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Temporal Characterization of a Self-Modulated Laser Wakefield

S.P. Le Bland;> M. C. Downer!-> R. Wagner, S.-Y. Chen! A. Maksimchuk! G. Mourou! and D. Umstadtér
ICenter for Ultrafast Optical Science, University of Michigan, Ann Arbor, Michigan 48109

2Department of Physics, The University of Texas at Austin, Austin, Texas 78712
(Received 9 September 1996

The temporal envelope of plasma density oscillations in the wake of an intdnse4 (X
10" W/cm?, A = 1 um) laser pulse (400 fs) is measured using forward Thomson scattering from
a copropagating, frequency-doubled probe pulse. The wakefield oscillations in a fully ionized helium
plasma f. = 3 X 10" cm™3) are observed to reach maximum amplitude/n. ~ 0.1) 300 fs after
the pump pulse. The wakefield growtB.{ ps'!) and decay (.9 ps™!) rates are consistent with the
forward Raman scattering instability and Landau damping, respectively. [S0031-9007(96)02024-8]

PACS numbers: 52.40.Nk, 52.35.Mw

Because electrostatic fields in a relativistic plasma wavémportant for testing recently developed 2D patrticle-in-
(E = 100 GV/m) can exceed by 3 orders of magnitudecell simulations of laser plasma interactions [11-13] and
those in conventional rf linacs, plasma based accelerder the design of future plasma based accelerators.
tors can provide a compact source for high energy elec- In the present experiments, a hybrid Ti:sapphire—
tron pulses [1]. Of the several methods for driving largeNd:glass laser system capable of delivering 3 J, 400 fs
amplitude plasma waves, the laser wakefield acceleratdaser pulses was used to drive the self-modulated LWFA.
(LWFA) [1] and its variant, the self-modulated LWFA The 43 mm diameter beam was focused by gAf
[1-7], have recently received considerable attention beeff-axis parabolic mirror to a spot size (* intensity) of
cause of the reduction in size of terawatt class laser sysy = 8.9 um, giving a maximum vacuum intensity of
tems [8]. In the LWFA, the amplituder = 6n./n, of I =6 X 10'"® W/cn? (a9 = 2.2). The laser was focused
the plasma wave can be resonantly excited by the porento a supersonic helium gas jet whose neutral density
deromotive force of the laser pulse if the laser pulse duvaried linearly with backing pressure [7]. To probe the
ration is approximately half of the plasma wave periodlifetime of the plasma wave, a small portion (20%) of the
7, = 27/w,, Wherew, = \/4mwe’n,/m, is the electron infrared laser pulse was split off, frequency doubled in
plasma frequency and, is the plasma density. a 4 mm type | potassium dihydrogen phosphate (KDP)

For the self-modulated LWFA, the plasma density iscrystal, and then made to copropagate with the infrared
chosen to be much larger than for the standard LWFA s@ump pulse. The temporal overlap between the IR pump
that the forward Raman scattering (FRS) instability carpulse and orthogonally polarized green probe pulse was
grow. The FRS instability is the conversion of an elec-measured with a resolution of£100 fs by frequency
tromagnetic wave d, ko) into a plasma waved,,k,)  domain interferometry. The probe pulse had a maximum
and Stokes ¢y — wp, ko — k,) and anti-Stokesdfy + energy of 15 mJ and could be focused to a spot size of
w,, ko + k,) electromagnetic sidebands [9]. Electron6.4 um by the harmonically coated parabolic mirror.
density perturbations in the plasma cause local variationsorward scattered light from the probe pulse was collected
in the group velocityy, = c(1 — w,%/wé)l/2 of the laser on axis, passed through a polarizer to suppress scattered
pulse. As a result, light that propagates near a densitpump light, and measured with a prism spectrometer
maximum (minimum) will slow down (speed up). Even- which has a resolution of/AA = 600 atA = 1.053 um.
tually, the light is bunched to positions wheée:, = 0. When the peak power of the IR pump pulse %
Because the plasma density perturbation and the bunchingTW) is near the critical power for relativistic self-
of the light arer /2 out of phase, the ponderomotive force focusing P, = 17(a)§/w12,) GW, the forward scattered
of the bunched light will reinforce the original density light from the pump pulse shows the appearance of three
perturbation. Since the maximum longitudinal electricanti-Stokes Raman shifted sidebands separated by the
field E, scales a¥,; « a./n,, the self-modulated wake- plasma frequency«f, ~ 3 X 10" s71) [7]. Numerical
field can produce a much larger accelerating field than theimulations indicate that the appearance of multiple side-
standard LWFA. In this Letter, we report time resolvedbands is clear evidence of FRS. From the relative ampli-
measurements of the amplitude of the self-modulatedude of the Raman satellites, the plasma wave amplitude
laser wakefield obtained using forward Thomson scatteris estimated to beSn/n = 0.08-0.4, depending on the
ing from a copropagating, frequency-doubled probe puls@ump power and plasma density [7]. Under these condi-
[10]. In addition to measuring the growth and decay rateions, a collimated beam of 2 MeV electrons is emitted in
of the wakefield, we report that the onset of FRS is conthe laser propagation direction [7].
sistent with a plasma density perturbation driven by the In one dimension, the spatiotemporal growth rate for the
ionization front of the laser pulse. These observations arERS instability starting from a uniform noise sourée;
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is given by [11] From harmonic wave analysis [15], the fundamental am-
5 - plitude of the plasma wave is related to its second har-
ny costyor), ¥=7¢. monic by @ ~ (8n2/n)/2, or @ = 0.1 for the present

on= € \n . . . . .
"7 on, Z(Tﬁ/p/c) DLy (2yo/(T = /c)p/c), Tc=¢,  conditions at 100 psi backing pressure. Using harmonic
(1)  analysis and Eq. (2), the relative amplitude of the first and

wherel,, is the modified Bessel function of the first kind, second order Thomson satellites can be used to determine

. . . . i i . - 1/2 _
o is the distance from the leading edge of the pulses & Without specifyingL: a ~ (P,/P1)"7, or a = 0.1.
the propagation timex is the normalized vector potential Thus, the absolute and relative scattering efficiencies yield

of the laser, andy, = aow,z,/w()\/g(l + a2/2)\/2 is the plasma wave amplitudes that are in good agreement. For

temporal growth rate. Because the laser pulse ChangﬁseGausagnzlaser focus, the peak amplitude is estimated to
ap = U.z.

shape as the instability grows, FRS for relativistic intensit . .
P y g By measuring Thomson scattering from the probe

laser pulses is a highly nonlinear process. .
P gny P h%ulse as a function of the delay between the pump and

When the green probe pulse propagates through t ) i
plasma, collective Thomson scattering from the relativispmbe’ the temporal e.nvelope of the wakefield oscﬂlqﬂons
n be recorded. Figure 2(a) shows the change in the

tic plasma wave causes multiple sidebands to appear

. trum of the probe pulse as the deldy)(between
the spectrum of the forward scattered probe light. ForPeC .
P =3TW and a backing pressure of 100 psi, Fig. 12 6.00 mJ (1.5 TW) pump and a 1.5 mJ probe pulse is
shows the appearance of first and second order Thon)(-"’med frdom —1”.to 3 ps. r(])nly thsvl;:rst (?]rde_lthhomson
son scattered satellites which are separated by the plasrﬁgl""m:’re satellites are shown. en the Thomson scat-
frequencyw, = 2.7 X 10 s™'. The amplitude of the tered satellites first become observabde ¢~ —700 fs),

i A _ 14 o1
plasma wave can be determined from both the absolufif'elr frequency shift isAw =3 X 10®s™". The fre-
and relative scattering efficiency of the Thomson side-duency shift then increases gradually and becomes fixed
t Aw = 3.3 X 10 s7! for At = 0, because it takes

bands. For collective Thomson scattering, the absolutd' 2 = . o
scattering efficiency is given by [14] a finite time for the helium to become fully ionized.

P 1 S (AKL) Simultaneously, a blueshifted W_ing appears on the green
== — (8n) g ML — o5 (2)  probe pulse because of the rapid increase in the electron
Po 4 (AKL) density [16]. This temporal position of the ionization
where ry is the classical electron radiusy, is the frontis consistent with a calculation of field ionization of
wavelength of the incident lightL is the interaction helium for our pump pulse parameters.
length, Ak = ko — ks * k, is the wave vector mis- At most delay times, the amplitude of the anti-Stokes
match, k, = w,/v,, and the phase velocity, of the satellite is larger than that of the Stokes due to more
plasma wave is equal to, of the pump pulse. For favorable phase matching of the anti-Stokes for direct
direct forward scatter of the first anti-Stokes sidebandorward scatter. Using the scattering efficiencies of the
(Ak =8 X 10° m™!) and L equal to the confocal beam Stokes and anti-Stokes sidebands and Eq. (2), Fig. 2(b)
parameter I, = 430 um), the phase mismatch factor shows the plasma wave amplitude as a function of the
F = sin?(AkL)/(AkL)*> = 0.02 and the amplitude of the probe delay time. The plasma wave is measured to
plasma wave is determined to lbe= 0.08. Similarly, have a peak amplitude = 0.1, which corresponds to a
from the first Stokes lineg = 0.06. Applying the same maximum longitudinal field of, = 56 GV/m for a cold,
analysis to the second order satellites, the amplitude of theonrelativistic fluid. Under the current tight focusing
second harmonic of the plasma wavedis,/n = 0.01.  conditions, the maximum radial electric field B, =
2E./k,ro = 0.2E.. Large radial fields can give rise to

107 defocusing of the accelerated electron beam. Figure 2(b)
shows that the wakefield amplitude maximizes at the
106} end of the pump pulseA¢ = 300 = 100 fs) and lasts
for approximately 2 ps longer. The leading edge of the
g 105} wakefield rises sharply due to the exponential growth rate
g of FRS. Note that the probe pulse duratien3(0 fs) is
= 104} much longer than the plasma periag, (= 21 fs for n, =
§ 3 X 10" cm™3). Therefore, we do not resolve individual
= 103} wakefield oscillations [17].
As shown in Fig. 2(b), the onset of the plasma wave
102 . . . . occurs~1 ps before the peak of the pump pulse. This
-6 - 3 6 observation is contrary to recent 2D simulations which
Aw (1014 s°1) show the plasma wave growing closer to the peak of

FIG. 1. Spectrum of the Thomson scattered probe light 1‘0the pulse [11,13]. In the simulations, the onset of FRS

a helium backing pressure of 100 pStpumy = 3 TW, and ~ OCCUrS when the leading edge of the pulse is steepened
At = 0. by backward Raman scattering and pump depletion. In
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temporal growth ratey, = 18 ps'!) overestimates the
wakefield growth rate if the peak intensity of the laser
pulse is substituted in the expression faf, since the
theoretical derivation fory, assumes a constant am-
plitude pulse. In reality, exponential growth actually
takes place during the leading edge of the pulse where
ap < 1. For the value ofay that is 400 fs before the
pump pulse maximumy, = 8 ps !. Since the Rayleigh
time 7, = z,/c is longer than the pulse width/c in
Eq. (1), the growth of FRS is approximately given by
én = dnyly(Qyo/iy7/c). Evaluation of the Bessel
function gives a rise time o ps ' whena, is allowed
to follow the temporal pulse shape and the interaction
length is equal t@z,. A number of factors can cause the
measured growth rate to be slightly lower than the calcu-
0 3 lated growth of four wave resonant FRS. Because FRS
Aw( 1014 s°1) is a convective instability, the actual growth rate changes
at each delay time (or positiogy). Furthermore, FRS
evolves into different regimes—four wave nonresonant,
three wave, and self-modulation—as time progresses,
each with its own growth rate [19]. For example, the ratio
for 1D growth of FRS I(p) to that for 3D self-modulation
R (T3p) is given by T'p/Tsp = (k2r5/2kp)"? [5,20,21].
delay (ps) In the present work, this ratio is unity, so 3D instabilities
will compete with 1D FRS. Since the plasma wavelength
. (A, ~ 6 um) is comparable toy, the plasma wave is
0.00L o near the 3D limit where it has been shown that 1D FRS
15 10 05 00 05 10 15 20 25 30 cannot be resonantly driven because of the complicated
delay (ps) three dimensiqnal shape of the plasma wave [11—13].
To further investigate the growth of the wakefield,
FIG. 2. (a) Forward scattered probe spectra at a heliunThomson scattering was measured as a function of the gas
backing pressure of 180 psi as a function of the delay betweept hacking pressure and the peak power of the pump pulse.

the 1.5 TW pump. (b) Plasma wave amplitude determined-. TSN
from the scattering efficiency of the Stokes (filled squares) igure 3(a) shows variation in the Thomson spectra for

and anti-Stokes (open circles) satellites as a function of fixed laser powerR = 3 TW) as the helium backing
delay. The dotted line indicates the 400 fs pump pulse. Apressure varies from 30 to 180 psi. As expected, the
representativg—:- hqrizontal error ba_r is shown, and the inset shOV\fsequency separation between the satellites, given)py
the exponential fits for the wakefield growth and decay. increases as the square root of the backing pressure.
For 3 TW pump power, the first anti-Stokes Thomson
the present experiments, FRS starts near the position ghtellite appears for a backing pressure of 40 psi. From
the ionization front. The ponderomotive force from anthe measured frequency shift of the satellite, the critical
ionization front can create a large amplitude noise sourcpower for self-focusing at this backing pressurePis=
to seed FRS [18]. The ionization front travels at thel.4 TW, and thusP/P. = 2.1 andy, =9ps!. Ina
phase velocity of the plasma wave and creates a noisgmilar pressure scan conductedPat= 1.7 TW, the first
source that scales adng/n ~ aj(y:)/4, where ¢; is  Thomson satellite appeared at a backing pressure of 80 psi
the position in the pulse where the ionization thresholdvhereP/P. = 1.9 andy, = 10 ps'. Asthe peak power
occurs [19]. For single and double ionization of helium,of the pump pulse increases, Fig. 3(b) shows the change
dng/n = 10"* and 1073, respectively, which is larger in the Thomson spectra for a fixed backing pressure
than the noise source due to intensity gradients of th€l80 psi) and at a fixed delay tim&{ = 0). The first
laser pulse §n,/n ~ 107%) [11]. Consequently, future Thomson scattered satellite appearsPat 0.78 TW, or
numerical simulations should include ionization effects. whereP/P. = 1.7 andy, = 14 ps . At the threshold
From the measurements in Fig. 2(b), the wakefieldor Thomson scattering, the ratid/P. decreases as the
growth and decay rates can be determined. Fitting abacking pressure (and hence electron density) increases.
exponential to the growth of the plasma wave, the deconthis trend is evident from Eq. (1) which indicates that
volved growth rate is determined to Be5 + 0.3 ps'!  the threshold for FRS depends an,/w, and P/P, [9].
from the anti-Stokes Thomson signal, &8 + 0.3 ps™! For both the pressure and power scan in Figyd,~
from the Stokes signal. For the current experimentall0 ps ! even thoughP/P. and the backing pressures are
parameters ¢, = 3.3 X 10" s7!, a9 = 1), the FRS different at threshold. The growth rate of the plasma wave

1042 '(

&

Delay(ps)

]

1032

=

1022

Intensity (au)
OO0 SOOI et it =

1012

LU LT JRL AL LRI OO

=

[0 IOV B o — W R oo o— s inavalo—

B

M

1

()}
]

w

015f(b)

0.10

dn /n
e e

005

5383



VOLUME 77, NUMBER 27 PHYSICAL REVIEW LETTERS 30 BceEMBER 1996

Pressure (psi)

150 ; \\JC:TW) the acceleration of trapped electrons, the rate of decrease of
160 I M}\M 3.1 Wwave Must be equal and opposite to the rate of increase of
o [ ﬂ% 22 Wheam- From linear theory [26], the Landau damping rate
et 16 for trapped particles is approximately equabto= L,/c,
j\kﬂv Y1 where L, is the dephasing length.

110
Under the present

Backing | T f Since the damping of the plasma wave is dominated by

._.
=
+a

O
%?%

1
f%%

\'

1010,

Crr

Intensity(au)

10

Intensity(au)

09 T " wﬁz conditions, y; = 2 ps !, which is consistent with the
[ . W , ‘ measured wakefield decay rate b ps'!. Thus, the
8§ 4 0 4 8 8 4 0 4 8  wakefield decays at the rate that trapped particles dephase
Ao( 101 s1) Ao( 101 51 with the plasma wave.

FIG.3. (a) Pressure dependence of the Thomson scattered I sSummary, the rise time of the self-modulated wake-
probe light for P =3 TW and Ar = 0. (b) Variation in field is in agreement with the growth of the FRS insta-

Thomson scattering with pump pulse power for a fixed backingbility, and the decay is consistent with beam loading of
pressure of 180 psi anfir = 0. the plasma wave. The onset of FRS is coincident with
an ionization front induced wakefield, and the detection

as determined by the FRS threshold measurements is of a large amplitude plasma wave occurs near the critical
reasonable agreement with the rate obtained from the delgower for relativistic self-focusing.
scan in Fig. 2. These observations are also in agreement This work was supported by DOE Grant No. DEFGO03-
with those of Ref. [7] which showed that Raman satellites96-ER-40954, DOFLLNL Subcontract No. B307953,
from the pump pulse first appearfP. = 0.5andy, = and the NSF STC PHY 8920108. M. C.D. acknowledges
6 ps! for a helium backing pressure of 150 psi. Thisa Faculty Research Assignment from the University of
indicates that our experiment is in the multidimensionalTexas.
regime of self-modulation [20,21], as distinguished from
previous experiments [4—6] which were interpreted within
the context of 1D FRS.
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