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Radial electron plasma oscillations excited by a laser wake field are measured by frequency domain
interferometry. In the nonlinear regime we observe two important effects: (i) an increase of the
oscillation frequency and (ii) the damping of the oscillation in a few plasma periods. Simulations
show that this last effect is related to the presence of a steep radial density gradient near the focus edge.
[S0031-9007(97)03054-8]

PACS numbers: 52.40.Nk, 52.35.Mw, 52.75.Di

The electrostatic field associated with an electrorseparation. The time delay between the pump and the
plasma wave (EPW) can reach hundreds of/@Vand probe pulses is varied with a delay line. The pump and
can have a relativistic phase velocity, making it veryprobe pulses are collinearly propagated and focused in
attractive in compact high energy particle acceleratora chamber backfilled with helium gas. The gas pres-
or sources [1]. The ponderomotive force of an intensesure is controlled with a precision of0.001 mbar by
laser pulse can excite such waves via the laser beat capacitance manometer. The pump beam has=a
wave (LBW) [2], the laser wake field (LWF) [2] or the 6 = 1 um focal spot radiusi(/e in intensity), while the
self-resonant LWF (SRLWF) processes [3]. Severabrobe radius is 14Qm. The maximum pump intensity
experiments have observed the acceleration of injecteid 2 X 10'7 W/cn?, leading to fully ionized helium gas
electrons by the LBW [4-7] and the LWF [8], or of around the focus [14]. The focal plane is imaged on
background electrons by the SRLWF [8,9]. Electric fieldsthe slit of a spectrometer. The time separation of the
of the order of the GYm for the LBW or the LWF, and two probe pulses is adjusted 1057, (Tpe = 27/ wpe
of 100 GV/m for the SRLWF have been produced. Anis the EPW period for fully ionized helium), so that the
overview of these methods and experiments can be founghase difference between the two pulses is due to the
in Ref. [10]. If these experiments have demonstrated thpeak to peak density perturbation. The spectrometer grat-
feasibility of each concept, direct measurements of théng stretches the two probe pulsés60 ps) and makes
EPW have been done only in LBW experiments [5,7].  them overlap in time. The temporal beating creates a sys-

Radial (cylindrical) electron density oscillations pro- tem of fringes in the frequency domain. The position of
duced by the LWF process have recently been observetie fringes depends on the relative phase between the two
by frequency domain interferometry of short laser pulsespulses. The fringes at the output of the spectrometer are
The oscillations have been measured with a temporal resoecorded on a 16 bit charge-coupled device camera. The
lution much better than the electron plasma period [11,12horizontal axis gives the position of the fringes (related
and spatial resolution along the radius [11]. In this Letterto the density perturbation), and the vertical axis gives a
we present measurements of the nonlinear frequency shifine-dimensional spatial (radial) resolution.
predicted by Dawson [13] and of the damping of the ra- A typical result of the relative phase measurement is
dial oscillations. The results are compared with numericathown in Fig. 1. The horizontal axis is the time delay
simulations. between the pump and the probe pulses, while the vertical

The basic theory of the cylindrical LWF, the frequency axis is the spectrometer slit axis. The left part 1(A) of
domain interferometry diagnostic, the experimental setuphis image corresponds to the case where the pump pulse
and procedure have been presented in detail in a previs between the two probe pulses. The measured phase
ous publication [11]. We summarize here the experimenshift comes from the plasma formation. Its amplitude
tal parameters. The LOA 10 Hz Ti:sapphire laser deliversand spatial extent represent the integration along the laser
pulses with an energy of 40 mJ, a durationid® = 10 fs  axis of the regions one and two times ionized. The right
(FWHM), and a wavelength of 0.gm. 20% of this in-  part 1(B) of the image starts when the second probe pulse
coming beam is used to create the probe beam. It ienters the plasma. The continuous phase shift vanishes,
frequency doubled and sent to a Michelson interferomand only the oscillating phase shift coming from the
eter to generate two collinear pulses of adjustable timg@lasma perturbation (due to the EPW) remains. Because
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temporal convolution induced by the probe pulse tempo-
ral envelope: For a Gaussian envelope and a sinusoidal
perturbation, the convolution decreases the phase shift by
exp[(wpen/z)z], wherer; is the half width atl /e in in-
tensity of the probe pulse. The best fit is obtained for
T = 84 fs (FWHM = 140 fs), in good agreement with the
laser pulse duration. The produgtdn/n. obtained from

the above formula is presented in Fig. 2 (empty circles).

phase (rad) 01 2 3 4 , time(ps)

'ﬂ'm__ The dashed line is a numerical fit using the expression
i of 6n/n, = Bexd —Cw?.]/w,. obtained from the linear
= J: 5 theory [11,15]. In opposition with longitudinal oscillations

where bothén and 6n/n, present a resonance, one can
FIG. 1(color). Typical result of the phase shift measurement>¢€ that radial osc'lllatlons have no resonancémne,
Parts (A) and (B) have different color scales. The bottomand that the lower is., the larger issn/n.. In this ex-
graph is a line out of part (B) along the laser axia, =  perimentzgz = 100 um so that the relative density per-
2.47 X 10'% cm™3. turbation at the focus i$n/n. = 10% at the resonance
in 6n (n, = 107 cm™3) and reache$n/n, =~ 100% for

the laser wake field is significant only in regions of high”e = 10'® cm™. _ .
laser intensity, the phase shift in part 1(B) has a much An example of the phase shift (along the laser axis)
smaller extent (pump focal spot diameter) than in pariersus time (pump-probe delay) is presented on the line-
1(A). More details on these spatial profiles can be foundut of Fig. 1. We applied to these curves a numerical
in Ref. [11]. fit of the form A¢maxexd—y(r — to)]sinw,( — 1)].

Figure 2 gives the maximum phase shift measured orfhe damping rates and the frequencw ), of the electron
the laser axis, as a function of the electron density (assun@scillations are deduced from these fits. The relative
ing a fully ionized He gas). Each point is an average ofdifference (v, — wpe)/wpe between the measured fre-
40 shots at 10 Hz. It shows the LWF quasiresonance ifluéncyw, and the theoretical linear plasma frequency is
5n. The relation between the phase and the density perturreésented in Fig. 3 as a function of the electron density
bation is obtained by integrating the perturbation along thée- A positive shift (frequency higher than the theoreti-
laser axis. For a cylindrical EPW [113y is proportional ~ cal linear frequency) can be clearly seen. It increases
to 0% = op*(1 + z2/z%)72, so that the phase differ- when the electron density decreases, and r_eaches 5%
ence isAp = 72 (Snma/ne1) (2r/ A1) EXH— (@pe1/2)%], for n, z_l_()16 cm3. The results of the numerical code
where ), andn,; are the probe wavelength and its critical WAKE originally developed by Mora and Antonsen [16]
density, and whereg = 2702/ is the pump Rayleigh _have been a_dde_d on this flgurg _(e_mpty t_rlangles). It
length. The solid line is a numerical fit using the expresiS @ 2D (cylindrical), fully relativistic particle-in-cell
sion of én, = Awperexp{—Z(wper/Z)z] obtained from code, Where_ the laser field acts on _the particles via the
the linear theory [15], where the adjustable parameters afgonderomotive force. The new version of the code used
an amplitudeA and the pump and the probe pulse dura-here simulates also the plasma formation (by tunneling

probe pulses, the imaging lens, and the time domain
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FIG. 2. Maximum phase shift (filled circles) on the laser axis n, (cm™)

versus the electron density and numerical fit (solid line) of the

form Awp.7exd—2(wpe7/2)*]; relative density perturbation FIG. 3. Shift of the electron plasma frequency as a function
times the pump Rayleigh length (empty circles) and numericabf the electron density. The empty triangles are the results of
fit (dashed line) of the fornB exp[—nge]/wpe. the codewAkE.
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interferometry. Only the residual energy produced duringhave shown that these effects can have similar amplitudes
the ionization is not self-defined but controlled by giving and comparable spatial profiles. The cods<E includes

to the generated electrons a Maxwellian radial velocityall these effects. Both measurements and simulations
distribution. The frequency shift calculated by the codeindicate that the electrostatic effect (frequency increase)
is in good agreement with the measurements. Let us predominant in this experiment.

note that even if the density perturbation is nonlinear, the From the numerical fit presented in the previous para-
code indicates that the measured phase shift still has graph, we have also deduced the damping satelt is
sinusoidal time evolution and a radial profile very closepresented in Fig. 4 as a function of the background den-
to the one obtained from linear theory. This is due to thesity n.. The empty triangles are the results of the code
temporal convolution over the probe pulses, and to thevAake. At high electron density>10'7 cm~?), the damp-
integration along the laser axis. Applying the above fit oning is very slow (tens of periods) and our measurements
much later periods (where the EPW amplitude is smallerhave not been made to sufficiently late times to give a
shows that the shift disappears, both in the experiment angrecise measurement ¢f The solid line is a linear fit

in the simulations. This indicates that the shift does notind shows thay /w, decreases roughly liké/n.. Sev-
come from an uncertainty in the pressure measurememtral mechanisms can attenuate the oscillation. One of
or from the delay-line calibration, but is related to thethem is the fine scale mixing [13]: The frequency of the
nonlinear amplitude of the EPW. Few mechanisms camscillations depends on their amplitudes (cf. Figs. 2 and
modify the electron plasma frequency. In a hot plasma). Electrons with different equilibrium radii have differ-
the frequency increases? = w2, + 3k*v3,. Assuming ent frequencies. After some time, crossings of electrons
k=2/c leads to Aw,/wp. = 6vfh/(azw§e). With  can occur and induce a damping. With a maximum fre-
n, = 10" cm™3, T, = 50 eV, ando = 6 um the shift quency shift of 5% ai, = 10'° cm~3, electrons should
should beAw,/w, = 4.5 X 1072, in good agreement appear with opposite phases after at least ten periods,
with the experiment. However, the codesKe shows which is five times longer than the observed damping.
that the electron temperature does not affect so muchnother possible mechanism is the convection: The den-
the plasma frequency: Changing the temperature frorsity perturbation propagates at the group veloaity=

0 to 50 eV leads to a period shift of a fel0 3, which 9w /0k, wherew? = w2, + 2k*v}. It reaches the edge

is ten times less than the simple model. In additionof the focus aftelf¢c (= 2/y) = o/v,. Assumingk =

the fact that the shift disappears after a few period®/s, the characteristic normalized attenuation rate should
indicates that it does not come from the electron temperebe 27y/wp. =~ 247 (v/o’w?,). It is linear with the

ture, and that the above simple model might overestimatgjectron density and equal i’g .0.6 fag = 10'6 cm™3,

the wave numbek. The plasma period can also be modi- 7, = 50 eV, ande, in good agreement with the experi-
fied when the electrons of the EPW reach relativisticment. However, this model is very crude, and simulations
velocities [17] This shift has recently been observed by'nade ina preionized homogeneous p|asma show a much
Modenaet al. in SRLWF [18] The increase of the elec- slower attenuation (ten times Slowerl&t16 Cm73)1 indi-

tron mass induces a decrease of the frequency (negativ@ting that neither the convection nor the fine scale mixing
Shlft) Our simulations show that the velocities of thecan exp|ain the observed dampmg A good agreement is
electrons do not exceed/c ~ 0.1 (atn, = 10 cm™),  gptained only if we take into account the ionization of the
which leads to a shift of Only—025% For multlple di- gas. Two simulations made at = 1016 Cmf3 are pre-
mension OSCi”ationS, two other effects induce a frequenc%ented in F|g 5, one ina preformed homogeneous plasma
modification. When an electron has an elliptic motion,

current loops and magnetic field are produced [19]. The
magnetic field deflects the electron motion to third order 10°
in amplitude, which induces a decrease of the electron
plasma frequency. In the case of nonlinear cylindrical
electrostatic oscillations [13], the radial displacement of 107!
an electron away from the center of symmetry produces a _=
charge density at the center which is greater than in planar %,
geometry. This produces a stronger restoring electric § 102
field and leads to an increase (positive shift) of the elec-

tron plasma frequencyNw, /wpe = (87 /r)*/12, where 3
ér is the electron displacement from its initial positian 10
and 6r/ry < 1]. The total frequency shift depends on
the relative amplitudes of the thermal, the relativistic, the
electrostatic, and the magnetic effects, or in other WordsIIIG. 4. Damping rate of the electron oscillation versus the

on the oscillation geometry and amplitude. In the contexglectron density. The empty triangles are the results of the
of the laser beat-wave accelerator, Bell and Gibbon [20todewakEe. The solid line is ai/n, fit.
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20

pressed in electron plasma periods) is linear with the elec-
tron density. It goes from two periods &itx 105 cm™3

to tens of periods for densities abow®'’ cm™3. Our
simulations suggest that the presence of a steep density
gradient at the focus edge leads to the oscillation destruc-
tion. The frequency of the oscillations becomes larger

Y
W

Radius (um)
)

5 < than the linear electron plasma frequency for nonlinear

EPW amplitudes. This constitutes the first observation of

0 ' ' ‘ the frequency modification associated with nonlinear elec-
20 trostatic oscillations excited in cylindrical geometry. Let

us note that the plasma frequency increase and damping
mechanisms we describe in this paper should not appear
in the LWF accelerators, the electron oscillation of the
EPW being longitudinal in that case.
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