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Guiding of 35 TW laser pulses in ablative capillary discharge waveguides
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An ablatively driven capillary discharge plasma waveguide has been used to demonstrate guiding of
30 fs, 35 TW laser pulses over distances up to 3 cm with incident intensity in excess of 4
%X 10" W/cm?. The plasma density range over which good guiding was observed was 1-3
X 10'® ¢cm™. The quality of the laser spot at the exit mode was observed to be similar to that at the
entrance and the transmitted energy was ~25% at input powers of 35 TW. The transmitted laser
spectrum typically showed blueshifting due to ionization of carbon and hydrogen atoms in the
capillary plasma by the high intensity laser pulse. The low plasma density regime in which these
capillaries operate makes these devices attractive for use in single stage electron accelerators to
multi-GeV energies driven by petawatt class laser systems. © 2009 American Institute of Physics.

[doi:10.1063/1.3257909]

I. INTRODUCTION

In 1979, it was realized by Tajima and Dawson' that
high intensity laser pulses can efficiently generate relativistic
electron plasma waves in their wake as they travel through a
low density plasma. Electron plasma waves can be simply
thought of as displacements of free electrons which oscillate
at the plasma frequency (i.e., wpe=\r’ngez/som9, where n, is
the electron density, e is the electron charge, and m, is the
electron mass) with respect to the neutralizing background of
slower moving, positively charged ions. These displacements
of electrons within the plasma give rise to accelerating elec-
tric fields, which can be much larger than the radio frequency
fields used for particle acceleration in conventional technol-
ogy. By using the light pressure of a focused laser pulse,
relativistic waves (i.e., having a phase velocity close to the
speed of light) can be generated. The criterion for producing
a large amplitude relativistic plasma wakefield is that the
pulse duration of the high intensity laser pulse be less than
the relativistic plasma wavelength (which is only dependent
on plasma density). The waves produced in this way there-
fore meet the requirements for efficient high gradient accel-
eration for charged particles.2 In this situation an electron can
“surf” on the electric field of a plasma wave picking up en-
ergy from the wave just as a surfer picks up energy from a
water wave in the ocean.

However, one of the obstacles for producing high energy
electron beams using a single stage laser wakefield accelera-
tor (LWFA) is the necessity for a long acceleration length.
The peak electron energy from LWFAs scales as the inverse
of the plasma density; however since the accelerating electric
fields within the plasma also decrease with decreasing den-
sity this means that the acceleration distances required to
achieve energies of several GeV need to be many centime-
ters. In fact the acceleration distance increases like n;m,
which is just due to classical “dephasing” considerations.
This dephasing length is the distance over which fast elec-
trons outrun the accelerating part of the relativistic plasma
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wave generated in these interactions. The acceleration dis-
tance in experiments can also be limited due to laser pump
depletion as energy is lost in the generation of the large
amplitude wakefields in the plasma.2

For efficiently generating a wakefield the spot size of the
laser pulse should be about the relativistic plasma wave-
length which scales inversely as the plasma density. This
means that as the plasma density decreases the natural laser
diffraction distance (Rayleigh range) increases much more
slowly than the dephasing distance, implying that extending
the interaction distance beyond a Rayleigh range is critical
for the generation of multi-GeV electron beams. Conse-
quently there have been many previous experiments to dem-
onstrate techniques to guide high intensity lasers in a plasma
over distances longer than the diffraction distance.”"*

Perhaps the most technologically straightforward
method for creating such a plasma waveguide is the ablative
wall capillary discharge,s_8 which establishes a guiding
structure by ablating and heating material from the inner
walls of a plastic capillary via low current discharges of 200-
400 A. Plastic (carbon and hydrogen) is used as the material
in order to keep the average Z of the plasma as low as pos-
sible. These were the first capillary discharge devices to
demonstrate guiding and such capillaries are much easier to
construct than gas-filled capillaries (which are typically
made of satpphire)9 and in addition require no extra pumping
capacity in the experimental vacuum chamber. The disadvan-
tage of these waveguides is that they typically have a limited
lifetime, generally contain higher Z-ions in the plasma, and it
is difficult to control the plasma density.

A significant recent result was the demonstration of ex-
tended laser acceleration distances using a hydrogen filled
capillary discharge plasma waveguide, which was shown in
2006, to be able to generate accelerated electron beams to 1
GeV over a distance of only 3 cm using a laser power of 40
TW.'" This was the first measurement of laser produced elec-
tron beams in the GeV range and demonstrated guiding using
a hydrogen filled-capillary waveguide. In another
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FIG. 1. (Color online) Experimental setup. The igniter pulse and delayed Ti:sapphire pulse are focused by the same parabolic mirror to the entrance of the

capillary.

experiment11 a 0.56 GeV electron beam with ~10 fC charge
was observed using a 4 cm ablative capillary similar to this
experiment.

There has subsequently been research to improve the
understanding of the details of plasma wave production and
electron acceleration in such plasma waveguides, and addi-
tional experiments using hydrogen filled capillary
waveguides have shown similar acceleration.'” However an-
other recent experiment showed that the mechanism for gen-
erating these beams with hydrogen filled capillaries was
more complex than previously thought,13 and that electron
injection was intimately related to the process of ionization
of the target plasma by the intense laser pulse. In such ex-
periments good guiding and an extended propagation dis-
tance of the high power laser pulse were a necessary but not
sufficient condition for the production of relativistic electron
beams from the capillary discharge plasma waveguides. In
this work it was found that only when the laser pulse (15
TW) was observed to be ionizing the plasma could acceler-
ated electron beams be measured. Other types of plasma
waveguides have also been explored and have been the sub-
ject of a significant amount of recent research including the
use of gas filled hollow glass capillary waveguides.14

In this paper we discussed recent experiments under-
taken at the University of Michigan in which we demon-
strated the successful guiding of laser pulses up to 35 TW
through 3 cm using an ablative wall capillary discharge. Al-
though the ablative capillary has some disadvantages as
stated above, it also has particular advantages due to its sim-
plicity and the fact that it naturally operates at low plasma
density, which is necessary for the acceleration of electron
beams beyond several 1 GeV."”

Although one of the potential disadvantages of ablated
wall capillaries for high intensity laser guiding applications
is the existence of carbon ions in the plasma when using

polyethylene as the wall material, these ions in the plasma
may also play a positive role since the previously mentioned
work at higher densities with hydrogen capillaries has found
that the higher ionization potential ions may contribute to the
efficient injection of electrons into the plasma waves gener-
ated during propagation through the plasma waveguide.

In this paper Sec. II will describe the experimental setup,
Sec. III will give the experimental results, while Sec. IV will
discuss the results and provide interpretation and conclu-
sions.

Il. EXPERIMENTAL SETUP

Experiments were performed using the HERCULES
Ti:sapphire laser system (35 TW, 30 fs) at the University of
Michigan, which was focused by an f/10 off-axis parabolic
mirror to a 20 wm spot diameter [full width at half maxi-
mum (FWHM)].'® 3 cm polyethylene capillaries were used,
which had a 400 um diameter bore. The bores were ma-
chined from bulk cylindrically shaped polyethylene and ini-
tial alignment was done by maximizing the laser light trans-
mitted through the empty capillary at low laser power
(<1 mJ per pulse at 10 Hz). Brass electrodes were placed at
the ends of the capillary and a capacitor (~1 nF) was con-
nected to the electrodes and charged to ~20 kV. The dis-
charge was triggered by ablating the inner walls of the cap-
illary with a focused Nd:YAG (yttrium aluminum garnet)
laser pulse (30-100 mJ, 10 ns, ~5 X 10'® W/cm?). This “ig-
niter pulse” controls the timing of the discharge to within
about 5 ns accuracy. A delay generator was used to control
the timing between a clock pulse from the Ti:sapphire system
and the Nd:YAG g-switch. The experimental setup is shown
in Fig. 1.

At the end of its lifetime, a capillary can be replaced in
the same amount and only brief realignment is necessary.
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The operational lifetime of a typical capillary is several hun-
dred shots. Consequently the high laser power used during
the experiment typically did not affect the operation of the
discharge, since the limitations in the capillary lifetime are
caused mainly by material ablating from the walls during the
discharge, rather than during the high intensity laser interac-
tion. The bore diameter increases by as much as 50% over
this period, indicating that optimum conditions for guiding
will shift throughout this time.

An uncoated glass wedge was used to reflect some of the
transmitted light, which was then collected by a lens
(2 in. diam X 20 in. f) and imaged by a second lens
(3 in. diamX 1 m fl) and 10X microscope objective onto a
12-bit charge coupled device to monitor the transmitted laser
mode. A beam splitter was also used to send some of this
light to an optical spectrometer to monitor changes in the
transmitted laser spectrum.

lll. EXPERIMENTAL RESULTS

Guiding over 3 cm was achieved, first with the regenera-
tive amplifier level of HERCULES (~1 mJ) and also at
powers up to 35 TW. Guiding over this length already offers
a significant increase over the self-guided interaction lengths
achieved in gas jet targets. As the power levels were in-
creased good guiding conditions were found to be more dif-
ficult to obtain, which may have been a result of field ion-
ization and subsequent ionization-induced laser defocusing
as well as propagation instabilities (filamentation).

Laser-induced spectroscopy was used to confirm that
these ablative capillaries show a parabolic density structure
[Fig. 2(a)]. Typical densities of 1 to 3 10'"® cm™ on axis
were achieved with the density increasing with the applied
voltage and decreasing at later time. Note that such densities
are considerably lower than the densities attainable using
gas-filled capillaries.

However, this measurement was taken without a high
intensity interaction pulse. To model its propagation through
the plasma channel, the plasma refraction index 7(r), derived
from the experimentally measured radial density profile and
modified via relativistic electron mass increase, was substi-
tuted into the envelope equationl7

Fry NP1 2/) 9
2 At \ ) (1)

where the angular brackets denote the intensity-weighted ra-
dial average of the quantity enclosed therein. Equation (1)
describes the longitudinal evolution of the guided spot radius
r, and can be made formally identical to the equation of
motion of a particle subjected to a one-dimensional potential
field V,,'® so that &r,/dz*==3V,/ or,. The function V, is ob-
tained by integrating the right-hand side of Eq. (1) with re-
spect to r, and can be called the “guiding potential.” Clearly,
the condition dV,/dr,=0 corresponds to a constant
(“matched”) spot radius. It can be shown that for a Gaussian
beam profile the guiding potential is given by
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FIG. 2. (Color online) (a) Typical radial density profile for a 3 cm long,
400 pm diameter polyethylene capillary before the arrival of the high in-
tensity pulse. (b) Guiding potentials derived from the profile shown in (a)
for three values of the guided beam power. Matched (minimal) guided beam
radii are specified for each potential.

NI | dry 7, N
V=- {ﬁr_f-'-Sfrxr_fJo r~exp(=2r /rs);dr .
(2)

The result of application of Eq. (2) to the radial density pro-
file shown in Fig. 2(a) is presented in Fig. 2(b) for three
values of the guided beam power. It can be seen that the
matched beam radius decreases as the laser power increases
due to relativistic self-focusing. In fact, guiding potential is
much more informative than the density profile from which it
was derived. The whole range of possibly guided beam radii
for a given power can be inferred at a glance.

The timing window appropriate for guiding is deter-
mined by the hydrodynamic evolution of the plasma within
the capillary. As shown in Fig. 3, the timing window is ap-
proximately 150 ns wide. The optimum delay (arrival time of
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FIG. 3. Timing window over which good guiding (high signal integrated
within a 55 um radius of the peak) is achievable. Laser power is accounted
for. Delay is defined as timing between arrival of the igniter and high inten-
sity pulses at the capillary entrance. The discharge is triggered by the igniter
pulse. All single shots are from a single experiment at 8 TW, which were
known to be at optimal alignment and discharge parameters. Timing jitter
was 5 ns. Vertical error bars enclose one standard deviation of all shots with
identical parameters taken over many experimental runs.

the high intensity pulse relative to the igniter or discharge
triggering pulse) was found to depend on discharge param-
eters, laser power, as well as an observed slow variation in
the alignment and timing as the accumulated number of dis-
charges with the capillary slowly increased the bore diam-
eter.

The images of Fig. 4 demonstrate the observed guiding
behavior in these ablated capillary waveguides. A reference
shot of the laser at focus is shown (top left). Typical vacuum
spot parameters without correction by deformable optics
were 20 um spot diameter with 40% of energy within the
FWHM spot. All other images shown in Fig. 4 have the same
spatial scale; however, they are imaged 3 cm after laser focus
(at the exit of the capillary).

Guided spots contained up to 20% energy within a
35 um FWHM spot. The total transmitted light is typically
15%-25% of the input. As seen in Fig. 4, many guided spots
had fluence within about one order of magnitude of the fo-
cused vacuum shot.

The optical spectrum showed a large amount of blue-
shifted light on most shots when the capillary was dis-
charged. The blueshifted signal as a function of delay (Fig.
5) and lineouts (Fig. 6) at the exit of the capillary show very
little blueshifted light for the first ~75 ns while the plasma
was expanding from the walls. When hydrogen ions and at-
oms reach the laser axis, weak blueshift of 20-25 nm is
observed. This blueshift is nearly constant over the time pe-
riod of 100-200 ns delay. After ~225 ns delay, heavier car-
bon atoms and ions begin arriving at the laser axis, indicated
by a sudden increase in the magnitude of the blueshift, which
increases with delay as more carbon ions reach the laser axis.
By 400 ns delay, nearly all the light has been blueshifted
beyond the blue edge of the initial laser spectrum, followed
by a slow decay as recombination takes place at the capillary
walls (which we estimate should occur over nanosecond time
scales). At low power, =<2 TW, strong blueshift was not
observed, and the guiding window was much wider—out to
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FIG. 4. Top images are reference at focus and capillary rear exit without
discharge. Rows two, three, and four show guided laser modes at the capil-
lary exit for various powers. Pointing fluctuation is real.
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FIG. 5. (Color online) Laser is unaffected until plasma has expanded to fill
capillary. Vertical axis is integrated count of laser light, which is higher in
frequency than the blue edge of the laser spectrum in vacuum, normalized to
the total integrated counts over the entire spectrum. The timing window for
guiding is approximately between the green vertical bars. All single shots
are from a single experiment at 8 TW. Vertical error bars enclose one stan-
dard deviation of all shots with identical parameters taken over many ex-
perimental runs. A trace of the discharge current is overlaid.
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FIG. 6. (Color online) Optical spectra (individually normalized) of transmit-
ted laser light in vacuum and with discharge at various delay and laser
power. At short delay, blueshift is weak and insensitive to delay, with the
shift of peak increasing slightly with increasing delay. The peaks from the 8
TW shots obey this order. At larger delay, carbon ions from the wall have
reached the laser axis, leading to strong ionization blueshift with shift pro-
portional to delay. For higher power, blueshift is more prevalent.

400 ns delay. At high power, =30 TW, strong blueshift was
observed at earlier delay as well as significant spectral broad-
ening and modulation. The guiding window shrank to only
include delay of =250 ns.

This dependence upon laser power suggests that this
blueshift is most likely a result of rapid ionization of the gas
during the laser pulse,19 where field ionization causes a
change in refractive index which advances at nearly the laser
group velocity. The blueshift was much stronger than red-
shift, as would be expected for a density, which is rapidly
increasing in time. This increase is due to field ionization of
the low-charge state carbon ions in the polyethylene capillary
plasma. The intensity of the triggering Nd:YAG pulse is
10'° W/cm?, which is too low to ionize hydrogen or carbon
atoms, but the flux (~500 J/cm?) damages the capillary ma-
terial. The electrical discharge ensues and any initial ioniza-
tion is due to this discharge. The discharge has similar pa-
rameters to pulsed arc discharge plasmas, which typically
have plasma temperatures up to several eV. In the case of our
discharge, radiative heat transfer is halted at the walls of the
capillary. Consequently plasma at this temperature will have
very few ions with charge states above the first ionization
stage. In contrast, the arrival of the 35 TW pulse with inten-
sity of ~5X 10'"® W/cm? is able to ionize carbon fully and
oxygen (if there is any water contamination absorbed in the
capillary wall) six times (estimated using the barrier-

suppression  ionization —approximation), causing large
amounts of blueshift,

AN L 9 n,t)

-t el ©)

N T 2ca n,

where AN is the shift in wavelength, L is the interaction
length, n, is the electron density, and n,. is the critical density.
Thus, blueshift is an indication of rapid field ionization,
which will be most prevalent on the laser axis where inten-
sity is highest. The overall blueshift will increase linearly
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FIG. 7. Quality of guiding is diminished when strong blueshifting is ob-
served. Axes and error bars are the same as in Figs. 3 and 5. All shots are
from a single experiment at 8 TW.

with the number of electrons freed by ionization so that full
ionization of carbon will result in a six times shift compared
with ionization of hydrogen at the same atomic density. In
reality, the situation is more complicated than a uniform
shift, where considerations must include broadening due to
self-phase modulation over the long guided region, spatial
extent of the pulse, and interaction of the pulse with the
wakefield.”>** Modulation of the spectrum occurs due to
interaction of the pulse with wakefield density perturbations
and can be substantial for pulses, which are much longer
than the plasma wavelength. For our short pulse case, how-
ever, the multiple spectral peaks may be due to different
ionization states being reached at different spatial regions
around the pulse. Indeed, by inspection of the spectra, the
blueshifted peak has the greatest shift on axis and lesser shift
in the spatial wings (curves in Fig. 6 are integrated in the
spatial axis). A redshift shoulder is also observed in some
shots, but at two orders of magnitude lower intensity. The
dominance of blueshift over redshift suggests our shift is due
to ionization rather than pulse/wakefield interaction. Because
refractive guiding requires a minimum density on axis,
strong field ionization on axis can degrade or even prevent
guiding. The parabolic densities measured by laser-induced
spectroscopy do not take this into account, as no high inten-
sity pulse was present. This may account for the increased
difficulty of achieving guiding at higher powers. As shown in
Fig. 7, shots that were best guided were those that had the
least amount of blueshifted light.

This indicates that in addition to proper alignment of the
capillary and appropriate timing of the discharge, field ion-
ization plays an important role in the quality of guiding.
There exists a limit on the intensity which can be guided
through the discharge at hand. In other words, a pulse of
certain energy should not be focused below a waist radius at
which the intensity is enough for the ionization to be signifi-
cant throughout the capillary length.

In these experiments no accelerated electrons were ob-
served from the interaction of the laser pulse with the wave-
guide plasma at 35 TW, although electrons were observed in
Ref. 11. This is likely due to the density being below that
required for wave breaking and self-injection at this power
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(Ref. 11 used 3.8 J whereas we define 35 TW as 1.67 J total
on target in 30 fs). Alternatively, electrons may be produced
but with charge less than our detection level. Reference 11
reports charge of approximately tens of femtocoulomb per
shot, whereas our detection limit is estimated at 300 fC.

IV. DISCUSSION

The quality of guiding at 35 TW was observed to be
good. Parameters of the guided spot suggest that after 3 cm
of propagation, the laser intensity drops only by an order of
magnitude (although the transmitted pulse duration is un-
known). If carbon is fully ionized by the 35 TW pulse as
predicted by barrier suppression ionization, the effects of
field ionization may be no worse at several hundred tera-
watts. Additionally, self-focusing may contribute to self-
propagation more at higher powers.

While it is clear that field ionization is correlated with
degradation of the observed guiding, the presence or absence
of blueshift can be unpredictable. Strong blueshift is occa-
sionally observed at earlier delay than anticipated, especially
at high power, and reproducibility of guiding is ~50% even
when all discharge parameters are optimized. This is most
likely due to laser pointing fluctuations of up to 30 wrad
and/or laser energy shot-to-shot fluctuation of up to *=10%.
Laser energy fluctuations will affect the strength of ioniza-
tion blueshift. A 30 um radial shift in the laser focal position
is a significant fraction of the size of the guiding channel, as
seen in Fig. 2, which could explain the low reproducibility of
guiding. Guiding was observed to be sensitive to alignment
of the capillary within 20 pm. Pointing fluctuation will also
affect the delay at which the laser focus comes into contact
with carbon ions, causing ionization blueshift.

While using this low-charge-state ablative plasma adds
an additional complication compared with hydrogen-filled
capillaries, it may also allow for a simple down-ramp
accelerator.”® At the front of the capillary, field ionization
will create a high electron density plasma, allowing electron
injection, and as the laser is depleted fewer charge states will
be field ionized. This is not the case for hydrogen-filled cap-
illaries, which are nearly fully ionized upon arrival of the
laser pulse. Both capillary designs allow control of the den-
sity within the capillary, but control is typically more
straightforward using hydrogen-filled capillaries by merely
changing the neutral gas pressure. Hydrogen-filled capillaries
also offer longer lifetime; however “revolver” style ablative
capillaries with many bores in a single bulk cylinder may
increase the time between capillary replacements. Such cap-
illaries have been manufactured. Lifetime may also increase
significantly if every shot is well guided. The effects of ion-
ization blueshift are believed to have been observed in gas-
filled capillaries as well'? with similar dependence on delay.
In this case the amount of ablated wall material is presum-
ably much smaller than in ablative capillaries, and ionization
blueshift does not seem to be detrimental to guiding. It is
believed that barrier suppression ionization of higher charge
states may even be beneficial in the process of self-trapping
in laser wakefields® so long as ionization defocusing does
not dominate. This suggests that gas-filled capillaries may be
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able to increase the trapped charge in capillary wakefield
accelerators by using somewhat softer walls.

On shots up to 35 TW, electrons were not observed, i.e.,
there was no wave breaking or self-trapping. For the density
estimate of 1-3 X 10'® cm™ this is to be expected. In typical
gas jet runs on HERCULES with 35 TW, the required thresh-
old density for self-trapping of detectable electrons is ~9
X 10'® (peak density, no axial averaging).25 Increasing laser
power to 300 TW will decrease this threshold to ~2 X 10'8
based on past scaling on HERCULES. To surpass this den-
sity within the capillary, the energy of the Nd:YAG laser
used to trigger the discharge may be increased (at the cost of
decreasing the lifetime of the capillary). Increasing the dis-
charge current may also increase the charge state of the
plasma, thus increasing density, but may also decrease the
lifetime of the capillary. Using a smaller bore capillary will
also increase density. Smaller bore capillaries (=250 um) in
conjunction with control of the spot size using adaptive op-
tics will allow use of the appropriate density for injection
while remaining close to the matched spot size.
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