in panel (d).
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Figure2.12: Comparison of noise removal methods for electron spewter images.
(a) raw image.(b) correction using gradient edge detectifr).correction using the
DBSCAN method. (ajc) are normalized to the same arbitrary val(d. angle
integrated pectra for (a)c), normalized to the maximum of the integrated rmage.

These angle integrated spectra show that both methods conserve the underlying signal
and dispersion reasonably well. However, it is cledigure2.12(b) that the gradient
detection method does not fpltemove noise. Even though the residuals are small,

they introduce significant error during further proces¢®ec.2.5.9.

2.5.2Electron pectrometer

Electron spectrometers are the primary tool for diagnosing the energy content
of electron beam$157,174176]. They rely on the natural deflections of charged
particles moving in magnetic fields to disperse electspatiallyaccording to their
energy.Electrons travelling with a velocitp in a magneticield || are deflected
through the Lorentz force:

3 no |7 2.7)
For a knownmagnetic field, this means that the electron velocity can be calculated if
the particle trajectory is knowRor a single particle, this is straifrward with a static
magnetic field. But, dr an electron bunch containing many electrons with different

energies and transverse momenta, trajectories can overlap, and it can be difficult to
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accurately infer the range of electron energidss difficulty can bealleviated(and

the concomitant measurement uncertainty) by choosing a spectrometer with magnetic
fields that are nearly constant across the whole deflection regidrensuring good
alignment to the electron bealysing an aperture on front of tepectrometer can also
reduce uncertainty in analyzing the spectra of spatially large beams.

Once the beam has been dispersed by the magnets, the position of the deflected
eledrons needs to be recorded with some sosanitillator, fluorescence screeor
image plateThe differential charge can possibly be inferred frormtlagnitudeof this
signal, although that requires a calibration ofrtfagerialresponse and does not provide
an absolute measurement of the charge if an aperture is used.

In the expriments discussed iBhapters3 and 4 we employed a modular
permanent magnet sgeameter. Each module consistefdwo 4x2+tx 10 gr ade Nb52
neodymium magnets in a square yoke configuration. The central deflecting field
strength was measured to®@83T ( 0.005 T), with ~5% variation in the direction of
the field, and the nedeflecting field components <1% the strength of the deflecting
component. For the experiments in ttiissertationwe used a thresmodule assembly
with magnetic steel caps placed the ends of the magnets at the entrance and exit to
mitigate the fringing fields outside of the spectrometer. The entrance of the magnets
was placed outside the vacuum chamber, 2.85 m from the end of the waveguide, with
a 10 cm deep,251 mm talladjustablelead slit. Electrons were deflectedthe field
onto a lanexscreen placed at the end of the magnetf{tsn the entrance). The screen
was imaged with a f=25 mnifYp& lens from 10.75 cm away with a beagmath that

included a 7.62 crm 7.62 cm silver mirror at 45and a 546 nm bandpass (FWHM=10

67



nm) filter to protect the imaging camera and filter out extraneous laser light. Measured
signals were deconvolved and ingelated onto a linear energy scakng an energy
calibration calculated fromsimulations of electron deflection in the measured field
[22,169] As referenced irBec.2.5.1 the deconvolution andnterpolation process is
highly sensitiveto image noise. Since the energy dispersion curve idinear, noise

in the high energy portion of the spectrum can be amplified by interpolation onto a

linear axis.
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Figure2.13: Contours permanent magnet field compdseRlectrons propagate the
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Figure2.13 shows the measured field strength at the cdrdasverse planef
a module. Since the modules are of identical construction and the ends of the magnets
are brought into contact in the full assembly, this is assumed to be ttie fie
configuration throughout the central longitudinal region when multiple modules are

used (excluding the Ouprampd and Oodownr ar
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assumption was corroborated by longitudinal measurements of the field in the three
module conuration Figure2.14 shows the limited effect of the naleflecting fields
during the O6uprampd of the field.

We obtained an energy calibration by simulating the deflection of collimated
electron beams of differerenergies in this field usinghé ray tracing program
CyberRay[169]. Figure2.13 shows that the deflecting field in the axial center of the
magnet is concave, which results in greater deflection of electrons at the edges of the
magnet than at the center. An exaenpf this is shown in the raw spectrumFigure
2.15(a) andFigure2.15b) shows the spectra mapped onto a linear energy axis using
the calibration calculated with CybenRrarhis accurately accounts for the position

dependent deflection and removes the bowing from the spectrum.
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14 Field Components at Spectrometer Entrance
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Figure2.14: Lineouts of the fringe field values during the magnet upramp. The steel
caps are located at z = [02T] cm and the magnets z > 1.27 cm. The solid lines
represent the field values at the center of the magnet (in x and y), while the dashed lines
correspond to the maximum values of the respective fields at the magnet boundaries.

Due to the placement of tmeagnet outside the chamber, the spectrometer has
a narrow acceptance angle®85 mrad (full angle divergenc&r the 1 mm tall slit
used in[22]. This is even smaller for the .5 and .25 mm slits employ¢ddh Use of
a slit introduces ambsolute energy uncertaintywhich arises from the differere
between possible measured energy values for an electron of a given energy with +/
maximum divergence accepted by the #l&. shown inFigure2.16, this leads tpat
worst an uncertaintyx130 MeV for the 1 mmslit and decreases roughly linearly for
the smaller slits The resolution limit describes the measured energy span of a
monoenergetic beam which has been apertured by the slit (this includes deconvolution

of the signal)The resolution limgimposed bythe differentslits areshown in the same
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figure. The 1015% limit for the highest measured energies suggests that our measured

(with the 1 mm slitenergy spreads [22] are indeed resolution limited.
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Figure 2.15. Example of spectrum interpolation onto a linear energy d&jsRaw
spectrum showing positiedependent deflectior{b) The same spectra plotted on a
linear energy axis using the calibration from the measured field.

Electron beams passhr ough t he ma g adfustableentranqgee ct r o me t
slit and ae deflected through the 33 cm magnet. Kodak Biomax MS LHG3] was
used as the scintillating scre@rA2 in Figure3.1), with the fluorescencienaged by a
Andor Zyla 4.2 camera. We note that the Lanex response has been observed to decrease
approximately linearly with electron energy up to 1.5 GE¥7]. However, we did not
have the means to verify the calibration for our Lanex screen at@GeNfielectron

energies, so we used thevi@nergy (40 MeV) calibration frorf163]. Assuming the
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Lanex response trend [#77] leads to undercounting of the signal and a conservative

estimateof thebunch chargeThe measurements [h64,177]suggest the calibration

in [163] may be undercounting the charge by as&mas a factor of.2
Anotherimportantlimitation onthe measurement of bunch charge is our use of

the narrowO 1 mm, O 0.35 mrad slit to aperture the beam. With ~milliradian

divergence, the electrorubchesproduced in ouexperimens overfill eventhel mm

slit aperture Furthermore, asan beseen m the electrorspectra presented @hapters

3 and 4 thereis shotto-shot variation in thendividual electron buncpointing (and

also sometimes within the same shag)demonstrated by the different horizontal (long

dimension of slit) loations of spectral peaks. In some cases, thigtipg variation is

So extremehat peaks arseen to be cut off by the edges of the magnets.
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variable width collimatinglits. Left axis: the absolute energy uncertainty is shown in
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the blue dashed liseRight axis: the solid line is for a divergeritee bean{only for
the 1 mm caseand the dashed lisearefor a beam with the maximum act¢eg
divergence.

While a precise measurement of the charge was nabpogsth our setup, we
did improvethe lower bound on the charge estimate by using the measured beam
divergence to estimate the percentage of the beam blocked by the slit. For &agiyen s
we assumed the electron beam profile was Gaussian, then used the measured
divergence(from the nordeflected dimension on LAZp calculate the beam size.
From this, we found the percentage of the charge that would be transmitted into the
spectrometefor a perfectly aligned electron bunch. This ratio is used for each shot as
an additional calibration factor to estimate the actual ch&vgenote that if the bunch
pointing variation in the short dimension of the slit is similar to the long dimension, i
is possiblefor bunches to only slightly coincide with (or miss entirely) the naraw
mm slit. This means that only a few electrons far from the spatial center of the bunch
would be coupled through the slit into the spectrometer. The correction agbiatnes
the brightest portion of thelestron beam is sampled, and san still massively

underestimate the charge for bunches which nearly miss the slot.

2.5.3 Electron bunch charge measurement

As mentioned in the previous two sectprestimates of the chge can be
gathered directly from the calibrated responses of fluorescent sheets/image plates.
These measurements are, however, limited in the different ways discussed above.
Time-dependent measurements of the current can be achieved with use of ateshtegra
current tansformer (IC) [157,177] These are comomly used on convention&F

driven linear acceleratgrbut have severalhallengedor use with LWFAs: they are
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sensitive to RF noise, a large amount of which is produced in LWFAs, and they
measure charge independent of enerpwever, the RF sensitiyittcan be overcome
with specialized electronicEl78], and ICTs have been successfully employed in

concert with broadband electron spectrome@3$
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ChaptFerr s3t: demonsGaM\atUVWHA dfn mu Iftu
optically generated plasma waveg

3.1 Introduction

In this section wewill discussthe first demonstration omulti-GeV laser
wakefield acceleration in a fully optically formed plasma waveg{2@¢ The guide
was formed via selivaveguiding of <15 145 fs ( X o 1t 4t7) pulses oveR0 cm in
a low densitygas jet, with accelerated electron bunches driven up to 5 GeV in quasi
monoenergetic peaks of relative energytivids narrow as p v pwith divergence
down to ~1milliradian and charge up to tens of picocoulombgler optimum
condtions. The accelerating gradiewas as high as 25 GeV/m, and we observed that
energy gainwas inversely correlated with esxis wavegude density in the range
0 p®& of prt A . We will present experimental and simulation results
which showthat shotto-shot stability of bunch spectra and charge are strongly
dependent on the pointing of the injected laser pulse and gas jet uniformityillWe
also presenevidence of pump depletignduced dephasing, a consequence of the long

optical guiding distance.

3.2Experimental setup

The expemental setup is showin Figure 3.1. The laser used in the
experimentgs the ALEPH laser at Colorado State Univer$ity9]. A LWFA drive
pulse P1( ymini,t 1t WVEBWHM, energy <15 J) was focused by'8f¢ wff-
axis paraboloid into the refractive index structure generated in a 20 cm long gas jet by
a 0.5 J, 75 fsp Bessel beam pulse, P2, which was phase corrected by a deformable

mirror [93,106,156jand then compressed by a separate pulse compressor.
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Figure3.1: Experimental setup. LWFA drive laser pulse (P1): (Y mata T

=45 fs, energy <15 J), focused by ‘@ voff-axis paraboloid through a 9.5 mm
diameter,;t v lole in mirror M1. Indexstructuring pulse (P2). ( Q mata T

=75 fs, energy 0.5 Jp Bessel beam pulse formed byetel transmissive/diffractive
axicon, forming a 20 cm long plasma by OFI in the working gas 2.5 ns in advance of
P1. The plasma expands radially, forming an elongated refractive index structure: a low
density plasma on axis surrounded by an enhanced danaifjar shell of neutral gas.
Two colour interferometer probes: for measuningand neutral gas density profiles
(seeSec.2.4.2. M2: pickoff mirror for guided mode imaging. LA1: Lanex fluorescing
screen for full electron beam profile imaging. Magnetic spectrom8tar. 2.5.2and
online supplemendf [22]): 1 mm entrance slit (SL), 3@m long permanent magnet
array (field 0.93 T), Lanex fluorescing screen for electron energy spectrum (LA2). Gas
jet: Mach 4 supersonic nozzle, orifice length 20 cm, fed by 5 solenoidsvlaheked

by pure H or a 95/5% H/N> mixture at backing pressure 138.5 bar. Inset panels:

(a) Focal profile of P1(b) Longitudinal scan of thepBessel beam (P2) focug)

Axial profiles of gas density vs. height above the nozzle (AppendigdAlimulation

using the particlen-cell code FBPIC [120], Appendix C) of selwaveguiding in
hydrogen refractive index structufe) Plasma waveguide profile interferometrically
measured pr) iafter passage of selfaveguided pulsgf) Guided laser spectra at
waveguide exit vs. input pulse energy (and injected pepKg) Effect of shotto-shot

P1 pointing fluctuations on guided mode for (i) low density guide and (ii) higher
densty guide.The rootmeansquare pointing jitter is (i) T' &, ¢ &and

i, x°a, X' a

0
700 800 900 1000 1100 1200 1300
wavelength(nm)

The drive pulse P1 is focused through a hole in mirroyWith thebeam waist

located at the érance of the index struate. Avacuummode image is shown Figure
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3.1(a). P2 is generated by passing a 5.5 cm diameter-&kgnessian pulse through a 4
level[144,180] diffractive axicon (fused silica substrate, 0.5 mm thggeSec.2.2.1)
which converts the 0.9 J input tadabeam of energy 0.5 J. The beams forming pulses
P1 and P2 are split upstream in the laser chain, prior to their respective compressors,
using several fixed ratio beam splitters. An axi@l ifmaging scan of th& beam
intensity profile is shown irFigure 3.1(b). The diffractive axicon simplifies the
experimental geometry and enablegpcopagéion of P1 and P2, in contrast to counter
propagation necessitated by our prior use of reflective axi@hh$06] The rays of

the U pulse approach the optical axis at angle ¢& J the 65cm long focus
longitudinally overfills and fully ionizes (via OFI) a 20 cm long column in the gas sheet
3 mm above a Mach 4 sugenic nozzle fed by 5 high pressure pdisolenoid valves

fed with different working gase¥hev b e a m6 s  a-axis intangity over the gas

jet isx ¢ prt 7 TA , well in excess of the ~®W/cn? OFI threshold for
hydrogen. Axial profileof H densiy are shownn Figure 3.1(c) for various heights
above the nozzle, measured as describ&@em?2.4.2 The gas density at the ends of
the jet sharply transitions to vacuum oves i [ . The bumps in thdensity profiles

are due to slight variations in the nozzle orifice width alan@nd structural
obstructions inside the nozzle. Electron spectra are measureddyva ¢®' A 6
range magnetic spectrometer consisting of-arBdong permaent magnet array (field

0.93 T) with a 1 mm entrance slit 3 m from the plasma wavegexitgdseeSec.2.5.2.

Figure3.1(d) shows a particken-cell simulation using the code FBPI{120],
Sec.1.6) of the sefwaveguiding process: the leading edge of the pojseted into

the index structure forms the plasma waveguide cladding as it propagates (left to right)
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into the index structure. An interfometric measuremeat the plasma density profile

~ 1 ps after selivaveguiding is shown ifigure 3.1(e), whae the enhanced plasma
density shells the cladding generated by the sgdveguided pulse. The P1 injection
delay of 2.5 ns after P2 is chosen so thapiffe intensity radius of the lowest order
mode of theforrmd p | as ma c¢ h a npd® intensity $pot hadius. TRelPh s
energy leakage from the index structure beforewaifeguiding is established is small:
for a ~10 J, ~50 fs pulse, the hydrogen ionization threshold*6M@ny is reached

ati 0 o 11l , ~100 fs before the peak of the pulse. For the guides generated by
selfwaveguiding in these experiments, we estimate a total cost (inlbeem and the
selfwaveguiding beam) of 230 mJ/cm, based on scaling fr¢&8] and simulations
We note that this is the energy ta$ the interaction itself, not the total cost when
accouning for energy loss during transmission through the beam line.

While the seHwaveguiding energy cost is small for a 16cale pulse, the laser
energy invested in plasma waves can be substaiiitial experimental signature of
energy deposition into plasma wawvssincreasing energy in the red shifted wings
[16,17]of guided pulses at ineasing energy. This signatusesieen irthe guided mode
optical spectra oFigure 3.1(f). The peak of the red wing trending bluer with higher
laser pulse energy mdpe due to pulse lengthening accompanying depleteeSec.

3.5.2.

For fixed nominal laser and waveguide parameters, a major source -td-shot
shot variation in accelerated electron bunches is fluctuating alignment of the drive pulse
Plintotherefracie i ndex structure generated by P2.

position is relatively stable from shot to shot (centroid standard deviations

78



, X, x ctl), asitis mainly determined by transverse positioning of the diffractive
axicon and noby variations in P2 pating. P1 pointing fluctuationare, * , X wt |

owing to a longer effective lever armihese fluctuations result in increased energy
coupling into the higher order modes of the waveguide, which either leaks away leading
to variableintensity transmission of the fundamental mode of the guide or leads to
multi-mode propagatio through the guide (sesecs.1.4.2 and 3.3). Figure 3.1(g)

shows some examples of monomael multtmode guiéhg collected on thend

modeimaging camera.

3.3 Guiding of > 100 TW pulses

Measurements of the guiding properties>@00 TW selfwaveguiding pulses
were performed in bHworking gas in order to suppress electron injection. No evidence
of an electron beanwas observed on the electron beam diagnostics for these
experiments, indicating ionization injectiaf N°* electronsas the primey injection

mechanism for our acceleratierperiments.

3.3.1 Guided mode spectra and transmission

Waveguide throughput (las energy exiting the waveguide divided by energy
in the P1 focal spot) was measured by integrating CCD camera images of the P1 and
guided modes, with the camera energy response calibrated by imaging the P1 focus
with known laser energy and calibrated malutlensity filtersthen adjusted for the
pixel spectral response. In this experiment, throughput could be measured only for P1
shots of energy >1.4 J because of several fixed P2/P1 energy ratios and the need for ~2

J of precompressed laser energy foetmdexstructuring (P2) beam. Under these

79



conditions, we measured guided pulse throughputs af 1t Pand as low asp 1 p
depending on laser energy, waveguide density, and Pl poirRilagmawave
excitationwasresponsible for most of the reduced transmis. This isdemonstrated

by simulationgresentd in Figure3.3.
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Figure3.2: Self-waveguided transmission of P1 at different energies arakisn
plasma densities.

Figure3.2 plots measured transmission versus waveguide central dénsityr P1
energies in the range 1-45J (accompanying values were calculated usirig

T VEBWHM and the P1 focal profile dfigure3.1(a)). Thisshowsa maximum
transmission of T 1 Hor w* p (Plenergy ~ 1.4 J), with transmission decreasing to
xp 1 pu Borwx ¢ o(P1energy~ 15 J). Experimental evidence of plasma
wave excitation is showm Figure3.1(f), where an increasing fraction of the pulse
spectum is redshifted for increasingd , sgnalingthat the decreased transmission is

due to energy being coupled into plasma waves.
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ao=0.1, neutral _ao=3.0, 0 um
—ao=0.1, plasma —ao=3.0, 10 um
a0=0.3, neutral —a0=3.0, 20 um
102 ‘ ‘
0 50 100 150 200
z(mm)
Figure3.3: Smulated transmission curveall simulations performed in WarpX with
on-axis electron density o8 pmnma . oOneutrald indicates t
index structure is formed by an expandedonized plasma and the resultant neutral
gas shock. Opl asmad i ndi c@eaiomized Thedalfsetst he neu

are transverse between the center of the drive pulse and centemaliethstructure.

The same dependence of transmission on laser intensity is observed in WarpX
simulations of the experimerih Figure3.3 we consider Piransmission for different
drive pulse intensities arichnsverse offsefsom the prepared index structure. We can
see three key results the transmitted pulse energy fractiod vs. propagation
distance fordy  TPH@®NA T @8t (1) poor transmission for a laser intensity (
T#®) insufficient to support selivaveguiding, but greatly improved fay 1@, (2)
high transmission even at low for preionized ndex structures, and (3) significant
laser pulse energy depletion into plasma waves, showing transmission consistent with
our measured throughput dowrr tp Tt Rt high energy. For théd  a8tcurves, the
simulations show reduced transmission for the péiset case owing to the higher-on
axis laser field, resulting in greater sstéepening47] and greater laser attenuation

from plasma wave excitation
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3.3.2 Monomode and muttiode guiding

We found thatthe range of accessible laser intensities and plasma density
suported both monomode and multmode guiding Figure 3.4(a)(h) plot
representative guided modes for various experimental conditions. The pdiise
profile is pictured inFigure3.4(i) on a larger scale. The transmission froenemode
to multimode guiding occurs with increases in injected pulse energy, waveguide
density, or Bessel beam energy. The first two tjtias lead to more tightly confining
guides: increased drive pulse energy enables more complete ionization of the neutral
shell and surrounding background neutrals, while increased waveguide density
corresponds to a higher background gas density andcategrifference between core
and cladding density. The tighter confinement means that higher order modes decay
over0y O ¢ T I, and survive to the waveguide ef#2]. Though the
waveguide fundamental mode sibe is matched to the injected pulse, slight
variations in alignment between the driwelse and th& beam lead to coupling into
these higher order modes. Increasing Bessel beam energy well beyond that required for
OFI in the central maximum leado ionization in the seadary rings of the Bessel
beamand a larger initial plasma column. As showrf1f6], a larger diamet initial
plasma column alters the expansion of the neutral shell, leading to a larger fundamental
mode size. This means that the guide is no longer matched to the injected pulse,
resulting in significant coupling into higher order modes (see paneM#@hote that
this interpretation is complicated by recent simulation results. This is discussed further

in Sec.4.2.
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Figure 3.4: Guided modes at different condition(g)-(h) Guided modes for varying
laser and plasma conditis, showing the transition from monomode to multimode
guiding. All images were taken at the exit of a 20 cm waveguide, formed by self
waveguiding in prepared index structures in pure hydrogen. Although the self
waveguiding pulse was intense enough toteqaiasma waves in the guide, there was
no electron injection source for these measurements such asitimezidtion injection
source demonstrated[@2]. All exit modes are plotted on the same spatial and intensity
scales(i) "¢ uUocal spot of injected drive pulse.

3.4Dephasing limited shots with correlated diagnostics

The effecs of P1 pointing variation on the accelerated electron bunch beam
profile and eneyy spectrum are shown igure3.5 for 43 consecutive shots with pulse
energyp U p 1 PHere, 0 og pmn A (as n Figure 3.1(g)(ii)) which
using Eq. 1.12 corresponds to a dephasing leigth _jcp T *x pmAl
shorter than0 ¢ A | [47]. For the plasma waveguide$ Figure 3.5, this
dephasing length estimate is neilly affected by the waveguide cutvair e 6 s

contribution([89], Sec.1.4.2 to the laser propagatiamavenumber.

200 um (a) transmitted modes
=

20 mrad (c) electron beam profiles

| N X S

ST_:Ed (d) electron bunch spectra log,(pC/mrad/GeV) 0 -_- 1.4

Figure3.5: Mode and electron beam dataMcorsecutlve shots at 1/82Hepet|t|on
rate. Laser 15 J;f 1 UQi plasma waveguide density o8 pmauar .(a)
transmitted modes(b) Normalized mode second moment for each shot(c)
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Associated electron beam profiles measured at Lanex screen LAL in Fig. ) and
associated angle resely electron bunch spectra plotted on a log energy scale.

While most injected pulses are guided (row (a)), the presence of a transmitted
mode does not guarantee generation of a hightguadictron beam. Beam generation
is much more closely related the quality of guiding, which we assess by the second
moment,, . Qo001 Q&1 "Is Ol of the transmitted intensity profile
over the guide cross section, whdres the mode centroid. These are normalized and
plotted in row (b), showing a clear correlation to the electron bgoality variation
in beam profile (row (c)) and energy (row (d)). For this rbe,gickoff mirror M2 (see
Figure3.1) was placed in the beam path in order to enable simultaneous measurement
of the waveguide laseexit mode andthe electron beam profile and spectrum.
Scattering in the-l cm path through the glass of M2 is calculdfé®9] to increase the
beam divergence of the measure? GeV electron beams by ~4 mrad. It is important
to emphasize thatof all experimentgliscussed in this dissertatiothere was no
observed electron acceleration for waveguides generated in pgasonly the HIN2
gas mix yielded LWFA bunches, showing that our accelerator is purely ionization

injected.

3.4.1 Smulated effects of P1 coupling on injection and acceleration

While the datan Figure3.5 give us some insight into shot to shot variations in
guided mode and accelerated beam properties, they do not indicate the physical effects
of shot to shot coupling variation on LWFA dynamitsFigure 3.6, we look at PIC
simulations to try and better understand the injection and acceleration process for drive

pulses with different offsets. Pane) @ows that increasingly eéfxis P1 coupling
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leads toincreased guided mode centroid oscillation and reduced accelerated charge.
We will discuss the dynamics of centroid oscillation and injection furth€hapter 4

but for this laser intensity and plasma density, we can see that the dominant effect is
slight suppression of injection. Pane) @hows simulated accelerated bunch spectra.
While all are inthe rangep ¢&' A @imited by dephasing, sinde 0 ), and
consistent with the measurementd-gfure3.5, the accelerated charge (integral of the
spectra) decreases significantly with P1 coupling offset, as alsarsEegure 3.6(b)

and in the measementgFigure3.5(a)(d)). Interestingly, while the sasured electron
spectraigure3.5(d)) show multiple peaks, thensulations show wide, continuodis
spectra except for the 20 um coupling offset ca$e disparity betweeoontinuous
spectra predicted by simulations and mp#aked spectra observed experimentally

will be discussed furthdrelowandChapter 4
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Figure3.6: Offset coupling effect on injection and acceleratiodé@phasingimited
LWFA (a) Guided mode centroid oscillation and accelerated charge > 10 MeV for
three P1 coupling offsetsd(  o8). (b) Accelerated bunch spectra for three P1
coupling offsets®®  a8).

3.5 5 GeV electron acceleration

We achievd electron bunch acceleration up to a maximum of ~5 GeV by

operating at lower plasma density. In this experiment, the mirrow&removed
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Figure 3.7 shows results from a plasma waveguide central density scan for

p®& o prnt A and laser energy 11 J, spanning the transition from
monomode to low order oftimode guidingshownin Figure 3.1(g) and Figure 3.4.
Notably, using higher laser energy of 15 J under these conditions restitteckiuced

peak electron energieeenin Figure3.5, as wll be further explained belowand in
Chapter 4Figure3.7(a) plots peak bunch energy and associated charge (in the highest
energy peak) for all sho(®2) in the desity scan. This is overlaid by average peak
energy vs.0 , showing good agreement with the expechd © )  scaling
[16,40,181] The charge measurements in all panels represent a lower bound due to the
1 mm entrance slit on the magnetic spectrometer (~0.3 acaptance), employed to
increase the energy resolution. The actual accelerated charge on a given shot could be
up to ~100 timse higher [182], seeSec.2.5.2. Angleresdved spectra are shown in
Figure 3.7(b), while spectrum lineouts and angésolved spectra for the highest
energy shots (fo ¢ pt A ,whered 0 ¢ TA 1) upto~5 GeV

are plotted irFigure3.7(c).

The narrowest beams have ~milliradian divergence and the narrowest quasi
monoenergetic peaks have relatenergy width of p v pthe resolution limit of the
spectrometer The stability of P2 ensures @anO A faximum tilt of the plasma
waveguide axis and electron beam source (at the waveguide exit), while the
spectrometer slit acceptancer@i O A Api O A(dit width  slit length) gives an
energy uncertainty of ~3% at 5 G§\L82], Sec.2.5.2. While the highest energy peaks
in Figure3.7(c) have comparable emgr spreads, the shat-shot variation of charge

and divergence is significant. Over all shots, we see no evidence of -affradeong
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the different beam paramete/e attribute the beam variations to fluctuations in P1
pointing and electron injections an Sec.3.4anddiscussed below. Some shots (panels
1-2) demonstrate X pC charge bunches withx mrad divergence and15% energy
spread, while others demonstrate greater than mrad divergence for bunch charges either
x 10 pC (panel 4) or x 10 pC charge (peel 7).

While electron beam pointing into the spectrometer does not affect measured
energieg§182], it does affect the measured charge. Inspedtidiigure3.7(b-c) shows
that the electron beam is often clipped at thel O Aedges of the lengthwise slit
acceptance, suggesting >6 mrad variation in beam pointing along and across the slit.
One possible explanation of this pointing variation is that deformafidhe Bessel
beam focus due to obstruction by tihezzle(Figure 25( a ), $6.2.2.2 may lead to
a slight asymmetry in the prepdrmdex structure, which slightly changes the matched

mode size, inducing sligimode beating andiake oscillation at the end of the guide.
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Figure3.7: Density scan of 20 cm plasma waveguide showing increasing peak bunch
energy for decreasing eaxis waveguide density . (a) Peak bunch energy and
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associated charge in the highesergy peak for each shot (cad dots, plotted vs
charge) and average peak energy (crosses, plottéd Js.The vertical bars are the
standard deviations in energy. The dashedeis a fit toYow @ 0 . (b) Angle-
resolved electron spectra plotted on a lineargnscale corresponding to codal dots

in (a). Each row represents all shots from a 20 shot series at)eagfielding
acceleration. The energy scales as€ied to allow closer inspection of the specific
features(c) Spectrum lineouts and anglesolved spectra for shots with highest energy
bunches. The two leftmost panels arefor p& p 1 cm® and the rest are for

0 p®H p T cmi

Electron bunches then reach the end of the guide at different phases in the wake on
different shots, and exit the guide with trajectories at varying angles to the waveguide
axis. This pointing variability contributes to the large measured charge fluctiation
even >1 mrad pointing fluctuations perpendicular to the slit would result in sampling
of low intensity portions of the electron beam. However, even aside from instrumental
effects of electron beam pointing,is clearthat there should be shtw-shotbunch
spectrum and charge variations for fixed nhominal waveguide and laser parameters. As
illustrated by the higer density experiment &ec.3.4, these variations are partially
attributable to fluctuations in P1 pointing. Butthe low density experinmes ofFigure

3.7, whered mO0 , the highest energy electron spectra are significantly more
sensitive to the axial location of electron injection, which is itself affected by the laser

coupling offset and the details of the longitudinal variation of the plasmeguale.

3.5.1Causes and effects of localized itjen

Insight into the effects of beam pointing and axial waveguideumdiormity
on electron injection is obtained from the WarpX partiokeell simulationd128], as
shown inFigure3.8. Accelerated bunch spectra for an axially uniform waveguide with
0 p& prt A (0 ¢ XA, accounting for etching [40] as dissesl earlier)

are shown inFigure 3.8(a) for onaxis coupling of P1 withdb  ¢8t o8t Broad,
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relatively flat spectra are seen with highest energy in the rangeGeV. While this
agrees with the maximum energy of the experiments, the experinspetdta show
multiple peaks with quasmonoenergetic structure. The broad spectra observed in the
simulations originate from continuous ionization injection during guided propagation
in the uniform waveguidayhile more localized injectioaccurs in the gxeriment. The
reduction in peak electron energy in going fram ¢&to &  o8tin Figure3.8(a)

is consistent with our observations of reduced acceleration at higher laser energy. This

is likely due to laser depletienduced dephasing, as discusse&ec.3.5.2.
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Figure3.8: Particlein-cell simulations using Warp¥L28] of electron acceleration in
20 cm long plasma waveguide formed in 95%aldd 5% N. The guide is initialized
with hydrogerfully ionized and nitrogen ionized to°N(see Appendix C). The charges
shown are for electrons with energy > 300 Md&X) Onraxis coupling ofco
c81h;8)m) ¢ @81 pulses into axially uniform waveguide with P pTt B

(0 ¢x®9.(b) Couplingof®d>  ¢& pulse (i) oraxis into uniform waveguide with

0 p& pm @ |, (i) on-axis into waveguide with eaxis waveguide density

0 proportional to the longitudinal gas jet profile of Fig. 1(c) at 3 mnvakbe
nozzle, and (iii) 10 um oféxis into the same profile as (ii). Also shown is the charge
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in the peaks of (i) and (ii), bounded in energy by the dashed {ox€sraxis coupling

of @ ¢&® pulse into uniform waveguide witl) P& pTT B  with
restricted 6 mm sections of 5% >Nolaced successively at locations shown in the
legend. The short 5% dopant region consists efrarLlupramp, a4nm plateau and a
1-mm downramp.

Shotto-shot variation in localized injection likely occur®in a combination
of P1 pointing fluctuations and axial nonuniformity of the plasma waveguide, with the
|l atter originating fr om ensiy(asldiscossed8ec.i f or mi t
2.3). As OFHdriven plasma ionization and heating is indepsmdf gas density, the
plasma waveguide transverse shapé-iisvariant but the waveguide @xis density
0 (and the Hdike nitrogen density) varies, and this affects electrpection. This
is seen inFigure 3.8(b), where the electron spectra are different fongorm guide
and one where the eaxis density follows the measureaisget density profile dfigure
3.1(c) (at 3 mm above the nozzle). &ikis coupling of P1 by 10 um into the gas jet
index structure changesethelectron gectrum even more substantially. Both the
distribution and maximum energyre different than when the pulse is wadigned
with the appearance of a quasonoenergetic peak centred near 4.5 GeV with ~10%
spread, suggesting localized injectinnhis caseThe tens of pC charges in these peaks
are consistent with our measurements.

Detailed inspection of the simulation results shows that localized injection can
be triggered by multiple contributing factors during the experiment. First; non
uniformity along the waveguide can lead to ionization injection assisted by sharp
density gradient$73]. Second, toward the end of the plasma channel, laser pulse
depletion may decrease the peak intensity below the batmaressiofionization

threshold of N* of ®x ¢&. Third, transverse offset coupling thfe drive laser pulse
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into the plasma waveguide can have several effectse@ed is that the transverse
oscillation of the laser pulse centroid at the beginning of the waveguide will drive
transverse oscillating plasma wakes, supprgsdectron injetion (sedrigure3.9 and
discussion). Another is that the beating of the multiple transverse modes excited by off
axis injection can result in intensity spikes that trigger localized ionization injection
and minina that suppress ifThe dynamics of mode beating induced ionization
injection are discussed more fully@hapter 4

The effect of mode oscillation on the wakes driven by pulses withliogu
offset is shown inFigure 3.9. The conditions are thosaf Figure 3.8(b) (gas jet
waveguidew  ¢®). Snapshots of the wakefield and its projections simulated using
WarpX are showndt p d | andd v d [ forthe cases of eaxis coupling and
a transverse coupling offset of 10pum. Hetguh TiTi corresponds to the laser
beam axis andche centroid of the laser pulse in the simulation window moving at the
laser pulse group velocity. @axis coupling leads to transversely symmetric
wakefields, with the symmetry persisting over the full length of the waveguide. This is
seen most clearly ithe projection into they oplane of the symmetric plasma wake
density near the back of the first potential bucket atv ¢ , the centre of the
acelerated electron bunchFigure 3.9(a) and (c)). A coupling offset of 10 um,
however, lads to transverse wake asymmetry that persists as long as higher order
mode(s) are confined (here, mainly the (0,1) mode), as seen in theos@mogection
(for, v qgl)atd v d I (Figure3.9(b)and (d)). Als notable is the presence of
an onaxis electron bunch of much larger charge in the case of zero P1 coupling offset

(compare panels (c) and (d), where in (d) the lower charge bunch is locasedspff
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These cases cor r es plecmodspecta shoviane FigureBd(b)ii g a s
This is consistent with the electron bunch fluctuations associated with P1 pointing
variations discussed throughout tliissertation The specific dynamics of electron

injection dueto mode beating are explored in more dete@hapter 4

z= 15 mm z= 55mm
offset=0 um offset=0um offset =10 pm offset =10 um
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Figure 3.9: Asymmetric wakes driven by oe#xis coupling. WarpX simulation
assessing the effect on the plasma wake edxf drive pulse (P1) coupling, using the
parameters ofFigure 3.8(b). Here ofuh Tt corresponds to the laser beam
axis and the centroid of the laser pulse. The red contours aré forug

pmt @@ , the o dprojection is for, v & @ (centre of the accelerated electron
bunch), and the> ,andw , projedions are foro Tmandw Trespectively(a) No P1
coupling offset,d p ux &, (b) 10 nm P1 offsetd p umm, (c) No P1 coupling
offset, @ v ux a, (d) 10 nm P1 offset,d v W &. (aj)-(dj) xy projections of
electron density in (ald).

Though incorprations of some realorld norridealizations inFigure 3.8(b)
leads toresults which slightly better line up with experimental observations, the best
replication of experimental results occursem electrons ar@jected over aestricted
longitudinal region. In Figure 3.7(c), electron bunches are accelerated at multiple

energieswith final electronenergy spread in each peak <1@#@totd charge on the
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order of 10 pCHere,localized injection is forced by confining nitrogen dopargtiort

6-mm sectios successively placed at 5 locations along an axially uniform plasma
waveguide. Note that the maximum energy of v' A 6ccurs for electron injection

2-4 cm after the bagning of the waveguide rather than near the guide entrance. This

is because some propagation distance is needed for stabilization of the injected mode
and its driven wakefield, and for intensity enhancement bysss#pening, which
triggers ionization ifection. The short section length is chosen to correspond to the
smallest scale of axial gas density variatioRigure3.1(c), qualitatively modeling the

effect of axial gas density variations on producing qoasnoenergetic structure in our
measured electron bunchdssis also the spatial scale associated with mode beating

between the fundamental and first azimuthal modeGbepter 4.

3.5.2 $mulated pulse evolution and depletion

To visualize the evolutioof the laser pulse and acceleration process along the
waveguide for continuous versus localized ionization injection, we examine further the
simulation results dfigure3.8. Figure3.10(a) plots the electron energy spectrum, peak
normalized vector potentiab , and total accelerated charge (at >300 MeV)M®r
the case ofFigure3.8(a) (injecteddd ¢&, continuousanization injection) Figure
3.10(b) plots the sameguantities for the case dfigure 3.8(c) (injected®w  ¢®,
ionization injection restricted® o uv T d [). In both case$Figure3.10(a) and
(b)), the slight mismattbetween the injected mode and the waveguide (including the
effect of the abruptly excited plasma wake on guiding) causes oscillationsthat
settle down byx o U [, after which the stabilized mode undergoes steady self

steepening, reaching o neard p A I. Figure3.10(a) (\. dopant everywhere),
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little charge is imgcted in the oscillation regiomnd then charge is injected
continuously. The injection rate increases niearp 1A | (peak of selisteepaing)
and then turns off near p @\ [ when depletion and beam loading causes dip
belows ¢&, (the ionization threshold for T). Continuous ionization injection over
most of the waveguide results in a large energy spreadu@®' A 6vith a beam
divergence of ~1 mraand a total charge >0.5 nC.
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Figure 3.10: Laser spot and accelerated charge evolution for global vs. localized
dopant Electron spectrum, normalized vector potentia) total accelerated charge
(>300 MeV), and guided pulse energy transmis$iéa vs. a for (a) injectedw

¢®, continuous 5% Mdopant0 p& pm @ ,and(b)injectedd ¢®, 5%
Nzdopantind ocu T @ 4,0 PX PTG

By contrast, witlthe No dopant restrictedtdt o v 1 d |, injection occurs

only near the end of that range after the mode stabilizes. No further injection occurs
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downstream in the pure hydrogen plasma waveguide, even as the laser continuously
selfsteepens tdd o® neard p TA . The pulse amplitude then dromsving to
depletion. The locally injected bunch is continually acceleratedus' A @intil
depletioninduced dephasing occurs by p TA i. The output bunch is in a ~10%
FWHM quasimonoenergetic peak with beadivergence ~0.25 mrad and charge
X p W #From the scalings if40], the peak® curves ofFigure 3.10 suggest that
injection and acceleration is initially in the nonlinear regime, followed by acceleration
and dephasinm the quasiinear regime once pump depletion reduces

As discussed in prior work, pump depletion can effectively shorten the
dephasing length in LWFA16,17,44,47,183]This is caused by the waksduced
laser red shift that slows down the pulse group velocity and therefore the plasma wake
phase velocity. The group velocity of an undepleted laser pulse in a plasma waveguide
is[89,93]0 jw p 1 ¢ p¥ QU , Which corresponds to the plasma
wake phase velocity j cin the undepleted casRy replacing the initial central laser
frequency  andwavenumberQ by their instantaneous average in thenooving
simulation frame, 8 Oand 6 one can account for the pump depleiioduced
slowdown of plasma wakes in the plasma chafit&ll7,44,47,183)We demonstrate
this correction by 3D PIC simulation in WarpX and show that pump depletion can

reduce the effective dephasing length during propagation in long plasma waveguides.
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Figure3.11: Depletion induced dephasing. (dean normalized wavenumb&grQ
of the laser pulse along the plasma waveguldhe. solid lines are simulation results
and the dashed lines are exponentiald® Q A @ B§rd aro .0 isin

units ofp Lol . (b) Position, of the peak potential of the plasma wake bucket
following the laser pulse in a frame moving at the group velacityf the undepleted
laser pulse. The reduced plasma wave phase veldfggtieely shortens the LWFA
dephasing length. Solid curves: WarpX simulation. Dashed curves: model fit.
Figure 3.11 shows the mean normalized laser wavenunii@¥Q in the
moving simulation window along thevaveguide for several laser and plasma
conditions (solid lines). It is seen that for a given waveguide central d8nsj§ErQ
drops increasingly with propagation for largex (increased red shifting), with
saturation occurring for thielue curve and incipient saturation for the black and pink
curves. Those curves correspond to the highercases. To establish the connection
betweerd@I'Q and pump depletion, we fiDas6® QA @ DO a 70
and compare with the simulation result from WarpX. The result isgalats dashed
lines in Figure 3.11(a). The quadratic term in the exponent is to account for faster

depletion due to pulse steepening, which nist included in the quasistatic

approximation in[44]. We take0  as the depletion length and in all the cases
0 x p MTQ , consistent witlEq. (10) in[44], whereQ is the plasma wavenumber

in each case.
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This reduction of the drive pulse wavenumber results in a redduake phase
velocity. To see the depletiemducedplasma wake slowdowrn Figure 3.11(b) we
plot thewake position (taken as the locatipn of the peak wake potential after the
laser pulse) in the emoving simulation window with 0 . Increasingn
from 2.0 to 2.5 for fixed waveguide density is seen to increase the wakaslaoes

increasing the plasma density for fixed. We model this wake lag as a correction

j® 0 Vjo 1 ja p 1 60 praqo p Qr

0 | ©1 7 with fitting parametef T8t ¢ .CAs the laser pulse
self-steepens along propagation, the energy depletion rate increas@§urops

faster. This, combined with tHED dependence in the correction term, cayse®
decrease fast along propagation. The model fits best for the lotveror & cases

(cyan, red, and green curves), where the accelerated charge is low and the beam loading
effect is not significant over the whole propagation length. For the higher 0

cases (black, blue and magenta curves), the model still fits well until beam loading
effect significantly affects the wake structure. In summary, we show through PIC
simulations that pump depletion contributes to dephasing during laser propagation

long distances and the depletion length is a function ofdo#md0
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