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Analysis of instantaneous profiles of intense femtosecond optical pulses propagating in helium gas
measured by using femtosecond time-resolved optical polarigraphy
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We analyze instantaneous profiles of intense femtosecond optical pulses propagating in helium gas measured
using femtosecond time-resolved optical polarigraiyOP. 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.
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[. INTRODUCTION method called femtosecond time-resolved optical polarigra-
phy (FTOP), which catches the light intensity distribution as
Since light travels fastest in the universe, it would seem ta spatial profile at a particular instant of tinjg]. This
be quite difficult to observe its instantaneous intensity distri-nethod makes use of the birefringence induced by the elec-

bution as it propagates. Normally, to know the intensity oftric field of the intense laser pulse to be measured, and visu-

: : ; lizes a light pulse with the femtosecond temporal window
Ilght.a de‘.eCtOT hgs t9 receive the target “ght and _represe@f the optical probe pulse. Hence, FTOP can be considered to
the intensity distribution along the propaganorj axis of thebe one method for following and observing the temporal
light by the temporal change of the detector’s signal. Indeedchanges of instantaneous intensity distributions of optical

when people say that light can be seen, they only state thafyises, and can enable an examination of the nonlinear
light can be detected by their eyes, and do not mean that thﬁ‘pfopagation dynamics of intense laser pulses.

can recognize the shape of the light at a specific instant. In this paper, we construct the theoretical foundation of

Sometimes, however, it is convenient to regard the intensitfF TOP images under several appropriate approximations in
of light as a three-dimensional object with a distribution thatorder to reveal how the intensity distributions are obtained

changes as time passes. Examples include the case of interigem the images taken in the experiment as well as to justify

femtosecond optical pulses propagating in some mediunfur _experimer_ltal C(_)nditions. Makin_g use of t_he equations

The distributions of these pulses are localized along theiPPt@ined, we investigate snapshot images of intense femto-
propagation axis. Furthermore, their light path changes anaecond optical pulses propagating in helium gas, and directly

becomes significantly different from the path expected bys.hOW their cpmphcated pehawors due to npnllnear propaga-
tion. In particular, we discuss the alteration of the pulse

linear optics due to self-modulating nonlinear effects, and the o . ) . ;
intensity is localized to form an optical filamefil—4] Wl_dth, which is estlmat_ed from an image. Observat_lons with

. . . - . this method can contribute toward an understanding of the
Therefore, the energy is concentrated in regions having lin

: ) - mechanism of filament formation involving femtosecond
ear dimensions of less than submillimeter order, and the pr

files vary from time to timg4—7]. Observing the instanta- Opulses.

neous light profiles is particularly important in cases like Il. THEORY

this, i.e., when the light intensity becomes large enough to ) . . . )

make the propagation nonlinear. Of course, this is also a very In isotropic media, there is no second nonlinear term, and
fascinating subject from the viewpoint of fundamental sci-therefore the third nonlinearity is dominant. We show that
ence. this third nonlinearity, especially the optical Kerr effect, can

Recently, we proposed and demonstrated a measureme?f utilized for the visualization of instantaneous pulse pro-
files under several ordinary assumptions.

*Electronic address: fujimoto@crl.hpk.co.jp A. Arrangement and several assumptions

"Present address: Faculty of Engineering, Osaka City University, As shown in Fig. 1, consider that the intense light pulse to
3-3-138 Sugimoto, Sumiyoshi Osaka 558-8585, Japan. be measured, named the pump pulse, is propagating along

1050-2947/2001/68)/03381311)/$20.00 64 033813-1 ©2001 The American Physical Society



FUJIMOTO, AOSHIMA, HOSODA, AND TSUCHIYA PHYSICAL REVIEW A64 033813

TnifnetioncE _T_he dispersion relation of each pulse is obtair)ed.by re-
birefringence taining only the terms that correspond to propagation in each
direction with angular frequency [9,10]. From this proce-
dure, a well known fact is derived, i.e., the pump pulse ex-
periences the refractive index as=ng+n,l(r,t), where
I(r,t) is the pump intensity at position=(x,y,z) and at
time t. The coefficients are expressedras= \e(w)/eg, N,
=[3l4ce(w) x4~ w;— »,0,0), wherec is the vacuum
velocity of light andy(®) is the third nonlinear susceptibility

0

Polarization Probe tensor expressed in the usual definitiffD—12. On the
change other hand, the probe pulse experiences refractive index
changes that differ between the electric field components
X along thex and z axes, i.e., induced birefringence. The re-

fractive indices are expressed as

nj=nNg+nyl(r,t)
y

FIG. 1. lllustrating the pump-probe arrangement of FTOP. The
one-way arrows indicate the propagation directions of the pulses.
Both pulses are linearly polarized, and the directions of the vibra-
tions of their electric fields are indicated by the round-trip arrows.n =n +n,, I(r,t)
The anisotropic change of the refractive index is induced by the
pump pulse according to its intensity distribution. The probe pulse
senses the birefringence, and its polarization state is altered. The
amount of probe-polarization change reflects the instantaneous in-
tensity distribution of the pump pulse.

3
(n2|E 2(36—(&)))((131)11(_‘0, —w,w,w)=2n2), (1)

3
(HZLEMX?Z)Zl(_w; —w,w,w)), (2

where| and_L indicate the amounts of andz components
thez axis in an isotropic medium. The pump pulse is linearly of the probe electric field, which correspond to components
polarized with its electric field in the direction. Also con-  parallel and perpendicular to the pump electric field, respec-
sider that a probe pulse is introduced, which propagategvely [10—12.
along they axis. The probe pulse is sufficiently weak and has  Although an inhomogeneous refractive index induced by
a linear polarization of anglé, which represents the direc- the pump may refract or diffract the probe pulse, we neglect
tion of its electric field from thex axis in thexz plane. The these effects for simplicity, and the probe pulse is assumed to
frequency components of each pulse are assumed to be apropagate straight along tlyeaxis. Although the probe light
proximated to a representative value, and this can be dorig actually diffracted, the zero order diffracted component is
when the frequency width is narrow enough so as not talominant and travels almost completely along this approxi-
change how the medium responds. This approximation isnate patf13]. Hence, the foregoing assumption is appropri-
appropriate at least for a response originating from electroniate as the zero order approximatidi®f course, imaging
motion without resonance, provided that the widths of thelenses are needed for the profile detection in an actual ex-
pulses employed are more than several tens of femtosecongseriment since the large distance between the pump path and
(The validity of this approximation is discussed in Sec. )l E. the detection camera magnifies the distortion due to the
Although the representative frequencies can differ betweeprobe diffraction). On the other hand, in the case of the
the pump and probe, we use the same value here and expresshlieren method, which produces images of refractive index
the angular frequency as in order to match our experimen- gradients, since the zero order diffracted component must be
tal conditions. cut, the above simple processing is not allowed, thereby

For simplicity, absorption of any type is assumed to becomplicating the image analysis.

negligible at the frequency considered, and this assumption
permits the linear and nonlinear susceptibility components to

. B. Polarization change of the probe pulse
be treated as real parameters. As usual, there is no need to g P P

use the linear susceptibility(— w; ) itself after the per- Since the refractive index varies in each place according
mittivity (which is also real is defined ase(w)=¢[1 10 the pump pulse distribution, the phase of the probe electric
+xU(—w;w)], wheree, is the vacuum permittivity. field after interaction must contain the integral of the pump

When the pump intensity is large enough to make thdntensity. That is,
nonlinear response of the medium significant, both pulses are

influenced by the pump intensity due to the optical Kerr Ex(r,t):wex;{i(%—wy—wt

effect. Other effects, such as third harmonic generation, are 2 c

not considered at this time. The probe pulse is considered to

be weak enough that we can neglect effects due to not less + ﬂnZHJY I tr)dy' | [+ce,  @3)
than the second order of its electric field. c —
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&(r,t)sing n
Ez(r,t)z%exr{i(%wy—wt w=Ww, sir?

A
%%J I(r’,t(r’))dy’}

wAnz 2 ! ! /2
bee, @ w502 | [1enaenay | @

w y
+ En2J_J L(r',t(r"))dy’

this approximation holds whenwAn,/2¢) [1(r',t(r"))dy’
is sufficiently small. In our experimenflescribed later it
was confirmed from the maximum of this value that this
approximation is valid compared to the precision of the ex-

time when the probe arrives at position=(x,y,2), thatis, periment. The estimation of this maximum value is described
t(r')y=t—(y—y')/v,, wherev, is the gro elocity of the ’
() (Y=Y )/vg, wherevg | group ve'octty at the end of Sec. IV D.

probe pulse, i.e., the propagation velocity of the modulations
c.c. represents the complex conjugate of each leading term.
Extraction of the polarization change due to interaction C. Image of pulse intensity distribution

can be qlone by u_sing a polarization analyzer. Since we want gincew has an %,2) dependence corresponding to the

to take images with the usual charge-coupled deW@@D)  ,,mp pulse intensity, it is easy to take pump intensity images

camera, no offset optical signal is desired in order to achievghan the detection is performed by, for example, a CCD

a Iargfa dynamic range. Therefore, the direction of _the. aN3amera. The CCD chip should be put parallel toxtzelane,

lyzer is made to be perpendicular to that of the incidenty,q the images taken should be given by the brightness dis-

probe polarization. Hence, only the component of the probgption in that plane. To get the expression for a detected

field along thed+ /2 axis in thexz plane, image, the incident probe intensity is assumed to be homo-

geneous in thexz plane, andw,=G(t—y/vy). Then, the

detected image, which corresponds to the probe fluence pass-

ing through the analyzer rather than the probe intensity, is

. . given by substitutingv, into Eq.(7) and integrating all tem-

% sin 20 exp(ib) —explia) fec poral contributions. Since we can control the incident time
2 ’ delay  between the pump and the probe, the image can be

(5) expressed as

where&(r,t) is the envelope function of the incident probe
electric field under the slowly varying envelope approxima-
tion at positionr =(x,y,z) and at timet. t(r") represents the

: € | [Now
—EXSIn0+EZCOS(9=§ex | Ty—wt

i . (,()Anz 2
arrives at the detector, where the notations W(x,z,r):J dtw= T f dt G(t)

a=(alc)ny fI(r',t(r"))dy’, 2
X

®

f dy'l(x,y",z,t+ 7+y'/vg)
and

L ) When the pulse width of the probe is short compared to that
b=(w/c)ny, [1(r",t(r"))dy of the pump, the simple relation

are used to simplify the expressions. Under the experimental

condition that the analyzer is put sufficiently far from the f dy’'1(x,y",z,7+Yy lvg) < YW(X,Z,7) 9)

pump propagation axis, the integrals should be performed

over a region wher¢ is nonzero. Since the detector sensesg gerived. Although the expression includes the integral of

the light energy, we should instead consider the probe interyjong they direction, we can see that the instantaneous in-

sity passing through the analyzer. This can be expressed agnsity distribution of the pump pulse is surely captured.
Here, we should note that an integral along the temporal

1 \/? [ Now direction only means coupling with thedirection and does
w=3 o cexpl e ot not mean that the image comes to express the time-integrated
profile. This will be discussed later.

sin 20exp(ib)—exp(ia)|2 In our experimental conditions, however, the incident
2 | pump and probe have the same pulse widths. Hence, the
b probe pulse width cannot be neglected and we should pro-

_ ; o8 ceed to get the relation excluding the probe temporal profile.
=Wosir? 20 sire 27 ® This is achieved by the usual deconvolution procedure. To

see the explicit relation excluding the probe profile, we de-
wherewy is the light intensity of the incident probe. From fine the Fourier transformed amounts as
Eq. (6), it is easy to understand that the conditiés /4 is
the most sensitive. In this condition, puttingn,=nj,
—n,, , the probe intensity arriving at the detector is given by

W(x, &, 7)= f dzWx,z, 7)exp —iz&), (10
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- roughly corresponds tb(x,0,z,7), which means th&z dis-
G(§)Ej v dtG(t)exp( —ivgté). (1) tripution at some instant. On the other hand, in the situa-
tion that the pump intensity distribution is narrow for the
For simplicity, the pump pulse is assumed to propagate padirection, the image obtained expresses the cross section of
allel to thez axis without changing its shape. This assump-the pump beam. To see this explicitly, we restrict our consid-
tion is not necessary if the observations are performed witleration to within parallel propagation in tredirection. At
small delay steps, which demands a vast amount of imagghis time, the integrand contributes only arowid=z—v,7

data. In the experiment described later, this assumption is n . "7 r o o
exactly true, but is thought to be reasonable if the region 0?6 the integral/dy’l (x,y",z=vg7—y"), and therefore the

the image taken is limited. Furthermore, the velocity of thelMage obtained correspondstx,z—v,7,0). That is, they
pump pulse may be set to a constant value; this is true in ou@Xis of the object is completely converted into thexis in
experimental conditions. Since our experiment adopts théhe image. When the pump propagation is not exactly paral-
same wavelength for the pump and the probe, this constatgl, the image becomes distorted from the real cross-sectional
value should be . Under these assumptions, the pump in-profile. In an actual experiment, the characteristic of the
tensity can be expressed by using another function as pump intensity distribution is usually intermediate between
these extreme cases. Later, to analyze the data obtained, we

I(x,y,z,t)=f(x,y,z—vgt). (12 adopt the assumption that the pump profiles alongythad
z directions are both Gaussian and that each relative shape is
From Egs.(8), (10), (11), and(12), the relation independent of the position along the other axis. Thenzthe
profile of the image also becomes a Gaussian shape with a
f dy’f(x,y’,z—ugr—y’) variance equal to the sum of the individual variances. From
this relation, it is easy to investigate the intensity-distribution
2¢ width of the pump pulse at a particular instant of time even
:m along its propagation axis, which is usually expressed in
terms of the temporal width of the pulse.
v - ~ 1/2
x| 22 [ detic.e 7B e exnize
13 D. Consideration of higher-order nonlinearities

Terms not less than the quadratic orden®? or further
is obtained. In the actual calculation, however, to avoid thehonlinear responses corresponding to the coefficients
amplification of high-frequency noise, we do not use thisy®,x(”, ... may add other terms to Ed4) and(2), which
explicit expression, but use a specified algorithm: a Bayesiaare proportional td?,13, . .. [12]. These extra terms modify
deconvolution procedurd 4]. After this procedure is applied the integrand of theg' integral in the preceding equations,
to Eq. (8), the value of the left hand side of E¢L3) is .., they introduce terms proportional k8,13, . .. into the
derived by extracting the square root of the deconvolutedntegrand. Generally, these terms should not be omitted, and
result. Later, the functionV(x,z,7) is defined as the resulting equations should also include them. Therefore,
fdy’T(x,y’,z—vgr—y’) multiplied by a certain constant the images obtained have more complex meanings than those
factor as a matter of convenience. expressed by Eq$8) or (9). Under the approximation that
We shall comment on the obtained image. The integrathe pump intensity distribution has a Gaussian profile inde-
along they direction means that the image is a projectionpendently along each coordinate axis, this modification
onto the plane parallel to the detector, and this is common fomeans that an image corresponding to the right hand side of
each case of image detection. However, since the informa&q. (13) is a superposition of Gaussian profiles with widths
tion obtained is expressed dgly’I(x,y’,z,7+y'/vg), one in the ratio of 1:142:1//3: ... and with weights corre-
might suspect that an integral variable also appears in thgponding to the coefficients of the terms$?,13, ... on the
argument for the time dependence of the integrand. Exactlieft hand side of the modified Eq13). By considering the
speaking, this expression is general for any imaging, buexperimental results given below, however, the terms
y'lvg is usually neglected since the usual material does not?,13, ... do not seem appreciable because most of the pro-
move appreciably on that time scale. In our situation, howdiles are well approximated by single Gaussian curves. In-
ever, the object is light and travels as fast as the probe doedeed, there are some images able to approximate not single
and hencé significantly changes in the timg'/v,, and the =~ Gaussians but the sums of two Gaussians. However, each
change cannot be neglected. Note that this does not meguair of Gaussians has a ratio of widths that differs from those
time integral but coupling between the spatial and temporabf other pairs, and this means that the double Gaussians are
directions, and therefore the image obtained can express tlmt caused by the contributions of higher-order nonlinear
instantaneous profile of the light pulse. terms but represent the actual distributions. Therefore, in our
To clarify, consider the situation where the pump intensityexperimental conditions, we can state that only li@ear
distribution is narrow for they direction around they=0  term contributes to the images, and that Ef3) can be
plane. Under this condition, since the integrand contributegpplied without modification to the analysis of the images
only aroundy’=0 in they’ integral, the image obtained obtained.
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E. Consideration of time resolution due to the finite response . Probe
time of media M2 plate
Leading up to the equations in this section, we neglect the N i D SR
frequency dependence of the susceptibilities. In reality, how- Rl oy yI
1 3 v :
ever, Y1) and x®® depend on the individual frequencies of TiSepphive Tneor L O\

and amp. system Helium gas cell

their arguments, and this frequency dependence gives rise to
the finite response time, particularly a longer decay time, of
the optical Kerr effecf9,12,15. This effect limits the time
resolution of FTOP images, making each image of a pump
intensity distribution elongated toward the pump propagation
direction.

Let us consider the case of the experiment described be-
low. We adopted pulses with a wavelength of around 800 nm FIG. 2. Experimental setup of FTOP. The beam from the laser
and a width of about 100 fs, and observed their behavior§ystem is split into a pump and a probe. The pump, with an electric
when they were propagating in helium gas. With helium,ﬁ?ld red_irected along the a>$is, is focused in Fhe quartz cell filled
nothing but electronic motion contributes to third nonlinearWith helium gas. The probe is synchronously irradiated into the cell,
interaction with light. It is known that the response time of @1d experiences the induced refractive index change due to the
the optical Kerr effect should be less than about several ferd2/9€ €lectric field of the pump. To extract the pump intensity infor-
toseconds when induced by electronic motion without resol'2tion effectively, the direction of vibration of the probe’s electric
nance[9,12,16. Since this finite response time contributes tofleld is shifted to an angle af/4 with thex axis in thexz plane, and

imaces onlv throuah convolution. the elonaation effect forthe electric-field component perpendicular to the incident one is
9 y 9 ! 9 xtracted by the analyzer after interacting with the pump-induced

N . ; o .
1h00 fsl puls%% rlls isumfated tof be less thadn .1/0 Comﬁ)alfed W'ﬁ]refringence. The passed-probe component is detected by the CCD
the pulse width; therefore, a femtosecond time resolution Calamera with a relay lens, in order to get images of the instantaneous

_be accompllg,hed in principle. This response time is neglecteﬁinensity distribution of the pump.

in our experiment because there are factors giving larger er-

rors. This statement holds for media in which the optical

Kerr response originates only or predominantly from non- . .

resonant electronic motion. In addition,aIthoughamoIecuIaFhoose hellqm gas as the_ med|um the pump propaggtes
response originating from atomic motion is generally slowt"ough. To induce a sufficient optical Kerr effect even in
compared to the pulse width of 100 fs, this effect may some:he“um gas, we car_ned out the experiment at a pulse energy
times be treated separately from the instantaneous responé‘%.the milljoule reg|on(g|gawatt. reglon.peak F’OYV)ef L

For example, in the case of air, if the echo components are The beam output from the Ti:sapphire laser is split into a

out of the detection range, the optical Kerr response is corPUMP and a'prqbe by a be?m splitter. The pump beam carries
sidered to be instantaneols,17]. most of the incident beam’s energy. After passing through a

Conversely, from the above discussion, an approximatiof@/iable optical delay, the polarization of the pump is
neglecting the frequency dependence6? is considered to changed as Its electric f'el.d is along theaxis by the)\./2
be appropriate under our experimental conditions, and thi Iaf[e, and is then focused |r_1to the quartz cell filled with the
fact ensures the validity of the relations obtained. However€llUm gas by a 30-mm diameter planoconvex lensf of
if we use much shorter pulses or prepare media having 7 50 mm. The lens dlqmeter is larger thgn the cross section
larger frequency dependence of the susceptibilities, the equ&! the pump pulse, which has a whole diameter of about 20
tions derived in this section no longer hold, and femtosecond’™: @nd the ¥ diameter is 12.8 mm. The quartz cell is
time resolution may not be ensured. For example, if liquig30x 30X 50 mn? and it holds the helium gas at 1 atm and at
carbon disulfide is used as a medium, the time resolutiofi°OM temperature. The probe pulse’s polarization is also ro-
should be about 1-2 [f45,16,18. At such times, we need a tated byw/4 by the othei/2 plate. Furthermore, although its

more refined theoretical consideration to interpret FTOP im&lectric field already makes an anglemo® with thex axis in-
ages. the xz plane after being reflected by a mirror, a polarizer is

used to achieve a more precise linearity of the polarization
Il EXPERIMENTS along the same dire_ction. Then, itis irradiatec_j into th_e quartz
cell as it crosses with the pump pulse. After interaction with
Figure 2 shows the top view of the experimental setupthe pump pulse through the medium and passing through the
The coordinate axis is set to correspond to the equations iabjective lens, the probe pulse enters the polarization ana-
the previous section. A Ti:sapphire amplifier system generlyzer, which selects the- /4 direction component of the
ates linearly polarized intense optical pulses, with their elecelectric field. Therefore, all unchanged probe components are
tric fields in the horizontal plane, of 800-nm central wave-cut here. An 800-nm interference filter is set in order to re-
length with a 10-Hz repetition rate. The temporal full width duce the emission light from the plasma induced by the in-
at half maximum(FWHM) of the pulses is 95 fs; this was tense pump pulse. Finally, the passed-probe components are
confirmed by a single-shot autocorrelator assuming that théocused onto the CCD chip by using the imaging lens.
pulse shape was the square of the hyperbolic secant. To Under this arrangement, if the pump pulse is in the field
maintain consistency with the previous formulation, weof view of the imaging system when the probe pulse arrives

Relay
lenses

Variable

optical delay CCD camera
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1=-3.50ps
-1200
-100
) g
A _ 1100
N g
=
N
100 -1000
-100 0 100 500
X (um)
-100 0 100
FIG. 3. FTOP image of a 0.53-mJ pulse propagating in helium X (um)
gas. The optical pump pulse, which is the object of the image,
propagates from top to bottom. The ordinate and the abscissa are t=-L13 ps

the z andx axes, respectively. The origin is determined to coincide -500
with the peak of the image, and this position gives a rough estima-
tion of the vacuum focal point.

—400

at the pump propagation axis, the probe components passed

through the analyzer create the image of the pump-intensity

distribution at the instant when the probe meets the pump, as ~300

written in the previous section. This timing is easily con-

trolled by the variable optical delay set in the pump path. All

plasma-emission and leaked-probe images, which are in-

cluded in the raw image, can be removed by subtracting —200

them after taking both of them separately. A FTOP image is

constructed after this subtraction, and includes nothing more

than a pump-probe interaction profile. The observed image is

integrated over 10 shots to improve the signal-to-noise t=0ps

(S/N) ratio, which is permitted since they are confirmed to

be stable on a shot-to-shot basis. The scale of the images

taken(shown latey is 1.30 wm/pixel, which is fine enough

compared with the spatial resolution of the images, /30,

estimated from the numerical aperture of the objective lens.
The pump-propagation dynamics can easily be seen by

changing the position of the variable optical delay. However,

this procedure is not so suitable since the position of the

pump pulse at the instant when it meets the probe pulse is

immediately beyond the field of the imaging system. Hence,

instead of a variable optical delay, we move the focusing 100

planoconvex lens along the pump propagation axis. This al-

ways keeps the image lying around the center of the field.

Although this method does not exactly monitor the same -100 0 100

propagation on account of the pump beam diameter being X (um)

altered at the incidence window of the cell, it does enable us

to carry out observations over a long delay range with a large FIG. 4. FTOP images of a 13-mJ pulse propagating in helium

magnification. It was confirmed in our experimental condi-gas_ The time delay from the image of Fig. 3 is indicated at the

tions that moving the lens dqes no_t per_C?ptibly_ change t_h?op of each image. The ordinate and the abscissa are #mel x

manner of the pulse propagation. Since it is desirable t0 dis;yes, respectively. The origin of the plane is taken to be consis-

cuss the propagation dynamics in the situation that the focusent with that of the 0.53-mJ image. The maximum brightness val-

ing lens is fixed, the delay times and theaxes displayed yes of the images at= —3.50, —1.13, and O ps are 1.08, 10.24,
below with the corresponding images are described with valand 2.03, respectively, provided that of Fig. 3 is unity. To make

ues as if the variable optical delay is moved by an amoungach profile clear, however, each image is normalized by its peak
that corresponds to the displacement of the focusing lens. value.

z (m)

-100 0 100
X (um)

-100

z (um)
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1=-3.50 ps

—-1200
-100

E ~1100
g 2 2
" 3
N
-1000
100
-100 0 100 900
2 -100 0 100
FIG. 5. Image of the functiov(x,z,7=0) of a 0.53-mJ pulse. X (pm)
The image is constructed by deconvoluting the image in Fig. 3 with 1=-1.13 ps
the probe pulse wave form and extracting the square root of each o
pixel. The origin of thexz plane is taken to be consistent with those h
of Figs. 3 and 4. Line¢a) and(b) reveal the segments along which
the profiles are investigated and displayed in Fig. 7.
-400
IV. RESULTS AND DISCUSSION 2
A. FTOP images obtained %
=300

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

Figure 3 shows a FTOP image of a 0.53-@#.2-GW peak
powen pump pulse propagating in helium gas. The abscissa -200
and the ordinate are the and z coordinates, respectively.

Hence, the pump pulse propagates from top to bottom in the (3t}
image. The image adopted in Fig. 3 is the brightest one in a

sequence obtained by changing the position of the focusing = 0ps

lens, and corresponds to an observation with the pump pulse
at the vacuum focus. Under this energy condition, the ob-

served images have a simple structure; they are cylindrically
symmetric with respect to a central line parallel to #thexis

at alImost the same place in the field of view throughout the

-100 0 100

consecutive displacements of the focusing lens. The plasma )
induced by the pump pulse can also be observed and its 3
emission, which is weak under this condition, covers the N
region —3X10um<x<5xX10um, —9X10um<z

<8X10 um.

Figure 4 shows FTOP images of a 13-(0J12-TW peak
powel pump pulse. As in Fig. 3, the pump light propagates
from top to bottom in these images. The time deftafrom
the image of Fig. 3 is indicated at the top of each image. The x (jurm)
coordinate axes are consistent with those in Fig. 3. The maxi-
mum brightness values of the imagesrat —3.50, —1.13,

and 0 ps in Fig. 4 are 1.08, 10.24, and 2.03, respectively, . . o .
. . . : . .. __’Images are constructed by deconvoluting the images in Fig. 4 with
provided that of Fig. 3 is unity. Under this energy condition, .
the probe pulse wave form and extracting the square root of each

it is easily seen from the images and their maximum Value‘?‘)ixel. The time delayr is indicated at the top of each image. The

that the pump pulse first produces a multifilament Struc:tureorigin of thexz plane is taken to be consistent with those of Figs.

fchen the filame.nts come together, and finally the pulse 10s€§_t the maximum brightness values of the images-at-3.50,
its energy as it propagates to be focused. At arowrd  _3 13 and 0 ps are 1.08, 3.46, and 1.54, respectively, provided
—3.50 ps, there are several filaments. This structure comagat of Fig. 5 is unity. To make each profile clear, however, each
from the local self-focusing of the pump beam due to itSimage is normalized to its peak value. Linég—(h) reveal the

intensity inhomogeneity[2,19]. This inhomogeneity is segments along which the profiles are investigated and displayed in
thought to originate from the laser light source and not fromrig. 7.

-100 0 100

FIG. 6. Images of the functiok'(x,z,7) of a 13-mJ pulse. The
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accidental fluctuations since the observed images are ver 190
stable. Then the filaments come together to form a large
bundle at around-=—1.13 ps. At this stage, the observed Z
pump light seems to be most intense in the sequence of delag
steps, and after passing this point the laser energy drops. Thi
is because the pump pulse spends its energy to make areli ¢
tively large plasma and furthermore because the plasma in
duced by the front portion of the pump pulse absorbs and
refracts the following pump lighf5,20]. We observed that
emission from the laser-induced plasma covers the
region —2x 107 um<x<2X10 um, —1.2x10° um<z  z

<4X10% um. At around the vacuum focus, the weakened & o.sf

pulse appears to have some energy-concentrated parts, whicE
cannot be regarded as filaments. The position of the mos
intense part is slightly different from that in Fig. 3 even with
the same delay time. This is because the path of the pum|
pulse is altered due to the nonlinear properties of the mediur
[20].

B. Analysis of instantaneous profiles of light pulses

Intensity

Now we obtain the instantaneous profiles of light pulses
by making use of the relations derived in the preceding sec-
tion. Although the pump pulse changes its shape as it propa
gates, we use the relatigh3) derived under the assumption

of parallel propagation. This assumption is not valid for the |

overall propagation. However, it can be considered to be

reasonable if we consider only the area near the central axisz o[

and a time width of about a few hundreds of femtoseconds,ﬁ

where only the information on this time scale contributes to = o}

the conversion result at each poifithis statement was veri-

fied by taking consecutive FTOP images at delay times op&—

around that of the image to be examinethe group velocity
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refractive index of helium gas is almost unity and its disper- i, 7. Profiles along the lines indicated in Figs. 5 and 6. The
sion is negligible. The probe temporal prof&t), with @  ordinate and the abscissa of each graph represent the intensity and
FWHM of 95 fs, is assumed to be proportional to the squarahe position along the line, respectively. The dots correspond to the
of the hyperbolic secant. As written in the preceding sectionexperimental results, and the solid lines are the approximated
images corresponding to the value ﬁ)ﬂy’f(x,y’ Z—vgT curves of the experimental data. The negative values of the experi-
—y') are obtained by extracting the square root of each pixeqnenta! results indicate that the.p.ixel.s have negative values before
after applying a Bayesian deconvolution procedure to thépPerating the square root. The fitting |s_performe.d before extracting
FTOP images. Since the transmittance of the image systerff€ Square root from the deconvoluted images since the square-root
the quantum efficiency of the employed detector, and thé)rocedure gives rise to serious noise level magnifications near the

value of wAn, are common throughout all measurements zero value. The intensity profiles are assumed to be of the forms of
we can readily discuss the relative values of the instantaSndle Gaussian functions except for lings, (d), and (e), along
hich the intensity profiles are approximated by the sums of two

neous pump intensity using the images obtained withou aussian functions. For comparison, results of single Gaussian fit-

specifying these_ values. For. convenience, let us defmﬁngs are also shown by the dashed curves in the graphs of these
V(X,z,7) as a suitably normalized function proportional to i, ee jines.
Jay'l(x,y",z—vgm—Yy’).

We calculate the value o¥(x,z,7) from the images in To discuss the profiles quantitatively, we extract the value
Figs. 3 and 4. Figures 5 and 6 show image®/¢t,z,7) for  of V(x,z,7) along several lines in the images. Figure 7
energy pulses of 0.53 mJ and 13 mJ, respectively. The funshows graphs of intensity distributions along the lifas-
tion V(x,z,7) is normalized with the maximum brightness (h) in Figs. 5 and 6. The ordinate and the abscissa in each
value of the pixels in Fig. 5 set to unity. The maximum graph represent the value ¥¥{x,z,7) at each pixel along the
brightness values of the images7at —3.50, —1.13, and O line and the distance, respectively. The dots indicate the ex-
ps in Fig. 6 are 1.08, 3.46, and 1.54, respectively. In Figs. perimental data, i.e., the brightness of the pixels in Figs. 5
and 6, profiles corresponding to small-intensity areas can band 6. Now we should find the regression curve of these
observed clearly compared to those in Figs. 3 and 4. points. Since the intensity profile of the pump pulse can
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TABLE I. FWHMs of the intensity distributions along theandz axes.

Line FWHM (um) Line FWHM (xm) Estimated temporal FWHNFs)

(a 7.1+0.8 (b) 40.7+0.3 133.#1.5

(© 4.6+1.2 (d) 21.7+1.1 70.9:4.8
27.7+3.9 46.9-1.3 126.2-16.6

(e 6.7£0.9 (f) 33.7£0.2 110.x1.5
32.0+0.9

(9 13.2+0.5 (h) 33.4£0.5 102.2:2.7

_change from th_e original one due_ to n_onlinear p_r(_)pagati(_)n, ition, therefore, the functiomdy’i\(xyy’,z—ng—y’) is the

is not easy to identify each profile with a specific function. product of thex profile and a function that is the convolution

ghﬁre_are i?deed manyl results obtained by z'g?u;azt']’]‘g thgf the y and z profiles. Hence, the estimated width of the
ehaviors of intense pulses propagating in media7,21, ' - . (A2 (ax)2

but generally these results seem to be very complicated aerOf'le ofI(x,y,2) can be der_|ved fro (A.Z) (Ax)%. As

largely dependent on incidental conditions. At this time, we or the double. Gaussian profiles, we C?”S'der each case sepa-

adopt Gaussian functions for graph fitting only for their sim-rately. Along lines(c) a”d@’ shorter W'dths are paired, and

plicity. In the linear case, at least, these functions are comlonger ones are also paired. Along lings and (f), on the

monly used for expressing the cross-section profile and foPther hand, we judge from the image that the larger width of

approximating the temporal profile. To avoid noise level(€) gives a distribution of a wide region of intensities, and

magnifications near the zero value due to the square-rodherefore do not take this width into account.

operation, we derive an approximated curve by extracting the The estimatedz widths of I(x,y,z) are also described

square root after applying the least squares method to the terms of the temporal width in the rightmost column of

square of the brightness in Figs. 5 and 6, which correspondEable |. The errors are estimated only from those\afand

to [V(x,z,7)]?. Since lines(c), (d), and(e) cannot be fully  Az. If we consider the case that the cylindrical symmetry

approximated by single Gaussian functions, they are apassumption is seriously broken, the errors should be multi-

proximated by sums of two Gaussian functions; this seems tplied by factors of 2 or 3 excluding the upper row @b.

be a good strategy. Approximated curves are shown in Fig. fThe error of the upper row afd) from the breaking of the

by the solid lines. For comparison, the results of singlesymmetry assumption is not significant compared with that

Gaussian curves are also shown(@, (d), and (e) by the  described in Table ].In any case, the instantaneous temporal

dashed lines. width values in the middle of the propagation are almost the

Here, we pay attention to the width of the distribution in same as at incidence.

particular. The FWHMs of the Gaussian functions along the

lines (a)—(h) are summarized in the first four columns of D. Discussion of the results

Table I. For lines(c), (d), and(e), the FWHMSs of every two . . . .

Gaussian functions are displayed. The errors are estimated We briefly q'SCUSS the behawors of the optical pulses by

by considering the fitting deviation, the diffraction effect taking the estimated widths into account,

- . ; . T - First, let us consider the case of a 0.53-mJ pulse. The
finite size of the pixels. ' ' .
while carrying out imaging, and the finite siz X FWHM along line(a) corresponds to that of the cross section

at the beam waist, which is 4.3 times as large as that of the
cross section at the ideal focusing plane of the Gaussian
At this stage, we can further estimate the temporal widttbeam. This is considered to be due to an aberration of the
for each instantaneous intensity profile. For this purpose, wepump pulse focusing system rather than a nonlinear effect or
defineAx and Az as the FWHMs of the/(x,z,7) profiles  plasma generation. However, the temporal width is not so
along thex and z directions, respectively. We consider it significantly elongated compared to that at incidence; the
reasonable to assume cylindrical symmetry around theatio between the widths is 1.4. Hence, the intensity at the
propagation direction and that the distribution along eactocal point seems to be only about 0.039 times as large as
coordinate axis is independent of the other. This means thdhat of the ideal case.
the intensity distribution of each profile along thelirection Next, let us consider the 13-mJ case.7At —3.50 ps, the
is also approximated by a Gaussian with a FWHMA.  pulse has split into several filaments, and at least the central
Although several flaments can be seen in the image=of one has fine structure, that is, it includes two components.
—3.50 ps in Fig. 6, each of them is assumed to be symmetri¢he temporal width of one component is less than the inci-
around its central axis. Hence, if we pick only one of thedent pulse width. The distance between the two peaks of the
filaments, the image is treated as if it were a single-filamenGaussians along the axis on the image plane is 12.4
image. However, since the filaments directed at a slant may- 2.3 um, which corresponds to 41#47.7 fs in terms of the
not retain the precision of the image conversibrcause of temporal distance, and this is less than sheidth of the
the failure in the parallel propagation assumptjome con-  other component. Therefore, even if the intensity peaks are
sider only the filament at the center. Under this approximaseparated along thg direction instead of the direction in

C. Estimation of temporal widths
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real three-dimensional space, the two components cannot 23X 10" ° at this point. We approximatAn,~n,, and get
isolated. Of course, this kind of phenomenon is widely(wAn,/2c)f1(r’,t(r"))dy’ ~6.6x10 4. Furthermore, even
known as the self-modulation of an intense pulseif the 13-mJ pulse did not lose its energy, the phase differ-
[4-6,21,22, and our result corresponds to direct observatiorence would be only 12102 at the focal point. These val-
of this effect for femtosecond pulses in the middle of theues, although greatly overestimated, are small enough to
propagation(We have observed this kind of modulation un- guarantee the approximation in E@).
der several other conditions also, and we should therefore As described above, it is clear that FTOP has succeeded in
proceed to take systematic data in the futute.any case, direct investigation of the propagation of intense femtosec-
this result supports the assertion that FTOP can separategnd optical pulses, especially in estimation of the instanta-
investigate each filament profileven along the propagation neous profile along the propagation axis.
axig) at a specific instant. At aroung= —1.13 ps, although
the filaments are concentrated into a bundle, the temporal V. SUMMARY
widths are not considerably changed. No fine structure is
observed in the bundle; this is considered to be due to the We observed instantaneous profiles of intense femtosec-
averaging of the structures of the numerous filamentsr At ond laser pulses propagating in helium gas, and recon-
=0 ps, the pulse energy is significantly reduced to about 1_§Fruc.ted. images co_rrespondmg to the instantaneous intensity
mJ, which can be roughly estimated by comparing the maxidlstr[butlgns by using relations dgrlved under suitable ap-
mum brightness and the width of the distribution betweerProXimations. In particular, we estimated the temporal pulse
Figs. 5 and 6. The peak position is displaced about 41 idth of the fem_toseco_nd puls_e at e_ach instant (_)f time. Thls
+1.0 um from that in Fig. 5, almost completely along the methqd makes it feasible to |nves_t|gate each_fllamgnt in a
direction in the images. This displacement is considered t§hultifilament structure even along its propagation axis.
be along they direction in real three-dimensional space, be- Since a profile can be observed only through projection,
cause any displacement in the positive direction alongzthe We cgnnot rgsolye the real three-dimensional dlstrlbuthn at
axis would mean that the pulse travels faster than in vacuunilis time. This difficulty would be overcome by performing
which is physically impossible with the exception of some Observations along every dlr_ect|0n_|n the_plane perpendicular
special casef23]. It is also remarkable that the cross sectiont© the pump propagation axis, which is in fact very hard to
is undoubtedly larger than that in the 0.53-mJ case. We corflo. ] o ) ) )
firmed that the widths of the cross sections showed similar P0ssible applications of this method include high-power
values at other delay times aroume-0 ps under 13-mJ in- pulse m_omtonng for space and time. Furthermore, quantum_-
cident energy. This finding implies that the nonabsorbedn€chanical treatment may produce other aspects of this
components of the pulse have also suffered from diffractiod"€thod, €.g., quantum nondemolition measurements con-
or refraction due to some kind of nonlinear effect. TheseS€Ming photon numbers with partial space and time resolu-
alterations of the pulse profile at this instant are considerefOn- Measurements with coupling between space and time
to reflect the influence of nonlinearities, such as the opticafoerdinates might show us an interesting uncertainty rela-
Kerr effect, plasma generation, and refraction or absorptiofi®n- Although certain materials are needed to visualize a
by the induced plasmis,20,24. light profile at the pre;ent tl_me, _I|ght propagatlon even in
Lastly, we add the estimation of the upper limit of the Y&cuum can be seen if the light is made intense enough to
phase difference between theand z components of the induce the third nonlinear effect of the vacuum sufficiently.
probe’s electric field under our experimental conditions,
making use of a reported, value of helium gas for 800-nm
light, which is 3.5<10 2 cn?/W at 1 atm and room tem-
perature[17]. Before proceeding to the estimation, we note The authors would like to thank Y. Suzuki and T. Hiruma
that the largest value of the phase difference occurs at thier their support, and T. Urakami for his helpful discussions.
focal point. Provided that there is no loss of pump pulsePart of this study was performed thanks to Special Coordi-
energy, the intensity at the focal point is estimated to benation Funds for promoting the Ministry of Education, Cul-
6.5x 10 W/cn? in the 0.53-mJ case by using the values inture, Sports, Science and Technology of the Japanese Gov-
the first row of Table I. Hence, the nonlinear index change irnment.
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