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Optical-field-ionization effects on the propagation of an ultraintense laser pulse in higlZ gas jets
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Interaction of an ultraintenseyy>1, laser pulse with an underdense Ar plasma is analyzed via a two-
dimensional particle-in-cell simulation which self-consistently includes optical-field ionization. In spite of
rapid growth of ion charg& and, hence, electron density at the laser front, relativistic self-focusing is shown
to persist owing to a reduction of the expected plasma defocusing resulting from the weak radial dependence
of the ion charge on laser intensitgven forZ/y>1 wherey is the electron relativistic factpr
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Plasma ionization plays an important role in the interac=mw?/4me?. Such a strong change in the plasma density
tion of ultraintense, short laser pulses with gas jdts7].  affects the laser pulse propagation. According to the simpli-
When the electric field strength of a laser pulsw, fied theory[1], the plasma permittivity increases as 1
=eE/mcw=8.5X 1071 (um) [I (W/cm?)]¥2, exceeds the —w5/w?y=1-Ne/(%)N,, whereN, is the electron density
atomic field strength, a,=Ex/mco=mé/ch?w=3.05 and(y) is the effective relativistic factor of the plasma elec-
X 10"/ w, the plasma electron density increases rapidly atrons. According to Ref[1], (y)z(l+a(2)/2)1’2 and the per-
the front of the laser pulse due to optical field ionizationmittivity may have a maximum on axis &, increases faster
(OFI). At relatively low laser intensity, this rapid change of than the ion charg&. At first sight, the effect of OFI, which
electron density can be the source of various nonlinear prasesults in diffraction or in self-focusing, simply depends on
cesses such as self-defocusing, laser frequency up-shift, ririge competition between the radial electron density gradient
formation, and others. For a typical<1 laser pulse, the at the front of the laser pulggvhich leads to diffractiopand
electron density reaches its maximum, and the plasma pethe relativistic factor(which determines the self-focusing
mittivity, 8:1—(1)2|/(1)2 where wy, is the plasma frequency, strength. These arguments assume the laser field is greater
reaches its minimum, along the pulse axis. This results in théhan the ion chargeZ/ay,<<1. For a highZ gas this happens
pulse self-diffraction[2] with a concomitant intensity de- only if ultrarelativistic laser pulses with>10 are employed.
crease. These effects have been studied theoretically and exewever, self-focusing of laser pulses can occur even for
perimentally, mostly for lowZ gases and weakly relativistic Z/ay>1. To show this we consider the dependence of the
intensities[2—4]. mean ion charge on the laser field. According to Eggsand

For a highZ gas irradiated by a laser pulse, the maximal(3), the ion charge is equal tZ)zBaéB, whereB is large but
ion charge can be estimated from a simplified equation byearly constant. Hence, inside the laser pulseaferl the

setting vor(l,)7=1, where permittivity is e=1-BNy/a3'”®, No=2Y2Njo/ Ny, whereN, is
5o 2o the initial ion density, and has a maximum along the pulse
vor = 4wa(lZ/Ry)> (aalag)exi - 2(12/Ry)*“an/(3ap) ] axis and, therefore, even a small diffraction loss of energy of

(1)  the laser pulse can maintain its strong self-focusing. In the

present paper, we investigate numerically the interaction of

is the optical-field-ionization probability rat8,4—17, I is  relativistically intense laser pulses with an underdense high-
the ionization potential, Z plasma of Ar withZ/ap>1.

To study the propagation of the intense laser pulse in an
Ar gas jet, we apply a fully relativistic two-dimension@D)
particle-in-cell(PIC) simulation with the “moving window”
technique with mobile Ar ion$9]. A 2D simulation is rel-
evant as a form of the paraxial equatifitD]. The plasma
length is infinite with a steep density gradient. We use 36

|, ~ RY{1.5 ay/an[A + In(4wsran/ag) 13, (3)  particles per cell in a 168120 um*2800X 2048 cell$

window, which moves at the speed of light. %=0.8 um

where A=2.5 In(l/Ry)[~10,forlI,~(0.5-DkeV; Ais ap- linearly polarized laser pulse with a full width at half maxi-
proximately constant at reasonalzg<100. For Ar atoms mum duration of 20fs and an intensity ofl
and a,>2 this equation giveZ~10 so that the electron =102*W/cn? is focused to a 1gum spot(which corre-
density rises ten times at the pulse front. Due to additionagponds in 3D to a Rayleigh length of 728n). (The differ-
axial compression produced by the ponderomotive force, thence between the calculated absorbed laser energy and total
electron density can approach critical density., plasma energy is less than 1%. The numerical error in the

|, = Z°Ry/nZ, (2)

7 is the pulse durationp,=4.1X10'® s is the atomic fre-
quency, Ry=13.6 eV, and. is the effective state number.
After a simple calculation, one can find that

1539-3755/2004/68)/0664085)/$22.50 69 066408-1 ©2004 The American Physical Society



ZHIDKOV et al. PHYSICAL REVIEW E 69, 066408(2004)

1000| (EeTe] p— 10lele] mum—
] 13 I 13 i 13
i 11 - 11 1 ' M
] 9 h 9 7 9
¥ ¥ Yo
] 7 | 7 | 7
- , 5 i 5 1 5
i 3 . 3 | 3
T T T T T T T T 1 1 1
0 ' 1200 () 4 ot 200 4 0 1200 (©)

x+cf x+ct

FIG. 1. Temporal and spatial evolution of ion charges in an Ar gas jet Mgth10'° cm2 irradiated by a 20 fss-polarized laser pulse
with 1=107° W/cn?: (a) wt=500,(b) 1100,(c) 1900. The maximum value given in the figure is the maximum ion charge. Coordinates are
given in w/c:x (um)=0.12% (normalized; t(fs)=0.42 (normalized.

group velocity is smaller than the velocity deviation from theno clusters in the jet due to elimination by the laser prepulse.
speed of light. Initially the plasma is singly ionized. In the In the method used to include plasma ionization, the
beginning, the laser pulse propagates /s in very low plasma charge is modified by varying the number of par-
density plasmaN.,=10"cm3; then it crosses the steep ticles. The charge of the electron particles is fixed so that if
plasma edge with densitW.o=10'" cm™2 (The laser inten- all electron particles were involved in the calculation, the
sity exceeds the critical power for relativistic self-focusing plasma density would be equal to that of the fully ionized
Po= 17(w/wp|)2 [GW] at Z=1 in 3D geometry.We assume plasma[5,6]. At the onset of the calculation, there aigc
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FIG. 2. Temporal and spatial evolution of normalized laser interEfty,H§+ Hf,, in an Ar gas jet for a 20 fs-polarized laser pulse with
1=107° W/cn?. (a)wt=0, (b) 500(c) 850, (d) 1100, (e) 1350,(f) 1450,(g) 1600,(h) 1700,(i) 1900. The laser pulse is propagating from the
right to the left. The maximal value in each figure refers to maximal normalized intensity in the window.
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FIG. 3. (Color) Thex component of the plasma electric fie(d) wt=500,(b) 850. The maximal value in each figure refers to a maximal

positive E, in e/ mcw units.
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FIG. 4. (Color) Z component of the plasma magnetic figld), wt=500, (b) 850. The maximal value in each figure refers to a maximal

positiveH; in e/mcw units.
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FIG. 5. Electron charge distribution in the plasmawat 1350:(a) 2D plot, Nyax iS in units of N;; (b) 1D plot along the laser axis at
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tron density smoothly rises in the area, not only because of
the cube-root dependence of the ionic charge on the laser
field, Z~ a3, but also due to strong diffraction of the pulse.
Since there is no efficient recombination during the duration
of the simulation window and ions are too heavy to move
fast, the structure of the traces are striated displaying the
structure of the laser pulse electric field. For laser intensities
1=10"%ay,=2.19 and I=10"* W/cn?(ay,=21.5 the spatial
distribution of the ion charges is qualitatively similar to that
presented in Fig. 1, though numerically different: the maxi-
mum values of the ionic charge along the laser axis are
Znax=12 andZ,,,,=16, respectively.

Figure 2 shows the temporal evolution of the normalized
laser intensity withl =10°° W/cn?. For nonrelativistic laser
intensity,ag<1, the laser pulse would rapidly diffract from a
combination of the radial electron density gradignt.,
plasma defocusing from the OFI generated plasmeduced
relativistic self-focusing, and vacuum diffraction. According
to the linear ray equation in linear theory, the angle between
a light trajectory and the propagation axis changes as
. . _ _ 9601 9x=—(2Ng) 1IN,/ dr [10,17 so that the light totally dif-
electron particles |nvol\{ed in th'e PIC_ caIcuIatlt_)n while fracts (§=m/2) at L~ mN,, d/N, whered is of the order of
Npic(Za—1) electron particlegnp,c is an integerZ, is the  he |aser spot size. Since the electron density is close to the
nuclear chargez, =18 for Ar) move with an ion. We calcu-  cyitical density in the Ar gas jet, the diffraction length of the
late the equatiodZ/dt=vor[Z(t)] for every ion.(This equa-  |aser pulse can be much shorter than its Rayleigh length. For
tion can be easily derived from the balance equation for elecre|ativistic intensity, strong self-focusing along with strong
tron chargg5].) Discrete, real ionization potentials are used gjffraction is clearly seen. However in contrast to self-
for the Arions. When the chargeof an ion particlenot the  focusing in a uniform plasma, the ring formation similar to
total chargg exceeds an integer, an additiomglc electron  that observed in experiments of Rg8] is found. This ring
particle becomes involved in the field and current calculahas a diameter of aboutgm with a maximal laser intensity
tion. To conserve energy we define an ionization-loss currerds much as 2.5 times the initial. The ring oscillates as the
ja [5]; Ohmic heating,Ua=]E, produced by this current nise propagates through the plasfsee Figs. @))-2(g)].
provides a laser energy loss equal to the plasma ionizationyjthin our understanding, this instability is related to the
Net charge conservation is invoked using the conditiomosing of the self-focused laser pulde,13. To estimate the
divj,=0, which is always true for as-polarized 2D pulse effect of diffraction on the pulse propagation we calculate the
In the absence of clusters, the nonlinear third-order term iyt 20um which initially contains 99% of the laser en-
the polarization responsible for t2he Kerr effect can be estizrgy. The depletion lengthy, of the self-focused laser pulse
mated as followsP;~ dE(dE)?/ Qg = xsE’E, whered is the (709 of energy lostis 0.4 mm for the laser intensity
dipole momentE is the laser fieldQr=[(hwg)?+(dE)?]¥2  =1(”P°W/cn?. We observe that the depletion length in-
with hwg being the energy of the closest level. For transi-creases with laser intensity and is about 0.6 mm Ifor
tions with An=0, wg increases in proportion with the ion =10"* W/cn? (Lp=0.15 mm for =10 W/cn?). We at-
charge,~Z; the dipole moment decreaseszs". Fora,>1 tribute this effect to the reduced diffraction loss of the laser
the termdE becomes dominant and the nonlinear term inpulse. As the laser intensity increases, a smaller fraction of
xsE? saturates and decreasesag$° (we assum&~ag®).  the pulse energy is necessary to form a smooth density dis-
For transitions withAn=1 (wg ~ Z? and Qg ~ hwg), One can  tribution in the vicinity of the self-focused laser pulse be-
obtain thatysE?>~aj/Z% is constant, howeveR; itself de-  cause the ion charge saturates and more laser energy can
creases ag * and finally the nonlinear term decreases ascontinue to be relativistically focused forward.

Z '8 This allows us to include only plasma effects in the The plasma electric and magnetic field distributions in an
present calculation. Ar plasma irradiated by a=10?°°W/cn? laser pulse are

The temporal evolution of the average ion charge in an Argiven in Fig. 3 and Fig. 4, respectively. Initially, thxecom-
plasma irradiated by a short laser pulse with  ponent of the plasma electric fie[#Fig. 3@)] has a wake-
=107° W/cnP(a,=6.8) is shown in Fig. 1. Note that even in field structure. Wave breaking rapidly appears &t
the low density plasma region, the ion chajexceeds 10, =0.3mcw/e [Fig. 3b)] which is much smaller than the rela-
Artlt and Ar'? are the most abundant ions. Charge tracesivistic wave-breaking threshold. For lower and higher laser
resulting from the strong diffraction of the laser pulse enter4ntensity, the field distribution is qualitatively the same.
ing the steep plasma edge clearly can be seen. With time In the magnetic field distribution one can see a magnetic
Art**and Ar®ions appear along the center of the laser axischannel with a diameter equal to that of the self-focused laser
due to laser relativistic self-focusing. At the periphery of thering. Assuming that this current is produced by relativistic
laser pulse, AP and Ar'%jons are most abundant. The elec- electrons we estimate the electron density in the current as

1E-2
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FIG. 6. Electron energy distribution att=1900.
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Necri=Ne €/ (wd) whered is the channel diameter. This den- could serve as a relativistic mirror for a counter-propagating
sity is considerably lower than the critical density. long-wavelength laser pulge4]. _
The spatial distribution of the electron density after the In conclusion, we have observed the self-focusing of a

laser pulse has propagated 0.15 mm into the plasma is shoWglativistically intense laser pulse in a dense Ar gas jet under
in Fig. a). A strong electron bunch 8m in size in the the condition when density growth due to optical-field ion-

longitudinal and 3Qzm in size in the transverse direction is ization cannot be totally compensated by relativistic effects

formed via ponderomotive acceleration. The maximal den?'UCh thatZ/y>1. We have demonstrated that this self-
I P : ) .. focusing is maintained by small diffraction loss of the laser
sity in the bunch is 0l8. [though the average density is

. . . X pulse energy. Because of the slow dependence of the maxi-
0.2, see Fig. 8)] at| =10 W/cn. For higher intensity, mum ionic charge on the laser fielda(l)’3, the transverse

Ninax exceeds the critical density and the average density ierjyative of the electron density is much smaller than that of
the bunch is half of the critical density, as seen in Fi@).5 ihe |aser fieIdN‘ldNe/dr<a51dao/dr andZ/y has a mini-
Transverse motion of electrons in the bunch limits its avery,ym along the laser axis which maintains self-focusing. Due
age density. The mean velocity of electrons in the bunch i$s ponderomotive acceleration a high densifyNy)

_ 4 :
close tov =c(1-4/ag) which corresponds to the ponderomo- _ g 3_0.5N_] electron bunch is formed in front of the laser

tive potential of the laser pulse. Electrons in the bunch MOV&yise. The group velocity of the laser pulse is not consider-
faster than the laser pulse as seen in Fi@) 2vhere the ably reduced by this effect.

group velocity is 4—6 % less than the light speed. The energy
distribution of the electrons is shown in Fig. 6. Since elec- This work was partially supported by National Institute of
trons in such an electron bunch are strongly relativistic, itRadiological Sciences, Japan.
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