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Analysis of instantaneous profiles of intense femtosecond optical pulses propagating in helium g
measured by using femtosecond time-resolved optical polarigraphy

Masatoshi Fujimoto,* Shin-ichiro Aoshima, Makoto Hosoda,† and Yutaka Tsuchiya
Central Research Laboratory, Hamamatsu Photonics K. K., 5000 Hirakuchi, Hamakita City 434-8601, Japan

~Received 8 April 2001; published 17 August 2001!

We analyze instantaneous profiles of intense femtosecond optical pulses propagating in helium gas measured
using femtosecond time-resolved optical polarigraphy~FTOP!. Considering the characteristics of the optical
Kerr effect, relations linking images obtained by FTOP with intensity distributions of optical pulses are derived
under approximations applicable to a relatively wide range of experimental conditions. By inversely applying
the derived equations, images proportional to instantaneous intensity distributions of propagating light pulses
are constructed from snapshot images taken in the experiment. From an analysis of the images obtained, we
discuss the temporal changes in the optical-pulse profiles. We can directly observe the energy reduction of the
optical pulses after they pass through the simultaneously generated laser plasma. It is confirmed that each
filament can be separately investigated by this method even under multifilament conditions. Furthermore, the
images clearly reveal intensity distributions along the propagation axis as well as cross-section distributions of
femtosecond-pulse filaments, and show temporal shape modulations shorter than the incident pulse width in the
middle of the propagation. We specify the volume where the light energy concentrates at a particular instant of
time, and directly observe the cross-section expansion of the volume at the focal point brought about due to
nonlinear effects.

DOI: 10.1103/PhysRevA.64.033813 PACS number~s!: 42.60.Jf, 42.65.Re, 06.60.Jn, 42.25.Lc
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I. INTRODUCTION

Since light travels fastest in the universe, it would seem
be quite difficult to observe its instantaneous intensity dis
bution as it propagates. Normally, to know the intensity
light a detector has to receive the target light and repre
the intensity distribution along the propagation axis of t
light by the temporal change of the detector’s signal. Inde
when people say that light can be seen, they only state
light can be detected by their eyes, and do not mean that
can recognize the shape of the light at a specific inst
Sometimes, however, it is convenient to regard the inten
of light as a three-dimensional object with a distribution th
changes as time passes. Examples include the case of in
femtosecond optical pulses propagating in some medi
The distributions of these pulses are localized along th
propagation axis. Furthermore, their light path changes
becomes significantly different from the path expected
linear optics due to self-modulating nonlinear effects, and
intensity is localized to form an optical filament@1–4#.
Therefore, the energy is concentrated in regions having
ear dimensions of less than submillimeter order, and the
files vary from time to time@4–7#. Observing the instanta
neous light profiles is particularly important in cases li
this, i.e., when the light intensity becomes large enough
make the propagation nonlinear. Of course, this is also a v
fascinating subject from the viewpoint of fundamental s
ence.

Recently, we proposed and demonstrated a measure
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method called femtosecond time-resolved optical polarig
phy ~FTOP!, which catches the light intensity distribution a
a spatial profile at a particular instant of time@8#. This
method makes use of the birefringence induced by the e
tric field of the intense laser pulse to be measured, and v
alizes a light pulse with the femtosecond temporal wind
of the optical probe pulse. Hence, FTOP can be considere
be one method for following and observing the tempo
changes of instantaneous intensity distributions of opt
pulses, and can enable an examination of the nonlin
propagation dynamics of intense laser pulses.

In this paper, we construct the theoretical foundation
FTOP images under several appropriate approximation
order to reveal how the intensity distributions are obtain
from the images taken in the experiment as well as to jus
our experimental conditions. Making use of the equatio
obtained, we investigate snapshot images of intense fem
second optical pulses propagating in helium gas, and dire
show their complicated behaviors due to nonlinear propa
tion. In particular, we discuss the alteration of the pu
width, which is estimated from an image. Observations w
this method can contribute toward an understanding of
mechanism of filament formation involving femtoseco
pulses.

II. THEORY

In isotropic media, there is no second nonlinear term, a
therefore the third nonlinearity is dominant. We show th
this third nonlinearity, especially the optical Kerr effect, c
be utilized for the visualization of instantaneous pulse p
files under several ordinary assumptions.

A. Arrangement and several assumptions

As shown in Fig. 1, consider that the intense light pulse
be measured, named the pump pulse, is propagating a

y,
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thez axis in an isotropic medium. The pump pulse is linea
polarized with its electric field in thex direction. Also con-
sider that a probe pulse is introduced, which propaga
along they axis. The probe pulse is sufficiently weak and h
a linear polarization of angleu, which represents the direc
tion of its electric field from thex axis in thexz plane. The
frequency components of each pulse are assumed to be
proximated to a representative value, and this can be d
when the frequency width is narrow enough so as not
change how the medium responds. This approximation
appropriate at least for a response originating from electro
motion without resonance, provided that the widths of
pulses employed are more than several tens of femtoseco
~The validity of this approximation is discussed in Sec. II E!
Although the representative frequencies can differ betw
the pump and probe, we use the same value here and ex
the angular frequency asv in order to match our experimen
tal conditions.

For simplicity, absorption of any type is assumed to
negligible at the frequency considered, and this assump
permits the linear and nonlinear susceptibility component
be treated as real parameters. As usual, there is no ne
use the linear susceptibilityx (1)(2v;v) itself after the per-
mittivity ~which is also real! is defined ase(v)5e0@1
1x (1)(2v;v)#, wheree0 is the vacuum permittivity.

When the pump intensity is large enough to make
nonlinear response of the medium significant, both pulses
influenced by the pump intensity due to the optical K
effect. Other effects, such as third harmonic generation,
not considered at this time. The probe pulse is considere
be weak enough that we can neglect effects due to not
than the second order of its electric field.

FIG. 1. Illustrating the pump-probe arrangement of FTOP. T
one-way arrows indicate the propagation directions of the pul
Both pulses are linearly polarized, and the directions of the vib
tions of their electric fields are indicated by the round-trip arrow
The anisotropic change of the refractive index is induced by
pump pulse according to its intensity distribution. The probe pu
senses the birefringence, and its polarization state is altered.
amount of probe-polarization change reflects the instantaneou
tensity distribution of the pump pulse.
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The dispersion relation of each pulse is obtained by
taining only the terms that correspond to propagation in e
direction with angular frequencyv @9,10#. From this proce-
dure, a well known fact is derived, i.e., the pump pulse e
periences the refractive index asn5n01n2I (r ,t), where
I (r ,t) is the pump intensity at positionr5(x,y,z) and at
time t. The coefficients are expressed asn05Ae(v)/e0, n2

5@3/4ce(v)#x1111
(3) (2v;2v,v,v), wherec is the vacuum

velocity of light andx (3) is the third nonlinear susceptibility
tensor expressed in the usual definition@10–12#. On the
other hand, the probe pulse experiences refractive in
changes that differ between the electric field compone
along thex and z axes, i.e., induced birefringence. The r
fractive indices are expressed as

ni5n01n2iI ~r ,t !

S n2i[
3

2ce~v!
x1111

(3) ~2v;2v,v,v!52n2D , ~1!

n'5n01n2'I ~r ,t !

S n2'[
3

2ce~v!
x1221

(3) ~2v;2v,v,v! D , ~2!

wherei and' indicate the amounts ofx andz components
of the probe electric field, which correspond to compone
parallel and perpendicular to the pump electric field, resp
tively @10–12#.

Although an inhomogeneous refractive index induced
the pump may refract or diffract the probe pulse, we negl
these effects for simplicity, and the probe pulse is assume
propagate straight along they axis. Although the probe light
is actually diffracted, the zero order diffracted componen
dominant and travels almost completely along this appro
mate path@13#. Hence, the foregoing assumption is approp
ate as the zero order approximation.~Of course, imaging
lenses are needed for the profile detection in an actual
periment since the large distance between the pump path
the detection camera magnifies the distortion due to
probe diffraction.! On the other hand, in the case of th
Schlieren method, which produces images of refractive in
gradients, since the zero order diffracted component mus
cut, the above simple processing is not allowed, ther
complicating the image analysis.

B. Polarization change of the probe pulse

Since the refractive index varies in each place accord
to the pump pulse distribution, the phase of the probe elec
field after interaction must contain the integral of the pum
intensity. That is,

Ex~r ,t !5
E~r ,t !cosu

2
expF i S n0v

c
y2vt

1
v

c
n2i E

2`

y

I „r 8,t~r 8!…dy8D G1c.c., ~3!
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Ez~r ,t !5
E~r ,t !sinu

2
expF i S n0v

c
y2vt

1
v

c
n2'E

2`

y

I „r 8,t~r 8!…dy8D G1c.c., ~4!

whereE(r ,t) is the envelope function of the incident prob
electric field under the slowly varying envelope approxim
tion at positionr5(x,y,z) and at timet. t(r 8) represents the
time when the probe arrives at positionr 85(x,y8,z), that is,
t(r 8)5t2(y2y8)/vg , wherevg is the group velocity of the
probe pulse, i.e., the propagation velocity of the modulati
c.c. represents the complex conjugate of each leading te

Extraction of the polarization change due to interact
can be done by using a polarization analyzer. Since we w
to take images with the usual charge-coupled device~CCD!
camera, no offset optical signal is desired in order to achi
a large dynamic range. Therefore, the direction of the a
lyzer is made to be perpendicular to that of the incid
probe polarization. Hence, only the component of the pr
field along theu1p/2 axis in thexz plane,

2Exsinu1Ezcosu5
E
2

expF i S n0v

c
y2vt D G

3sin 2u
exp~ ib !2exp~ ia !

2
1c.c.,

~5!

arrives at the detector, where the notations

a5~v/c!n2i* I „r 8,t~r 8!…dy8,

and

b5~v/c!n2'* I „r 8,t~r 8!…dy8

are used to simplify the expressions. Under the experime
condition that the analyzer is put sufficiently far from th
pump propagation axis, the integrals should be perform
over a region whereI is nonzero. Since the detector sens
the light energy, we should instead consider the probe in
sity passing through the analyzer. This can be expressed

w5
1

2
A e

m0
UE expF i S n0v

c
y2vt D G

3sin 2u
exp~ ib !2exp~ ia !

2 U2

5w0 sin2 2u sin2
a2b

2
, ~6!

wherew0 is the light intensity of the incident probe. From
Eq. ~6!, it is easy to understand that the conditionu5p/4 is
the most sensitive. In this condition, puttingDn25n2i
2n2' , the probe intensity arriving at the detector is given
03381
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w5w0 sin2Fvc Dn2

2 E I „r 8,t~r 8!…dy8G
.w0S vDn2

2c D 2F E I „r 8,t~r 8!…dy8G2

; ~7!

this approximation holds when (vDn2/2c)* I „r 8,t(r 8)…dy8
is sufficiently small. In our experiment~described later!, it
was confirmed from the maximum of this value that th
approximation is valid compared to the precision of the e
periment. The estimation of this maximum value is describ
at the end of Sec. IV D.

C. Image of pulse intensity distribution

Since w has an (x,z) dependence corresponding to th
pump pulse intensity, it is easy to take pump intensity ima
when the detection is performed by, for example, a CC
camera. The CCD chip should be put parallel to thexz plane,
and the images taken should be given by the brightness
tribution in that plane. To get the expression for a detec
image, the incident probe intensity is assumed to be ho
geneous in thexz plane, andw05G(t2y/vg). Then, the
detected image, which corresponds to the probe fluence p
ing through the analyzer rather than the probe intensity
given by substitutingw0 into Eq.~7! and integrating all tem-
poral contributions. Since we can control the incident tim
delayt between the pump and the probe, the image can
expressed as

W~x,z,t!5E dtw5S vDn2

2c D 2E dt G~ t !

3F E dy8I ~x,y8,z,t1t1y8/vg!G2

. ~8!

When the pulse width of the probe is short compared to t
of the pump, the simple relation

E dy8I ~x,y8,z,t1y8/vg!}AW~x,z,t! ~9!

is derived. Although the expression includes the integral oI
along they direction, we can see that the instantaneous
tensity distribution of the pump pulse is surely capture
Here, we should note that an integral along the tempo
direction only means coupling with they direction and does
not mean that the image comes to express the time-integr
profile. This will be discussed later.

In our experimental conditions, however, the incide
pump and probe have the same pulse widths. Hence,
probe pulse width cannot be neglected and we should
ceed to get the relation excluding the probe temporal pro
This is achieved by the usual deconvolution procedure.
see the explicit relation excluding the probe profile, we d
fine the Fourier transformed amounts as

W̃~x,j,t![E dzW~x,z,t!exp~2 izj!, ~10!
3-3
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G̃~j![E vgdtG~ t !exp~2 ivgtj!. ~11!

For simplicity, the pump pulse is assumed to propagate
allel to thez axis without changing its shape. This assum
tion is not necessary if the observations are performed w
small delay steps, which demands a vast amount of im
data. In the experiment described later, this assumption is
exactly true, but is thought to be reasonable if the region
the image taken is limited. Furthermore, the velocity of t
pump pulse may be set to a constant value; this is true in
experimental conditions. Since our experiment adopts
same wavelength for the pump and the probe, this cons
value should bevg . Under these assumptions, the pump
tensity can be expressed by using another function as

I ~x,y,z,t !5 Î ~x,y,z2vgt !. ~12!

From Eqs.~8!, ~10!, ~11!, and~12!, the relation

E dy8 Î ~x,y8,z2vgt2y8!

5
2c

vuDn2u

3F vg

2pE dj$W̃~x,j,t!/G̃~j!%exp~ izj!G1/2

~13!

is obtained. In the actual calculation, however, to avoid
amplification of high-frequency noise, we do not use t
explicit expression, but use a specified algorithm: a Bayes
deconvolution procedure@14#. After this procedure is applied
to Eq. ~8!, the value of the left hand side of Eq.~13! is
derived by extracting the square root of the deconvolu
result. Later, the function V(x,z,t) is defined as
*dy8 Î (x,y8,z2vgt2y8) multiplied by a certain constan
factor as a matter of convenience.

We shall comment on the obtained image. The integ
along they direction means that the image is a projecti
onto the plane parallel to the detector, and this is common
each case of image detection. However, since the infor
tion obtained is expressed as*dy8I (x,y8,z,t1y8/vg), one
might suspect that an integral variable also appears in
argument for the time dependence of the integrand. Exa
speaking, this expression is general for any imaging,
y8/vg is usually neglected since the usual material does
move appreciably on that time scale. In our situation, ho
ever, the object is light and travels as fast as the probe d
and henceI significantly changes in the timey8/vg , and the
change cannot be neglected. Note that this does not m
time integral but coupling between the spatial and tempo
directions, and therefore the image obtained can expres
instantaneous profile of the light pulse.

To clarify, consider the situation where the pump intens
distribution is narrow for they direction around they50
plane. Under this condition, since the integrand contribu
only aroundy850 in the y8 integral, the image obtaine
03381
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roughly corresponds toI (x,0,z,t), which means thexz dis-
tribution at some instantt. On the other hand, in the situa
tion that the pump intensity distribution is narrow for thez
direction, the image obtained expresses the cross sectio
the pump beam. To see this explicitly, we restrict our cons
eration to within parallel propagation in thez direction. At
this time, the integrand contributes only aroundy85z2vgt

to the integral*dy8 Î (x,y8,z2vgt2y8), and therefore the

image obtained corresponds toÎ (x,z2vgt,0). That is, they
axis of the object is completely converted into thez axis in
the image. When the pump propagation is not exactly pa
lel, the image becomes distorted from the real cross-secti
profile. In an actual experiment, the characteristic of
pump intensity distribution is usually intermediate betwe
these extreme cases. Later, to analyze the data obtained
adopt the assumption that the pump profiles along they and
z directions are both Gaussian and that each relative sha
independent of the position along the other axis. Then, thz
profile of the image also becomes a Gaussian shape w
variance equal to the sum of the individual variances. Fr
this relation, it is easy to investigate the intensity-distributi
width of the pump pulse at a particular instant of time ev
along its propagation axis, which is usually expressed
terms of the temporal width of the pulse.

D. Consideration of higher-order nonlinearities

Terms not less than the quadratic order ofx (3) or further
nonlinear responses corresponding to the coefficie
x (5),x (7), . . . may add other terms to Eqs.~1! and~2!, which
are proportional toI 2,I 3, . . . @12#. These extra terms modify
the integrand of they8 integral in the preceding equation
i.e., they introduce terms proportional toI 2,I 3, . . . into the
integrand. Generally, these terms should not be omitted,
the resulting equations should also include them. Theref
the images obtained have more complex meanings than t
expressed by Eqs.~8! or ~9!. Under the approximation tha
the pump intensity distribution has a Gaussian profile in
pendently along each coordinate axis, this modificat
means that an image corresponding to the right hand sid
Eq. ~13! is a superposition of Gaussian profiles with widt
in the ratio of 1:1/A2:1/A3: . . . and with weights corre-
sponding to the coefficients of the termsI ,I 2,I 3, . . . on the
left hand side of the modified Eq.~13!. By considering the
experimental results given below, however, the ter
I 2,I 3, . . . do not seem appreciable because most of the
files are well approximated by single Gaussian curves.
deed, there are some images able to approximate not s
Gaussians but the sums of two Gaussians. However, e
pair of Gaussians has a ratio of widths that differs from tho
of other pairs, and this means that the double Gaussians
not caused by the contributions of higher-order nonlin
terms but represent the actual distributions. Therefore, in
experimental conditions, we can state that only theI-linear
term contributes to the images, and that Eq.~13! can be
applied without modification to the analysis of the imag
obtained.
3-4
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E. Consideration of time resolution due to the finite response
time of media

Leading up to the equations in this section, we neglect
frequency dependence of the susceptibilities. In reality, h
ever,x (1) and x (3) depend on the individual frequencies
their arguments, and this frequency dependence gives ris
the finite response time, particularly a longer decay time
the optical Kerr effect@9,12,15#. This effect limits the time
resolution of FTOP images, making each image of a pu
intensity distribution elongated toward the pump propagat
direction.

Let us consider the case of the experiment described
low. We adopted pulses with a wavelength of around 800
and a width of about 100 fs, and observed their behav
when they were propagating in helium gas. With heliu
nothing but electronic motion contributes to third nonline
interaction with light. It is known that the response time
the optical Kerr effect should be less than about several f
toseconds when induced by electronic motion without re
nance@9,12,16#. Since this finite response time contributes
images only through convolution, the elongation effect
100-fs pulses is estimated to be less than 1% compared
the pulse width; therefore, a femtosecond time resolution
be accomplished in principle. This response time is neglec
in our experiment because there are factors giving larger
rors. This statement holds for media in which the opti
Kerr response originates only or predominantly from no
resonant electronic motion. In addition, although a molecu
response originating from atomic motion is generally sl
compared to the pulse width of 100 fs, this effect may som
times be treated separately from the instantaneous resp
For example, in the case of air, if the echo components
out of the detection range, the optical Kerr response is c
sidered to be instantaneous@16,17#.

Conversely, from the above discussion, an approxima
neglecting the frequency dependence ofx (3) is considered to
be appropriate under our experimental conditions, and
fact ensures the validity of the relations obtained. Howev
if we use much shorter pulses or prepare media havin
larger frequency dependence of the susceptibilities, the e
tions derived in this section no longer hold, and femtosec
time resolution may not be ensured. For example, if liq
carbon disulfide is used as a medium, the time resolu
should be about 1–2 ps@15,16,18#. At such times, we need
more refined theoretical consideration to interpret FTOP
ages.

III. EXPERIMENTS

Figure 2 shows the top view of the experimental set
The coordinate axis is set to correspond to the equation
the previous section. A Ti:sapphire amplifier system gen
ates linearly polarized intense optical pulses, with their el
tric fields in the horizontal plane, of 800-nm central wav
length with a 10-Hz repetition rate. The temporal full wid
at half maximum~FWHM! of the pulses is 95 fs; this wa
confirmed by a single-shot autocorrelator assuming that
pulse shape was the square of the hyperbolic secant
maintain consistency with the previous formulation, w
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choose helium gas as the medium the pump propag
through. To induce a sufficient optical Kerr effect even
helium gas, we carried out the experiment at a pulse ene
in the millijoule region~gigawatt region peak power!.

The beam output from the Ti:sapphire laser is split into
pump and a probe by a beam splitter. The pump beam ca
most of the incident beam’s energy. After passing throug
variable optical delay, the polarization of the pump
changed as its electric field is along thex axis by thel/2
plate, and is then focused into the quartz cell filled with t
helium gas by a 30-mm diameter planoconvex lens of
550 mm. The lens diameter is larger than the cross sec
of the pump pulse, which has a whole diameter of about
mm, and the 1/e diameter is 12.8 mm. The quartz cell
30330350 mm3 and it holds the helium gas at 1 atm and
room temperature. The probe pulse’s polarization is also
tated byp/4 by the otherl/2 plate. Furthermore, although it
electric field already makes an angle ofp/4 with thex axis in
the xz plane after being reflected by a mirror, a polarizer
used to achieve a more precise linearity of the polarizat
along the same direction. Then, it is irradiated into the qua
cell as it crosses with the pump pulse. After interaction w
the pump pulse through the medium and passing through
objective lens, the probe pulse enters the polarization a
lyzer, which selects the2p/4 direction component of the
electric field. Therefore, all unchanged probe components
cut here. An 800-nm interference filter is set in order to
duce the emission light from the plasma induced by the
tense pump pulse. Finally, the passed-probe component
focused onto the CCD chip by using the imaging lens.

Under this arrangement, if the pump pulse is in the fie
of view of the imaging system when the probe pulse arriv

FIG. 2. Experimental setup of FTOP. The beam from the la
system is split into a pump and a probe. The pump, with an elec
field redirected along thex axis, is focused in the quartz cell filled
with helium gas. The probe is synchronously irradiated into the c
and experiences the induced refractive index change due to
large electric field of the pump. To extract the pump intensity inf
mation effectively, the direction of vibration of the probe’s electr
field is shifted to an angle ofp/4 with thex axis in thexz plane, and
the electric-field component perpendicular to the incident one
extracted by the analyzer after interacting with the pump-indu
birefringence. The passed-probe component is detected by the
camera with a relay lens, in order to get images of the instantane
intensity distribution of the pump.
3-5
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at the pump propagation axis, the probe components pa
through the analyzer create the image of the pump-inten
distribution at the instant when the probe meets the pump
written in the previous section. This timing is easily co
trolled by the variable optical delay set in the pump path.
plasma-emission and leaked-probe images, which are
cluded in the raw image, can be removed by subtrac
them after taking both of them separately. A FTOP image
constructed after this subtraction, and includes nothing m
than a pump-probe interaction profile. The observed imag
integrated over 10 shots to improve the signal-to-no
(S/N) ratio, which is permitted since they are confirmed
be stable on a shot-to-shot basis. The scale of the ima
taken~shown later! is 1.30mm/pixel, which is fine enough
compared with the spatial resolution of the images, 3.0mm,
estimated from the numerical aperture of the objective le

The pump-propagation dynamics can easily be seen
changing the position of the variable optical delay. Howev
this procedure is not so suitable since the position of
pump pulse at the instant when it meets the probe puls
immediately beyond the field of the imaging system. Hen
instead of a variable optical delay, we move the focus
planoconvex lens along the pump propagation axis. This
ways keeps the image lying around the center of the fi
Although this method does not exactly monitor the sa
propagation on account of the pump beam diameter be
altered at the incidence window of the cell, it does enable
to carry out observations over a long delay range with a la
magnification. It was confirmed in our experimental con
tions that moving the lens does not perceptibly change
manner of the pulse propagation. Since it is desirable to
cuss the propagation dynamics in the situation that the fo
ing lens is fixed, the delay times and thez axes displayed
below with the corresponding images are described with
ues as if the variable optical delay is moved by an amo
that corresponds to the displacement of the focusing len

FIG. 3. FTOP image of a 0.53-mJ pulse propagating in heli
gas. The optical pump pulse, which is the object of the ima
propagates from top to bottom. The ordinate and the abscissa
the z andx axes, respectively. The origin is determined to coinc
with the peak of the image, and this position gives a rough esti
tion of the vacuum focal point.
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and 2.03, respectively, provided that of Fig. 3 is unity. To ma
each profile clear, however, each image is normalized by its p
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IV. RESULTS AND DISCUSSION

A. FTOP images obtained

In this section, some typical images are displayed in
tail.

Figure 3 shows a FTOP image of a 0.53-mJ~4.9-GW peak
power! pump pulse propagating in helium gas. The absci
and the ordinate are thex and z coordinates, respectively
Hence, the pump pulse propagates from top to bottom in
image. The image adopted in Fig. 3 is the brightest one
sequence obtained by changing the position of the focu
lens, and corresponds to an observation with the pump p
at the vacuum focus. Under this energy condition, the
served images have a simple structure; they are cylindric
symmetric with respect to a central line parallel to thez axis
at almost the same place in the field of view throughout
consecutive displacements of the focusing lens. The pla
induced by the pump pulse can also be observed and
emission, which is weak under this condition, covers
region 23310 mm,x,5310 mm, 29310 mm,z
,8310 mm.

Figure 4 shows FTOP images of a 13-mJ~0.12-TW peak
power! pump pulse. As in Fig. 3, the pump light propagat
from top to bottom in these images. The time delayt from
the image of Fig. 3 is indicated at the top of each image. T
coordinate axes are consistent with those in Fig. 3. The m
mum brightness values of the images att523.50, 21.13,
and 0 ps in Fig. 4 are 1.08, 10.24, and 2.03, respectiv
provided that of Fig. 3 is unity. Under this energy conditio
it is easily seen from the images and their maximum val
that the pump pulse first produces a multifilament structu
then the filaments come together, and finally the pulse lo
its energy as it propagates to be focused. At aroundt5
23.50 ps, there are several filaments. This structure co
from the local self-focusing of the pump beam due to
intensity inhomogeneity@2,19#. This inhomogeneity is
thought to originate from the laser light source and not fr

FIG. 5. Image of the functionV(x,z,t50) of a 0.53-mJ pulse
The image is constructed by deconvoluting the image in Fig. 3 w
the probe pulse wave form and extracting the square root of e
pixel. The origin of thexz plane is taken to be consistent with tho
of Figs. 3 and 4. Lines~a! and~b! reveal the segments along whic
the profiles are investigated and displayed in Fig. 7.
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segments along which the profiles are investigated and displaye
Fig. 7.
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accidental fluctuations since the observed images are
stable. Then the filaments come together to form a la
bundle at aroundt521.13 ps. At this stage, the observe
pump light seems to be most intense in the sequence of d
steps, and after passing this point the laser energy drops.
is because the pump pulse spends its energy to make a
tively large plasma and furthermore because the plasma
duced by the front portion of the pump pulse absorbs
refracts the following pump light@5,20#. We observed tha
emission from the laser-induced plasma covers
region 223102 mm,x,23102 mm, 21.23103 mm,z
,43102 mm. At around the vacuum focus, the weaken
pulse appears to have some energy-concentrated parts, w
cannot be regarded as filaments. The position of the m
intense part is slightly different from that in Fig. 3 even wi
the same delay time. This is because the path of the p
pulse is altered due to the nonlinear properties of the med
@20#.

B. Analysis of instantaneous profiles of light pulses

Now we obtain the instantaneous profiles of light puls
by making use of the relations derived in the preceding s
tion. Although the pump pulse changes its shape as it pro
gates, we use the relation~13! derived under the assumptio
of parallel propagation. This assumption is not valid for t
overall propagation. However, it can be considered to
reasonable if we consider only the area near the central a
and a time width of about a few hundreds of femtosecon
where only the information on this time scale contributes
the conversion result at each point.~This statement was veri
fied by taking consecutive FTOP images at delay tim
around that of the image to be examined.! The group velocity
of the light pulsevg is set to that in vacuumc since the
refractive index of helium gas is almost unity and its disp
sion is negligible. The probe temporal profileG(t), with a
FWHM of 95 fs, is assumed to be proportional to the squ
of the hyperbolic secant. As written in the preceding secti
images corresponding to the value of*dy8 Î (x,y8,z2vgt
2y8) are obtained by extracting the square root of each p
after applying a Bayesian deconvolution procedure to
FTOP images. Since the transmittance of the image sys
the quantum efficiency of the employed detector, and
value of vDn2 are common throughout all measuremen
we can readily discuss the relative values of the insta
neous pump intensity using the images obtained with
specifying these values. For convenience, let us de
V(x,z,t) as a suitably normalized function proportional
*dy8 Î (x,y8,z2vgt2y8).

We calculate the value ofV(x,z,t) from the images in
Figs. 3 and 4. Figures 5 and 6 show images ofV(x,z,t) for
energy pulses of 0.53 mJ and 13 mJ, respectively. The fu
tion V(x,z,t) is normalized with the maximum brightnes
value of the pixels in Fig. 5 set to unity. The maximu
brightness values of the images att523.50, 21.13, and 0
ps in Fig. 6 are 1.08, 3.46, and 1.54, respectively. In Fig
and 6, profiles corresponding to small-intensity areas can
observed clearly compared to those in Figs. 3 and 4.
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To discuss the profiles quantitatively, we extract the va
of V(x,z,t) along several lines in the images. Figure
shows graphs of intensity distributions along the lines~a!–
~h! in Figs. 5 and 6. The ordinate and the abscissa in e
graph represent the value ofV(x,z,t) at each pixel along the
line and the distance, respectively. The dots indicate the
perimental data, i.e., the brightness of the pixels in Figs
and 6. Now we should find the regression curve of the
points. Since the intensity profile of the pump pulse c

FIG. 7. Profiles along the lines indicated in Figs. 5 and 6. T
ordinate and the abscissa of each graph represent the intensit
the position along the line, respectively. The dots correspond to
experimental results, and the solid lines are the approxima
curves of the experimental data. The negative values of the exp
mental results indicate that the pixels have negative values be
operating the square root. The fitting is performed before extrac
the square root from the deconvoluted images since the square
procedure gives rise to serious noise level magnifications near
zero value. The intensity profiles are assumed to be of the form
single Gaussian functions except for lines~c!, ~d!, and ~e!, along
which the intensity profiles are approximated by the sums of t
Gaussian functions. For comparison, results of single Gaussian
tings are also shown by the dashed curves in the graphs of t
three lines.
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TABLE I. FWHMs of the intensity distributions along thex andz axes.

Line FWHM (mm) Line FWHM (mm) Estimated temporal FWHM~fs!

~a! 7.160.8 ~b! 40.760.3 133.761.5
~c! 4.661.2 ~d! 21.761.1 70.964.8

27.763.9 46.961.3 126.2616.6
~e! 6.760.9 ~f! 33.760.2 110.161.5

32.060.9
~g! 13.260.5 ~h! 33.460.5 102.262.7
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are
change from the original one due to nonlinear propagation
is not easy to identify each profile with a specific functio
There are indeed many results obtained by simulating
behaviors of intense pulses propagating in media@2–7,21#,
but generally these results seem to be very complicated
largely dependent on incidental conditions. At this time,
adopt Gaussian functions for graph fitting only for their si
plicity. In the linear case, at least, these functions are co
monly used for expressing the cross-section profile and
approximating the temporal profile. To avoid noise lev
magnifications near the zero value due to the square-
operation, we derive an approximated curve by extracting
square root after applying the least squares method to
square of the brightness in Figs. 5 and 6, which correspo
to @V(x,z,t)#2. Since lines~c!, ~d!, and ~e! cannot be fully
approximated by single Gaussian functions, they are
proximated by sums of two Gaussian functions; this seem
be a good strategy. Approximated curves are shown in Fi
by the solid lines. For comparison, the results of sin
Gaussian curves are also shown in~c!, ~d!, and ~e! by the
dashed lines.

Here, we pay attention to the width of the distribution
particular. The FWHMs of the Gaussian functions along
lines ~a!–~h! are summarized in the first four columns
Table I. For lines~c!, ~d!, and~e!, the FWHMs of every two
Gaussian functions are displayed. The errors are estim
by considering the fitting deviation, the diffraction effe
while carrying out imaging, and the finite size of the pixe

C. Estimation of temporal widths

At this stage, we can further estimate the temporal wi
for each instantaneous intensity profile. For this purpose,
defineDx and Dz as the FWHMs of theV(x,z,t) profiles
along thex and z directions, respectively. We consider
reasonable to assume cylindrical symmetry around
propagation direction and that the distribution along ea
coordinate axis is independent of the other. This means
the intensity distribution of each profile along they direction
is also approximated by a Gaussian with a FWHM ofDx.
Although several filaments can be seen in the image oft5
23.50 ps in Fig. 6, each of them is assumed to be symme
around its central axis. Hence, if we pick only one of t
filaments, the image is treated as if it were a single-filam
image. However, since the filaments directed at a slant m
not retain the precision of the image conversion~because of
the failure in the parallel propagation assumption!, we con-
sider only the filament at the center. Under this approxim
03381
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tion, therefore, the function*dy8 Î (x,y8,z2vgt2y8) is the
product of thex profile and a function that is the convolutio
of the y and z profiles. Hence, the estimated width of thez

profile of Î (x,y,z) can be derived fromA(Dz)22(Dx)2. As
for the double Gaussian profiles, we consider each case s
rately. Along lines~c! and~d!, shorter widths are paired, an
longer ones are also paired. Along lines~e! and ~f!, on the
other hand, we judge from the image that the larger width
~e! gives a distribution of a wide region of intensities, an
therefore do not take this width into account.

The estimatedz widths of Î (x,y,z) are also described
in terms of the temporal width in the rightmost column
Table I. The errors are estimated only from those ofDx and
Dz. If we consider the case that the cylindrical symme
assumption is seriously broken, the errors should be mu
plied by factors of 2 or 3 excluding the upper row of~d!.
@The error of the upper row of~d! from the breaking of the
symmetry assumption is not significant compared with t
described in Table I.# In any case, the instantaneous tempo
width values in the middle of the propagation are almost
same as at incidence.

D. Discussion of the results

We briefly discuss the behaviors of the optical pulses
taking the estimated widths into account.

First, let us consider the case of a 0.53-mJ pulse. T
FWHM along line~a! corresponds to that of the cross secti
at the beam waist, which is 4.3 times as large as that of
cross section at the ideal focusing plane of the Gaus
beam. This is considered to be due to an aberration of
pump pulse focusing system rather than a nonlinear effec
plasma generation. However, the temporal width is not
significantly elongated compared to that at incidence;
ratio between the widths is 1.4. Hence, the intensity at
focal point seems to be only about 0.039 times as large
that of the ideal case.

Next, let us consider the 13-mJ case. Att523.50 ps, the
pulse has split into several filaments, and at least the cen
one has fine structure, that is, it includes two compone
The temporal width of one component is less than the in
dent pulse width. The distance between the two peaks of
Gaussians along thez axis on the image plane is 12.
62.3 mm, which corresponds to 41.467.7 fs in terms of the
temporal distance, and this is less than thex width of the
other component. Therefore, even if the intensity peaks
separated along they direction instead of thez direction in
3-9
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real three-dimensional space, the two components canno
isolated. Of course, this kind of phenomenon is wide
known as the self-modulation of an intense pu
@4–6,21,22#, and our result corresponds to direct observat
of this effect for femtosecond pulses in the middle of t
propagation.~We have observed this kind of modulation u
der several other conditions also, and we should there
proceed to take systematic data in the future.! In any case,
this result supports the assertion that FTOP can separ
investigate each filament profile~even along the propagatio
axis! at a specific instant. At aroundt521.13 ps, although
the filaments are concentrated into a bundle, the temp
widths are not considerably changed. No fine structure
observed in the bundle; this is considered to be due to
averaging of the structures of the numerous filaments. At
50 ps, the pulse energy is significantly reduced to about
mJ, which can be roughly estimated by comparing the ma
mum brightness and the width of the distribution betwe
Figs. 5 and 6. The peak position is displaced about 4
61.0 mm from that in Fig. 5, almost completely along thez
direction in the images. This displacement is considered
be along they direction in real three-dimensional space, b
cause any displacement in the positive direction along thz
axis would mean that the pulse travels faster than in vacu
which is physically impossible with the exception of som
special cases@23#. It is also remarkable that the cross secti
is undoubtedly larger than that in the 0.53-mJ case. We c
firmed that the widths of the cross sections showed sim
values at other delay times aroundt50 ps under 13-mJ in-
cident energy. This finding implies that the nonabsorb
components of the pulse have also suffered from diffract
or refraction due to some kind of nonlinear effect. The
alterations of the pulse profile at this instant are conside
to reflect the influence of nonlinearities, such as the opt
Kerr effect, plasma generation, and refraction or absorp
by the induced plasma@5,20,24#.

Lastly, we add the estimation of the upper limit of th
phase difference between thex and z components of the
probe’s electric field under our experimental condition
making use of a reportedn2 value of helium gas for 800-nm
light, which is 3.5310221 cm2/W at 1 atm and room tem
perature@17#. Before proceeding to the estimation, we no
that the largest value of the phase difference occurs at
focal point. Provided that there is no loss of pump pu
energy, the intensity at the focal point is estimated to
6.531015 W/cm2 in the 0.53-mJ case by using the values
the first row of Table I. Hence, the nonlinear index change
-

u,

n
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2.331025 at this point. We approximateDn2;n2, and get
(vDn2/2c)* I „r 8,t(r 8)…dy8;6.631024. Furthermore, even
if the 13-mJ pulse did not lose its energy, the phase dif
ence would be only 1.131022 at the focal point. These val
ues, although greatly overestimated, are small enough
guarantee the approximation in Eq.~7!.

As described above, it is clear that FTOP has succeede
direct investigation of the propagation of intense femtos
ond optical pulses, especially in estimation of the instan
neous profile along the propagation axis.

V. SUMMARY

We observed instantaneous profiles of intense femto
ond laser pulses propagating in helium gas, and rec
structed images corresponding to the instantaneous inte
distributions by using relations derived under suitable
proximations. In particular, we estimated the temporal pu
width of the femtosecond pulse at each instant of time. T
method makes it feasible to investigate each filament i
multifilament structure even along its propagation axis.

Since a profile can be observed only through projecti
we cannot resolve the real three-dimensional distribution
this time. This difficulty would be overcome by performin
observations along every direction in the plane perpendic
to the pump propagation axis, which is in fact very hard
do.

Possible applications of this method include high-pow
pulse monitoring for space and time. Furthermore, quantu
mechanical treatment may produce other aspects of
method, e.g., quantum nondemolition measurements c
cerning photon numbers with partial space and time res
tion. Measurements with coupling between space and t
coordinates might show us an interesting uncertainty re
tion. Although certain materials are needed to visualize
light profile at the present time, light propagation even
vacuum can be seen if the light is made intense enoug
induce the third nonlinear effect of the vacuum sufficient
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