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Abstract. Gas-filled capillary discharge waveguides are a commonly employed me-
dium in laser—plasma interaction applications, such as the laser wakefield accelerator,
because they can simultaneously guide high-power laser pulses while acting as the
medium for acceleration. In this paper, the production of both straight and linearly
tapered capillaries using a femtosecond laser micromachining technique is presented.
A tapered capillary is shown to possess a smooth variation in diameter (from
305 um to 183 um) along its entire 40 mm length, which would lead to a longitudinal
plasma density gradient, thereby dramatically improving the laser—plasma interaction
efficiency in applications. Efficient guiding with up to 82% energy transmission of
the fundamental Gaussian mode of a low intensity, 50 fs duration laser pulse is
shown for both types of capillary waveguide.

1. Introduction

The gas-filled capillary discharge waveguide (CDW) is
a useful medium for high-power laser—plasma interac-
tions because the efficient guiding process increases the
interaction length up to several 10 s of Rayleigh lengths
[1]. Two important applications are the laser-wakefield
accelerator (LWFA) [2, 3], for generation of ultra-short
electron beams of GeV-scale energies [4] and bright
gamma-ray radiation pulses [5], and the chirped pulse
Raman amplifier (CPRA) [6, 7] for resonant energy
transfer from a long pump pulse to an ultra-short
probe pulse [8]. The former shows huge potential as
a compact driver for next-generation light sources [9]
and particle accelerators [10] while the latter aspires to
provide an alternative amplifying medium to chirped
pulse amplification [11] and optical parametric chirped
pulse amplification [12] schemes for future large-scale
laser systems [13].

Plasma is formed in a gas-filled CDW before the
arrival of the laser pulse(s) by injection of gas (usually
hydrogen) and subsequent ionization by a ~20 kV sub-
microsecond electrical discharge pulse [14]. The high
laser intensities and high voltages that are applied to the
waveguide demand that hard materials such as sapphire
or alumina are utilized for maximum robustness. Hence,
femtosecond laser micromachining [15] has become a
common technique for their production [16] because
of its inherent precision, repeatability and determinism
[17].

In this paper, we outline one micromachining tech-
nique for straight capillaries providing a uniform lon-
gitudinal plasma density and extend it to the microma-
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chining of capillaries featuring a linear taper in their
diameter. Tapering the diameter, ie. the cross-section,
results in a longitudinal plasma density gradient [18]
that may benefit both the LWFA by increasing the
final electron beam energy [19-21] and the CPRA by
increasing the seed laser amplification efficiency [6]. In
Sec. 2, the micromachining experimental setup is presen-
ted in the context of producing straight capillaries. The
micromachining methodology is extended to linearly
tapered waveguides in Sec. 3. Results characterising the
plasma and showing efficient guiding of low intensity,
femtosecond duration laser pulses are presented for both
capillary types in Sec. 4 and, finally, a conclusion and
discussion are given in Sec. 5.

2. Machining straight capillaries

The schematic composition of our gas-filled CDW sys-
tem is shown in Fig. 1. To produce a waveguide, identical
channels or grooves with a semi-circular cross-section
are machined into two plates of a hard insulating ma-
terial, typically sapphire or alumina. When the plates are
carefully aligned and glued together, a high aspect ratio
circular cross-section channel is formed, which acts as
a robust capillary for containing the plasma. Machining
is achieved by scanning a focused, high repetition rate,
femtosecond laser over the plates’ surface. Additional
holes or grooves are machined to form gas injection
channels. Copper electrodes, coupled to the output of
a high voltage pulsed power supply, are positioned at
either end of the capillary. On-axis apertures enable
the laser pulses to propagate. Plasma is generated upon
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Figure 1. (Colour online) Schematic composition of the gas-filled capillary discharge waveguide setup. Pulsed power supply
details are given in [22].
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Figure 2. (Colour online) (a) Experimental setup used to perform femtosecond laser micromachining and (b) schematic
representation of the scanning laser path for machining a straight CDW.

applying a potential difference of ~20 kV across the
capillary (typically 30-40 mm in length) and subsequent
rapid avalanche breakdown [22]. Formation of a high
current (~300 A) discharge pulse is evidence of near
complete ionization of the gas in the capillary [14].

The experimental setup to perform femtosecond laser
micromachining is shown in Fig. 2(a). Machining is
conducted using the Strathclyde Terahertz to Optical
Pulse Source (TOPS) femtosecond laser system [23]
(intensity ~ 10'* W/cm?, duration = 50 fs, focal spot
radius at 1/e? of wg = 12 um and 1 kHz pulse repetition
rate). The focusing lens is mounted on a Z translation
stage for precise location of the focal position at the
surface plane of the plates that are mounted together
on XY translation stages. All stages are driven by a
computer-controlled motion controller (Newport, XPS)
such that position and velocity commands sent to the
controller determine the pattern to be machined.

There are two key aspects of the femtosecond laser
micromachining process that influence the scheme for
obtaining a circular cross-section. Firstly, the laser fo-
cal spot size is much less than the capillary diameter.
Secondly, as a laser beam scans across the target surface,
the cross-sectional area of ablated material is inversely
proportional to the scanning velocity (see Appendix A).
The individual pulses overlap, therefore, for the relevant
velocity range and the laser can be assumed to be
continuous. A circular cross-section requires the greatest
amount of laser ablation to take place on-axis with
progressively less occurring towards the edges and this
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is achieved with a near-hemispherical scanning velocity
profile mapped onto a hemispherical machined depth
profile (slowest scan velocities on-axis and fastest at the
outer edges). A complete capillary is machined with a
series of longitudinal (Y ) scan lines at different radial
(X ) positions. The schematic of Fig. 2(b) depicts such
seven scan lines; in fact, 57 scan lines are applied and
the entire “loop” is repeated 16 times.

The basis, therefore, for machining a uniform, straight
capillary is constant velocity motion of the scanning
laser along the longitudinal direction utilizing this
velocity-to-depth mapping. The capillary diameter d is
set by the radial step size dx between longitudinal scans
with matched laser energy to achieve the corresponding
depth profile (d/2 in the center). The optimal, matched
energy setting results in the desired semi-circular depth
profile, otherwise grooves are too deep or too shallow,
as shown in Fig. 3. The machined depth scales linearly
with average laser pulse energy and energy fluctuations
during the long machining times (95 min in the case of
a 40 mm long straight capillary) are the primary cause
of any ellipticity in the final capillary cross-section. If
the average laser energy (monitored with a photodi-
ode) drifts outside an acceptable range (typically set
at +£10%), the control program (National Instruments,
LabVIEW [24]) pauses the machining process to allow
correction.

A photograph of a completed CDW is displayed in
Fig. 4(a) and optical microscope images of an example
straight capillary are shown in Fig. 4(b). The latter
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Figure 3. (Colour online) Machined depth as a function of
scanning laser pulse energy (with +10% fluctuations) and
three corresponding false colour optical microscope images of
groove cross-sections that are too deep, near optimal and too
shallow, respectively, from top to bottom. The solid line is a
best-fit straight line.

alumina capillary is of length 40 mm and nominal design
diameter 280 um. The laser pulse energy was 150 uJ
(corresponding to intensity 10'* W/cm?). A high degree
of circularity to the capillary channel is evident and
the measured on-axis machined depth is (303 + 3) um.
This is 8% larger than the design diameter with laser
energy drift accounting for the discrepancy. Note the
splayed edges at the extremities of each machined plate
[Fig. 4(b)] that are present to eliminate any risk of
surface cracking.

Figure 4. (Colour online) (a) Photograph of a finished, used alumina

3. Machining linearly tapered capillaries

A linear taper in the diameter requires two modifications
of the machining process. Firstly, the scanning direc-
tion is not wholly longitudinal; a small radial velocity
component is also needed along each plate to obtain
the conical shape, as shown in the modified scanning
schematic of Fig 5(a). Secondly, as the scanning laser
progresses from the wide end to the narrow end, its
velocity must increase to maintain the semi-circular
ablation depth (which is inversely proportional to the
velocity). Hence, the scanning laser is now accelerating
instead of moving at constant velocity. The tapered
capillary trajectory equations describing the evolution
of the scanning laser position x(t), velocity v(t) and
acceleration a(t) as a function of time ¢, per scan line,

are
x(t) = é <€/3tr%v(0)cx +r— rl) , (1)
rio(0)
_ , 2
v(t) 230(0)+ ) 2/3 (2)
a(t) = —2rtv(0)%a 3)

—r% [ — 3tw(0)o — rl] 337

where o = (r, — r1)/L describes the rate of tapering, r;
and r, are the start and end radii, respectively, L is the
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e
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the cathode location is seen around the waveguide entrance and the two gas inlets are visible on the top surface. (b) Optical
microscope images of a straight CDW showing both ends of the aligned capillary. The indicated scale applies to both images.
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Figure 5. (a) Schematic representation of the scanning laser path for machining a linearly tapered CDW. Note the spacer between
the plates in the latter. (b) Longitudinal scanning laser velocity for the outermost scan lines of a tapered capillary of diameter
280 um to 224 um and length 40 mm. The solid curve depicts the desired velocity given by (2), the dashed curve depicts the
actual velocity implemented by the PVT mode of the motion controller and (c) shows the discrepancy between the two velocities.
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Figure 6. (a) Longitudinal scanning laser velocity for the outermost scan line of a tapered capillary of diameter 280 um to 168 um
and length 40 mm depicting the “Split 2” and “Split 4” sub-divisions of the scan line. (b) Discrepancy between the ideal velocity
and actual PVT velocity for the original (dashed curve), “Split 2” (dash dotted curve) and “Spilt 4” (solid curve) PVT trajectories.

length and v(0) is the initial velocity for that particular
scan line (see Appendix B).

The angled accelerating scan lines can be implemented
by the XPS motion controller operating in its Position,
Velocity, and Time (PVT) trajectory mode. The calcu-
lated PVT trajectory, however, is constrained by a linear
rate of change of acceleration, i.e. constant jerk, that
leads to third- and second-order polynomial expressions
for position x(t) and velocity v(t), respectively. Hence,
there is a small discrepancy between the ideal velocity
evolution given by (2) and the real velocity evolution
outcome (likewise for the subsequent CDW plasma
density). For weak tapering, the discrepancy is negligible
(less than 1%) as shown in the example of Fig. 5(b) for
a 40 mm long capillary tapering from 280 um to 224 um.

When the tapering is stronger, the discrepancy can
become problematic. For example, with a 40 mm long
capillary tapering from 280 ym to 168 um, the magnitude
of the discrepancy peaks at 10% and the machined
longitudinal depth profile deviates appreciably from the
desired profile (the velocity may even fail to increase
monotonically with distance). However, in these cases,
excellent agreement (discrepancy of 1% or less) between
the ideal and actual velocity evolutions can be recovered
by splitting the longitudinal scan line up into sub-
sections. As shown in Fig. 6 for the aforementioned
taper, splitting into two sections (“Split 2”) reduces the
mean discrepancy from 5.5% to 1.6% while splitting
into four sections (“Split 4”) reduces it to only 0.4%.
Suffice to say, a more sophisticated motion controller
would eliminate the need for this trajectory splitting
correction, although, its use may still be required for
future exotically structured capillaries, e.g. nonlinear
undulations or tapers.

Optical microscope images of an example strongly
linearly tapered capillary are shown in Fig. 7. The
alumina capillary is of length 40 mm and nominal
design diameter is 280 um — 168 um (« = 1.4 x 1073
and laser pulse energy is ~150 uJ). No scan line split-
ting has been implemented in this example. Imaging
of the longitudinal capillary widths [Figs. 7(a) and (b)]
demonstrate that a smooth taper from the wide end
to the narrow end has been accomplished along both
plates. The end-on images, after aligning the two plates
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Figure 7. (a) Optical microscopy images of a linearly tapered
capillary showing regular longitudinal positions along the (a)
lower and (b) upper plate surfaces. (c¢) and (d) show each
end of the aligned capillary. The indicated scale applies to all
images.

together, are shown in Figs. 7(c) and (d). Dimensions
of the major and minor axes for each best-fit ellipse
are 330 x 280 um and 196 x 170 um, respectively. The
aspect ratio of 1.16 + 0.02 indicates that the average
laser energy increased markedly from the optimal setting
during the machining time (106 min in this case) but note
that the end-to-end cross-section area reduction factor
of 2.77 is equal to that of the nominal design.

4. Plasma properties and femtosecond
laser guiding

Straight and linearly tapered CDWs have been char-
acterized with respect to both their plasma and laser
guiding properties. The experimental setup is shown
in Fig. 8. The femtosecond laser is that used for the
micromachining but strongly attenuated to a focal in-
tensity of ~10'2W/cm?. The capillary under investig-
ation is mounted in a compact vacuum unit and a
hydrogen gas backing pressure ~50 mbar is applied.
Near full ionization along the capillary is achieved upon
application of a 22 kV, 900 ns voltage pulse from a
pulsed power supply based on solid-state switching and
transmission-line transformer [22]. The diagnostics com-
prise two imaging systems. Firstly, a spatially resolved,
time-averaged measurement of the plasma density at
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Figure 8. Schematic diagram of the experimental setup for characterizing the plasma and laser guiding of manufactured CDWs.
The laser propagation axis is denoted by the ordinate Z and M.O. denotes microscope objective (magnification factor of 4).
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Figure 9. (a) Example hydrogen emission spectrum and (b) transverse (horizontal) time-averaged plasma density profile at one
end of a straight CDW of length 40 mm and diameter 286 um. The zero position denotes the centre of the capillary and the

solid curve is a best-fit parabola.

the capillary exit plane can be obtained with an optical
spectrometer (5 um entrance slit and 1.4 nm resolution)
that measures the spectra of Stark-broadened Balmer
line emission from the background neutral atoms [25].
Secondly, images of the laser spatial profile at both
the capillary entrance and exit planes can be obtained
with a charge-coupled device (CCD) camera (Point Grey
Research, Flea2). The latter allows the laser energy
transmission to be determined.

Plasma spectroscopy measurements confirm that the
prerequisite under dense plasma with excellent shot-to-
shot stability is generated in each CDW. An example
captured hydrogen spectrum, showing the Balmer lines
H, (656.27 nm) and Hy (486.13 nm), is presented in
Fig. 9(a). The linewidth of the H, line is used to derive
the plasma density while the emission line signal ratio
H,/Hpg is used to derive the plasma temperature [25].
Figure 9(b) shows a radial density scan for a straight
CDW of length 40 mm and diameter 286 um. The
on-axis, time-averaged plasma density is (1.7 £+ 0.2) x
10'® ¢cm™3 and the characteristic parabolic shape of the
CDW density is evident with density drop-off close to the
walls [18, 26] indicating a channel diameter of ~200 ym.
The peak density is expected to be approximately double
the time-averaged value and the corresponding time-
averaged plasma temperature is ~3-4 ¢V. However,
the measured H,-derived density is most likely over-
estimated by a factor of ~3 when compared with the
more accurate transverse interferometry method [27,
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28], that is in agreement with a non-local thermal
equilibrium (non-LTE) plasma model [29], because of
H, self-absorption and subsequent line broadening in
dense plasma [28, 30]. Other measurements confirm the
existence of a longitudinal plasma density gradient in
the linearly tapered CDWs [31].

Guiding of a low intensity femtosecond laser pulse
has been characterized for both types of CDW. Images
captured by the CCD camera detection system are
shown in Fig. 10. For scale reference, the background
plasma emission is displayed in Fig. 10(a). When ob-
taining quantitative measurements, this signal, which
is at shorter wavelengths [Fig. 9(a)] than the laser
pulse (central wavelength = 800 nm), is minimized
with a colour filter. The laser energy transmission is
determined by the ratio of the CCD camera integrated
signals at the exit and entrance planes, respectively, both
background subtracted and averaged over many shots.
Figures 10(a)—(c) show example images captured for a
straight capillary. When the laser timing with respect
to the current discharge pulse is non-optimal, i.e. too
early or too late, the Gaussian shape of the entrance
laser is destroyed by the excitation of transverse modes
[Fig. 10(c)] and the energy transmission is only (31 +
3)%. With optimal laser/plasma synchronization, the
spatial quality of the laser pulse is preserved [Fig. 10(d)]
and the energy transmission is up to (84 + 7)%. The
matched spot size is ~35um at the estimated peak
density of 3 x 10" cm™ hence spot size oscillations
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Figure 10. (Colour online) False colour CCD camera images

showing (a) background plasma emission, (b) entrance laser
pulse, (c) exit laser pulse non-optimally gulded and (d) exit
laser pulse optimally guided for a straight CDW of length
40 mm and diameter 296 um. (e¢) and (f) show the entrance
and optimally guided exit laser pulse, respectively, for a tapered
CDW of length 40 mm and diameter 320 um to 270 um. The
indicated scale applies to all images.

(scalloping) occur along the waveguide [1] and the exit
beam size is smaller than that at the entrance (wy reduces
from 81 um to 47 ym). Similar results are obtained for a
linearly tapered CDW as shown in Figs. 10(e) and (f).
Here the energy transmission is up to (82 + 9)% so the
guiding is seen to be equally efficient for the case of a
longitudinally tapered plasma density.

The laser energy loss (~15%-20%) during propaga-
tion through the waveguide can be attributed to inverse
bremsstrahlung absorption [32] where, at low-laser in-
tensity, the absorption rate is determined by the plasma
temperature. At a temperature of 5 eV, in good agree-
ment with the time-average measurements of 3—4 eV,
the energy loss in each capillary is predicted to be ~20%
[33]. The energy transmission should improve at higher
intensity, before the onset of wave breaking, due to laser-
driven plasma heating mitigating inverse bremsstrahlung
absorption effects. Note also that a small deviation from
a circular cross-section (aspect ratio up to 1.2) is of no
consequence for the laser waveguiding process.

5. Summary

Femtosecond laser micromachining is an effective tech-
nique for producing CDWs and appropriate acceleration
of the scanning laser enables formation of a linear
taper in the capillary cross-section. A strong taper of
mean diameter 305um to 183 um over a length of
40 mm shows that the range of diameters used in LWFA
and CPRA applications can be met by this technique.
Experimental data show that the CDWs guide low in-
tensity laser pulses efficiently with no reduction in energy
transmission in the tapered capillaries. Micromachining
controllability means that the final waveguide paramet-
ers can be tailor-made to suit particular application
requirements and this may extend to nonlinear capillary
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structures for further enhancement of accelerator or
amplifier behaviour.
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Appendix A. Single laser scan line ablation

For a laser pulse with a Gaussian intensity profile given
by I(r) = Ipexp(—ar®) where Iy is the peak intensity,
a = 4In(2)/w? and wy is the full-width at half-maximum,
the cross-section of a single scan line is also Gaussian, as
shown in Fig. Al [34]. Defining the volume of material
removed by a single femtosecond laser pulse as Vpyige,
the generated depth profile for a single laser pulse is
given by

a

- —alf)?
Ppulse(r) = Vpulse;e afF > (A1)

and that of a scanning trajectory 7(t)is given by

o0
Pl = [ Panc=hfa (a2
where f is the laser pulse repetition rate. A continuous
approximation of the laser can apply when the scan
velocity v « wof. For constant motion in the y-direction
with velocity v, defined by 7(t) = vté, and 7o = xpey +
yoeéy, the profile becomes

o0

a t—v0 )2 x
Pycantine(Xo, yo) =/ Vpulsef;eia[(” Yoy é]dt, (A3)

—o0

1
- Vpulsef‘ |% *axo

(A4)

Figure Al. Electron microscope image showing the machined
profile produced by a single femtosecond laser scan line.
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The removed area of a cross-section of one single scan
line is, therefore, given by

1

pulsefi

. (A5)
[v]

Ascanline =

Appendix B. Linearly tapered trajectories
The profile of a linearly tapered channel is described by
r(x) = r;+ax and the number of scan lines N is constant
over its length. From (AS5), Ascantine o€ 1/]v]80A4 oa1(X)v(X)
~ r(x)?v(x) is constant, that is

r20(0) = r(x)*0(x). (B1)

The ratio between the start and end velocities is simply
the square of the ratio of the radii given by

U(L) r 2
— == . B2
v(0) (Vz) (52)
In general, this results in v(x) being defined as
2
r1v(0)
= — B
v(x) a0 (B3)

and with separation of variables x(t) can be found for
o % 0, thus

/ ) (r1 + ox)?dx = / t r7v(0) dt, (B4)
0 0

x(t) = é <\3/—3x0rfv(0)oc + 3triv(0)o + 1} — rl) . (BY)

For x¢ = 0, this results in the tapered channel trajectory

(1)-(3).
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