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Measurement of the Superluminal Group Velocity of an Ultrashort Bessel Beam Pulse
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The superluminal group velocity of an ultrashort optical Bessel beam pulse is measured over its entire
depth of field, corresponding to ~2 X 10* optical wavelengths. The method used is to measure the

traveling ionization front induced by the pulse.
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There has been much interest in solutions to the elec-
tromagnetic wave equation that are invariant in the plane
transverse to propagation. Such solutions, known as Bessel
beams, have been called “diffraction-free” [1] although, for
beams of finite transverse extent, this property does not
apply globally but only locally along an effective depth of
field. In that sense, their diffractive spreading is no less
than for ordinary Gaussian beams [2]. However, the trans-
verse field profile invariance within the depth of the field
allows for useful applications in, for example, imaging [3],
nonlinear optics [4], dispersion compensation [5], and the
generation of long plasma fibers for the guiding of intense
pulses [6—8].

These beams are solutions E(r,,z,w) = u(r,,w) X
explik.(w)z] to the Helmholtz wave equation (Vi +
K )u=0, where Ki(ri,w)==K(r,o)— k(o)
k(ry,w) = n(r;,w)/c, o is the light frequency, and
n(r,,w) is the refractive index of the ambient medium.
Recent experiments have attempted to measure super-
luminal propagation of microwave Bessel beams over a
very small depth of field (20—25 wavelengths), with the
resulting artifact that the propagation distance appeared
to be nonlinearly increasing with time [9]. In addition,
the experimental uncertainties were rather large, and there
were several questions about the interpretation of the
results [9,10].

In this Letter, we measure the superluminal group ve-
locity of an ultrashort (~70 fs) optical Bessel beam pulse
over its entire depth of field of ~2.3 X 10* wavelengths,
using three diagnostics that monitor the extremely rapid
generation of plasma by the propagating beam.

In a uniform medium n = n(w), an azimuthally sym-
metric solution to the Helmholtz equation is the zero
order Bessel beam E(r, z, w) = EoJo(k,r)explik,(w)z],
where Ej is the on-axis field amplitude. (The case of
transverse index variation has been experimentally and
theoretically investigated, where, under certain conditions,
resonant behavior is exhibited [8].) Practically, Bessel
beams have been produced by phase masks [4,7], a
ring-shaped slit followed by a lens [1], or axicons
[6,8]. The latter is a conical lens of transparent mate-
rial or a conical reflecting surface. For the axicon in
the form of a conical lens of index n, in an ambient
medium of index n, a plane wave normally entering the
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flat side will refract at the conical surface, forming a
conical wave front which approaches the z axis at an
angle y(w) = sin”![sin(a)n,(w)/n(w)] — a, where a
is the axicon base angle, giving k,(w) = kcosy and
ki (w) = ksiny, where k = wn(w)/c. For a beam
of radius R, incident on the flat side of the axicon,
the effective depth of field of the Bessel beam is z; =
R,(1/tany — tana) [6]. This is the geometric extent
of the line focus along the z axis, where the azimuthal
contributions of the conical beam mutually interfere.

A pulsed Bessel beam of zero order can be repre-
sented by

E(r,2,1) = [ do A — w0)GE)olk, (0)r]

X ei[kz(w)z—wf], (1)

where A(w — wp) is the spectral amplitude of the in-
cident pulse, wy is the carrier frequency of the pulse,
and G(z) « [zlin(p(2))]"/? is a geometric factor appli-
cable to the range 0 < z < z;, which describes the
mapping z(p) = p(1/tany — tana) by the axicon of the
input intensity profile i, (p) to the focal line [6]. For short
pulses, the Bessel beam diameter is limited by the finite
pulse width 7 rather than the finite input beam aperture,
giving in our case approximately % ckt/m ~ 30 lobes in
the beam profile.

Away from resonances in the axicon glass or in the ambi-
ent medium, and for smoothly varying A(w — wy), k; ()
can be expanded in a series about @ = wy to yield, up to
the term in the group velocity dispersion (GVD),

E(r, Z,t) = ei[kz(wo)z—wot]

X fjo dow A(w)G(z)JolkLT)

% ei(l/Z),szzeiw(z/vg—t) )

where v, = (3k./dw),L,, is the group velocity, and B =
(0%k,/00?) y—w, is the GVD. Assuming that the disper-
sion of the ambient gas is negligible, the Bessel beam pulse

therefore propagates (in the region 0 < z < zq) at speed

© 2002 The American Physical Society 073901-1



VOLUME 88, NUMBER 7

PHYSICAL REVIEW LETTERS

18 FEBRUARY 2002

sin’yq sina wo

dn,(wo) }_1

[cosyo B cos(yg + @) n(wg) do

n(wo)
=v,(l + 6), (3)

where vy = y(wg), v, = c/[n(wy)cosy(wy)] is the
phase velocity, and & [>0 for normal dispersion
n!(wp) > 0 of the axicon glass] is a small correction
showing that the group velocity is greater than the phase
velocity. Since cosyy < 1, it is immediately seen that
the group velocity is greater than the speed of light,
¢/n(wgp), in the ambient medium. Although there has
been debate [9—11] about this superluminal effect, it does
not constitute a violation of special relativity: Evaluation
of the energy flow velocity vg = S - /U of the Bessel
beam pulse, where S is the Poynting vector and U is
the electromagnetic energy density, gives the subluminal
result vg = [¢/n(wg)]cosyg. The Bessel beam is formed
from mutual interference of intersecting (and relativity
obeying) conical wave fronts. Simple geometric con-
struction shows that the constant phase intersection points
(that is, the interference pattern that constitutes the Bessel
beam) will move at greater than light speed. We note that
the concept of group velocity is still applicable here; it
gives the pulse envelope velocity.

Figure 1 is a schematic of the experimental setup.
Pulses [100 mJ, 7 = 70 fs (FWHM), Ag = 800 nm] from
a 10 Hz Ti:sapphire laser system were split by a beam
splitter, providing pump (90 mJ) and diagnostic (10 mJ)
pulses. The ~3.5 cm diameter pump beam was nor-
mally incident on a 2.5 cm diameter BK7 glass axicon
with a = 344 = 0.3° [giving v(Ag) = 24.2 = 0.4°],
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FIG. 1. Experimental setup, showing pump and probe beam
paths, and the diagnostics used to measure the ionization
front. DL1—delay line for transverse imaging interferometer;
DL2—delay line for longitudinal reference and probe pulses at
400 nm; B—beam blocker for 800 nm pump beam; L1—Ilens
for focusing of twin UV pulses; L2—Ilens for imaging of UV
pulses; L, and L,—two-lens imaging system for transverse
interferometer; FDI—frequency domain interferometer.
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and a 2¢ = 3 mm diameter hole on its axis. The hole
resulted in the Bessel beam focus beginning at zmin =
a(1/tany — tana) = 2.3 mm instead of z = 0. The
ambient gas was argon at 1 atm. Given an input pulse
width 7 and bandwidth Aw, the axicon-generated Bessel
beam pulse width is geometrically stretched to 7/cosy
(to 70 fs/cos24.2° ~ 77 fs), and compressed by GVD
by a maximum amount A7 ~ BAwzy (~—10 fs, for
B = —0.020 fs>/um at Ay = 800 nm [12]). Therefore,
for our slightly chirped input pulses, the effects of geo-
metric stretching and GVD roughly cancel, leaving the
pulse width effectively unchanged.

The 10 mJ diagnostic pulse was split further by a pel-
licle, with 1 mJ directed transversely through the axi-
con focal region, through a two-lens imaging system (L,
and L;), and into a modified Mach-Zehnder interferome-
ter. The two-lens system imaged the plane containing the
Bessel beam focus (and the resulting plasma) onto the
charge coupled device camera CCD1 at the interferome-
ter output. By varying the probe pulse delay (DL1) with
respect to the pump pulse, a sequence of interferograms
of the plasma evolution was obtained, with time resolution
limited by the probe pulse width of 7pope = 70 fs (for the
case where the plasma diameter is smaller than ¢ 7prope).
Electron density profiles were obtained from phase extrac-
tion [7,13] of these interferograms. By blocking one arm of
the interferometer, phase contrast images (shadowgrams)
of the interaction region could be obtained.

The remaining ~9 mJ was directed to a thin KDP
(potassium dihydrogen phosphate) crystal, producing a
frequency doubled ultraviolet (UV) pulse with center
wavelength 400 nm and bandwidth ~4 nm. The UV
beam was sent to a Michelson interferometer (not shown)
to create equal energy reference and probe pulses with a
fixed time separation, after which they were chirped to
~1 ps by a 25 mm thick piece of dispersive SF4 glass,
producing a linear mapping between the frequency and
the time domains, and allowing single-shot measure-
ments of plasma evolution. The pulses were then sent
through delay line DL2, and weakly focused with lens
L1 (f = 50 cm) through the 3 mm hole in the axicon,
overfilling the axicon line focus. The twin UV pulse
timing was arranged so that the first (reference) UV
pulse arrived in the interaction region before the pump
pulse, which arrived during the second (probe) UV pulse.
After removal of the pump light by beam splitter B,
lens L2 (f = 15 cm) formed UV images of the plane
z = z4 = 1.9 cm on camera CCD2 and on the entrance
slit of a frequency domain interferometer (FDI) [14], here
a 1 m imaging spectrometer. The image collected by the
FDI is resolved on orthogonal frequency (time) and 1D
space axes, yielding a time and 1D space-resolved record
of the plasma-induced phase shift. Images (CCD2) of
the probe pulse at the exit plane of the interaction region
were obtained by blocking the UV reference pulse and
removing the SF4 chirping glass.
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The generation of plasma by the Bessel beam pulse
occurs through field ionization of the ambient gas. The
peak intensity of the beam in its central lobe is ~3 X
10'* W/cm? (from high magnification images of the fo-
cal intensity profile [7]), which is sufficient to generate
Ar'" from neutral Ar [15]. The field ionization rate per
atom is given by [16] (1z-1—z) ' s7! = 8 X 10'%(2/ +
1)E11.1/2)(111/4[2X131/2E1;1]2"°“_1e_(2/3))“31/2E51, where Z is the
resulting ion charge, Ep is the laser field normalized to
the atomic field seen by the ground state electron in hy-
drogen, yp is the ionization potential normalized to that of

-1/2 . . o
hydrogen, nere = Zyy '~ is the effective principal quan-
tum number, and [ is the orbital quantum number for
electrons in the outer shell. For ionization of neutral ar-
gon at [pex = 3 X 10" W/em?, [ = 1, yy = 1.16, and
Ey ~ 0.1, giving 7o—,; ~ 4 fs, well within the pulse enve-
lope. Additional ionization is negligible (71—, ~ 1.8 ps).
The result is the localization of ionization to the reference
frame of the moving pulse; the ionization front moves at
the pulse group velocity. The generated free electrons and
singly charged ions form a thin, extended plasma track be-
hind the pulse, which persists even after the pulse has left
the focal region. This is analogous to a cloud chamber
track left by an energetic particle.

Figure 2 shows a series of side-view shadowgrams of the
plasma generated by the propagating Bessel beam pulse,
taken at increasing relative delay of the transverse probe
pulse. The plasma track is easily identifiable, with the
ionization front propagating away from the axicon vertex.
Inset 2(a) shows an axial lineout of one of the gray scale
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FIG. 2. Side-view shadowgrams of Bessel pulse-induced ion-
ization track taken at four successive delays (40 delays were
used to determine the propagation speed). The delay time scale
has been shifted so that zero delay corresponds to the top im-
age. Inset (a) shows an axial lineout of the ionization front, and
inset (b) shows electron density profiles extracted from inter-
ferograms at times coincident with the pump pulse (~0 ps), and
long after it has left the focal region (200 ps).
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images, with a rising edge of ~25 um, consistent with the
70 fs probe resolution. The same edge behavior is repli-
cated at all delays, allowing an accurate measure of the
group velocity AL/At, where AL is the distance propa-
gated by the midpoint of the rising front, and At is the
delay. The measured ionization front speed was veone =
(3.332 = 0.036) X 10" cm/s = (1.111 = 0.012)c. The
error represents the maximum deviation from the least
squares fit to the data, and originates from random un-
certainties in readings of the DL1 micrometer, and a sys-
tematic uncertainty in the image spatial calibration. This
result is in excellent agreement with the theoretical value
(including the ambient gas) of v, = (1.105 £ 0.003)c,
where the theory uncertainty is from the measurement of
a. Comparison of vy to the theoretical value v, =
(1.096 = 0.003)c gives an indication that the contribution
o0 in Eq. (3) is not ignorable. Inset 2(b) shows radial elec-
tron density profiles from transverse interferometry, taken
near the beginning of the interaction region at ~0 ps (im-
mediately after the passage of the pulse), and 200 ps later
(atime t > z,/v,, after the pulse has left the focus). The
plasma column left by the pulse is almost stationary, con-
sistent with the minimal thermal heating provided by the
femtosecond pump pulse [6]. The peak average ionization
is Z ~ 1, obtained by dividing the peak electron density
by the gas number density at 1 atm, and agreeing with the
field ionization prediction. Recombination decay of the
electron density begins at ~1 ns, well after the pulse.
The UV beam diagnostics relied on the superluminal
pump pulse (moving at v,) outrunning a copropagating
UV probe pulse [moving at vprope = ¢/n(2wg)] and blow-
ing a hole in it. In one limit, if the probe pulse is injected
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FIG. 3. Diameter of refraction-induced “hole” in probe UV
pulse induced by superluminal ionization front, versus pump-
probe delay. The delay time scale has been shifted so that zero
delay corresponds to undetectable refraction. Inset: Images of
probe pulse at end of axicon focus at selected delays.
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FIG. 4. Single-shot FDI image, showing time resolved refrac-
tion of the probe pulse in a ~1 ps window. The time window
is too short to show the saturation of refraction. The opening of
the conelike structure toward increasing times is a direct demon-
stration of the superluminality of the Bessel beam pulse.

into the interaction region coincident with or behind the
Bessel beam pump pulse, it will propagate over the full
length L = z4 — Zmin Of the generated plasma column,
and a CCD2 image of the probe beam at plane z = z,4
would show a “hole” where the plasma column is located.
The hole results from refraction of probe pulse energy
away from the plasma axis, and it increases in diameter
with the length of plasma Azpjasma encountered. In the
opposite limit, the probe pulse is injected with enough of
a head start that the superluminal pump can never catch
up. Then Azpjasma = 0, and no hole is induced in the
probe. Figure 3 shows a plot of hole diameter versus
pump-probe delay. Images from four delays are shown
in the inset. At delay As = O there is no hole, and by
At > Atg ~ (5 £ 1) ps the hole diameter saturates, as
expected from the almost stationary plasma which trails
the pump pulse [see inset 2(b)]. In the intermediate delays,
where Azpiasma < L, the pump catches up to and passes
the probe. For our purposes, the detailed variation of the
hole diameter with delay is less important than the value
of Atg,, which is related to the pump pulse group veloc-
ity (or the ionization front speed) by Aty = L(vp_r(l,be —
vg_l). Using Atge ~ 5 ps, L = 1.7 cm, and vprope = ¢,
gives v, = (1.10 = 0.03)c, independently confirming the
shadowgraphy results of Fig. 2. The error is from uncer-
tainty in identifying a distinct Az, to within £1 ps.

073901-4

Finally, we show the result of using the chirped ~1 ps
UV pulses with the FDI. At low ambient argon pres-
sure (~50 torr), where the resulting plasma column re-
fracts only weakly, the FDI image allows extraction of the
electron density, and this result agrees with that from the
transverse interferometer. At 1 atm, refraction removes
beam energy from where the fringes would normally be,
but one gets a single-shot, time-resolved picture of the re-
fraction. This shows up in the FDI image of Fig. 4 as the
cone-shaped shadow, which is a 1D section of a growing
hole. While the ~1 ps time window was insufficient to see
the hole radius saturate, the gradual opening of the cone
to the right of the image (toward higher frequencies and
longer times) is a direct demonstration of the superluminal
propagation of the pump pulse.
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