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Investigation of a hydrogen plasma waveguide
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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 10shots. 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
%X 10*® cm™3, and parabolic, the curvature corresponding to a matched spot-size of8i7.5
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Optical guiding of high-intensity laser pulses can be usetpulses with intensities between *ftand 5< 10" W cm 2,
to increase the Iqser-plasm_a interaction Ieng;h in applicationgnization-induced defocusing severely impairs the guiding
such as harmonic generatih], laser wake-field accelera- e rformance of the waveguide, causing strong oscillations of
tors[2,3], and x-ray laserg4,5]. In the absence of such guid- ¢ |aser spot-size as a function of propagation distéh@e
ing, the interaction length is at most of the order of the Ray- Partially ionized plasma waveguides offer greatly im-

:Eirﬂgat?gggﬁauigg rienfrar::]t?\?g dg?cffjsias further  limited byproved guiding performance in a regime of quasimatched
9 guiding [13]. Consider a waveguide with a parabolic ion

A promising class of waveguide for high intensity laser . . o S .
pulses is the plasma waveguide, in which, ideally, the radia?jenSIty profile and an initial average ionizationZjf , with

electron density profile of the plasma is paraboligy(r) @ matched spot size by, . Ifthe_ plasma ions are ?onized by
=Ne(0)+AN(r/r,,)?, whereNy(0) is the axial electron the guided laser pulse to an ion stagg which is stable
density andAN, is the increase in the electron density atagdainst further ionization, then a laser pulse with a peak in-
radiusr=r,,. In the absence of further ionization of the tensity of several hundred times the threshold for creation of
plasma by the guided laser pulse, and where ponderomotivi8at stable ion stage will experience quasimatched guiding.
and relativistic effects can be neglected, a Gaussian lasé this regime the leading edge of the pulse creates a wide
pulse will propagate through the guide with a constant spotPlateau of the stable ion stage out to a radius significantly
sizeW,, , providedWy, =[r2/(mrANg) 1" wherer is the greater _than_ the spot size. Wlthln that radlL!s the electron
classical electron radius. Here spot-size is defined as the r4€nsity is raised from the initial value, but maintains a para-
dius at which the pulse intensity isef/of the peak value. pohc prpﬂle so that the bulk.of the pulse experiences a modr
Plasma channels suitable for guiding may be formed ir{'ed_ guiding electron d.e'nsny profile. The ralsed' parabolic
several ways. Durfee and Milchberg generated a plasmiggion has s modified matched spot siz@/qy
waveguide in argon following the hydrodynamic expansion=Ww(Z/Z¢)™.
of a laser-produced cylindrical spafl]. Using this tech- The intensity range over which quasimatched guiding can
nique guided propagation of pulses with intensities up to 5P€ achieved will be particularly wide for a plasma waveguide
X 10 W cm 2 has been demonstrated over 15 mm, with ain hydrogen, since H is fully ionized at a relatively low in-
pulse transmission of 529@]. Volfbeyn et al. have created tensity. For example, for a 50-fs pulse hydrogen is field-
similar channels in hydrogen and in nitrogen using an extenionized toZg =0.99 for a peak pulse intensity of only 2.3
sion to this scheme employing two lasées. x 10 W cm™2. Quasimatched guiding is expected to occur
Hosokaiet al. have observed the creation of a transientat intensities significantly greater than this, i.e., of the order
plasma channel during the implosion phase @pinch dis-  of 5xX10'® W cm™? and above.
charge through a He-filled capillaf@]. By driving a 4.8 kA In the present Rapid Communication we describe a hydro-
current pulse rising in 15 ns through the preionized gas, gen plasma waveguide formed by a slow discharge through a
70-um-wide channel was formed 8.5 ns after the initiation of H-filled capillary. We present the measurements of the elec-
the discharge. tron density, and show that this simple device is able to
Suitable channels have also been formed by passing slogenerate a stable, approximately parabolic electron density
electrical discharges through initially evacuated polypropyl-profile in a hydrogen plasma with an average ionizafgn
ene (CH,],) capillaries[10-12. In such discharge-ablated of between 0.87 and 1. We present numerical simulations
capillary waveguides, a discharge current of several hundrethat show that high-quality quasimatched guiding could be
amps ablates the capillary wall, and heats and ionizes thachieved over long distances for pulses with peak intensities
resulting plasma to form an approximately parabolic radialgreater than approximately>610'® W cm 2,
electron density profile. In these devices the ablation of the Figure 1 illustrates schematically our design of a gas-
capillary wall results in a finite capillary lifetime, which for filled slow capillary discharge waveguide. The capillary is an
polypropylene capillaries is only several hundred shots. Furalumina (ALO3) tube with an inner-diameter of 30@m. In
thermore, owing to the relatively low plasma temperatureorder to introduce gas into the volume of the capillary, one
achieved in the capillary, the plasma is only partially ionized,or more groups of nine closely spaced holes, eaclu®0in
being composed of H C*, and C*. For guided laser diameter, are micromachined through the capillary wall us-
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4) illaries. The calculated fringe shift caused by the uniform 2-mm-

long central section of the 5-mm capillary is also shown, along with

FIG. 1. Schematic diagram of the gas-filled slow capillary dis- & parabolic fit, as described in the text. The right-hand axis shows
charge, and the associated discharge circuit. the deduced electron density for the central 2-mm-long section.

ing a copper vapor laser. Stainless steel disk electrodes alengths. One was a 3-mm-long capillary with a single gas
fixed coaxially at either end of the capillary. After evacua-injection point at the capillary center. The second was a
tion, gas can be flowed through the micromachined hole$-mm-long capillary with two injection points, 1.5 mm from
into the bore of the capillary, and out to the vacuum cham-either end. In each case the hydrogen flow rate were set to
ber. the same value. The form of the discharge current was found
For long capillaries, gas is injected through the side-walito be the same for both capillary lengths. The measurements
of the capillary at two points, spaced 1.5 mm from eitheron the short capillary serve to record the fringe shift caused
end. The flow reaches a steady state in which the pressure bty the end effects in the capillaries. The long capillary is
the section of capillary between the injection points is axiallyassumed to cause that same fringe shift plus an extra fringe
uniform, while between each injection point and the capillaryshift due to the additional axially uniform 2-mm-long section
exit the pressure drops to the background pressure of theetween the injection points. Hence, from these two mea-
vacuum chamber. The hydrogen flow rate was measured usurements we can recover the electron density profile in the
ing a flow meter, and was set to 300 tmin~* for all ex-  central section of the capillary. It is this profile that will be
periments described here. created in the uniform central section of longer capillaries
The discharge circuit, shown schematically in Fig. 1, con-which can usefully be used as waveguides.
sists of a 1.7 nF capacitor charged to a voltage of between 10 The fringe shifts are found to be approximately radially
and 25 kV, depending on the capillary length. The dischargeymmetric. Figure 2 shows the fringe shifts measured along
is initiated by switching the positive side of the capacitor toa capillary diameter for the 5-mm- and 3-mm-long capillar-
ground. The discharge current is found to be an approxiies att~60 ns after the initiation of the discharge, averaged
mately half-sinusoidal pulse with a full width of 200 ns, and over several shots to reduce noise due to small random shifts
a peak of 300 A. Note that, unlike the work of Hosokaial. ~ of the fringe patterns. The standard deviation of the mea-
[9], for such slow discharges the pinch effect is negligible. sured fringe shift was typically 5%. Figure 2 also shows the
We have measured the electron density profile generateftinge shift due to the 2-mm-long section in the center of the
in the waveguide using longitudinal interferometry. The ap-5-mm-long capillary, obtained by subtracting these curves.
paratus employed has been described previollsly, but,  The right-hand axis shows the radial electron density profile
briefly, is as follows. The capillary waveguide is placed co-in the central section, assuming that the refractive index of
axially in one arm of a Mach-Zehnder interferometer, illumi- the plasma is dominated by free electrons. The recovered
nated by 355-nm, 8-ns pulses from a neodymium-doped ytelectron density profile is fit byNg(r)[10'® cm3]=2.72
trium aluminum garnet laser. Virtual wedge fringes in the +1.29¢ [ wum]/150)%, shown in Fig. 2, corresponding to a
exit plane of the capillary are imaged onto a charge-coupledmatched spot-sizé/,,=37.5 um.
device camera, and the interference patterns recorded as aThe guiding channel was observed for30 ns, and per-
function of timet throughout the discharge pulse. The radialsisted throughout the discharge current pulse with little
electron density profile of the capillary plasma is deducecthange in the channel parameters. The axial electron density
from analysis of the fringe patterns. was found to be at its highest approximately 30 ns after the
Deflection of the 355-nm probe beam inside the wave-onset of the discharge, thereafter decaying to zero on a time
guide limits to only a few millimeters the maximum capillary scale of the order of 650 ns, caused by the hydrogen plasma
length that can be probed. It is not therefore possible to unbeing expelled from the capillary. It is clear, therefore, that
dertake interferometric measurements using a capillary thah the results presented in Fig. 2 for 60 ns, there was not
is sufficiently long for end effects to be small. Instead, meatime for significant longitudinal changes to occur in the ion
surements were performed for capillaries of two differentand neutral density from that prior to the discharge pulse.
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Consequently, the end effect for the 3-mm capillary will be --- 5x10°wWem?
similar to that of the 5-mm capillary, and hence our proce-  ——- 1x 10::W°m'z
dure for eliminating the end effect is correct. Furthermore, 1an 5x10 "Wem

. L Lo . — 5x10"Wcm
since the initial hydrogen density is uniform between the gas )
injection points, the plasma waveguide will also have a uni-
form guiding profile in its central section.

The channel is formed due to cooling of the plasma at the
walls of the capillary which creates a radially decreasing
temperature. Equilibration of pressure across the diameter of
the capillary diameter is expected to occur on a time scale of
order 10 ns, and hence the temperature profile is associated 021 ] ) j |
with a radially increasing plasma density. Longitudinal trans- oS ARG A
port occurs on a time scale much slower than that of radial 0o
equilibration, and hence, is not expected to play a significant
role in the channel formation in the middle of the capillary.

In our analysis of the fringe shifts we have assumed that FIG. 3. Calculated axial fluence of intense laser pulses as a
the refractive index of the plasma is dominated by free elecfunction of propagation distance through the parabolic plasma
trons, and that the contribution of ions to the refractive indexchannel measured for our device, assunififg=0.87. The results
is negligible. We confirmed that this was the case by perfor arange of input intensities are shown. The fluence is normalized
forming measurements at wavelengths of 532 and 355 nni© that at the capillary entrance.
and demonstrating that the observed fringe shift was propormost 0.3% of the plasma ions. These impurities will be ion-
tional to wavelengtti14]. ized to AP* and 0" by a guided laser pulse of intensity of

As discussed above, the degree of initial ioniza@dnof  grder 188 W cm 2, and hence can contribute at most 2.5%
the plasma channel is vital in determining the performance opf the plasma electrons. This is sufficiently small that the
the waveguide. In order to determidg for the plasma mea-  impurities will not affect the properties of the waveguide.
sured above, it is necessary to know the initial neutral gas \We have performed numerical simulations of the propa-
density in the capillary. We have measured the gas density igation of laser pulses in the waveguide characterized above.
a 20-mm-long capillary, with the gas injection points locatedThe numerical code, described previouglyg], accounts for
1.5 mm from each end. Using the same flow rate as for theurther ionization of the plasma waveguide by the propagat-
measurements presented above, and hence the same gas piig§pulse, but neglects relativistic effects and plasma motion
sure in the central section of the capillary, we measured anfll5], and modulation instabilities due to bound electrons
tracked the fringe shift that occurs when hydrogen is floweq16]. Simulations were performed for a longitudinally uni-
into an evacuated capillary and reaches a steady-state prggrm waveguide with the parabolic radial electron density
sure. The longer capillary length was used for this measuremeasured above. The initial ionizati@i of the waveguide
ment since the refractive index of neutral hydrogen gas igyas set to 0.87, which is the lowest value consistent with our
much smaller than that of the plasma. For a flow rate of 30Qneasurements. Figure 3 shows the calculated normalized
cm ®min~', the H, density was measured to be 1.68 axial fluence as a function of propagated distanfe pulses
X 10'* cm™3, corresponding to a pressure of 67.0 mbar alof several different peak intensities. The simulations assume
room temperature. Using the radial profiles presented abovg pulse with a wavelength of 800 nm, and a eteimporal
for t~60 ns we calculate the volume-averaged electron derprofile of 50 fs full width at half maximum. The pulse is
sity to be 3.3%10'® cm™®. Assuming that His fully dis-  taken to be focused at the waveguide entrance with a waist
sociated by the discharge, we therefore deduce Hfat sjze set tow, =37.5 um for the pulse of intensity 5
=0.99. The error associated with this measurement, caused10®* W cm™2, but set toWqy=36.2 um for the more
mainly by jitter of the fringe patterns during data collection intense pulses. It is seen that the waveguide is capable of
and the accuracy to which the hydrogen flow rate could benatched guiding at %102 Wcm 2 since the plasma is
set, is estimated to be12%. Hence we conclude that for the unperturbed by the laser pulse. However, at an intensity of
plasma in the central 2-mm section of the 5-mm-long capil-1x 10'> W cm™2 the spot-size of the pulse shows strong os-
lary, Z{" was between 0.87 and 1. cillations as a function of, due to ionization-induced defo-

We have determined the lifetime of the 5-mm-long capil-cusing. Quasimatched guiding is achieved for peak intensi-
lary used in the above measurements, under the same hydnges greater than approximately X8.0'® W cm 2. For
gen flow conditions and with the same discharge currentexample, the simulation for a peak intensity of 5
After 10° discharge shots, the increase in the capillary diam 10" W cm™2, corresponding to a pulse energy of 450 mJ,
eter was measured to be less thaam. Since an increase of shows very stable quasimatched propagation, with a calcu-
the capillary diameter by 5% will not significantly affect the |ated transmission of 99% over a distance of 100 (M4
generated electron density, the capillary will have a lifetimeRayleigh ranges
of greater than 10shots. Furthermore, using a capillary ab- It is seen that in the quasimatched regime losses due to
lation rate of 1um in 10 shots we can calculate that Al and ionization and interaction with the capillary wall are very
O atoms ablated from the walls can in total account for asmall, and furthermore, since the majority of the laser pulse
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experiences a fully ionized plasma, modulational instabilities Our measurements on capillaries filled with either argon
due to bound electrons should not be significant. As such ther helium show qualitatively similar guiding profiles devel-
waveguide presented here is an almost ideal plasma waveping in the same way as those presented above for hydro-
guide, since any additional losses or instabilities are inhererien. The prospect of forming a waveguide in an arbitrary
to plasmas of this density. gas, or even a mixture o_f gases, has. important implications.
The waveguide we have described offers a number of0r example, a waveguide created in hydrogen gas doped
advantages over other techniques. The small-scale dischar§éth @ small partial pressure of a lasant gas would be capable
circuit is simple and compact. We have operated our wave®f high quality guiding. This would allow longitudinal
guide with capillaries up to 60 mm. Longer capillaries will PUMPINg of novel x-ray lasers over much greater lengths

require voltages of greater than 25 kV in order to break dow :I?n ce;p tl)e achieved '(;‘ the %bgence ?f dSl.JCh gw[ﬁ}lg i
the neutral gas. Since the guiding profile remains stable for eratively, a waveguide could be created in a pure jasan

~100 ns, there are no difficulties with injecting the laser92: For x-ray lasers i.n vyhigh the Iasa+nt ion iS. sufficiently
pulse at’the optimum time, unlike faZ-pinch capillary stable against further ionizatiofe.g., AF"), quasimatched

. . X .. .guiding woul nerat re of lasant ions along th -
waveguides. By operating at higher initial gas pressure, it %ES, agxis %li/grgljgng I?aﬁg?hgo € ot lasant lons along the cap

possible to create a waveguide with a smallé . How- | gymmary, we have investigated a hydrogen plasma
ever, it is not possible to characterize such waveguides US”Waveguide formed by a slow discharge in a hydrogen-filled
the present technique since the increased curvature of tr&lpi”ary_ Using time-resolved interferometry we have dem-
waveguide significantly distorts the probe beam. The longiynsirated the formation of a guiding channel in a pure, al-
tudinal profile of the waveguide is uniform, thereby allowing <t fully ionized hydrogen plasma. Gas-filled capillary dis-
true matched guiding along the whole length of the capillary o rge waveguides of this type promise to be a versatile tool

Finally, the long capillary lifetime, in excess of 18hots,  fo; extending the laser-plasma interaction length in many
will be important in practical applications. applications.

The hydrogen-filled slow capillary discharge waveguide
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a waveguide with a parabolic electron density profg port.
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