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Generation of one-cycle laser pulses by use of high-amplitude plasma waves
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The dynamics of a short laser pulse located in the density trough of a background plasma wave is investi-
gated and a scheme is proposed to compress the pulse duration by use of a high-amplitude plasma wave. The
threshold amplitude of the plasma wave, at which the compressing effect just balances the dispersive spreading
of the laser pulse, is estimated for certain pulse profiles. Numerical simulations are conducted with particle-
in-cell codes, where a pump pulse is used to generate a high-amplitude plasma wave and a signal pulse
copropagates behind. It is shown that the signal pulse can be compressed by the plasma wave from ten laser
cycles to about one cycle within a millimeter in tenuous plasma only a few percent of the critical density.

PACS numbgs): 52.40.Nk, 42.65.Re, 52.35.Mw, 52.35.Sb

[. INTRODUCTION compressing effect can overcome the inherent dispersive
spreading of the pulsgl6]. Near some threshold amplitude,
The generation of ultrashort intense laser pulses is crucighe signal pulse neither spreads nor is compressed, forming a
for various applications, such as the fast ignition scheme fogolitarylike wave. Recalling earlier theories on solitary
the inertial confined fusiofl], particle acceleratiof3,4], ~ waves in plasmagl7], one finds that solitary waves are ac-
laser-induced nuclear reactiof8], ultrashort x-ray sources companied by a density depression, which modulates the
[5], etc. To the advantage of these applications, the shortvave frequency and is responsible for the formation of soli-
pulse laser technology has progressed very rapidly in the las&ry waves. Such a kind of solitary waves, which even
decadg6]. The pulse duration has decreased steadily, nowhough have been observed in particle-in-cell simulations for
down to several femtoseconfig], and the focused intensity certain parameter regim¢48], cannot be controlled in nu-
has increased up to 0 W/cn? [8]. As is well known, these merical simulations and experiments. In the present case, the
progresses are usually realized making use of conventionglensity depression is provided externally by the plasma
optical materials and components. Recently it has been prdvave, which can be controlled by tuning the relative phase
posed to compress short pulses, making use of the plasnigtween the signal pulse and the plasma wave. Also one can
nonlinearity of ionizing ga§9], and to amplify and compress control the pulse width by changing the amplitude of the
short pulses in plasmas through stimulated Raman scatterii@sma wave and plasma densities. The present scheme also
[10,17). In the latter scheme, a pump pulse is injected in theallows for compressing laser pulses at relativistically high
Counterpropagating direction of a Signa] pu|se' and théntensities without the stretching step to avoid damaging op-
modulated electron density serves as the intermediator fdical components in CPA technology. The outline of the pa-
energy transfer from the pump to the signal pulse. In comper is as follows. In Sec. II, the scheme is analyzed and the
parison with the chirped-pulse amplificatiéBPA) technol-  threshold amplitude of the plasma wave for pulse compres-
ogy, it allows for simultaneous pu|se Compression and enSion is estimated. In Sec. ”l, this scheme is studied numeri-
ergy amplification. cally with particle-in-cell (PIC) codes. Pulse compression
In this paper we propose an alternative way of compressPoth in homogeneous and inhomogeneous plasmas is inves-
ing a short laser pulse about a duration of/&, in a  figated and the possibility of compressing a high-frequency
plasma, whereopz(47rn0e2/m)l’2 is the plasma frequency. laser pulse in an |r_1homogene_ous pl_asma is examined. The
In this Scheme, we use a pump pu'se to produce a bac'p.aper concludes with a brief discussion in Sec. IV.
ground plasma wave while a signal pulse copropagates be-
hind the pump. It is well known that the moving density Il. THRESHOLD AMPLITUDE OF PLASMA WAVES FOR
gradients of the plasma wave can serve as a phase modulator PULSE COMPRESSION
producing a frequency upshift or downshift of a short laser L
pulse[12—15. We tune the time interval between the signal _FOF @ laser pulse propagating in homogeneously tenuous

| > ' . :
pulse and the pump so that the signal pulse is located at tr&!asma, the one-dimensional envelope equation can be writ-

bottom of a density trough of the background plasma wave'en as[16,19

In this case, the leading edge of the signal pulse is located in

2 2
a region with an increasing density profile and its local fre- 2i i+2iévi+2ﬁe d _,_62‘7_ a= E—l a
qguency is downshifted. The trailing edge is located in a re- ar 9€ dit 9E? 0% '
gion with a decreasing density profile and its local frequency 1)

is upshifted[13]. Therefore the local group velocity of the

pulse decreases in its leading edge and increases in its traitherea is the slowly varying amplitude of the laser pulse,
ing edge. As a result, the pulse can be compressed when tlige electron density normalized by the unperturbed fre-
amplitude of the plasma wave is high enough so that thguencyn,, y the relativistic factorS=uv,/c the phase ve-
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locity of a background plasma wavejv =(wq/wp)(vg plasma wave, one should ha\ﬂén/y)/a§=0|§:§0, which
—vp)/c<p with vy the group velocity of the signal pulse, |eads to Eq(5) as well as the pulse being symmetric. Obvi-
€= wy/wg=(Ng/nc) "> with w,=(4mnee*/m)*? the unper-  ously, if one neglects the wake field excitation, whign
turbed plasma frequency and, the laser frequency, <gn,, Eq.(5) simply gives¢é,=0 or B [16].

r=twi/wy, and é=k,(x—pBct) with k,=w,/c. In the Now we consider the dynamics of the pulse when it is
quasistatic approximatiofi20], the electron density in the |ocated near a density trough of the background plasma
plasma wave can be written as=B%y/(1+ qS—yy[;Z) wave. Defining(&)=W~1[¢lal?d¢, (£2)=W~1[¢%|al?d¢,
with  y=v3[1+¢—B\(1+ )2 —yz2(1+[al?2)], vy, and(6&%)=(£*)—(£)% and assumingW/dr=0, one finds
=(1-pB?%) Y2 and the scalar potentiap determined by

d P2 * 2

[20.21 %=5v+% (a% dgz&H—\E/—VJ |a|zj—gd§,

To_ _Hdmy @ ©

08 1+o=vgy O (el coraper |7 z)d )
In the weakly relativistic approximation fofa|<1 and d2 2w ET: b+2Bes; 2 &
|agpl9&|<1, we haven/y=1+ L with L=y520% &2~ 1
and ¢ determined by g29%/9&%+ 1) p=|a|?/4, giving d?(5&2) _ E_Zf 02 Ja 2—|a|2§i(£¢) di— d?(&)?

1 £ g_g! d7'2 W (95 (95 d’7'2

¢=¢b(§)+EL a(7,&" = &)|?sin B d¢'. (3 a(¢)
+28u| 25— v, @)

Here ¢,=— B26nycosEl/B) is a backgroud plasma wave,
which could be generated by another laser pulse, for exwhere we assumedv/dr=0. Equations(6) and (7) de-
ample. The second term is the wake fiedg, generated by scribe the motion of the pulse center and the frequency shift
the laser pulse itself assuming that the pulse is centered @f the pulse. From Eq7) one obtains

&=&o.

Defining a=|alexdié(¢,7)] and the phasey=Kkox— wot d?¢,  4€’B2ongl,
+ 6, then the local frequency of the pulse is given by d.2 = W sin(&o/p). 9
— Yl It~ wy(1+ Bedbl €)= wy+ Sw. One obtains from
Eq. (1) that If s5u=0, Eq. (9) describes the oscillating motion of the
. 2 pulse packet at the density trough aroufy= B8 with a
aw_ &F |a|21(2)+2,3€i“9_a }dg bounce frequency)~ dny(wy/wg). The location of the
dr 2 )< 9E\y aT|d¢ pulse at the density peak=0 is unstable to perturbations,
d (e 90 leading either to acceleratioffrequency up-shijtor to de-
E_BE_J |a|?— d¢, (4)  acceleration(frequency downshift Notice that these are
dr) = 23 very similar to the behaviors of a bunch of electron beams in
. the plasma wave.
whereW= [|a|?d¢. Equation(4) leads tof w|a|*d¢= const, Equation(8) describes the dynamics of the pulse width in

which means that the photon numbef (|E|*/w)dé is con-  the background plasma wave, which is found to be indepen-
served[19]. We emphasize that this is valid independent ofgent of 5v when substitutingd(£)2/d 2 with Egs. (6) and
the weakly relativistic approximation. Next we seek condi-(7) |f the pulse profile isa|2= a3 co[m(é—&)/L] with |£
tions at which the central frequency and the pulse energy do &/ <L/2 andL the spatial width of the pulse normalized
not change by settingW/d7=0, which leads to by k-1, Eq. (8) gives

p :

. 1 [+ &' 2/ 642 2
sosinEol )= — |a<r,§'>|2coa(—)dg'zll axo8) _2¢
8p3) - B d72 L
5

. . . 62772 gO 2
if the pulse remains symmetric abaodit &,. As a result, one X 3 +Fo(L,B)dngcos — | +agF4(L,B) |,
obtains &y= 87— B sin Y(1,/ong) or &=Bsin Y1 /dny). It B
means that if the laser pulse is centered near a density trough (10

or peak of thetotal plasma wave, a superposition of the ) )

background plasma wawg, and the wake field of the pulse Where Fo=B717;sin(L/28)—(7;:L/2)cos(/28)>0 for

., there is not net energy exchange between the pulse atd<28m,  F1=(71/168%)[2F,cos(/2B) +3L%/167*B>

the background plasma wave. In this case, the energy that the3yz°L/4n1],  m=[1—(L2mB)?]"!, and 7ns=1
laser pulse obtains from the background plasma wave equats3(L/2m3)?. The threshold amplitude at which pulse
that it loses to the exciting the wake field. Symmetric pulsespreading is balanced by the compression effect of the
compression occurs near the density trough, while symmetriplasma wave is found by settirdf( 5&2)/d <0, i.e.,

pulse spreading is found near the density peak. Alternatively, 1 o 2

if the laser pulse is centered at a density trough ofttal dno=[LFo|cog&o/B)|]™ (m*e“+aglFy). (11
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0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1 (13
L/?»p Figure Xb) plots the threshold amplitude as a function of the
30 pulse width for Gaussian profiles. It increases very quickly as
NN P ] decreasing the pulse width fa¥\ ,<0.5. For any pulse pro-
251 ki (o) 2001, 8,01 | files, it is obvious that a pulse must be precompressed to
: \,‘ —emng2001,2.205 | about one plasma wavelength or in time duratie@w/ w,
20F 5 =+=r-222001,2,1.0 | 7 before it is to be further compressed with this scheme. Pulses
¥ 15EF ‘.\ =004, a,<<t | ] longer than one plasma wavelength will be split up into a
S g \ e 0,04, 2,205 | pulse train.
10 N, -=-222004,3-1.0 | ]
\ ]
5 S b IIl. NUMERICAL SIMULATIONS
N>, E
ob . ‘ e ) . o] The theory given in the last section is developed partially
01 02 03 0.4 05 06 0.7 08 for a laser pulse at weakly relativistic light intensities and for
L/A a background plasma wave at weakly relativistic amplitudes,
P starting with the envelope equation. To confirm the theory,

FIG. 1. Threshold amplitudes of plasma waveésq normalized V€ have p_erform_ed a series of numerical simu_lati(_)ns with
by the unperturbed plasrr?a den$i@sgfunction of pL(J(|SG widths for both one-d|m_en_S|0_ne(I1D) and 2D PIC codes,_ which is frese
pulses with sinda) and Gaussiartb) profiles at different peak in- 10M these limitations on the theory, solving Maxwell's
tensities. equations and the equation of motion for a few hundred

thousand particles with the 1D code and aboukx 10° par-
Together with the optimized position from E¢5) with 1,  ticles with the 2D codg¢22]. In addition, PIC codes enable
=(771a3/8,82)sin(L/23)], Eq. (1) gives the threshold ampli- ©On€ to deal with pulse propagation and compression in inho-
tude of the background plasma wave for the given pulsdNO9eneous plasmas. In the simulations, we Iaunch_ two laser
profile, which have taken into account both the dispersivé’mses from the left boundary, where the first pulse is used as
spreading effectproportional tomr2e?) and the effect of the 1€ PUmMp to generate a background plasma wave and the
self-generated wake fielproportional toaﬁLFl). Figure second is a signal pulse following behind. One adJUSt.S the
1(a) shows the threshold as a function of the pulse Width.t'med'r.]ter.\cljal bztwegn themhsoftr;]at thek S?.C(l)gd pulse 'Z Ig-
Obviously it increases with decreasing pulse width. It is rela—cr‘;’lte NSl ela ensity trough of the wake field generated by
tively low for a pulse with width arounti =273 (or dimen- the pump pulse.
sionally L=\, with A,=2mB/kp). Usually the wake field o
term tends to increase the threshold as the pulse intensity A. Pulse compression in homogeneous plasmas
increases. It suggests that one needs a high-amplitude plasmarirst we present the simulation results for pulse propagat-
wave to compress a short laser pulse at high intensity to g in homogeneous plasmas, where the analytical theory
very narrow width less than 3. From Eq.(10) one finds  given in last section applies. We start by checking the thresh-
that the time scale of pulse compression is aboup|d amplitude at which the compression effect of the plasma
~(L2/m) wy/ wy . For other pulse profiles such as the Gausswave can balance the dispersive spreading of the pulse. Both
ian pulse|a|?=aj exd —4(&—&)?L?], one obtains in a simi- the pump and signal pulses are taken to be in sine profiles

lar way from Eq.(8) that and in the same frequency. In Fig. 2, we take the plasma
densityng/n.=0.01. The initial pulse widths of the pump
d?(5€%) 2€?|2€®>  ongl? L2 S(go) and signal are 10, (or 10r,) and 5\ (or 57,), respectively,
=—|—+ exp — cos — i i
d72 L L 1642 1642 B wherel is the laser wavelength in vacuum anglthe laser

cycle. The two pulses are separated by a time interval of
about 34.8; initially, so that the signal pulse is located near

, (12 a density trough center of the wake field generated by the
pump pulse. We find that when the pump pulse takes a peak
amplitude abouty=0.4, the generated wake field can pro-
duce a necessary compression effect to balance the disper-
sive spreading, as shown in FiggaRand 2b). Here the
amplitude of the wake field is well given by the analytical

+ajG4(L.B)

where

G1=(L%64\25%)(Go+4B%y5%IL?)
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FIG. 2. Propagation of a signal pulse in a background plasma o g
wave generated by a pump pulse in homogeneous plasma with den- 7 0.008
sity ng/n.=0.01 att=207, (a) and 1406, (b), where 7y is the o g
laser cycle(the signal has the same frequency with the puriipe 0.004 ¢
pump pulse is initially withag;=0.4 andL,=10\, and the signal 8
pulse withag,=0.1 andL,=5\,. Both the signal and pump pulses o) =

are in sine profiles with an initial interval of 34:@ (c) shows the
signal pulse spreads without the pump pulse. The transverse field
(E) is normalized bymwoc/e with w, the initial central frequency FIG. 3. Propagation of a signal pulse in a background plasma
of the signal pulse. wave generated by a pump pulse in homogeneous plasma with den-
sity ng/n.=0.01 att=100r, (a), 5007 (b), and 800 (c). Initially
result by ény/ny= Ulaélsin(l-l/zﬂ)/‘l” 7Ta(2)1/8= 0.063 for @01=0.8 andLl_: 10N, for the pump pulse andg,=0.5 andL, _
L,=2m8 andagy,= 0.4 for the pump. It is also just close to =_10)\0 fqr the ;lgnal _pgl_se._ Both the signal and pump pulses are in
the estimated threshold of about 228 from Eq. (10). If sine proflle§ with an initial interval of 3273. The frequency spec-
there is not a pump propagating in front of the signal pulsefrr‘:]1 o‘; the S|gnalfpullse at these I‘Q.'nagShoF qume2r1ts are shotalh in
it will spreads as shown in Fig.(®. e transverse fiel(E) is normalized as in Fig. 2.
To observe the compression effect, we increase the peak
amplitude of the pump pulse up &=0.8 so that a higher- Vvelocity of the background plasma wave, which is equal to
amplitude plasma wave can be generated. As shown in Fige group velocity of the pump pulse in the unperturbed
3(a)—3(c), the duration of the signal pulse reduces with theplasma. In the region with increasing density profile, the fre-
propagation distance. After propagating over ¥5(he sig-  quency of the laser pulse is downshifted8]. For a narrow
nal pulse initially with 1@+, is compressed to about only one pulse, the frequency shift is approximately given &/ w,
laser cycle. This is also indicated by the corresponding fre=~ €>0ng sin(/B)(wt)/2~0.37 when takingsn,=0.4 and
quency spectra, broadening with time as shown in Fid).3 v =0.2¢ and the pulse center chang&s- Sm+ dv 7 in the
The one laser cycle is close to the compression limit sincdirst order according to Eq6). In the simulation shown in
the laser pulse begins to spread afterwards if the plasma ré&ig. 3(d), the central frequency is downshifted by about 20%
gion extends longer in front of it. Notice that there are bothatt=500r,. Later, there is not much downshift in frequency
frequency upshift and downshift in the frequency spectra, buwvhen the pulse is strongly compressed and located in a re-
the frequency downshift is larger than the upshift. As a re-gion where the density gradient of the total plasma wave is
sult, the central frequency of the pulse is downshifted. Thissmall. During the compressing process, the pulse intensity is
is caused by the forward motion of the pulse relative to thencreased to more than double the initial one and a consid-
bottom of the density trough to the region with increasingerable part of its initial energy is preserved. Meanwhile, the
density profile. Actually when the amplitude of the plasmacentral frequency is downshifted. Theref¢Ed?L/w is basi-
wave is high, the plasma density at the trough is obvioushcally a conserved quantity, following from the envelope
lower than the unperturbed plasma density. Since the sign&quation in Sec. Il. Notice that the time scale for compres-
pulse and the pump are with the same frequency, the signalon is abouTwSIng, consistent with the analytical estima-
pulse can propagate with a higher velocity than the phast@on. If one increases the plasma density, the time scale
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FIG. 5. Two-dimensional simulation results &t 1507,. Ini-
FIG. 4. Pulse compression in homogeneous plasma with densityally a,,=0.5 andL,=5\, for the signal pulseay,=0.5 andL,
No/n.=0.04 att=40r, (a), 707y (b), and 106Gy (¢). Initially a1 =5\, for the pump pulse, and,/n,=0.04.(a) The electron den-
=0.8 andL; =5\, for the pump pulse anég,=0.5 andL,=5\, sty scaling from 0.025black) to 0.065(white) in unit of n., (b)
for the signal pulse. Both the signal and pump pulses are in singne contour lines of the pulse energy density scaling from 0 to 3 in
profiles with an initial interval of 16,. The frequency spectra of the ynit of the initial peak energy densitgc) the longitudinal profile of
signal pulse at these snapshot moments are shov).iithe trans-  the electron densitydotted line, averaged in a laser cychnd the
verse field(E) is normalized as in Fig. 2. electromagnetic energy densitolid line) at the center of the laser
pulse (Y=25.5\¢), and (d) the transverse profile cut at aboxit
needed to compress the pulse is reduced. Such an exampledg22\ ; [see the dashed line {b)]. The initial transverse profile is
shown in Fig. 4 where we take the plasma densigyn.  shown by the dotted line. The transverse figil is normalized by
=0.04. The pulse initially with five cycles is compressed tothe initial value or0.5mwcle.
about one cycle after 8@Q. In this example, the central fre-
guency of the signal pulse is downshifted by about 15%.
We also have conducted simulations with a 2D PIC cod
[22] to see multidimensional effects. The plasma density i
set tony/n.=0.04. Both the pump and signal pulses have a
peak amplitudea;g=a,,=0.5 and the initial pulse lengths
are L,=L,=5\q (sine profilg, respectively. Their trans-
verse profiles are Gaussian with a full width at half maxi- As shown in the last subsection, when the signal pulse is
mum (FWHM) of about 10.,. Figures %a) and b) show located inside a density trough of the plasma wave, it propa-
contour plots of the electron density and the electromagnetigates at a group velocity larger than the phase velocity of the
energy density, respectively, at 150 After propagating plasma wave. As a result, it tends to propagate out of the
over about 158, the signal pulse is strongly compressedbottom of the density trough to a region with increasing den-
down to about one laser cycle as shown in Figh) &nd  sity profile. However, the signal pulse can still be trapped
5(c). Notice that the electron density contour lines are curvednside the density trough if the amplitude of the plasma wave
toward the axis with distance from the pump pulse. As isis sufficiently high. One can see this in the propagation frame
well known, this is due to the relativistic effect which tends of the plasma wave. Assuming the frequency of the pump
to increase the plasma wavelength in the high-amplitude repulse isw,,mpin the laboratory frame and the phase velocity
gion close to the axis. The laser pulse is focused in thesef the plasma wavg~ (1 - wj/ w5, "2 then the Doppler-

curved density troughs as shown in Figdpb As a result, the
eak intensity after being compressed is higher than that
ound in 1D simulations, comparing Fig(e} and Fig. %c).

B. Pulse compression in inhomogeneous plasmas
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FIG. 7. Pulse compression in inhomogeneous plasma with den-
sity changing linearly frorm,/n.=0.01 to 0.022 in 155Q,,,, at
t=10075ymp (@), 600rpymp (b), and 1106y, (C), Whererp,mpand
Npump are the laser cycle and wavelength of the pump in vacuum.
The frequency of the signal pulse is double that of the pump. Ini-
tially ap;=0.8 andL =10\, for the pump pulse andg,=0.5
and L,=5\,ymp for the signal pulse. Both the signal and pump
pulses are in sine profiles with an initial interval of 38,5y, The
requency spectra of the signal pulse at these snapshot moments are
shown in(d). The transverse fieldE) is normalized bymwc/e
with wq the initial central frequency of the pump pulse.

=10\, for the signal pulse. Both the signal and pump pulses are in

sine profiles with an initial interval of 3273. The frequency spec-
tra of the signal pulse at these snapshot moments are shofen in
The transverse fiel(E) is normalized as in Fig. 2.

ducing the frequency downshift, not in broadening the fre-
quency spectrum of the pulse. As a result, the pulse is not
compressed efficiently. To make the pulse locate near the
bottom of the density trough for as long time as possible for

shifted frequency of the signal pulse in the propagatiorbetter compression, one may slightly increase the plasma

frame is wéi_gnalwO-_S(wsignallwpump—." wpump/wsignal)wp )
wherews;gna is the signal frequency in the laboratory frame.

density along the pulse propagation direction or use a signal
pulse with a frequency slightly lower than the pump. Here

The signal pulse can be trapped inside the trough if the peake only consider the first scheme. Figure 6 shows such an

density (normalized by the unperturbed densgitin the
plasma wave satlsf|ersnax>(ws,gna|/wp) Even though the

example, where we increase the plasma density linearly by
only 6% over a distance of 11kg. In comparison with Fig.

signal laser pulse can be easily trapped inside the densiy, we find that the pulse can somehow be better compressed
trough for a signal pulse even with frequency several time$n inhomogeneous plasmas.

the pump pulse, the problem is that if the signal pulse moves In the next example, we consider compressing signal
out of the bottom of the density trough in a short time, thepulses with higher frequencies than that of the pump pulse.
frequency spectrum of the pulse does not get broadenefissuming the density profile iB=ng[1+f(x)] with f(x)
much before it moves to the region with an increasing den=<<1. The interval of the two pulses can be written /&g

sity profile, where the phase modulation is effective in pro-=Axo— (w2/2wpump)(l wpum;/w3|gnal)f0[(l+f(x )]dx’,
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where Ax, is the initial interval between the pulses before central frequency of the compressed pulse is usually down-
moving into the plasmawp=(4qrnoe2/m)1’2, and we as- shifted owing to the difference between the group velocity of
sumew,,mp< wsignal- 1he plasma wavelength changes with the signal and pump pulses when the signal pulse is located
the spatial coordinate a)sp%)\,c,o[lef(x)]‘l’2 with N o initially at a density trough. Numerical simulations also sug-
=Npumd @pump/ @p), Whereh,,mp is the wavelength of the gest that inhomogenous plasma densities may allow for bet-
pump pulse. If the initial intervalAx,=N\ o with N some  ter compression and for compression of short pulses with
integer, to make the signal pulse remain located near thRigher frequencies than the pump.
bottom of the same density trough of the plasma wave, one For potential experimental tests of the present scheme in
needsAx=NA\,. As a result, one finds the future, if one takes a titanium:sapphire lasers emitting at
800 nm, a signal pulse initially with ten laser cycles corre-
sponds to a duration of 26.7 fs. Since the duration must be
less than a plasma oscillation period, one needs plasma with
a density ~ny/10P=1.12X10"%\o/um)~2 cm 3=1.75

_ igns X 10* cm™3. The plasma should be basically homogeneous,
one finds If(x)=(1-3ax/Npymp  ““=1+2aX/Npump-  extending over about 0.8 mm according to the simulations. If
If taking w3/ ®3,ms=0.01, N=3, and wpymp/ wsigna=1/2,  the plasma wave is generated as the wake field of a pump
one getsa=1.25x 10" 4. Usually this value is found to be pulse, its peak intensity would be around 1.37
less estimated since we have not yet taken into account that 108 W/cm? (for ap=0.8) and the pulse energy about 50
the density at the trough is lower than the unperturbed onem] if it is focused with a diameter about 2M and with a
In Fig. 7, we show an example when the frequency of thejuration about the same as the signal pulse for efficient wake
signal pulse is twice that of the pump pulse. In the simulafield excitation. The delay of the signal pulse with respect to
tion, the plasma density is increased from @Q1p to  the pump pulse is around 87 fs or longer by several plasma
0.022; over 155Q . corresponding tax=3.9x10"%.  oscillation periods. It appears that most of the parameters
The signal pulse initially with ten cycles is compressed togiven above are technically feasible now.
less than five cycles and its intensity is doubled after the The present scheme requires, for a signal pulse with initial
pulse propagating over 108f,,,. Similar to the case in duration less than #/w,, the plasma oscillation period.
homogeneous plasmas, the frequency of compressed sigrmtis appears to be a great limitation for experiments. For a
pulse is downshifted. Finally, the pump pulse decays to lowsignal pulse with a duration several times the plasma oscil-
intensity and its pulse width is increased. As a result, theation period, it cannot be compressed as a single pulse, but
generated wake field is at low amplitude and cannot comsplits into a pulse train. Simulations show that the relatively
press the pulse further more. long pulse is first modulated by the background plasma
wave. This modulated pulse can excite a huge wake field
through a mechanism called the self-modulated laser wake
field [23] or wake field amplification by a pulse traj@4],

We have studied analytically and numerically the schemewven though it is at modest intensities. After a certain time
of time compressing a short laser pulse with a high-comparable for compressing a short pulse, the long pulse is
amplitude plasma wave. In this scheme, we use a pump pulsglly split into a pulse train, where each subpulse has a du-
to generate a background plasma wave and let a signal pulsgtion of several laser cycles. Therefore, if the signal pulse is
follow behind. One tunes the time delay between the pulsefpnger than 2l w,, finally one has to separate the produced

so that the signal pulse is located inside a density trough gbulse train in order to get a single ultrashort pulse.
the wake field of the pump. For a given pulse width, it is

found analytically that there exists a threshold amplitude of

the plasma wave at which its compression effect balances the
dispersive spreading of the pulse. Plasma waves with higher
amplitudes than the threshold can compress the signal pulse Z.M.S. was supported by the Japan Society for the Pro-
significantly. Both 1D and 2D PIC simulations show that motion of Science. We acknowledge helpful discussions
pulse compression by several times down to only about onwith Professor S.V. Bulanov, Professor K. Nishikawa, and
cycle is possible with a high-amplitude plasma wave. TheProfessor P. K. Kaw.

1—(a/)\pump)fox[(1+f(xf)]dx':(1+f)—1/z, (14)

with = (w/2Nw} ,m) (1= @) umd ®Zgna) - From Eq.(14)

IV. CONCLUSIONS AND DISCUSSION
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