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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<wgiisma
wavelength) ultrashort laser pulse is measured for the first time, with a temporal resolution much better
than the electron plasma period and a high spatial resolution along the laser focal spot diameter.
The relative density perturbation is between 30% and 100%, in good agreement with numerical
simulations. [S0031-9007(96)00154-8]

PACS numbers: 52.40.Nk, 52.75.Di

Recently, there has been great interest in the produdnstability mechanisms and is, in principle, more difficult
tion of large amplitude electron plasma waves (EPW) beto control.
cause of their potential application for particle acceleration A few investigators have recently underlined the inter-
[1,2] or photon acceleration [3]. Three main schemes oest of EPW as photon accelerators [3]. The frequency
EPW production have been proposed. In the laser beatpshifting of a short laser pulse can be obtained by prop-
wave (LBW) scheme [1], and EPW is resonantly excitedagating it in an EPW. In opposition with the parti-
by the temporal beating of two relatively long }.7 >  cle accelerator, the photon accelerator is not sensitive
1, wherer is the pulse durationg,, = (n.e*/m,g0)"/>  to the electric field of the EPW but only to the elec-
is the electron plasma frequenay,and m, the electron tron density perturbation. In other words, the electron
charge and mass, the electron density, ansl) the vac-  oscillation does not need to be longitudinal but can be
uum permittivity] copropagating laser pulses with angulartransverse.
frequenciesw, w, > w,.. The EPW reaches its maxi-  The electron density perturbation produced by the LWF
mum amplitude whem,, = w; — w,. The charge sepa- process has not yet been measured in detail. Hamster
ration associated with the EPW induces a longitudinal elecet al. [10] have observed the LWF resonance with spa-
tric field with a relativistic phase velocity and an amplitudetially and temporally integrated measurements of the elec-
that can reach tens of Gvh. Such electric fields could be tromagnetic radiation at the plasma frequency. Nakajima
used for particle acceleration to ultrahigh energies. LBWet al. [9] have injected electrons in the wake of a short
acceleration has been demonstrated in experiments usitgser pulse and measured energy gains up to 13 MeV at
a CO, [4] or a Nd:glass [5] laser. Electric fields in the the resonant density, but without direct measurement of
GV/m range have been measured, and injected electrotige electron density perturbation. In this Letter we present
have been accelerated with energy gains of several MeVthe first temporally and spatially resolved measurements

In the laser wakefield (LWF) scheme [1,6], the EPWof the electron density perturbation produced by the LWF
is excited by the ponderomotive force associated withprocess.
the temporal profile of a short laser pulse. The EPW A two-dimensional, nonrelativistic, analytical model
is maximum when the resonance conditiop., = 1 is  of the LWF process has been developed by Gorbunov
satisfied. The LWF process is very attractive because thend Kirsanov [6]. The electron motion is calculated
width of its resonance is much larger than for the LBW. assuming a density perturbatioin small compared to

A more complex scheme is the laser self-resonant wakghe equilibrium densityr, fixed ions, and a cylindrical
field (LSRWF) [7], in which a high-power ultrashort laser geometry. It is also assumed that the radial and temporal
pulse propagates in a plasma such thgtr > 1 and parts of the potential can be separated, which, for a
P > P., whereP and v are the laser power and fre- Gaussian beam, is valid if the Rayleigh length =
quency, andP.(GW) = 16.2(w/w,,.)* is the relativistic 27 a?/ ) is much larger thamr ando (o the laser beam
self-focusing critical power. The relativistic self-focusing waist at1/e in intensity, A the laser wavelength). The
and the Raman instability modulates the laser pulse temaser intensity in the vicinity of the focus can then be
poral envelope in a train of pulses verifyirg,,7 = 1.  approximated by
These pulses excite an EPW that can reach the wave break-
ing amplitude. In recent experiments [8,9] the acceleration I(r,1) = Inax exp(—r2/c?)exd—(r — z/c)?*/72].
of background electrons by the excited EPW to energies
up to a few tens of MeV has been observed. In opposiThe electron density perturbation produced in the laser
tion with the LBW and the LWF, the LSRWEF relies on pulse wake is then
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én/ng = (6n, + 6n,)/ng minima during the propagation. At the output of the
_ 2,0 21 2, 2 spectrometer the horizontal axis give the position of the
A exp(=r/o )1 + Qc/wpeo) (1 = r*/o7)] fringes (perturbation amplitude), while the vertical axis

X sin[w,(t — z/c)], (1) gives the one-dimensional spatial resolution.
where A = 20.5P(TW) (A/o)2(@e7/2) exf] — (@ e/ The experimental_setup is shown in Fig. 2. The
2)’] is an amplitude factor characterizing the LwF LOA 10 Hz Ti:sapphire laser beam at a wavelength of
resonanceK is the laser pulse maximum power). 800 nm with a maximum of 40 mJ and a duration of

The perturbation is the sum of two contributions. Thel20 fs (FWHM) is split into two parts. The reflected
first one, 6n,, comes from the longitudinal oscillation Part (80%) is used as the pump beam, and the transmitted
of the electrons induced by the temporal profile of thePart as the probe beam. This beam is frequency doubled
laser pulse, while the second ondy,, corresponds to and sent into a Michelson interferometer to generate two
the transverse motion induced by the radial profile of thecolinear pulses with an adjustable time delay. These two
pulse. Their ratio on the laser axis is pulses pass through an aperture to improve the phase front

P —0) = (A 5 homogeneity and increase their focal spot diameter to a
ny/8ny(r = 0) = (A, /ma)’, ~ size much larger than the pump focal spot size. The time
where A, = 27c/w,.. Therefore, the electron motion delay between the pump and the probe pulses is adjusted
can be treated as longitudinal when> A, and trans-  with a delay line. The probe beam is put back collinearly
verse whenr < A,. In this experiment, we measure the with the pump by transmission through a dielectric mirror
oscillation with a diagnostic sensitive to the proddetl.,  reflecting the pump. The pump and probe pulses are
Where_ the interaction Iength is 01_‘ th_e order of the .Iaser focused by anf/8 MgF, lens. The focal spot intensity
Rayleigh lengttrz. Equation (1) indicates that, while the profiles show that the pump focal spot is almost Gaussian
produptb‘n'zR'is independent of for the longitudinal per-  with a radius (at 1e) o = 5.5 = 0.5 um, while the
turbation, it increases &s\,, /o) for the transverse per- probe radius isl40 um. The maximum pump intensity
turbation: is 2.6 X 10'7 W/cn?, giving a fully ionized helium gas
dn.zg * PA, butén,zz = p)\()tp/g)? in the focal region [_12]._ The focal plane is imaged on
the spectrometer slit with arf/2.4 doublet, giving a
magnification of 20 and a spatial resolution b2 xm.
The pump beam is attenuated before the imaging lens by
ation, the above expression shows that the transverds' infrared f|'Iter. The focal plane is |mag_ed on a charge
plasma oscillation is much easier to measure. For thigouptled d(;\Vlcellfam%ratr;[o contro| th% allganelnt on lthe
reason, we have chosen to excite this type of oscillatior‘sfpeC rometer st an € pump-probe spatial overiap.
he spectrometer is of the Czerny-Turner type of 1 m

[30 = (A,/mo)? = 300 in our experiment]. )
The principle of the experiment is the following: A focal length andf /7.5 aperture. The spectral resolution

pump beam is focused into a chamber filled with helium'® 0.3 A, and_ the time stretchmg Is 48 ps. .
gas. It ionizes the gas near the focus and excites the The experimental procedure is the following: For each

electron perturbation. A double pulse beam is focused@s Pressure, the time separation of the two probe pulses

on the same axis, and the perturbation is measured by the ?ﬁjuségwd'srpa ?S ShOfWIT "? Fi_g. 37%1”'.: 277/ @ pe |
frequency-domain interferometry technique [11]. If the's the€ period for a fully ionized helium gas). In

two probe pulses propagate in the regions of maximurﬁhls configuration, when one of the probe pulses coincides

and minimum densities in the wake of the laser pulseW|th a maximum of the density perturbation, the second

(see Fig. 1), they will experience a phase shift whichone is on a minimum. In that case, the phase difference

can be measured after a temporal recombination in a;;v;ﬁen tehr?u:\évgtig#Ise_?wzorr';?osgg:d; ﬁ;ggufgr?]:%pzzk
spectrometer. The temporal beating creates a syste y P '

of fringes in the frequency domain. The position of
the fringes depends on the relative phase between th~
two pulses. It should be noted that in this experiment ueam {

For a given laser pulse duration,, is fixed by the
resonance conditiow,.7 = 1. If the longitudinal wake-
field (¢ > A,) is most desirable for particle acceler-

the group velocity of the probe pulses is almost equadsl’;if‘er
H (o)
to the phase velocity of the EPW, so that the two gysual t
probe pulses stay in phase with the density maxima an: pinhole
Q pump pulse 21 interaction
> 2 hambe
g probe pulses & |[Michelson £/8 VEY) ccb
= . R 4 i ] {4 A L, Spectrometer
a density perturbation i N ~-H — 4
g /’\\ a A A AD ANEEENAN dielectric LR
® N \\/ \\/ e mirror filer
z-ct
FIG. 1. Principle of the experiment. FIG. 2. Experimental setup.
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possible [10]. In the absolute mode, the first probe pulséensity gradient along the laser propagation axis is a step
is before the pump (no plasma) and the second one aftefiunction. With one pulse on a maximum of the density
The relative phase shift between the pulses arises from thend the other on a minimum, the relative phase is
lasma formation and gives us the radial plasma profile.
'Fl)'his measurement alsg gives us the timepseparalleon Ap =2m(L/M)on/ner,
between the pump and the two probe pulsAs € 0  where A, and n.; are the wavelength and the critical
when the second pulse is on the pump maximum, whictdensity of the probe pulses. As the transverse perturbation
corresponds to the maximum phase shift). In the relativén, is proportional tol/o*, it decreases very quickly
mode, the two probes are after the pump, so that botlvhen we move away from focus. This means thatan
travel after the plasma formation. Their relative phase i$e very well approximated to twice the Rayleigh lenggh
due to a perturbation produced in the pump pulse wakg~200 wm in our experiment). Our measurements show
By recording the relative phase for different time delaysa peak-to-peak phase differen2d¢ =~ 20 mrad. The
between the probe and pump pulses, one can measure tiiensity perturbation is of the order 6f X 10'° cm™3,
temporal evolution of the electron perturbation. and the relative perturbation between 30% and 100%.
Figure 3 presents typical curves of the radial profile ofThe measured phase is a temporal average of the density
the relative phase. Curve (a) corresponds to a positiogradient in the probe-pulse envelope and a spatial average
of the delay line where the phase amplitude is maximumalong the interaction length, so that the real perturbation
Curve (c) is the pump focal spot intensity profile. As ex-amplitude should be even higher. A simple calculation
pected from Eq. (1), the phase transverse profile presentsade assuming ionization thresholds of° MW/cm? for
two parts: a central part at< ¢ (= 5.5 um), and bumps He?* and5 X 105 W/cn? for HE?* [11] indicates that
on its sides. The central part comes from the initial transin our conditions the plasma should be one time ionized
verse expulsion of the electrons located on the laser axiftom |z| = 12zz, and two times ionized fofz| = 4z.
These electrons are expelled and increase the electron delssuming a 100% perturbation fdr| = zz, the phase
sity on both sides of the focus, which is evidenced by theamplitude ratio between the absolute and the relative mode
bumps on the phase profile. Curve (b) is obtained half aneasurements should be 4. Our measurements give a ratio
plasma period later. As expected, it presents a reversdikttween 4 and 6.
shape. We note that a flat profile (null phase) is measured Such high relative amplitudes cannot be calculated
when we delay the probes to a quarter of a plasma periodith the linear model described, and imply numerical
after an extremum. We have also added in Fig. 3 the trangsimulation. In our conditions, the expectéa,/dn, is
verse profile of the phase obtained in the absolute modeetween 30 and 300, so we developed a one-dimensional
(d). This curve, reduced by a factor of 6, shows the radia{transverse) Lagrangian bifluid code. The fluid equations
plasma profile. Even if the helium gas is 2 times ionizedare solved in the nonrelativistic caseyfc was less
around the focus, the phase profile does not present a stegren 0.3 in our experiment) and for a cold plasma. In
like shape. This is due to the integration along the lasethe density range of this experimer®t X 10!® < n, =
axis. The spatial extension of this profile is larger than thed x 10'® cm™3), the simulations give0'® = én = 5 X
one obtained in the relative mode, confirming that this last0'” cm™3, in good agreement with our measurements.
one comes from a perturbation occurring in the proximity Typical measurements of the phase difference on the
of the laser axis, i.e., close to the maximum laser intensitylaser axis versus the time delay between the probe
The relative phase between the probe pulses depends and pump pulses are presented in Fig. 4 for helium
the productbnL. It can be calculated by assuming that thepressures of 0.8 mbar (a) and 1 mbar (b). Each point
corresponds to the relative phase difference between two
measurements separated by half a plasma period. One

20 prr T T T T T T T T T T can see that the phase amplitude is oscillating with a well
10k ‘_,/j,}"“‘i‘;\_‘(d) 3 defined period. The accuracy on the relative temporal

; AN () ] position comes from the delay-line translation and is
0 Bt (DN TR less than 3 fs. The uncertainty in the absolute time

is of the order of 60 fs and is the uncertainty on the

Relative phase difference (mrad)

'10;_ ] zero delay time obtained by the absolute measurement
20 F 3 (pump and second probe synchronized). The error bars
. ] on the phase come from the long time scale laser
T T T e T e 0 o 20 3 energy fluctuations (15%) and from the fact that the
Position along the spectrometer slit (microns) gas pressure was increasing by about 0.02 mbar during

. i . ) . the data acquisition, decreasing the plasma period by
1S, 3. xadil profle of the relative phase diference. ineabout 19 (a_small change on the period is not very
line (b) isF()) 56T later P Line (c) is the measured p%mp laser SENSitive on the first oscillations, but dramatically changes

56T, .

intensity profile, and line (d) is a normalized ionization profile the position of later oscillations, spreading the points
measured in the absolute mode. during the measurements). Accordingly, the numerical
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FIG. 4. On-axis relative phase versus time for helium pres
sures of 0.8 mbar (a) and 1 mbar (b). The points correspon
to the experiment and the solid curve to a numerical fit:

@ ]7.9 sin2(time — 555)/526], (b) 13 sin2#(time — 407)/
436].

fit (solid line) has been performed on the first plasma

of these error bars comes from the fact that the minimum
vacuum pressure of the chamber was 0.2 mbar, giving a
possible residual pressure of air which is 5 times ionized
instead of 2 times for helium. The error bars on the period
are given by the numerical fit. The solid line corresponds
to the period given by the linear theory. We also added on
this figure the results of our numerical simulations for two
laser energies. As expected for a nonlinear perturbation of
cylindrical geometry [13], the plasma period is lower than
for a linear perturbation. The measured period decreases

such asn. /% and is close to the expected value. We
must point out that because of the error bars in the
measurements, it is not yet possible to study in detail the
nonlinear evolution of the density perturbation. This will
be the subject of future experiments.

In conclusion, we have presented the first experimental
observation of the electron density perturbation produced
in a laser pulse wake. The electron oscillation is mea-
sured with a time resolution much better than the elec-
tron plasma period, and a spatial resolution smaller than
the pump focal spot radius. The spatial shape and size
of the perturbation agree with the laser wakefield theory.

he relative density perturbation amplitude is between
0% and 100%. This amplitude and the measured plasma
period are in good agreement with our numerical simula-
tions. We are currently studying in more detail the non-
linear behavior of the electron oscillation and its lifetime.
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is work has been supported by the Centre National de

can be due to two main reasons: With a time separatiol Recherche Scientifique and by the EU large facility pro-
of 1.5T,, between the probe pulses, the measured phaggam under Contract No. CHGE CT930021.

corresponds to the peak-to-peak amplitude, and so should
present a symmetric behavior near zero. The maxima of
a nonlinear density perturbation are very narrow in space

and time. The temporal envelope of the probe pulses an
the finite spatial resolution of the imaging system averag
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FIG. 5. Electron plasma period versus electron density.
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