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Temporal and Spatial Measurements of the Electron Density Perturbation Produced
in the Wake of an Ultrashort Laser Pulse
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The plasma electron density oscillation produced in the wake of a narrow (beam waistø plasma
wavelength) ultrashort laser pulse is measured for the first time, with a temporal resolution much bette
than the electron plasma period and a high spatial resolution along the laser focal spot diamete
The relative density perturbation is between 30% and 100%, in good agreement with numerica
simulations. [S0031-9007(96)00154-8]

PACS numbers: 52.40.Nk, 52.75.Di
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Recently, there has been great interest in the prod
tion of large amplitude electron plasma waves (EPW)
cause of their potential application for particle accelerat
[1,2] or photon acceleration [3]. Three main schemes
EPW production have been proposed. In the laser b
wave (LBW) scheme [1], and EPW is resonantly excit
by the temporal beating of two relatively long [vpet ¿

1, wheret is the pulse duration,vpe  snee2yme´0d1y2

is the electron plasma frequency,e and me the electron
charge and mass,ne the electron density, and́0 the vac-
uum permittivity] copropagating laser pulses with angu
frequenciesv1, v2 ¿ vpe. The EPW reaches its max
mum amplitude whenvpe > v1 2 v2. The charge sepa
ration associated with the EPW induces a longitudinal e
tric field with a relativistic phase velocity and an amplitu
that can reach tens of GVym. Such electric fields could b
used for particle acceleration to ultrahigh energies. LB
acceleration has been demonstrated in experiments u
a CO2 [4] or a Nd:glass [5] laser. Electric fields in th
GVym range have been measured, and injected elect
have been accelerated with energy gains of several M

In the laser wakefield (LWF) scheme [1,6], the EP
is excited by the ponderomotive force associated w
the temporal profile of a short laser pulse. The EP
is maximum when the resonance conditionvpet ø 1 is
satisfied. The LWF process is very attractive because
width of its resonance is much larger than for the LBW

A more complex scheme is the laser self-resonant wa
field (LSRWF) [7], in which a high-power ultrashort lase
pulse propagates in a plasma such thatvpet ¿ 1 and
P . Pc, where P and v are the laser power and fre
quency, andPcsGWd  16.2svyvped2 is the relativistic
self-focusing critical power. The relativistic self-focusin
and the Raman instability modulates the laser pulse t
poral envelope in a train of pulses verifyingvpet ø 1.
These pulses excite an EPW that can reach the wave br
ing amplitude. In recent experiments [8,9] the accelerat
of background electrons by the excited EPW to energ
up to a few tens of MeV has been observed. In oppo
tion with the LBW and the LWF, the LSRWF relies o
0031-9007y96y76(19)y3566(4)$10.00
c-
-

n
f

at-
d

r

c-

ing

ns
.

h

he

e-

-

ak-
n
s
i-

instability mechanisms and is, in principle, more difficu
to control.

A few investigators have recently underlined the int
est of EPW as photon accelerators [3]. The freque
upshifting of a short laser pulse can be obtained by pr
agating it in an EPW. In opposition with the part
cle accelerator, the photon accelerator is not sensi
to the electric field of the EPW but only to the ele
tron density perturbation. In other words, the electr
oscillation does not need to be longitudinal but can
transverse.

The electron density perturbation produced by the LW
process has not yet been measured in detail. Ham
et al. [10] have observed the LWF resonance with sp
tially and temporally integrated measurements of the e
tromagnetic radiation at the plasma frequency. Nakaj
et al. [9] have injected electrons in the wake of a sh
laser pulse and measured energy gains up to 13 Me
the resonant density, but without direct measuremen
the electron density perturbation. In this Letter we pres
the first temporally and spatially resolved measureme
of the electron density perturbation produced by the LW
process.

A two-dimensional, nonrelativistic, analytical mod
of the LWF process has been developed by Gorbu
and Kirsanov [6]. The electron motion is calculate
assuming a density perturbationdn small compared to
the equilibrium densityn0, fixed ions, and a cylindrica
geometry. It is also assumed that the radial and temp
parts of the potential can be separated, which, fo
Gaussian beam, is valid if the Rayleigh lengthzR 
2ps2yl is much larger thanct ands (s the laser beam
waist at 1ye in intensity, l the laser wavelength). Th
laser intensity in the vicinity of the focus can then
approximated by

Isr , td  Imax exps2r2ys2d expf2st 2 zycd2yt2g .

The electron density perturbation produced in the la
pulse wake is then
© 1996 The American Physical Society
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dnyn0  sdnz 1 dnrdyn0

 A exps2r2ys2d f1 1 s2cyvpesd2s1 2 r2ys2dg

3 sinfvpest 2 zycdg , (1)

where A  20.5PsTWd slysd2svpety2d expf2svpety
2d2g is an amplitude factor characterizing the LW
resonance (P is the laser pulse maximum power).

The perturbation is the sum of two contributions. T
first one, dnz, comes from the longitudinal oscillation
of the electrons induced by the temporal profile of t
laser pulse, while the second one,dnr , corresponds to
the transverse motion induced by the radial profile of t
pulse. Their ratio on the laser axis is

dnrydnzsr  0d  slpypsd2,

where lp  2pcyvpe. Therefore, the electron motion
can be treated as longitudinal whens ¿ lp, and trans-
verse whens ø lp. In this experiment, we measure th
oscillation with a diagnostic sensitive to the productdnL,
where the interaction lengthL is of the order of the laser
Rayleigh lengthzR . Equation (1) indicates that, while th
productdnzR is independent ofs for the longitudinal per-
turbation, it increases asslpysd2 for the transverse per
turbation:

dnzzR ~ Pl, but dnrzR ~ Plslpysd2 .

For a given laser pulse duration,lp is fixed by the
resonance conditionvpet ø 1. If the longitudinal wake-
field ss ¿ lpd is most desirable for particle accele
ation, the above expression shows that the transv
plasma oscillation is much easier to measure. For
reason, we have chosen to excite this type of oscillat
[30 # slpypsd2 # 300 in our experiment].

The principle of the experiment is the following: A
pump beam is focused into a chamber filled with heliu
gas. It ionizes the gas near the focus and excites
electron perturbation. A double pulse beam is focus
on the same axis, and the perturbation is measured by
frequency-domain interferometry technique [11]. If th
two probe pulses propagate in the regions of maxim
and minimum densities in the wake of the laser pu
(see Fig. 1), they will experience a phase shift whi
can be measured after a temporal recombination in
spectrometer. The temporal beating creates a sys
of fringes in the frequency domain. The position
the fringes depends on the relative phase between
two pulses. It should be noted that in this experime
the group velocity of the probe pulses is almost eq
to the phase velocity of the EPW, so that the tw
probe pulses stay in phase with the density maxima

FIG. 1. Principle of the experiment.
e

e

se
is
n

he
d

the

m
e
h
a

em
f
he
t

al

nd

minima during the propagation. At the output of th
spectrometer the horizontal axis give the position of t
fringes (perturbation amplitude), while the vertical ax
gives the one-dimensional spatial resolution.

The experimental setup is shown in Fig. 2. Th
LOA 10 Hz Ti:sapphire laser beam at a wavelength
800 nm with a maximum of 40 mJ and a duration
120 fs (FWHM) is split into two parts. The reflecte
part (80%) is used as the pump beam, and the transmi
part as the probe beam. This beam is frequency doub
and sent into a Michelson interferometer to generate t
colinear pulses with an adjustable time delay. These t
pulses pass through an aperture to improve the phase f
homogeneity and increase their focal spot diameter t
size much larger than the pump focal spot size. The ti
delay between the pump and the probe pulses is adju
with a delay line. The probe beam is put back collinea
with the pump by transmission through a dielectric mirr
reflecting the pump. The pump and probe pulses
focused by anfy8 MgF2 lens. The focal spot intensity
profiles show that the pump focal spot is almost Gauss
with a radius (at 1ye) s  5.5 6 0.5 mm, while the
probe radius is140 mm. The maximum pump intensity
is 2.6 3 1017 Wycm2, giving a fully ionized helium gas
in the focal region [12]. The focal plane is imaged o
the spectrometer slit with anfy2.4 doublet, giving a
magnification of 20 and a spatial resolution of1.2 mm.
The pump beam is attenuated before the imaging lens
an infrared filter. The focal plane is imaged on a char
coupled device camera to control the alignment on
spectrometer slit and the pump-probe spatial overl
The spectrometer is of the Czerny-Turner type of 1
focal length andfy7.5 aperture. The spectral resolutio
is 0.3 Å, and the time stretching is 48 ps.

The experimental procedure is the following: For ea
gas pressure, the time separation of the two probe pu
is adjusted to1.5Tpe as shown in Fig. 1 (Tpe  2pyvpe

is the EPW period for a fully ionized helium gas). I
this configuration, when one of the probe pulses coincid
with a maximum of the density perturbation, the seco
one is on a minimum. In that case, the phase differen
between the two pulses corresponds to the peak-to-p
density perturbation. Two modes of measurements

FIG. 2. Experimental setup.
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possible [10]. In the absolute mode, the first probe pu
is before the pump (no plasma) and the second one a
The relative phase shift between the pulses arises from
plasma formation and gives us the radial plasma profi
This measurement also gives us the time separationDt
between the pump and the two probe pulses (Dt  0
when the second pulse is on the pump maximum, wh
corresponds to the maximum phase shift). In the relat
mode, the two probes are after the pump, so that b
travel after the plasma formation. Their relative phase
due to a perturbation produced in the pump pulse wa
By recording the relative phase for different time dela
between the probe and pump pulses, one can measur
temporal evolution of the electron perturbation.

Figure 3 presents typical curves of the radial profile
the relative phase. Curve (a) corresponds to a posi
of the delay line where the phase amplitude is maximu
Curve (c) is the pump focal spot intensity profile. As e
pected from Eq. (1), the phase transverse profile pres
two parts: a central part atr , s s 5.5 mmd, and bumps
on its sides. The central part comes from the initial tra
verse expulsion of the electrons located on the laser a
These electrons are expelled and increase the electron
sity on both sides of the focus, which is evidenced by
bumps on the phase profile. Curve (b) is obtained ha
plasma period later. As expected, it presents a rever
shape. We note that a flat profile (null phase) is measu
when we delay the probes to a quarter of a plasma pe
after an extremum. We have also added in Fig. 3 the tra
verse profile of the phase obtained in the absolute m
(d). This curve, reduced by a factor of 6, shows the rad
plasma profile. Even if the helium gas is 2 times ioniz
around the focus, the phase profile does not present a s
like shape. This is due to the integration along the la
axis. The spatial extension of this profile is larger than
one obtained in the relative mode, confirming that this l
one comes from a perturbation occurring in the proxim
of the laser axis, i.e., close to the maximum laser intens

The relative phase between the probe pulses depend
the productdnL. It can be calculated by assuming that t

FIG. 3. Radial profile of the relative phase difference. Li
(a) corresponds to the phase at a maximum of the perturba
line (b) is 0.56Tpe later. Line (c) is the measured pump las
intensity profile, and line (d) is a normalized ionization profi
measured in the absolute mode.
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density gradient along the laser propagation axis is a s
function. With one pulse on a maximum of the densi
and the other on a minimum, the relative phase is

Df  2psLyl1ddnync1 ,

where l1 and nc1 are the wavelength and the critica
density of the probe pulses. As the transverse perturba
dnr is proportional to1ys4, it decreases very quickly
when we move away from focus. This means thatL can
be very well approximated to twice the Rayleigh lengthzR

(ø200 mm in our experiment). Our measurements sho
a peak-to-peak phase difference2Df ø 20 mrad. The
density perturbation is of the order of3 3 1016 cm23,
and the relative perturbation between 30% and 100
The measured phase is a temporal average of the den
gradient in the probe-pulse envelope and a spatial aver
along the interaction length, so that the real perturbat
amplitude should be even higher. A simple calculati
made assuming ionization thresholds of 105 Wycm2 for
He21 and 5 3 1015 Wycm2 for He21 [11] indicates that
in our conditions the plasma should be one time ioniz
from jzj # 12zR, and two times ionized forjzj # 4zR .
Assuming a 100% perturbation forjzj # zR , the phase
amplitude ratio between the absolute and the relative m
measurements should be 4. Our measurements give a
between 4 and 6.

Such high relative amplitudes cannot be calculat
with the linear model described, and imply numeric
simulation. In our conditions, the expecteddnrydnz is
between 30 and 300, so we developed a one-dimensio
(transverse) Lagrangian bifluid code. The fluid equatio
are solved in the nonrelativistic case (y0yc was less
then 0.3 in our experiment) and for a cold plasma.
the density range of this experiment (3 3 1016 # ne #

9 3 1016 cm23), the simulations give1016 # dn # 5 3

1017 cm23, in good agreement with our measurements.
Typical measurements of the phase difference on

laser axis versus the time delay between the pro
and pump pulses are presented in Fig. 4 for heliu
pressures of 0.8 mbar (a) and 1 mbar (b). Each po
corresponds to the relative phase difference between
measurements separated by half a plasma period.
can see that the phase amplitude is oscillating with a w
defined period. The accuracy on the relative tempo
position comes from the delay-line translation and
less than 3 fs. The uncertainty in the absolute tim
is of the order of 60 fs and is the uncertainty on th
zero delay time obtained by the absolute measurem
(pump and second probe synchronized). The error b
on the phase come from the long time scale la
energy fluctuations (15%) and from the fact that t
gas pressure was increasing by about 0.02 mbar du
the data acquisition, decreasing the plasma period
about 1% (a small change on the period is not ve
sensitive on the first oscillations, but dramatically chang
the position of later oscillations, spreading the poin
during the measurements). Accordingly, the numeri



VOLUME 76, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 6 MAY 1996

res
on
fit:

ma
ar
Th
tio
ha
ou
a o
ac
an

ag
es

s
me
the
sid

.

um
g a
ed
iod
ds
on
o

n of
an
ses
e

the
the
ill

ntal
ced
ea-
ec-
han
size
ry.
en
sma
la-
n-

e.
y-
ra.
l de
ro-

k,
FIG. 4. On-axis relative phase versus time for helium p
sures of 0.8 mbar (a) and 1 mbar (b). The points corresp
to the experiment and the solid curve to a numerical
(a) 7.9 sinf2pstime 2 555dy526g, (b) 13 sinf2pstime 2 407dy
436g.

fit (solid line) has been performed on the first plas
oscillations. Even if the density perturbation is nonline
the measured phase still has a sinusoidal behavior.
can be due to two main reasons: With a time separa
of 1.5Tpe between the probe pulses, the measured p
corresponds to the peak-to-peak amplitude, and so sh
present a symmetric behavior near zero. The maxim
a nonlinear density perturbation are very narrow in sp
and time. The temporal envelope of the probe pulses
the finite spatial resolution of the imaging system aver
these narrow peaks. Simulations taking into account th
effects will be described in a forthcoming publication.

Figure 5 shows the measured oscillation period a
function of the electron density (the helium gas is assu
fully ionized). The error bars on the density come from
uncertainty in the pressure reading. The high density

FIG. 5. Electron plasma period versus electron density
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of these error bars comes from the fact that the minim
vacuum pressure of the chamber was 0.2 mbar, givin
possible residual pressure of air which is 5 times ioniz
instead of 2 times for helium. The error bars on the per
are given by the numerical fit. The solid line correspon
to the period given by the linear theory. We also added
this figure the results of our numerical simulations for tw
laser energies. As expected for a nonlinear perturbatio
cylindrical geometry [13], the plasma period is lower th
for a linear perturbation. The measured period decrea
such asn

21y2
e and is close to the expected value. W

must point out that because of the error bars in
measurements, it is not yet possible to study in detail
nonlinear evolution of the density perturbation. This w
be the subject of future experiments.

In conclusion, we have presented the first experime
observation of the electron density perturbation produ
in a laser pulse wake. The electron oscillation is m
sured with a time resolution much better than the el
tron plasma period, and a spatial resolution smaller t
the pump focal spot radius. The spatial shape and
of the perturbation agree with the laser wakefield theo
The relative density perturbation amplitude is betwe
30% and 100%. This amplitude and the measured pla
period are in good agreement with our numerical simu
tions. We are currently studying in more detail the no
linear behavior of the electron oscillation and its lifetim
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