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Time- and Space-Resolved Density Evolution of the Plasma Waveguide
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Detailed time- and space-resolved electron density measurements are presented for laser-prod
plasma waveguides. A density depression suitable for optical guiding begins to develop within the fi
few hundred picoseconds after plasma generation, during which rapid cooling occurs. At longer tim
the expansion closely follows that of a cylindrical blast wave, with further cooling due to expansio
work. The waveguide profile is uniform over most of its length, with the density depression appeari
within 150 mm of the ends. [S0031-9007(97)02783-X]

PACS numbers: 52.40.Nk, 52.35.Mw, 52.40.Db
t

3
m
a

t
s

t
i

il
a
h

fi

c

t
l
r

i
h

r
e

t

he
ing
ed
he
as,
n-
m

ns
he
.
is
nt
p

y
r

f
t
d
gh
ay

ma
3]

ng
s.

ra
m

s

-
er-

ys
w.
ge
m

on
The recently developed plasma waveguide has ma
possible one of the major goals in intense laser-mat
interaction physics, that of a large intensity-interactio
length product [1]. Applications such as laser-drive
electron accelerators [2], generation of high harmonics [
and soft x-ray laser development [4] would benefit fro
a large laser-plasma interaction length. Important to
these applications is detailed knowledge of the evolution
the electron density profile forming the waveguide, whic
determines the propagating mode structure of both
pump laser pulse [5] (which drives the process of intere
and any light generated by it [6], as well as the coupling

In this Letter, we present detailed measurements of
time and space development of the plasma wavegu
electron density, from the onset of laser-driven ionizatio
during the first,100 picoseconds, to many nanosecond
into the cylindrical blast wave expansion phase. Wh
in previous work we have calculated waveguide form
tion, and have experimentally demonstrated guiding in t
single mode, multimode, and leaky mode regimes,direct
measurement of the waveguide electron density pro
had not been made. The measurements reported here
also of interest as controlled studies of highly nonequ
librium, symmetric plasmas, which can be used as ben
marks for laser-plasma hydrodynamics codes [7].

We note that recent experiments have demonstra
high intensity guiding of laser pulses injected into ho
low, evacuated capillaries [8] and high voltage capilla
discharges [9], although in this geometry, side viewin
of the guiding process or measurement of the refract
index profile has not been possible. In other work, t
initial formation and expansion of limited extent ioniza
tion channels in gas jet targets has been measured w
moiré deflectometry [10]. Channel formation in solid ta
get blowoff plasmas has recently been studied with int
ferometric methods, where a sufficiently intense pulse
long duration (500 ps) was observed to form a chann
through ponderomotive filamentation [11].

The plasma waveguide is generated through the hyd
dynamic evolution of a laser breakdown spark genera
in the line focus of an axicon lens in a background ga
The initial plasma electrons, produced early in the las
0031-9007y97y78(12)y2373(4)$10.00
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pulse through multiphoton ionization, are heated by t
laser pulse via inverse bremsstrahlung absorption, driv
further ionization through collisions to a degree determin
by the initial gas density. The heated electrons drive t
expansion of the plasma into the neutral background g
resulting in an ion density minimum on axis and a de
sity enhancement (the shock wave) at the periphery fro
ion-atom and ion-ion collisions. Since the plasma remai
essentially charge neutral, the electron density follows t
ion density, providing the desired index profile for guiding

The time- and space-resolved density profiles of th
experiment were determined using a folded wave fro
interferometer in a pump-probe configuration. The pum
pulse (1.064mm, 100 ps pulsewidth, maximum energ
500 mJ) from a Nd:YAG regenerative/power amplifie
system [12] generated the plasma waveguide at the,1 cm
long focus of a 35± base angle axicon, at intensities o
up to5 3 1013 Wycm2. A synchronous probe pulse, spli
off earlier from the amplifier chain and frequency double
(,100 mJ at 532 nm and 70 ps width), was passed throu
a corner cube mounted on an optical delay line with del
relative to the pump of21 to 11 ns. The 1 cm diameter
probe beam was directed transversely through the plas
waveguide, then through a matched two lens system [1
followed by an uncoated BK7 glass wedge plate, produci
two vertically separated complementary interferogram
One of these was relay imaged by a103 microscope
objective onto a charge coupled device (CCD) came
and digitized by a frame grabber. The overall syste
magnification was233 with resulting spatial resolution of
1.5 mmypixel. The temporal resolution was set at 70 p
by the probe pulse duration.

The interferograms are two dimensional projected im
ages of the plasma-induced phase shift. A sample interf
ogram is shown in Fig. 1(a) for the center 300mm region
of a ,1 cm long waveguide generated in a 230y20 torr
gas mixture of Ar/N2O for a delay of 5 ns. The high de-
gree of axial and radial symmetry is evident, and this pla
an important role in the data analysis as described belo
The top and bottom regions of the image are the wed
fringe pattern from undisturbed portions of the probe bea
outside the waveguide. It is important that considerati
© 1997 The American Physical Society 2373
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FIG. 1. (a) Interferogram of central 300mm of a ,1 cm
waveguide formed in a 230y20 torr Ar/N2O gas mixture. Probe
(70 ps, 532 nm) delay­ 5 ns. (b) Phase map extracted from
(a). The end curves represent the average phase along
section of waveguide shown.

be given to possible probe ray refraction by the plasm
since this would complicate interpretation of the interfe
ogram. The maximum refraction would be expected ne
the top and bottom of the plasma, where the rays sample
highest transverse gradient regions. A ray trace using
density profiles extracted below indicates transverse d
placements of less than,ly10 at 532 nm. As another
check, a 1064 nm probe was used under similar plas
conditions, and the extracted density profiles were ve
similar to those produced with the 532 nm probe. Sin
the angular deflection of 532 nm probe rays is 4 tim
smaller than for the 1064 nm probe, we concluded that
fraction was negligible for our conditions.

A fast Fourier transform technique [14] was used
retrieve the plasma-imposed phase shift. This method
lowed processing of the entire image at once, returni
the phase shift as a function of both radial and axial po
tions. A plot of the phase shift obtained from Fig. 1(a)
shown in Fig. 1(b). Extraction of the electron density wa
then reduced to the Abel inversion problem for a radia
symmetric object from which chordally integrated infor
2374
the

a,
-
ar
the
he
is-

a
ry
e
s
e-

o
al-
g
i-

s
s
y
-

mation (such as phase) is known [15]. Our phase ma
were inverted along individual transverse phase lin
outs (a vertical column of pixels down the image) or, i
regions of axial uniformity, by first averaging many phas
lineouts along the plasma axis. Averaging greatly reduc
uncertainty from random fluctuations in the phase.

Figure 2 shows electron density plots obtained from t
Abel inversion of raw phase data averaged over,200 line-
outs for a background gas mixture of 230 torr Ar an
20 torr N2O, with pump pulse energy of 500 mJ and pea
intensity of 5 3 1013 Wycm2. The gas N2O has a rela-
tively low breakdown threshold (with a spark appearin
at intensities slightly below1013 Wycm2 for our 100 ps,
1064 nm pump pulses) and is used to provide seed el
trons to assist collisional ionization of the dominant ga
here argon. The vertical bars on thet ­ 180 ps profile in
Fig. 2(a) represent the statistical standard deviation of p
files derived from individual phase lineouts. At smalle
radii the bars are larger due to fewer pixels contributing
the Abel inversion there. Uncertainty from calibration o
the imaging system is less than 5%.

The data confirm the general features of channel form
tion predicted by our calculations and suggested by o
guiding experiments. Figure 2(a) shows the electron de
sity evolution up to 180 ps (the pump pulse peak occu
at t ­ 0). In this early range of delay, the interferogram
are slightly blurred due to integration of the rapid dynamic
over the 70 ps probe duration. The initial electron dens
is created in the line focus of the axicon and rapidly grow
to a maximum on axis. This growth occurs during th
laser pulse and continues for,100 ps past the peak, indi-
cating that at this density, the contribution of heating an
subsequent collisional ionization is important. The max
mum on-axis electron density at early timess,200 psd,
before expansion and shock development occur, can
used to obtain the peak average ionization levelZ through
Z ø NeyNi , whereNi corresponds to the original atom
density in the gas target, obtained from the measured
fill pressure. Since recombination occurs on a time sc
of many nanoseconds [4], this average ionization level w
be maintained for the full range of delays measured he
Figure 2(a) shows a peak densityNe ø 6 3 1019 cm23,
which gives a minimum ofZargon ø 7 for the majority
argon ions, assuming that at most the nitrogen and o
gen atoms are ionized to heliumlike statesZnit ø 5 and
Zoxy ø 6. At higher fill pressures up to 330y20 torr of
Ar/N2O, we find Zargon increases towardsø8, in agree-
ment with previous calculations [4]. By about 200 ps, th
plasma has begun to expand into the background gas.
onset of shock development and the on-axis electron d
sity minimum is seen in Fig. 2(b). Note that the densi
minimum develops well within 1 ns, consistent with ea
lier experiments showing the onset of leaky guiding arou
this delay, where the shock wall width and depth is still in
sufficient to confine the lowest order guided mode [5]. Th
sequence in Fig. 2(c) shows slowing of the expansion a
flattening of the central density.
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FIG. 2. Electron density profiles obtained from Abel inversi
of raw phase data averaged over,200 lineouts for 230y20 torr
Ar/N2O gas mixture. Vertical bars on the 180 ps data repres
the standard deviation derived from individual phase lineout

The waveguide expansion for three different pre
sures (under the same peak pump intensity of5 3

1013 Wycm2) is shown in the shock position vs tim
plots of Fig. 3(a), with shock position taken as the ha
n

ent
.

s-

f-

maximum point in a phase plot. The data points a
shown least squares fitted to the expressionRs ­ atm,
where the fits givem ­ 0.51 through 0.53 with maximum
standard deviation 0.03, and the fit toa is a function of
pressure. This is in good agreement with the express
for self-similar expansion of a cylindrical blast wave [16
Rstd ­ j0sEthyr0d1y4t1y2, where Eth is the thermal en-
ergy per unit length initially driving the expansion,r0 is
the initial mass density, andj0 is a dimensionless param
eter which is a function of the specific heat ratio and is
order unity. This expression applies to the phase of t
expansion where hot “fluid” enclosed by the shock is coo
ing through expansion work. Using the fitted values
a for each pressure, and usingj0 ø 1, givesEth ­ 3.5,
4.9, and 6.2 mJycm for the 200, 250, and 300 torr case
These are lower than would be expected from our me
sured pump absorption fractions of,10% 15% in this
range of pressure, indicating that rapid cooling has
ready taken place at earlier times, within a few hundr

FIG. 3. (a) Shock position vs time for 180y20, 230y20, and
280y20 torr gas mixtures of Ar/N2O. Least squares fits to
Rs ­ atm are shown for each data set. Fits givem ­ 0.51
through 0.53 with a maximum standard deviation of 0.03. (
The shock speed is calculated as the derivative of the fits in
2375
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picoseconds of the pump pulse. Indeed, a code calcula
for the 250 torr case and peak intensity5 3 1013 Wycm2

shows that the electron temperature reaches,80 eV near
the peak of the pump pulse and then rapidly cools
,20 eV in the next 350 ps, with thermal conduction
the outer layer of ionizing gas dominating the temperat
drop. Shock speed vs time [Fig. 3(b)] is calculated
the derivative of the curve fits to the data points
Fig. 3(a). A rapid decrease in the expansion rate is s
to occur in the first 2 nanoseconds. Since the pressur
the surrounding gas is negligible compared to the plas
pressure, the shock speed is related to the tempera
Te by cs ø

p
gZkTeymi , whereg is the ratio of specific

heats and
p

g is of order unity. Att ø 400 ps, using this
expression withcs ø 2 3 106 cmysec (andZ ø 7) gives
a profile averageTe , 20 eV, consistent with the code
calculations mentioned above. Byt ø 2 ns, Te , 5 eV.
At longer times up to the maximum delay of 11 ns, t
shock speed approaches5 3 105 cmysec, corresponding
to a temperature of,1 eV. The curve fits of Fig. 3(a)
suggest that the temperature drop over the range
delay shown is attributable to expansion work, with oth
channels contributing weakly if at all. This is consiste
with the estimated temperatures: for times beyond a f
hundred picoseconds they are too low to cause signific
extra collisional ionization at the plasma edge, whi
would have made conduction losses more important.

For coupling of intense pulses into plasma waveguid
the density profile at the waveguide entrance is of inter
As a visual aid, the profile displayed in Fig. 4 is reflect
through its symmetry axis. The electron density minimu
is seen to persist to within,150 mm of the measurable
end of the plasma. Within,200 mm of the end, the
fully developed density depression characteristic of
channel center region [Fig. 2(c)] is seen, with a sligh
smaller radius. The overall density profile is genera
uniform over the plasma length with tapering in the la

FIG. 4. End region of plasma waveguide produced in 200 t
N2O at 4.7 ns delay, showing tapering of the electron dens
profile and the on-axis electron density depression persistin
within ,150 mm of the end.
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few hundred microns. We will present the profiles for the
evolution of full length channels in a longer paper.

The results presented here characterize and quant
many of the previously inferred aspects of the plasm
waveguide. The shock development and channel form
tion begins on a,100 200 ps time scale. The ioniza-
tion level is enhanced with increased fill pressure. Th
waveguide plasma cools quite rapidly in the first few hun
dred picoseconds after generation, with expansion cooli
dominating thereafter as the plasma expands as a cylind
cal blast wave. Very long scale uniformity along the axi
of the waveguide has also been demonstrated, and t
is encouraging for applications requiring electron densit
control in guiding experiments.
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