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Investigation of a hydrogen plasma waveguide

D. J. Spence and S. M. Hooker
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A hydrogen plasma waveguide for high-intensity laser pulses is described. The guiding channel is formed by
a small-scale discharge in a hydrogen-filled capillary. The measured lifetime of the capillary is inferred to be
greater than 106 shots. The results of interferometric measurements of the electron density in the capillary are
presented. The guiding channel is found to be highly ionized with an axial electron density of 2.7
31018 cm23, and parabolic, the curvature corresponding to a matched spot-size of 37.5mm.
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Optical guiding of high-intensity laser pulses can be us
to increase the laser-plasma interaction length in applicat
such as harmonic generation@1#, laser wake-field accelera
tors @2,3#, and x-ray lasers@4,5#. In the absence of such guid
ing, the interaction length is at most of the order of the R
leigh range, and in many cases is further limited
ionization-induced refractive defocusing.

A promising class of waveguide for high intensity las
pulses is the plasma waveguide, in which, ideally, the ra
electron density profile of the plasma is parabolic:Ne(r )
5Ne(0)1DNe(r /r m)2, where Ne(0) is the axial electron
density andDNe is the increase in the electron density
radius r 5r m . In the absence of further ionization of th
plasma by the guided laser pulse, and where ponderomo
and relativistic effects can be neglected, a Gaussian l
pulse will propagate through the guide with a constant sp
sizeWM , providedWM5@r m

2 /(pr eDNe)#1/4, wherer e is the
classical electron radius. Here spot-size is defined as the
dius at which the pulse intensity is 1/e2 of the peak value.

Plasma channels suitable for guiding may be formed
several ways. Durfee and Milchberg generated a plas
waveguide in argon following the hydrodynamic expans
of a laser-produced cylindrical spark@6#. Using this tech-
nique guided propagation of pulses with intensities up to
31016 W cm22 has been demonstrated over 15 mm, with
pulse transmission of 52%@7#. Volfbeyn et al. have created
similar channels in hydrogen and in nitrogen using an ext
sion to this scheme employing two lasers@8#.

Hosokai et al. have observed the creation of a transie
plasma channel during the implosion phase of aZ-pinch dis-
charge through a He-filled capillary@9#. By driving a 4.8 kA
current pulse rising in 15 ns through the preionized gas
70-mm-wide channel was formed 8.5 ns after the initiation
the discharge.

Suitable channels have also been formed by passing
electrical discharges through initially evacuated polyprop
ene (@CH2#n) capillaries@10–12#. In such discharge-ablate
capillary waveguides, a discharge current of several hund
amps ablates the capillary wall, and heats and ionizes
resulting plasma to form an approximately parabolic rad
electron density profile. In these devices the ablation of
capillary wall results in a finite capillary lifetime, which fo
polypropylene capillaries is only several hundred shots. F
thermore, owing to the relatively low plasma temperatu
achieved in the capillary, the plasma is only partially ionize
being composed of H1, C1, and C21. For guided laser
1063-651X/2000/63~1!/015401~4!/$15.00 63 0154
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pulses with intensities between 1014 and 531017 W cm22,
ionization-induced defocusing severely impairs the guid
performance of the waveguide, causing strong oscillation
the laser spot-size as a function of propagation distance@13#.

Partially ionized plasma waveguides offer greatly im
proved guiding performance in a regime of quasimatch
guiding @13#. Consider a waveguide with a parabolic io
density profile and an initial average ionization ofZI* , with
a matched spot size ofWM . If the plasma ions are ionized b
the guided laser pulse to an ion stageZF* which is stable
against further ionization, then a laser pulse with a peak
tensity of several hundred times the threshold for creation
that stable ion stage will experience quasimatched guid
In this regime the leading edge of the pulse creates a w
plateau of the stable ion stage out to a radius significa
greater than the spot size. Within that radius the elect
density is raised from the initial value, but maintains a pa
bolic profile so that the bulk of the pulse experiences a mo
fied guiding electron density profile. The raised parabo
region has a modified matched spot sizeWQM

5WM(ZI* /ZF* )1/4.
The intensity range over which quasimatched guiding c

be achieved will be particularly wide for a plasma wavegu
in hydrogen, since H is fully ionized at a relatively low in
tensity. For example, for a 50-fs pulse hydrogen is fie
ionized toZF* 50.99 for a peak pulse intensity of only 2.
31014 W cm22. Quasimatched guiding is expected to occ
at intensities significantly greater than this, i.e., of the or
of 531016 W cm22 and above.

In the present Rapid Communication we describe a hyd
gen plasma waveguide formed by a slow discharge throug
H-filled capillary. We present the measurements of the e
tron density, and show that this simple device is able
generate a stable, approximately parabolic electron den
profile in a hydrogen plasma with an average ionizationZI*
of between 0.87 and 1. We present numerical simulati
that show that high-quality quasimatched guiding could
achieved over long distances for pulses with peak intens
greater than approximately 531016 W cm22.

Figure 1 illustrates schematically our design of a g
filled slow capillary discharge waveguide. The capillary is
alumina (Al2O3) tube with an inner-diameter of 300mm. In
order to introduce gas into the volume of the capillary, o
or more groups of nine closely spaced holes, each 50mm in
diameter, are micromachined through the capillary wall
©2000 The American Physical Society01-1
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ing a copper vapor laser. Stainless steel disk electrodes
fixed coaxially at either end of the capillary. After evacu
tion, gas can be flowed through the micromachined ho
into the bore of the capillary, and out to the vacuum cha
ber.

For long capillaries, gas is injected through the side-w
of the capillary at two points, spaced 1.5 mm from eith
end. The flow reaches a steady state in which the pressu
the section of capillary between the injection points is axia
uniform, while between each injection point and the capilla
exit the pressure drops to the background pressure of
vacuum chamber. The hydrogen flow rate was measured
ing a flow meter, and was set to 300 cm3 min21 for all ex-
periments described here.

The discharge circuit, shown schematically in Fig. 1, co
sists of a 1.7 nF capacitor charged to a voltage of betwee
and 25 kV, depending on the capillary length. The discha
is initiated by switching the positive side of the capacitor
ground. The discharge current is found to be an appro
mately half-sinusoidal pulse with a full width of 200 ns, an
a peak of 300 A. Note that, unlike the work of Hosokaiet al.
@9#, for such slow discharges the pinch effect is negligibl

We have measured the electron density profile gener
in the waveguide using longitudinal interferometry. The a
paratus employed has been described previously@14#, but,
briefly, is as follows. The capillary waveguide is placed c
axially in one arm of a Mach-Zehnder interferometer, illum
nated by 355-nm, 8-ns pulses from a neodymium-doped
trium aluminum garnet laser. Virtual wedge fringes in t
exit plane of the capillary are imaged onto a charge-coup
device camera, and the interference patterns recorded
function of timet throughout the discharge pulse. The rad
electron density profile of the capillary plasma is deduc
from analysis of the fringe patterns.

Deflection of the 355-nm probe beam inside the wa
guide limits to only a few millimeters the maximum capilla
length that can be probed. It is not therefore possible to
dertake interferometric measurements using a capillary
is sufficiently long for end effects to be small. Instead, m
surements were performed for capillaries of two differe

FIG. 1. Schematic diagram of the gas-filled slow capillary d
charge, and the associated discharge circuit.
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lengths. One was a 3-mm-long capillary with a single g
injection point at the capillary center. The second was
5-mm-long capillary with two injection points, 1.5 mm from
either end. In each case the hydrogen flow rate were se
the same value. The form of the discharge current was fo
to be the same for both capillary lengths. The measurem
on the short capillary serve to record the fringe shift cau
by the end effects in the capillaries. The long capillary
assumed to cause that same fringe shift plus an extra fr
shift due to the additional axially uniform 2-mm-long sectio
between the injection points. Hence, from these two m
surements we can recover the electron density profile in
central section of the capillary. It is this profile that will b
created in the uniform central section of longer capillar
which can usefully be used as waveguides.

The fringe shifts are found to be approximately radia
symmetric. Figure 2 shows the fringe shifts measured al
a capillary diameter for the 5-mm- and 3-mm-long capilla
ies att;60 ns after the initiation of the discharge, averag
over several shots to reduce noise due to small random s
of the fringe patterns. The standard deviation of the m
sured fringe shift was typically 5%. Figure 2 also shows t
fringe shift due to the 2-mm-long section in the center of t
5-mm-long capillary, obtained by subtracting these curv
The right-hand axis shows the radial electron density pro
in the central section, assuming that the refractive index
the plasma is dominated by free electrons. The recove
electron density profile is fit byNe(r )@1018 cm23#52.72
11.29(r @mm#/150)2, shown in Fig. 2, corresponding to
matched spot-sizeWM537.5mm.

The guiding channel was observed fort.30 ns, and per-
sisted throughout the discharge current pulse with li
change in the channel parameters. The axial electron den
was found to be at its highest approximately 30 ns after
onset of the discharge, thereafter decaying to zero on a
scale of the order of 650 ns, caused by the hydrogen pla
being expelled from the capillary. It is clear, therefore, th
in the results presented in Fig. 2 fort;60 ns, there was no
time for significant longitudinal changes to occur in the i
and neutral density from that prior to the discharge pul

-

FIG. 2. Fringe shifts measured for 3-mm- and 5-mm-long c
illaries. The calculated fringe shift caused by the uniform 2-m
long central section of the 5-mm capillary is also shown, along w
a parabolic fit, as described in the text. The right-hand axis sh
the deduced electron density for the central 2-mm-long section
1-2
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Consequently, the end effect for the 3-mm capillary will
similar to that of the 5-mm capillary, and hence our proc
dure for eliminating the end effect is correct. Furthermo
since the initial hydrogen density is uniform between the
injection points, the plasma waveguide will also have a u
form guiding profile in its central section.

The channel is formed due to cooling of the plasma at
walls of the capillary which creates a radially decreas
temperature. Equilibration of pressure across the diamete
the capillary diameter is expected to occur on a time scal
order 10 ns, and hence the temperature profile is assoc
with a radially increasing plasma density. Longitudinal tran
port occurs on a time scale much slower than that of ra
equilibration, and hence, is not expected to play a signific
role in the channel formation in the middle of the capillar

In our analysis of the fringe shifts we have assumed t
the refractive index of the plasma is dominated by free e
trons, and that the contribution of ions to the refractive ind
is negligible. We confirmed that this was the case by p
forming measurements at wavelengths of 532 and 355
and demonstrating that the observed fringe shift was pro
tional to wavelength@14#.

As discussed above, the degree of initial ionizationZI* of
the plasma channel is vital in determining the performance
the waveguide. In order to determineZI* for the plasma mea
sured above, it is necessary to know the initial neutral
density in the capillary. We have measured the gas densi
a 20-mm-long capillary, with the gas injection points locat
1.5 mm from each end. Using the same flow rate as for
measurements presented above, and hence the same ga
sure in the central section of the capillary, we measured
tracked the fringe shift that occurs when hydrogen is flow
into an evacuated capillary and reaches a steady-state
sure. The longer capillary length was used for this meas
ment since the refractive index of neutral hydrogen gas
much smaller than that of the plasma. For a flow rate of 3
cm23 min21, the H2 density was measured to be 1.6
31018 cm23, corresponding to a pressure of 67.0 mbar
room temperature. Using the radial profiles presented ab
for t;60 ns we calculate the volume-averaged electron d
sity to be 3.3331018 cm23. Assuming that H2 is fully dis-
sociated by the discharge, we therefore deduce thatZI*
50.99. The error associated with this measurement, cau
mainly by jitter of the fringe patterns during data collectio
and the accuracy to which the hydrogen flow rate could
set, is estimated to be612%. Hence we conclude that for th
plasma in the central 2-mm section of the 5-mm-long ca
lary, ZI* was between 0.87 and 1.

We have determined the lifetime of the 5-mm-long cap
lary used in the above measurements, under the same h
gen flow conditions and with the same discharge curre
After 105 discharge shots, the increase in the capillary dia
eter was measured to be less than 1mm. Since an increase o
the capillary diameter by 5% will not significantly affect th
generated electron density, the capillary will have a lifetim
of greater than 106 shots. Furthermore, using a capillary a
lation rate of 1mm in 105 shots we can calculate that Al an
O atoms ablated from the walls can in total account for
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most 0.3% of the plasma ions. These impurities will be io
ized to Al91 and O61 by a guided laser pulse of intensity o
order 1018 W cm22, and hence can contribute at most 2.5
of the plasma electrons. This is sufficiently small that t
impurities will not affect the properties of the waveguide.

We have performed numerical simulations of the prop
gation of laser pulses in the waveguide characterized ab
The numerical code, described previously@13#, accounts for
further ionization of the plasma waveguide by the propag
ing pulse, but neglects relativistic effects and plasma mot
@15#, and modulation instabilities due to bound electro
@16#. Simulations were performed for a longitudinally un
form waveguide with the parabolic radial electron dens
measured above. The initial ionizationZI* of the waveguide
was set to 0.87, which is the lowest value consistent with
measurements. Figure 3 shows the calculated normal
axial fluence as a function of propagated distancez for pulses
of several different peak intensities. The simulations assu
a pulse with a wavelength of 800 nm, and a sech2 temporal
profile of 50 fs full width at half maximum. The pulse i
taken to be focused at the waveguide entrance with a w
size set toWM537.5 mm for the pulse of intensity 5
31013 W cm22, but set toWQM536.2 mm for the more
intense pulses. It is seen that the waveguide is capabl
matched guiding at 531013 W cm22, since the plasma is
unperturbed by the laser pulse. However, at an intensity
131015 W cm22 the spot-size of the pulse shows strong o
cillations as a function ofz, due to ionization-induced defo
cusing. Quasimatched guiding is achieved for peak inte
ties greater than approximately 531016 W cm22. For
example, the simulation for a peak intensity of
31017 W cm22, corresponding to a pulse energy of 450 m
shows very stable quasimatched propagation, with a ca
lated transmission of 99% over a distance of 100 mm~19.4
Rayleigh ranges!.

It is seen that in the quasimatched regime losses du
ionization and interaction with the capillary wall are ve
small, and furthermore, since the majority of the laser pu

FIG. 3. Calculated axial fluence of intense laser pulses a
function of propagation distancez through the parabolic plasm
channel measured for our device, assumingZI* 50.87. The results
for a range of input intensities are shown. The fluence is normali
to that at the capillary entrance.
1-3
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experiences a fully ionized plasma, modulational instabilit
due to bound electrons should not be significant. As such
waveguide presented here is an almost ideal plasma w
guide, since any additional losses or instabilities are inhe
to plasmas of this density.

The waveguide we have described offers a number
advantages over other techniques. The small-scale disch
circuit is simple and compact. We have operated our wa
guide with capillaries up to 60 mm. Longer capillaries w
require voltages of greater than 25 kV in order to break do
the neutral gas. Since the guiding profile remains stable
;100 ns, there are no difficulties with injecting the las
pulse at the optimum time, unlike forZ-pinch capillary
waveguides. By operating at higher initial gas pressure,
possible to create a waveguide with a smallerWM . How-
ever, it is not possible to characterize such waveguides u
the present technique since the increased curvature o
waveguide significantly distorts the probe beam. The lon
tudinal profile of the waveguide is uniform, thereby allowin
true matched guiding along the whole length of the capilla
Finally, the long capillary lifetime, in excess of 106 shots,
will be important in practical applications.

The hydrogen-filled slow capillary discharge wavegui
would seem to be ideal for use in guided laser wakefi
acceleration schemes. For example, simulations have sh
that a 40-TW laser pulse can accelerate a trailing elec
bunch from 1 MeV up to 1 GeV, when guided for 20 cm
a waveguide with a parabolic electron density profile@3#.
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Our measurements on capillaries filled with either arg
or helium show qualitatively similar guiding profiles deve
oping in the same way as those presented above for hy
gen. The prospect of forming a waveguide in an arbitra
gas, or even a mixture of gases, has important implicatio
For example, a waveguide created in hydrogen gas do
with a small partial pressure of a lasant gas would be cap
of high quality guiding. This would allow longitudina
pumping of novel x-ray lasers over much greater leng
than can be achieved in the absence of such guiding@5#.
Alternatively, a waveguide could be created in a pure las
gas. For x-ray lasers in which the lasant ion is sufficien
stable against further ionization~e.g., Ar81), quasimatched
guiding would generate a core of lasant ions along the c
illary axis over long lengths.

In summary, we have investigated a hydrogen plas
waveguide formed by a slow discharge in a hydrogen-fil
capillary. Using time-resolved interferometry we have de
onstrated the formation of a guiding channel in a pure,
most fully ionized hydrogen plasma. Gas-filled capillary d
charge waveguides of this type promise to be a versatile
for extending the laser-plasma interaction length in ma
applications.
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