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Self-focusing, channel formation, and high-energy ion generation in interaction
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Using interferometry, we investigate the dynamics of interaction of a relativistically intense 4-TW, 400-fs
laser pulse with a He gas jet. We observe a stable plasma channel 1 mm long and lessithaim3ameter,
with a radial gradient of electron density5x 10?2 cm™# and with an on-axis electron density approximately
ten times less than its maximum value ok80" cm™3. A high radial velocity of the surrounding gas
ionization of~3.8x 10° cm/s has been observed after the channel formation, and it is attributed to the fast ions
expelled from the laser channel and propagating radially outward. We developed a kinetic model which
describes the plasma channel formation and the subsequent ambient gas excitation and ionization. Comparing
the model predictions with the interferometric data, we reconstructed the axial profile of laser channel and
on-axis laser intensity. The estimated maximum energy of accelerated ions is about 500 keV, and the total
energy of the fast ions is 5% of the laser pulse ene§$063-651X99)07505-4

PACS numbes): 52.40.Nk, 52.75.Di, 52.35.Mw

I. INTRODUCTION with atomic-cluster gases was reported by Ditm@eal.

[17]. Observations of terawatt-laser pulse propagation inside

A number of proposed applications of ultrahigh intensity@ 200um-diameter plasma channel in neon and helium gas
short laser pulses require laser guiding for distances mucl§ts using the Moirdechnique were presented in REE8].

longer than a Rayleigh length without considerable energy IThe digg_nostic mgth_ods usetlj in Rdgﬁala ]90 o b
loss and significant diffraction. A stable, long-lived channelS0!Vé subpicosecond time scales, and therefore cannot be
sed to observe laser pulse self-focusing related to plasma

n a plasma can serve as an opt|cal. waveguide fpr the fa#mtion during the laser pulse. Although the self-focusing of
ignitor [1] and laser wake-field particle acceleratif®3] 5 ghort laser pulse is an electron-dominated process, on a

experiments. Guiding of intense laser pulses in underdensgcosecond time scale ions also become involved, and self-
plasmas at relativistic intensities was first reported in Refconsistent ion and electron motion results in a deeper plasma
[4], and then studied more completely in Re8-10. The  channel with larger diameter in a later time. The effect of ion
initial phase of plasma channeling is governed by self-motion induced by a short relativistic laser pulse was studied
focusing due to electron expulsion by the laser ponderomoi hydrodynamic simulation$19] for a 100-ps time scale.
tive force and the relativistic increase of the electron masgiowever, the hydrodynamic approach is not relevant for ions
Both these effects increase the refractive index of a plasm@t the relativistic laser intensities, since the mean free path of
on axis and further focus the laser pulse. A significant part of € accelerated ions could be much larger than the channel
the laser pulse can be trapped, form a laser channel, argdameter. Full electromagnetic three-dimensional particle-in-

. . . cell (PIC) simulations[20,21] could be appropriate for such
Ezc]Jpagate many Rayleigh lengths without divergefite- conditions; however, these PIC simulations are limited to a

) time scale of a few picoseconds even with current high per-
The effects of terawatt laser beam self-focusing an¢gmance computers.

plasma channel formation have recently been observed using This paper presents experimental results and their theoret-
the laser probing technique. The shadowgraphy study of thgal interpretation on the dynamics of a plasma channel pro-
onset of relativistic self-focusing using 0.3-TW, 250-fs duced by a high intensity short laser pulse propagating in a
Ti:sapphire laser pulse with an intensity10'” W/cn? in plasma created by the ionization of an initially neutral He
underdense gas jet plasmas was presented in[R8f. A gas jet. Relativistic self-focusing and self-channeling of the
plasma channel expansion with high velocity 86x10°  |aser pulse and the dynamics of ambient gas excitation and
cm/s was observed with the interferometric technique in Refionization were observed by interferometric and shadow
[16] for the interaction of a 600-fs, 10" W/cn? laser  techniques. Some results on the channel formation and
pulse with a solid target. Interferometric observations of highplasma density dynamics have been published recently else-
temperaturgabove 1 keV plasma filaments in the interac- where [22,23. The experiment is modeled with a simple
tion of a 2-ps laser pulse with an intensity10'® W/cn?  cold ion kinetic code, which includes the electrostatic field
governed by the laser driven relativistic ponderomotive force
in a cylindrical geometry. It also accounts for the inelastic
*Present address: Department of Physics, University of Nevadaollisions of fast ions and accompanying electrons with the
Reno, NV 89557-0058. ambient gas, and ignores thermal pressure effects. A com-
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parison of model results with the observations allows us to
reconstruct the characteristics of the self-focused laser beam
and the laser-produced plasma channel.

The paper is organized as follows. In Sec. Il we describe
the experimental setup, and present experimental evidence
for channel formation and results on channel dynamics. In
Sec. lll a simple kinetic model for plasma cavitation and
high-energy ion generation is formulated. An interpretation ¥
of the experimental results is presented in Sec. IV. It is dem-
onstrated that the kinetic model quantitatively reproduces the (a)
observed phenomena and provides two important conclu-
sions:(i) the evolution of the plasma density profile dramati- 6
cally disagrees with the hydrodynamic calculations, reported
in Ref. [19], and (ii) excited He atoms make a significant
contribution to the plasma refraction index. A discussion, | 10 l
several predictions of ion acceleration for more intense laser
beams, and a summary are presented in Sec. V.

focal plane

plasma

gas jet

t11111

II. INTERFEROMETRIC INVESTIGATIONS (b)
OF A CHANNEL FORMATION
FIG. 1. A scheme of the laser-gas jet interacti@ and an
experimental setufh): 1, interaction beam; 2, probe beam; 3, mir-
The experiment was performed using a 10-TWrors; 4, 5% beam splitter; 5, motorized optical delay; 6, off-axis
Ti:sapphire-Nd:glass laser system based on chirped-pulggrabolic mirror; 7, plasma from a gas jet; 8, spherical imaging
amplification[24] developed at the Center for Ultrafast Op- lens; 9, air-wedge shearing interferometer; 10, shadow recording
tical Science, University of Michigan. The laser operates at £CD; 11, interferogram recording CCD.
wavelength ofAy=1.053um, and produces pulses with an

energy up ® 4 J in 400 fs[full width at half maximum 5 fast gas ionization in the cone angle 17°) of the laser
((FWHM)] with an intensity contrast ratie-10°:1, as mea- 5 ;s hefore the pump pulse arrival. The laser intensity in

sured by the third order correlation technid@s]. The 50- o temporal foot and in the spatial wings of the pulse was

mm-diameter laser beam was focused with an off-axis Pal%hove the tunneling ionization threshold for He atoms, which

bolic mirror (f/3.3, f=16.5 cm to a 10um spot with a .~ 45 . o .
vacuum intensity of & 10'® W/cn?. The radial distribution 1S %Ol. W/.sz to produce a single ionized idil5,27,28.
The ionization front propagated along the laser axis with a

of the laser intensity also demonstrate£0-um-diameter subluminal velocity until it reached the rear side of the jet.

wings that contain approximately 10% of the laser N1 rhe transverse size of the formed plasma was aboud00

The laser beam was focused in a high backing pressuii ( . di hich | h han the | tocal
MPa) He gas jet expanding through a 1-mm-diameter nozzld" diameter, which is much greater than the laser focal spot.
For the optical self-guiding of the laser pulses in the plasma,

[Fig. 1(@]. The optimal conditions for beam guiding corre- i X ’ ) \
spond to the laser focusing on the jet edge at a distance the radial proflle of'the index of refraction mus’F have a maxi-
—0.5-0.75 mm from the nozzle, where the He atom density"Um On axis, causing the wave front to curve inward and the
is ~4X 10" cm 3. laser beam to converge. When this focusing force is strong
The layout of two-channel optical system for simulta- enough to counteract the diffraction of the beam, the laser
neous recording of interferometric and shadow plasma impulse can propagate over a long distance while maintaining a
ages is shown in Fig.(h). The diagnostic beart2) with a  small cross sectiorflaser channgl For a Gaussian beam
wavelength of\ = 1.053um was obtained by splitting-5%  with a power exceeding a critical pow&,=17n./n, GW
of the pump pulse, propagated through an adjustable motofwhere n. is the critical density for the interaction laser
ized optical delay5), and probed a plasm@) in the direc-  pulsg self-focusing and self-channeling can occur as a result
tion perpendicular to the interaction beam. The plasma wasf two effects:(i) the relativistic increase of electron mass in
imaged by spherical len®) with an angular aperture 7° on
two 12-bit CCD cameras(10—shadow and (11—
interferogram. The spatial and temporal resolutions were 10
um and 400 fs, respectively. The air-wedge shearing inter-
ferometer(9) was used for the electron density measure-
ments. The principle of operation of this interferometer was
described in Ref(26].

A. Experimental setup

B. Experimental observations . . ) i
FIG. 2. A schlieren image of a plasma for the defocusing domi-

We followed the p_Iasma e_V0|Uti0n for a time pe_riod _from nated regime. The plasma was probed at a 10-ps delay after the
—2 to +55 ps. The tim¢=0 is taken to be the arrival time passage of the interaction pulse. The vertical line indicates the po-
of the laser pulse peak to the focal plazve0. We observed sition of focal plane in a vacuum.
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FIG. 3. Interferogramgleft column, shadowgramgcenter columjy and topology of the wave front disturban@éght column of a
plasma in the defocusing dominated regime at different time delays(&,0k0 ps(b), and 20 p<c). The internal pulsation structure of the
wave front isoline emphasizes an interplay between self-focusing and defocusing.

the laser field, andii) the reduction of the electron density even had the laser power exceeded the critical power by a
on axis due to the expulsion of the electrons by the lasefew times, the beam diffraction would dominate in this re-
pondermotive force. gime. A typical schlieren image of plasma at time detay
At first, we will describe an observation of the phenomena= 10 ps after the interaction pulse is presented in Fig. 2. To
related to the regime of the onset of relativistic self-focusingproduce a schlieren image, we horizontally placed a 400-
This regime is characterized by the formation of a short on.um-diameter wire in the focal plane of the imaging léBs
axis channel. Nevertheless, the main part of the laser enerd¥ig. 1(b)]. Bright parts of the image correspond to the re-
has not been trapped in the channel, but has propagated igions where the refraction index has high transversal gradi-
side the laser ionization cone, leading to a plasma densitgnts. There are two main features in Fig. 2: a bright, short,
pulsation and off-axial laser filamentation. The laser beamand narrow line on the laser axis, and nonuniform axial pul-
had a power of less than 3 TW, and had been focused at sations of the external cone of plasma. The first feature is due
distancex~ 1.5 mm from the nozzle edge. We believe thatto channeling of a small part of the laser's energy. The

FIG. 4. Interferogramgleft column), shadowgramgcentral columi, and topology of the wave front disturban@ight column of a
plasma in the regime of relativistic self-focusing at three different delays:(@p5 ps(b), 15 ps(c), 35 ps(d), and 45 pge). Contrary to
Fig. 3, the internal pulsation structure of the wave front isoline is absent for the relativistic self-focusing regime.
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FIG. 5. Thomson scattering image of laser-He jet interaction at
a wavelength of 1.05%m and a laser power of 4.3 TW. The
direction of the main beam propagation is from the left to the right.

length of the axial channel is short; 300um, in this re-
gime. The second feature is probably due to the interplay
between ionization defocusing and the self-focusing of the FIG. 7. Spatial distribution of the electron density for a time
pump beam. The temporal evolution of the plasma can benoment of 35 ps.

seen from the interferogranieft column and shadow im-

ages(center columpin Fig. 3 at three subsequent time de- density gradient in the edge of the jet, and to focus the laser
IayS 5, 10, and 20 ps. For the identification of the wave frontbeam at the front edge of the ]et A typ|Ca| set of interfero-
disturbance topology of the probe laser beam, we applied grams(left column and shadowgram&enter columpof a
special procedure to the interferogram processing by convepjasma, taken from the similar shdtaser power of 4.3 TW
sion from a noncontour type interferogram to a contour typeat five subsequent time delays is presented in Fig. 4. The first
interferogram. For that we subtracted the nondisturbed intefsignature of plasma channel formation was observed at
ferogram from the plasma interferogram, and then applied & ps. The local opposite displacement of the interference
“find edge” filter. For the image processing we used thefringes in a narrow axial region in the interferogram indi-
public domain programsCION IMAGE [29]. The results of this  cates a decrease of the phase shift, and hence a decrease of
procedure are presented in a right column of Fig. 3. The firsihe on-axis electron density. This region is manifested in the
outside black contour line corresponds to }2 phase shift, shadow image by a bright long and narrow line. The channel
the next white contour line corresponds to th@hase shift, length was about 100@m, and comparable to the gas jet
and so on. The isophase line of axial pulsations of the iontength. One can see a significant difference of these plasma
ization cone are similar to those seen in the schlieren imagﬁnages from those of the previous regime of interaction
in Fig. 2. The plasma structure in this regime is significantly(pigs, 2 and B We did not observe axial pulsations of the
different from low-energy experiments reported in R&b],  wave front isolinegright column of Fig. 4 or beam filamen-
where Only the laser filamentation in underdense plasma hqﬁuon on ShadowgramS, as in they other regime_ This is be-
been observed. cause the main part of the laser energy now propagates inside
Second, we studied the regime of relativistic self-the plasma channel, and the diffracted electromagnetic wave
focusing. By optimal focusing of the laser beam at a distancgipes not have enough power for the generation of the above
x=0.5 mm from the nozzle edge, we observed a long narrownentioned structures.
channel on the laser axis. A significant part of the laser en- |n order to diagnose the spatial extent of the laser channel,
ergy (~60%) is trapped in this narrow channel. To achieve we used 90° Thomson side scattering at the wavelength of
the laser pulse trapping it was essential to have a high gage interaction beantFig. 5). We observed a long on-axis
line with two bright regions corresponding, probably, to two
Von (10 cm/s) consecutive foci of the laser beam inside the plasma channel.

45 When the laser power exceeds 2 TtNat was about 4.€

2.0
00 05 1.0 1.5 20 25

& (units of line)

FIG. 6. Radial expansion velocil,, of the interference phase FIG. 8. Evolution of the radial distribution of electron density at
shift for the cross section=100um. One line corresponds to one the cross sectiom=100xm inferred from the set of interferograms
wavelength phase shift. shown in Fig. 5.
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FIG. 11. The axial distribution of linear electron density for
FIG. 9. Evolution of the linear electron density(doty and the  different moments of time inferred from the set of interferograms
mean electron density 2open squargsat the cross sectiorz shown in Fig. 5.
=100um. The corresponding theoretical curvesdahd 2 have

been obtained from the model described in Sec. IV. N . .
Nep=mMeC/e“\* is the critical density for the probe laser

wavelength. The inferred electron density profile for time

for relativistic self-focusing for our experimental conditions . T .
g P o hiEomenttzi%S ps is presented in Fig. 7. The maximum elec-
t

the channel length extends to 1 mm. We also observed t
the scattered light intensity was decreased in the direction
laser beam propagation.

The radial expansion velocities in the cross section

on density is~7.6x 10*° cm™ 2 at a radius of~20um and
e estimated depth of the plasma channel is up to 80—90%.
The radius of the plasma channel is less thanuih® which

=100um for different interference phase shifts are shown in/S close to the resolution limit of our diagnostics. The accu-
Fig. 6. The velocity of the plasma radial expansion is found@<Y of measurement of the channel depth is limited by the

to be high: 4. 10° cm/s for the phase shift of the 0.2 line, Abel inversion procedure.

and 3.5<10° cm/s for the phase shift of the 0.5 line. The Now we discuss the temporal behavior of the plasma

two-dimensional reconstruction of the electron density pro_channel. Although only one image per Iz_;\ser sho_t_has been
taken, the laser parameters and gas jet conditions were

file was performed using the Abel inversion procedure, with,”. : . .
an assumption of the axial symmetry of a plasma, and attri highly reproducible, and the time delay between the interac-

uting all changes of the refraction indexto free electrons: tion and probe pulses was controlled with an accuracy better

— A—min... wheren. is the local electron density and than 0.1 ps. The reproducibility of results has been verified
m= e!tepr e y by comparing the images taken from different shots for a

same delay time. Because of these circumstances we con-
R (um), d (um) sider pictures taken at different shots with different time de-

250" lays as a representative history of plasma evolution in a
[ ° single shot. The dynamics of electron density profilezat
200'_ . =100um is shown in Fig. 8. The energy fluctuation be-
[ tween different shots was within 8% around the average en-
- ergy of 1.7 J(4.3 TW). The electron density gradient at
150F channel walls reaches the value of%0?>cm™* at a time of
[ 7 ps, and remains practically the same up to 55 ps. Since the
[ 1 characteristic electron density was about B0'° cm™3, this
100" density gradient corresponds to the radial scale length of
L see about 10um.
50 '_b;::;u" o The evolution of linear electron densifyhe number of
[ o electrons per unit length iN.=27frdrng(r)] at z
- id =100um, and the evolution of mean electron density in the
3 Iﬁiﬁf TR TOT T FRPTL POUN PPN PPN PPV PP . . . L
0 same cross section, are presented in Fig. 9. After the initial

phase of fast gas ionization by the lagffom —2 to 0 ps,
the number of electrons remains practically constémim 0

FIG. 10. Evolution of the plasma radius for the cross section {0 9 P9, then the gas ionization starts again. At the same
=100um. Experimental points tdots and 2(open squaréshow  time the average electron density begins to decrease. There
the positions of electron densitiesxa0'8 and 1.5<10%° cm 3, was no laser radiation at that time; therefore, this secondary
respectively. The points Golid squaresshow the evolution of the  iOnization can be produced only by the laser-accelerated
plasma channel diameter. The theoretical curveantd 2 corre- plasma.
sponding to the experimental results 1 and 2 have been obtained The above described features of the plasma production are
from the model described in Sec. IV. in agreement with the temporal behavior of the plasma radius
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and channel diameter, which are shown in Fig. 10. Thewhich is not supported by shadow and interferometric im-
plasma radius remains approximately constant from 0 to 1@ges shown abovef. Fig. 4).
ps, then the plasma begins to expand radially. If we define Therefore, we conclude that only free streaming particles
the plasma edge as a region where the electron density @uld explain the observed features of the ionization front.
equal to 5< 10*8 cm™2 (13% single ionization of He gas with At this moment gas ionization by an electron stream should
Npe=4x 10 cm™3), then the radial expansion velocity, be excluded. This is because electrons with velocities
Vos is equal to~3.8x10° cm/s. Plasma regions with a x 108 cm/s(an energy of about 45 e\have very short mean
higher degree of ionization, 1:510" cm™2 (40% single ion-  free paths in helium at normal pressure, aboytr, while
izatior), expand with a lower velocityy, s~2.5x 10°%cm/s.  observations show the ionization front propagates more than
The channel diameter increases in time much more slowlyiundred microns in the gas. Hence we identify the ambient
than the plasma radius. The typical value of radial velocity ofgas ionization with the propagation of fast helium ions.
channel expansion is 4x 10’ cm/s. These ions have been expelled from the laser-produced
A two-dimensional distribution of linear electron density plasma channel and have an energy of more than 300 keV.
versus an axial position at different moments of time is pre-The mean free path of such ions in a normal pressure gas is
sented in Fig. 11. This distribution shows the same charadew millimeters, and they penetrate through a gas as projec-
teristic plasma behavior. Up to a time of 10 ps the axialtiles, experiencing only small angle elastic scattering and los-
profile of linear density corresponds to the shape of the laséng their energy to the neutral atoms via excitation and ion-
ionization cone in the gas. After 10 ps one can see a fastation. Certainly these ions cannot propagate alone; they
increase of linear density due to the ambient gas ionizatiorgarry an appropriate number of free electrons with them in
The fastest rate of plasma production occurs at two crossrder to compensate for the space charge. However, these
sections z=100 and 60Q«:m, where dN./dt~4x 10" escorting electrons have a minor contribution to the gas ion-
cm 1ps L. The minimum of the plasma production rate is atization and excitation. The velocity of such fast ions is com-
the cross section=350um. Below, we present a theoretical parable to the velocities of bounded electrons in the helium
model of the ambient gas ionization, and employ it to re-atom, and therefore ions efficiently ionize the ambient gas.
trieve the parameters of accelerated ions and a laser chann@heir ionization cross section is abou<a0~ 6 cn? [33],
and, therefore, each ion produces approximately one
1. PHYSICAL MODEL electron-ion pair on a }em path in the helium gas with a
density of~4x 10" cm™3. Such fast ions also have a large
excitation cross-section, about<20 ¢ cn? [34] for the
Although the observations presented in Sec. Il B definitelytransition —2p. They are much more efficient in helium
indicate the formation of a long narrow channel on the lasegas ionization than electrons, which have a maximum ion-
axis, one has to explain the origin of the secondary gas ionization cross section about<3L0~ 7 cn? [32].
ization 10 ps after the laser pulse, and relate the observed It is evident that the ionization front propagates with a
features of the electron density distribution to the charactervelocity comparable to, but less than, the velocity of the
istics of the laser pulse. Hence we begin with an identificafastest ions. Also, due to the radial divergence of fast ion
tion of the origin of the secondary gas ionization. It has beerflow, their ionization efficiency decreases at larger radii;
observed that two distinct features occur in the experimentaherefore, the areas with higher electron density expand with
data: a 10-ps delay of ionization, and an approximately conlower velocity decreasing with time. The hypothesis of gas
stant high velocity propagation of the ionization front ionization by fast ions also offers a natural explanation for
through the ambient gas. Diffusive processes like electromhe 10-ps ionization delay: it is the time required for the fast
thermal transport and radiative transport cannot explain thesens to penetrate through a plasma, with a radius of about 40
features of gas ionization. Indeed, for both these processegm. The electron density does not change during that time
the temperature equation predicts the formation of a steeperiod, since there are no neutral atoms in this area. Such a
heat front propagating into a cold gas medium with a velocplasma volume can clearly be seen in Fig. 4. It has been
ity that decreases with time s wherea = { for the clas-  produced by the low intensity spatial wings of the laser light
sical Spitzer-Hem electron heat conductivity and=$ for  because of a relatively low threshold for helium multiphoton
the radiative transport, respectivgéB0]. These analytic time ionization, which is about £8 W/cn? for the primary ion-
scalings are in apparent contradiction with the observationszation and ~10'® W/cn? for the secondary ionization
The nonlocal electron heat transp81] might be respon- [15,27,28§.
sible for the fast ionization wave propagation, if we assume |t is important to note that fast ion propagation through
that the electron temperature is above few keV and, hencehe ambient gas and the gas excitation and ionization cannot
that the electron mean free path is about 108 or more.  be explained in terms of the conventional ion hydrodynamics
However, such electrons have a very low ionization cros$19] for two reasons: first, the accelerated ions are almost
section, below 10%" cn? [32], which is not enough to ex- collisionless and do not interact elastically with the ambient
plain the observed high ionization rate. Also, the experimengas; second, the ions have an energy spectrum, which is de-
by Krushelnik et al. [9] suggested that the actual electronfined by the acceleration mechanism, and, therefore, one has
temperature in the laser channel is less than 1 keV. a multigroup ion flow that requires a kinetic treatment. One
The ionization can also not be explained by a shock wavepf the important consequences of the kinetic nature of the ion
because of the large propagation velocity, which is orders oéxpansion is that the diameter of the evacuated plasma chan-
magnitude larger than the acoustic velocity in a helium gasnel is defined approximately by the size of laser beam and
This implies a strong gas compression behind the shocldoes not increase with time. While in the hydrodynamic de-

A. Qualitative considerations
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scription the diameter of the plasma channel proceeds to irtimes. The theory and numerical simulations for similar con-
crease above the laser beam diamgi®l, since the accel- ditions suggest that a substantial part of the laser power
erated ions are supposed to exchange their momentum withight be trapped in a narrow channel near the laser axis, and
ambient iongor atoms and they move togethéas a snow the channel length could be many times the Rayleigh length.
plow) as long as the total initial ion energy will be converted We concentrate here on the processes that occur in a plasma
into a work against the pressure force of ambient gas. Curvafter the laser channel has been formed. These are the ion
3 in Fig. 8 demonstrates that indeed the radius of plasmacceleration, plasma channel formation, and subsequent ion
channel does not change in time significantly, which supdinteraction with the ambient gas. Doing so, we leave aside

ports the kinetic model. the process of laser beam self-focusing, and assume right
away that a certain part of the laser pulse energy is already
B. Coulomb explosion channeled. Then we approximate part of the pulse trapped in

. . the channel with Gaussian functions in time and radius:
Now we turn our attention to the mechanism of the laser-

plasma coupling and ion acceleration. A qualitative picture E 12 g2

of ion acceleration by the laser beam ponderomotive force I(r,t)= Tozexp< il 2
was discussed in Reff35], and called the “Coulomb explo- T T ro 7

sion,” since ions are accelerated by the electrostatic field of

charge separation produced in a plasma when the electroMd1ereEo is the trapped laser energyp=Eo/m¥r§r is the

are expelled from the laser beam channel due to the radigin-axis laser intensity, ang is the radius of the laser chan-

component of the ponderomotive force. However, one renel. Keeping in mind possible variations in the channel ra-

quires a quantitative treatment for the experiment interpretadius and losses of the channeled energy, we can corBider

tion. andr, as functions ofz—the coordinate along the channel
We consider a laser pulse interaction with an underdensexis.

plasma for the conditions where the laser frequengyis

much larger than the electron plasma frequengyand the C. Callisionless ion kinetics

Igser pulse duratiorr is I_arger than the electron reSPONSe T4 formulate guantitatively the physical model of plasma
t'm? Ly . Also, the spatllal plasmha sck?lel and laser l'ntenrsl'tychannel formation, we supplement the quasistationary de-
scale are assumed to be larger than the laser wavel&ggth sqrintion of the relativistic electrons by the kinetic descrip-

Then one can average the electron response over the lasg, of the cold collisionless nonrelativistic ions with the

period and consider electrons as a fluid which is influence assm. and chargeZe. Assuming that ions move only in a
. i :

by the laser ponderomotive force radial direction, the kinetic equation for the ion distribution

Fp=—mecsz, 1) function f; reads:
—9 H . O')f| (9f| VA &fl
wherea=0.85x< 10"\ o[ um]I[W/cn?] is the normalized —+ =0. 3

v+ —Fp——=
slowly varying vector potential of the laser field, ahi$ the Jt armi Fov;

Iasig ?;Jésriign;ggsggéve the qas was preionized by the Iase-l;he last term in the left hand side accounts for the ion ac-
: ' 9 P ; y .~ eleration due to the electric field produced by the pondero-
prepulse approximately 2 ps before the main pulse arrival

motive force(1).

T on e Ser o0 et o %" Equaton hs been soved rumerically by e parice:
p P P d’n-cell method[36], and we present the results below. The

parameters Therefore, electrons respond adiabatically, an bharacteristic enerav of the accelerated iammov2/2. can
the ponderomotive forcél) is balanced by an electric field . gy aR; Mvi /e,
be estimated for the case of a short laser pulse when the

of charge separatioBE=F, . This electric field is applied to . . ;
ions, and accelerates them during the time of the laser pul ulse Ien_gthf is shorter thgn the ion response tmﬁ’vi_'
e radial ion acceleration, according to E{l), is

passage. lons continue to move after the passing of the las . ) .
pulse due to their own inertia. To support plasma quasineu me/m;)c?V,V1+a%2, so the radial velocity of the ions
trality, the electrons are forced to accompany the ions. Thu&iter the laser pulse ends reads

for a short laser pulse the plasma cavity formation occurs in zZm, . 9

the ion evacuation time, which might be longer than the vi=—— 2_f dtvV1+a?/2. (4)
pulse duration. m - aJr

I th? pulse lengthcr is larger than th? pulse radllu@_, This formula predicts the ion energy Spectrurt 8 =< €
the radial component of the ponderomotive force domlnateswith the energy cutoff
and ions are accelerated radially. According to Eg, the
ion energy depends dramatically on the laser beam radius. 72m2ct  at2 2 2 4
Hence knowing the final energy of accelerated ions and the ~ £MeC aO_TN Z_ T_%

€m 3 Me
laser pulse duration and energy, one can deduce the radius of 16mir§ 1+a§/2 A rg 1+a§/2
the laser beam and its on-axis intensity.

The process of self-focusing and channeling of a shortvhereag~3.6JEq/7\(/r( is the maximum vector potential
relativistic laser pulse has been studied in detail elsewheref the interaction laser pulse, addis the ion mass number.
[4,11,13,15. In our conditions the laser power exceeds theHereE, is measured in J; in ps,Aq andrg in um. Accord-
critical power for the relativistic self-focusing more than tening to this formula, in the relativistic limitag=1, the ion

VvV, (5
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energy is approximately proportional to the pulse energy angrrocedure allows one to infer the cumulative contribution the

pulse length, and inversely proportional to the fourth powerfree electrons and the bounded electrons of excited atoms,

of the laser beam radius. This high power radius dependence

can be used to resolve an inverse problem: to estimate the

laser channel radius knowing the ion energy. neff:ne+2 PEECTE
The total energy of accelerated ions per unit length of the WA

laser channel can be estimated as follows:

fjinai

®

but not the density of free electrons alone. Such an effective
electron density can be significantly different frarpand in

2 X
de some cases could even be negative.

m;v; 2
FER 2wrdrniT~O.080naemaX Jicm,  (6)

E. Excitation and ionization of ambient gas

where the ion density; (tha;t is ﬂfective_ly,the atomic den- The energy spectrum of accelerated ions obtained from
sity of gasn,) is in units 10° cm™®, emacis in MeV, andro  the solution to Eq(3]) has been used in calculations of the
is in um. For a relativistically strong laser pulse the energysecondary electron population and the excited He atoms. We
deposited in the accelerated ions could be an important Charﬁ'eglect the momentum exchange in 2HeHe collisions

nel_of the laser energy losses. Although the absorption lengtince the energy loss per each electron-ion pair production is
La=Eo/(d€/d2), calculated from Eq(6), is much larger ,, the order of the ionization potential, which is much less
than the Rayleigh length, the laser pulse energy losses for thgan the jon energy. Hence the equations for the concentra-

ion acceleration might be more significant than the inversgj,,, of secondary free electrons,, and excited He atoms
Bremsstrahlung absorption, and could be comparable to t ¢ '

) . .1, , read
losses due to the stimulated Raman scattering. In the relativ-*
istic limit, ag=1, according to Eqgs(5) and (6), the laser an,, Umax
pulse energy losses due to the ion acceleration scale linearly T nHeJ’O dvijo(vi)vifi(vi), 9

with the laser pulse energy and pulse length, and are in-

versely proportional to the square of the beam radius. wherea=e,* for free electrons and excited atoms, respec-

tively, ny, is the density of neutral helium atoms, and is
D. Refraction of a probe laser beam in a plasma the cross section of the ionizatigaxcitation) of neutral He

4 o i
The refraction coefficient for the electromagnetic wave indtoms by the He propcules and electrons accompanying
hem. These cross sections have been taken from Bs.

a fully ionized underdense plasma is determined by free eled

trons. Thus a simple expressiop=+1—ng/ng,~1 34]+ﬁn? |:itzergo:]aterd by aniiilyrt]lc Iul_?cnt?na ociles |
—ne/2n¢, for a plasma refraction index for a probe laser € lonization cross section of He by Heprojectiies 1S

light can be used to infer the electron density from interfero—taken from Refs[33], and approximated as follows:

metric measurements. However, this is not a case for a partly | 2
ionized gas, where the excited atoms and incompletely oo(v)=71. n(2.72+0.0%°) F{ _ 0_5
stripped ions might also contribute to a plasma refractivity. ¢ v2+625p28

(The contribution of completely stripped ions can be ne-

glected due to the high ion-to-electron mass rafitie con-  where the ion velocity is in 16-cm/s units, andr, is in
tribution of an excited atom or ion, in a givéth excitation 10 '°-cn? units. The maximum of this cross section is 3.1
state, to the plasma refraction index depends on the wave< 106 cn? for ions with a velocity 4.5 10° cm/s. Among
length \j; of allowed electron transitions—j and on the all possible excitations for He atoms, we choose to consider

. (10

corresponding oscillator strengft) : only one transition, $—2p (from the ground state S to
the state 2P), which has a much larger cross section than
e?\? fiing any other transition. However, we increase the corresponding
m(N)=1- M.C2 + = 1-3\2\2)’ (@) cross section by 20% to take into account, in a rough way, all
e ji

other transitions. The excitation cross section for the transi-
tion 1s—2p has the following analytical approximation for

where\ is the probe wavelength, amg; is the excited atom- He, suggested in Ref34]:

ion density in theth state.

Free electrons always produce a negative contribution to 2
the refractive index. The contribution of bounded electrons U*(v)zglln(2.72+0.031; )ex;< — 0_67) (12)
[the second term in parentheses in Eg).] could have a v2+1135p23 v
different sign which depends on the relation between the
transition wavelength and the probe laser light wavelengthThis achieves a maximum of 2<110~* cn?? at an ion ve-
The plasma refraction index dramatically increases if thdocity of 6x 10° cm/s. Assuming that the number and energy
probe wavelength is close to the transition wavelength. Thief He?* projectiles do not change with time, we neglect the
case of the resonance refraction is frequently used for diagerocess of the charge exchange irfHdde collisions which
nostics of excited atoms and ions. In our conditions the probeffectively reduces the number of fast#Heions and conse-
wavelength is nonresonant, and the contribution of excitedjuently reduces the secondary ionization. Although the
atoms and free electrons to the refraction index could beharge exchange dominates the ionization and excitation
comparable. It follows from Eq(7) that the Abel inversion cross sections at low ion velocities;<1x 10 cm/s, its
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contribution is several times less for the velocities above 3
x 10% cm/s and its incorporation would significantly compli-
cate our model.

The electrons are assumed to have a Maxwellian distribu-
tion, and have been included in E§) for free-electron pro-
duction in terms of a constant ionization rate?v)~2
X108 cm’/s [32] which almost does not depend on the 090
electron temperature, if it is in the range from 100 eV to 95
several keV. This ionization rate has been multiplied by a 10
factor of 2 since each ion is escorted by two electrons. We 15
suspended the electron ionization contribution for small ion 2.0
velocities, v;=1x 10 cm/s, since the charge exchange is 25
supposed to decrease the number of such ions, and electroit (ps) 3.0
cannot propagate far enough without ions. Our analysis 35 5 1
shows that electron contribution to the free electron produc- g1, 12 Modeling of the evolution of ion density in the cross
tion could be as much as 30%. The electron contribution tQectionz=100.m for the experimental conditions: laser pulse en-
the excitation of ambient gas has been neglected. ergy inside the channel 1.36 J, pulse duration 400 fs, laser channel

For the He atom in the state'® there are four most radius 2.6um, and ambient He gas densitya.0" cm™ 3.
important transitions which we took into account while cal-
culating its response to the probe laser field. Thosd 2irg
the transition to the ground state'$ (\;=0.5843um, f;
=0.276), the transition to the state’@ (A,=20.58um,
f,=0.376), the transition to the state'B (\3=6.678um,
f3=0.711), and the transition to the state'Dt (N,

-10

plasma expansion with a given electron density for the cross
sectionz=100um. The latter, according to the explanations
of Sec. IlID, is actually the effective electron densityy
=n.+1.1In, . It was found from the simulations that the
o I plasma production rate and the plasma expansion velocity
=4.92um, f,=0.121). Combining all these transitions for a 516 most sensitive to the background gas density. Both of
probe wavelengtih =1.053um, one finds from Eq(7) that o1 increase dramatically as, increases. There is also a

excited atoms make a contribution similar to that of freeyohenqence on,, but it is not so pronounced because the
electrons W'th. the coefficient 1.1. Therefore, . effec.t'vedecrease in laser channel radius has a two sided effect: it
electron d_ensny that haseﬁbeen measured in _the_ experimefcreases the ion velocity, on the one hand, and correspond-
can be written as followsi,"=ne+ 1.1, . Keepinginmind 4y increases the ionization-excitation cross section; how-
that the ionization and excitation Cross-sections are cOMpasyer, on the other hand, it decreases the total number of
rable in magnitude, we conclude that excited He atoms conaccelerated ions and, therefore, decreases the plasma produc-
tribute as much as 50% to the observed secondary “ionizaggn rate.
tion.” It turned out to be impossible to achieve the observed
parameters with the gas density of 8.50'° cm 3: the
plasma production rate and the expansion velocWigsand

Equations(3) and (9) have been solved simultaneously Vs (the velocities of plasma regions with densities of 0.5
with the input parameters taken from the experiment: gas<10*® cm™2 and 1.5<10" cm™3, correspondingly were
density, ne=(3—5)x 10" cm™3, pulse lengthr=0.24 ps  several times below the observed valuedNg/dt~1.5
(which corresponds to 400-fs FWHMand pulse energy X10% cm ps !, Vos~1.5umips, andV,;s~0.4um/ps
Eo=1-1.5 J(we assume that approximately 60—80% of thefor Eq=1.36 J andr,=2.6um). A reasonable agreement
incident energy has been trapped in the laser chanhkee  with the experimental data can be achieved in the model with
radius of the plasma channel ig=2.5—3um, and the ra- a gas density of % 10'° cm™ 3. Correspondingly, the follow-
dius of the preionized region g, = 35-45um. Two param-  ing set of input parameters has been chosgp:=5X 10
eters have been varied in order to fit the experimental datazm ™3, rp=35um, Eg=1.36 J, and (= 2.6 um. With these
the laser channel radiug and the initial density of the he- parameters the plasma production rate dbl,/dt~3.6
lium gas,nye. The first of them controls the maximum en- X10* cm *ps™?, the expansion velocity is
ergy of the accelerated ions, while the second one control¥ys~3.8um/ps, and the fastest ions propagate with the ve-
the production rate of secondary electrons. The radius of thkcity V,,,,=5.2um/ps (energy 550 keY. The assumed ra-
preionized region has been adjusted in each run aftghas  dius of the laser channel also agrees with the radii of beams
been chosen in order to fit the measured total number ofbtained in modeling of the relativistic laser beam self-
electrons just after the end of the main laser pulegy 0.4  focusing[4,11,13,15%. The dependencies of the gas ioniza-
X 10 cm™1, at timet=1-3 ps. tion rate,dNg/dt, and the velocitiesyy s andV .y, on the

The dynamics of plasma channel formation is demon-channel radius, are shown in Fig. 13.
strated in Fig. 12, where the radial ion density distribution is According to Fig. 12, the formation of plasma channel
shown as a function of time. A sharp narrow outer peak inbegins during the propagation of the interaction pulse: there
the density distribution indicates the radial position of fastests a depression at the beam axis and a compression outward
ions. There is also a density peak behind the front at the edget a time of the laser pulse maximute0. The time of
of the channel which is the contribution of slower ions. channel formation is about 2 ps. After that time the channel

The first goal of simulations was to fit the observed rate ofis completely formed and the expelled ions empty the central
secondary plasma productiodN./dt, and the velocity of regionr<5 um. The fastest ions are propagated away from

IV. MODELING OF THE EXPERIMENT
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FIG. 13. The dependence of the maximum ion velodaitty,,
(curve 1, the velocityV, 5 (curve 2, and the gas ionization rate,
dN./dt (curve 3, dashed lineon the channel radius for parameters
of the experiment.

FIG. 14. Energy distribution of fast ions at two time moments
t=0 and 2 ps. The parameters of modeling are presented in Fig. 12.

different energies are actually located at different distances

the channel, while the slow ions form a compression ring afrom the axis. The ion distribution has a typical shape with
the border of the plasma channel. The maximum compresgwo maxima at low and high energies with a distinct cutoff at
sion is 6—7 times that of the initial density at time about 10the maximum energy .
ps and then it gradually decreases. The thickness of the com- Now we will discuss the dynamics of gas ionization and
pression region is less tharwdn, which is below the experi- excitation. Theoretical curves for the time dependence of the
mental resolution. This explains a low experimentally meadinear electron density\(t), and the average effective elec-
sured density compressigless than two times The radius  tron densityng(t), inside the radiu®, s are shown in Fig. 9.
of the plasma channel is #m at 4 ps. That is three times One can see a good qualitative agreement, although the
larger than the minimal laser focal spot radius at half themodel predicts a somewhat smaller plasma production rate,
maximum intensity. At later times the plasma channel radiusvhich does not increase at later times. This discrepancy
increases very slowly; it also increases with the laser beamould probably be attributed to slow collisional ions, which
energy. we do not account for in our simple kinetic model. The tem-

Such dynamics of plasma cavitation is in dramatic con-poral evolution of the average electron densitytforl0 ps is
trast with the hydrodynamic calculations reported in Ref.also in agreement with observations, although the model
[19]. We see that the radius of the plasma channel is set ugemonstrates an increase of the mean electron density during
within a few ps, and does not change significantly later onfirst the 10 ps, which is not seen in the experiment. This
However, in hydro simulations the channel has a much largetould be a consequence of our model's assumption of the
radius and it expands for a much longer time. The hydrodysdistribution of an initial plasma density. Some amount of
namic model also predicts a different behavior for the com-neutral He atoms have been left within the radius 4050
pression wave: the plasma compression is much larger in thie the model; therefore, the secondary ionization takes place
hydro model, and it increases with time. The kinetic predic-before the plasma radius starts to increase.
tions of the channel dynamics agree qualitatively with the In Fig. 10 we show the time dependence of the radial
experiment. The channel diameter indeed sets up to 10—1gositions of the regions with the given electron density: 1.5
wm within first few picoseconds, and then demonstrates a< 10'° and 0.5<10* cm 3, for R; s and Ry s, correspond-
much slower increase up to 30m. The latter feature is out ingly. The corresponding velocitie¢;=dR;/dt change in
of the scope of our model for two possible reasons: the lasdime. They achieve their maxima during the initial time mo-
beam probably has non-Gaussian wings, which push ions atents, and then gradually decrease. The temporal behavior
larger radial distances, and slow ions with energies below 1@nd magnitudes oR; are similar to that in the experiment,
keV cannot be treated as collisionless particles. The meaalthough the experiment does not demonstrate a tendency of
free path of such ions with respect to ion-electron collisiondeceleration at later times. The average velocity of lowest
is about 1um. They transfer their momentum to ambient density region at time 20—30 p¥, 5= 3.6x 10P-cm/s, is ap-
atoms and provide an additional, hydrodynamiclike, sourceproximately 1.5 times less than the maximum ion velocity,
for the channel expansion. while the higher density propagates much slowérs=1.3

The ion energy distributio; (&) =2 [r dr f; is shown x10® cm/s. We note that the model predicts smaller expan-
in Fig. 14 fort=0 ps(the maximum of the laser pulsand  sion velocity for plasma witmgz=1.5X 10'%-cm™3 due to
for t=2 ps. For later time moments this distribution does notthe reason we mentioned aboveollisions of slow ions,
change because we neglect ion energy losses for gas ionizahich are not taken into account in our model
tion and excitation. Since the functid¥y represents the ion We found that the model is very instructive in understand-
distribution function integrated over the radius, particles withing the axial channel characteristics. The axial dependence
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FIG. 15. Axial dependence of the laser channel ra¢tusve 1,
solid line) and on-axis laser intensiticurve 2, dashed linefor
parameters of the experiment.
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FIG. 17. Total number of fast ions with energies exceeding
integrated over the laser channel length for parameters of the ex-
periment. The solid line is the Maxwellian function with a tempera-
ture of 80 keV.

can be introduced in our one-dimensional model in terms of 0 .
parametric dependence of the laser pulse ené&igy) and that abogt 65 mo_or ~5 % of the I_aser energy trapped in the
the laser channel radiug(z) on the axial coordinate. We charr;ne). IS contame(? mf)he. fast ions. : din Ei
sssume an exponental decreasetofwih 2 ha core- . ThE 00 S1e0) Ao (29 B pesenied n T
sponds to 60% laser energy loss on 1-mm len@thich is b t th toff of i h I th 19. T ’
the diameter of gas jetThe comparison o¥ 5 calculated ut Ine cutolt of 1on energy changes along the axis. 1wo
from the model with the experimentally measured velocity ofnaxima of the cutofi energy carrespond to two consecutive

plasma expansion allows one to find an axial dependence (S?C' of the laser beam. Althoug_h .the ion energy distribution
the laser channel radius,(z). Knowing the laser energy in in each cross section has a distinct two peak structure, the

. : . . . [ ion ener istribution aver ver the laser channel
a given cross section, one also finds the on-axis laser mter@ta on energy distribution averaged over the laser channe

sity 19(z). The results of this reconstruction of the IaserIength very much resembles the Maxwellian energy distribu-

channel characteristics in a plasma are shown in Fig. 15. Ontéon' In Fig. 17 we show the total number of fast ioql,),

can see two regions of laser channel compressia 400 with energies above the given eEnergy, integrated over the
and 600um, which are in agreement with the Thomson scat/@Ser channel lengthiN;) = dz [ "de N(¢,2). One can see
tering data shown in Fig. 5. We infer that the maximuman approximately exponential dependencé M) on ¢; be-
value of laser intensity in the plasma channel exceeds thiw the energy cutoff at-550 keV. That corresponds to the
vacuum intensity by almost three times. effective ion temperature 80 keV (the solid line in Fig. 1Y
Knowing the axial dependence of the laser enekyyz), which agrees with the average ponderomotive potential pro-
and the laser channel radiug(z), one can deduce the axial duced by the laser beam. The total number of the fast ions
characteristics of fast ion generation. The fastest ions areith the energy higher than 100 keV 4510 and with the
generated from regions of tight focusingzt 100 and 600 energy higher than 300 keV is 3x10'. These numbers
um. Integrating the total energy of accelerated ions per unitan be significantly increased by using a denser gas target or
length,d&/dz, over the laser propagation length, we founda larger diameter laser beam. We verified the production of
high-energy ions by the direct detection of the significant
amount of alpha particles with the energies of 0.1-1 MeV,
using the nuclear track detector CR-39. The results of these
measurements will be published in a following paper.

20 V. DISCUSSION AND SUMMARY

\

1 This work demonstrates that interferometric measure-
™0 ments of late time plasma evolution combined with an ap-
) propriate theoretical model provide an efficient tool for in-

b 5 vestigations of a short intense laser pulse interaction with a

plasma. In particular, we demonstrate the possibility to re-
trieve the characteristics of laser channel and fast ions accel-
erated by the ponderomotive force from the velocity of the
late time plasma expansion. We found that the fast ion gen-

600
FIG. 16. Energy distribution of fast ions at different cross sec-eration could be a significant channel of the laser energy
tions for parameters of the experiment. losses. The average over the channel length total energy of
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de/dz (J/em) time. For higher laser energies or longer pulse durations,
100.0 Eqgs.(12) overestimate these parameters. Note a sharp depen-
dence of the maximum ion energy on the laser channel ra-
dius in Egs.(5) and (12) and in Fig. 13. Predictions that
follow from our model for higher laser pulse energies are
presented in Fig. 18 for a constant pulse duration of 400 fs.
Although both the total energy of fast ions and the maximum
ion energy increase with the laser pulse energy, their depen-
dence on the laser channel radius is more complicated. For
small laser energies both parameters increase as the laser
channel radius decreases. At high laser energies the total ion
energy increases with the channel radius while the maximum
ion energy decreases. This is another illustration of the fact

10.0

1.0

0-})_1 10 100 100.0 that most efficient acceleration occurs to ions which have an
Eo (J) evacuation time comparable to the laser pulse duration,

rolvi~r.
£max (MeV) In summary, we have demonstrated one more application

25 of ultrahigh intensity short laser pulses, a “table-top ion ac-

celerator.” The ion acceleration during the process of plasma
channel formation constitutes one of the important energy
losses for the laser beam in a plasma. lons in a MeV energy
range can be easily generated in experiments with laser
pulses of a Joule scale of energy. The laser energy losses for
the ion acceleration can be controlled by changing the ambi-
ent gas density. The interferometric technique provides an
efficient method for the observation of plasma channel for-
mation and ion acceleration by a short intense laser pulse in
an underdense gas or plasma.
0 A I The interaction of accelerated ions with the ambient gas
0 10 20 30 40 50 60 70 80 90 100 has been proved to be weakly collisional, and a kinetic
Eo (J) model has been developed to describe thi; interacti(_)n. It is
shown that the accelerated ions can efficiently excite and
ionize the ambient gas atoms, which results in a secondary
plasma production long after the end of the laser pulse. This
secondary plasma is characterized by a large amount of
metastable excited atoms, which might be of interest for
some applications. High-energy ions ponderomotively accel-
erated by intense ultrashort laser pulse in a solid deuterium-
nt[itium target can also produce fusion reactions with a sig-
nificant yield.

20

15

10

FIG. 18. The dependence of the total energy of fast {@ahand
the maximum ion energgb) on the laser energy for the laser chan-
nel radiir,=2, 2.6, 3.2, and 3.8«m, for a laser pulse duration of
400 fs and a He gas density o&k80™ cm™3.

accelerated ions is=1.6 J/cm, that corresponds to a laser
pulse dissipation length, of less than 1 cm. In our experi-
ment, approximately 5% of the laser energy has been co
verted into fast ions with an energy of few hundred keV. The
efficiency of laser energy conversion into fast ions depends ACKNOWLEDGMENTS
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