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The first optical trap capable of confining relativistic electrons, with kinetic ens1gf0 keV was

created by the interference of spatially and temporally overlapping terawatt power, 400 fs duration
laser pulses€2.4x 10'® W/cn?) in plasma. Analysis and computer simulation predicted that the
plasma density was greatly modulated, reaching a peak density up to 10 times the background
density (./ng~10) at the interference minima. Associated with this charge displacement, a
direct-current electrostatic field of strength-eRx 10! eV/m was excited. These predictions were
confirmed experimentally by Thomson and Raman scattering diagnostics. Also confirmed were
predictions that the electron density grating acted as a multi-layer mirror to transfer energy between
the crossed laser beams, resulting in the power of the weaker laser beam being nearly 50%
increased. Furthermore, it was predicted that the optical trap acted to heat electrons, increasing their
temperature by two orders of magnitude. The experimental results showed that the number of high
energy electrons accelerated along the direction of one of the laser beams was enhanced by a factor
of 3 and electron temperature was increasdd0 keV as compared with single-beam illumination.

© 2003 American Institute of Physic§DOI: 10.1063/1.1566033

I. INTRODUCTION tential troughs of subwavelength wid{B.7 um), and very
high ponderomotive potential gradients, up to1€V/m.
Trapping has often been used with great success to cofFhe Thomson scattering, stimulated Raman scattering, analy-
fine ultracold matter, leading to many important applicationssis, and computer simulation all indicate that the electrons
such as Bose-Einstein condensation and matter-wave lasevgere bunched by the strong ponderomotive force into sheets
Traps capable of confining ultrahot matter, or plasma, havef thickness two orders of magnitude less than the laser
also been built for applications in the basic plasma researcivavelength, and an electron density up to 10 times higher
and thermonuclear fusion. For instance, low-density, than that of the backgrouna,,. Correspondingly, the stimu-
~10" cm 3, non-neutral plasmas with temperatui®, lated Raman side scattering indicates strong electron density
<1 keV have been confined with static magnetic fields indeletion(0.4% ofng) between the density-bunched regions.
Malmberg—Penning traps.Low-density, n,~10"cm™3,  An electrostatic field of 18 eV/m was produced by the
T.~10-100 keV plasmas are confined in magnetic mirrordounched electrons. Unlike the electric field of an electron
and tokamaks. Since the discovery of the ponderomotiv@lasma wavé;*? the electrostatic field in this optical trap
force over 40 years ago, it has been well known that chargewas a localized direct-current field, with zero phase velocity
particles interacting with an oscillating electromagnetic fieldand a fixed field direction during the laser beam interference.
will seek regions of the minimum light intensitydark-
seeking behavio® The idea of trapping charged particles by
the ponderomotive force with the appropriate electromagi. ANALYSIS AND COMPUTER SIMULATION
netic field distribution was then proposédiwo-dimensional ) ) i ) o
electron confinement with a specially shaped laser beam has The physical plciture of this optical trap is simple. A
been discusset:® By modulating laser pulse intensities via Ponderomotive forcé,« VI, wherel is the intensity of la-
wave-plates, a strong three-dimensional optical trap capab®e!: if5 produced when light intensity ha}s a spatial gradient.
of confining electrons of kinetic energies up to 10 keV was'WO intense laser beams of the intensitlgsand I, with
built.”8 same frequency and parallel polarization, perpendicularly
In this paper, we discuss an optical trap capable of Con(_:ros_sing_each _othe_zr, interfere, causing spatial modulation of
fining extremely high densityclose to critical densityand  the light intensity given by =1+ 1,+21,1, coss, wheres
hot (relativistic) plasmas, of kinetic energy up to 350 keV, by IS the phase difference of these two laser pulses. In the ex-
means of the interference of two terawatt-cléB#/) femto- ~ Periment described in the following, =0.23; and the peak
second laser pulses. In the intersection region of laser bearri§terference intensity is nine times higher than that of the

the modulated total laser intensity formed ponderomotive poYalley, and the distance of the intensity peak-to-valley is
0.35\, where\ is the wavelength of the laser. These in-

Y tensity peaks and valleys lie along which is the spatial
jpaper G122, Bull. Am. Phys. Sod7, 137 (2002, dimension perpendicular to the bisector of the two laser
Invited speaker.

9Also at Laboratory of Optical Physics, Chinese Academy of Sciencesp_r()pagation directions. By means _Of the inte_rferenc_e of two
Beijing 100080, People’s Republic of China. high-power laser pulses, a very high intensity gradient cre-

1070-664X/2003/10(5)/2093/7/$20.00 2093 © 2003 American Institute of Physics

Downloaded 01 May 2003 to 141.213.19.32. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



2094 Phys. Plasmas, Vol. 10, No. 5, May 2003

4x10° ettt et hescctdmr 1 02
S‘ ——-—=Ponderomotive Potential
(S n=]
> g
= 5 a
= 3x107 1 1x10" g
} 23
& 2
Q210’4 *, 3
B S
=] IS
5 3
[~ S
o 1x10'4 T ~—
=] ©
g x10” <
~ . é
r v y v —t-2x10"
04 0.2 0.0 0.2 04
-6
X (10 °m)

FIG. 1. Ponderomotive force and potential distribution. The potential valley

forms the optical trap.

ated. If free electrons are present, they will oscillate in theDunched electrons
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FIG. 2. Electrostatic field vs electron density ratig/n, .

respectively, amgd and n, are the

high frequency laser field and Thomson-sca_ltter light. On 3y hched and background electr@mr positive chargedensi-
time scale of several laser cycles, they experience a ponderﬂ-es, respectively. This charge distribution is localized in the

motive force that pushes them to the intensity valleys. Th%ptical trap

ponderomotive force is

'Ep: - meczﬁy (1)
where y=\1+a%2 is the relativistic factor anca=8.5
X 107\, (um)I(Wicn?) is the normalized vector poten-
tial of the laser field\ is the laser wavelengthiis the total

intensity, andm.c? is the rest-energy the electron. The inter-
ference laser intensity expressed by the normalized vector g_ Nole] (E_

potential isa®=8a? sirf(mx/D), whereD is the distance be-
tween the two laser intensity peaks dm¢i<D/2. The pon-
deromotive force can be calculated using Et), which
gives

. 2mmec?al

Fo= in
p vD S

2’lTX> X

g @

but all these charged particlesside the Gauss-
ian pillbox) will contribute to the field no matter if these
charges are in motion or not. When the bunched electron
densityn, is higher thann, in the pillbox during the laser
beam interference, the direction of the electrostatic field is
fixed and thus the field is a direct-current one. Assuming that
the bunching process is in one dimension, the electrostatic
force created by the electron bunch is given by

1))2,

whereX is 1/2 the thickness of the bunched electron sheet.
The maximum intensity of the electrostatic field is reached at
the boundaries of the pillbox. Using E@), the dependence
of electrostatic field on the electron density ratig/ng is
shown in Fig. 2. In the experiment described in the follow-
ing, the background electron density is 4x10°° m 2.

()

€0 \Ng

Using the laser parameters in the experiment described in thgjith n./n,=2, the field strength jumps tE.~1.28

following, in the interference region, the peak laser intensityx 10! eV/m,

and when n./ng=6, E. reaches 2.1

is 4x10'® W/cn?®. The corresponding ponderomotive force x 10*1 eV/m, and then it increases gradually witg/n, to

is up to 16? eV/m, and the ponderomotive potentiel,,
defined byF ,= —V ¢,, is about 300 keMFig. 1).

the saturation value of 2.5x 10! ev/m.
A similar grating-like electron distribution at the surface

Initially, because the plasma is uniform, the electronsof a plasma was previously predicted and observed by means
experience only the ponderomotive force, which pushesf a one-dimensional particle-in-cell cofebut this model
them toward the interference troughs, where they are trappetkeglected the influence of electron thermal pressure.

and bunched. Because the much heavier ions do not have

In the bunch process, the force of electron thermal pres-

time to move significantly during the interference of subpi-sure F; prevents the electron accumulation. Assuming that

cosecond duration pulses, but electrons do, a large direcfne hunch process is adiabatié; and the electron thermal
current electrostatic fielf¢sis created, which exerts an elec- pressureP, are given by
trostatic force on the electrons in the direction opposite to the

ponderomotive force.

The value of electrostatic forceE,s increases with
bunching, based on Gauss’ law

Y
fEes-dS=—j (ne—ng)dV,
S €oJv

whereS andV are the boundary surface and volume of the

. VP,
Fr=—=,
T Ne

3

, 4

Ne
Pe=ngTeo(eV) n_

0

X 2
N«(X) = ang ex;{ (2>
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where T,(eV)=100 eV is the initial electron temperature _ _ . . .
dei ter determined by the restriction of electro FIG. 4. Simulation shows that, with the interference of sygolarized laser
anda Is a paramete y r])ulses, there is an electron-density bunching and grating structure at the

number conservation laser intersectiorfupper picturg while, with two p-polarized laser pulses,
2 no such density bunchindower picture.
o J‘D/Z p{ ( X)
DJ-pr X

Then the force of thermal pressure on the boundary of the

dx=1. 5

bunched electron sheet is whered, is the incident angle ané,, is the diffraction angle
< of morder. In our experiment, the weaker laser bdamas
'fT=6a2Teo(eV)p- (6) named pump and the stronger ohewas injection. If the

injection beam is the incident laser, the only possible diffrac-
Assuming the bunched electron sheet boundary locate#on direction is in the pump direction withn{=—1), and

at the force balance points where vice versa. The weaker pump beam will get more energy
- - - from injection during the dual beam interference. By using
Fp(X)+FedX) +F1(X)=0, D the multi-layer mirror mode, the same results of energy

the thickness (X) of the electron sheets and the correspondiransfer are obtained.
ing electron densities at different interference intensities can  The above-given calculation is consistent with a two-
be calculated. Figure 3 shows the dependence of the combiimensional particle-in-cell code computer simulation,
nation of the three forces on the thickness of the bunchedwhich solves Maxwell’s equations and the equation of mo-
electron sheets at peak laser intensity of 10" W/cn?. tion for the particles in plasma. In this simulation, a rectan-
The total force looks like van der Walls force, where atgular simulation box of 100X 60\ is used, which is split
points beyond the balance point closer to the interferencéto 1000< 600 cells for the integration of the Maxwell's
fringe, the force is a bunching force, while points closer toequations. A homogeneous plasma volume with an initial
the bunched electron distribution, the force is thermal-density of 0.04. occupies part of the simulation box. The
pressure dominated, resist the further accumulation. Thpump laser of the normalized vector potentigl=0.5, and it
electron density ratim./ny~D/2X=9.2 is then calculated. is along thex direction. The injection pulse oh,=1.0,
At peak laser intensity of 4:810' W/cn?, the highest in-  which is four-times stronger in intensity than pump, is along
tensity observed in the experiment, the width of eachthey direction. Nine particles per cell are used for electrons
bunched density region was then reduced to Qu88 or  and ions. Absorption boundaries for the fields and reflection
about D/10.2, which impliesn./ny=10.2 and E.c~~2.3  boundaries for particles are used in both thandy direc-
x 10t eV/m. tions. The simulation results are depicted in Fig. 4, where the
The bunched electron in the laser beam intersection hasunched charge regions exhibit a peak density ratio of
the structure of a density grating or multi-layer mirror. It will n./ng~10 and width~1/10 of the distance between inter-
diffract or reflect incident laser light resulting in laser energyference peaks, at the time of maximum overlap. The simula-
transfer between the two crossed laser beams. Based on ttien also predicts that the bunched electrons Thomson scatter
density-grating model, the density grating satisfies the laser so that there is significant energy transfer from in-
jection to pump, making the pump laser increase about 50%
(Fig. 5. This energy transfer was also predicted by previous
m=0,+1,+2,..., (8)  theory!®

D(sin6y,—sin ;) =mh\,
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IIl. EXPERIMENTAL RESULTS
1500 - —

In a proof-of-principle experiment, two 1.053n wave-
length laser pulses, each ultra-short in durati0 f9 and 1000 -
high peak power(1.5 and 6.0 TW, were focused perpen-
dicularly to each other, witli/3 parabolic(vacuum spot-size

of 12 um full width at half maximun), reaching peak inten- 500 - -
sities of 6x10' and 2.4< 10" W/cn?, respectively. The J L
beams were predominantly upward polarized, but had a 04 -

small component of horizontal polarization due to the tight
(b) 0 20 40 60 80 100

focusing geometry. Using a delay line, the pulses were over-
Iapped temporally to within 30 fs inside a supersonic he“umFIG. 6. (@) Image of the Thomson scattered light viewed from top down-

gas jet(at 5'5<. 10° Pa) : s 3 ward to the throat of the nozzle. The weaker pump beam propagated from
Plasma with densityio=4x10?® m~2 was created by right to left while the stronger injection beam from top to bottdi. In-

photoionization of the gas. Light propagation through thetensity distribution of Thomson scattering light along the injection plasma
plasma was observed from top-view Thomson scattering picghannel showed the light enhancemept at.the beam intersection. Erom this
. . . result, an accumulated plasma density with amplitade-10n, was in-
tures. The bright spot in Fig. 6 showed that the Thomsong,eq.
scattered light was significantly enhanced along the bisector
of the laser beam intersection region. A line out of the bright
spot indicated that the spatially averaged Thomson scattered
power(Pg) from the region of the beam’s intersection was indicates relatively large density accumulation, about ten
more than ten timegPy). The latter was from the back- times of the background. Plasma cavities were dug to nearly
ground electrons outside the intersection region with densit$9.6% electron density depletion. Figure 7 also showed that
in the channel created by the more powerful of the two lasethe unshifted light, originating from Thomson scattering, was
beams. This enhancemer®,/Py)=10, implied that the about five times stronger with crossed laser pulses than from
scattering was coherent, i.e., the Bragg scattering forfula, only injection pulse. When the effects of spatial integration
Ps/Pox(ne/ng)? applied, and indicated than./ny>10,  were accounted for, the rati®/P)~ 10 is again obtained.
which was 100 times higher than the largest reported ampli-  With crossed laser pulses, two strong satellite lines were
tude for a plasma wave, which—unlike a trap modulation—observed in the spectrum in Fig. 7, with the wavelength
was limited in amplitude by wave-breakify® shifts ~+3.8 nm away from the fundamental light. These
The top-view spectra of the scattering lights are showrtwo satellite lines may have originated from stimulated Bril-
in Fig. 7. With only the pump laser, the signals of spectrumlouin scatteringSBS. The associated ion acoustic wave was
were in the level of background. When the two laser pulsegxcited by the beating or optical mixing of the crossed laser
were crossed, the spectrum clearly shows peaks of the stimpulses, which had the frequency bandwidths that exceeded
lated Raman scatterinSRS of the frequency shiffAw  the ion acoustic frequency shift. The ion acoustic wave and
~w,=1.9X 10" arc/sec corresponding to plasma densitySBS signals will be discussed in detail in a forthcoming pub-
Nne~4x10"3% n, determined using wp= Jeng/yeome, lication.
where y was the relativistic factor ande;=8.85 The spectra of light scattered in the direction of pump
X 10 1?2 F/m was the permittivity of free space. The resultbeam were also measuréBig. 8), and the results indicate
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FIG. 7. Top view spectra of the scattered light, with/without the pump FiG. 9. Comparison of the analytical and experimental results of the in-
beam. ferred electron-density-ratio vs laser intensities.

that the pump laser beam was enhanced by energy transfer. I
This resEIt cc?nfirmed the prediction of the r:?r/u';llysig,ysimula—the bac_kgrqund and the c_;ontr|but|on of SBS, the_ re_sult was
tion, and theory. The bunched electrons not only reflected théhOV.V” in Fig. 9’. and the '”ferfed valugs@/no coincided
fundamental laser but also all the scattering light signal&e"""t've'y well with the theoretical prediction.

from injection to pump or vice versa. The reflection of for-

ward stimulated Raman scattering light from injection to

pump may especially bring about optical mixing between thdV- ELECTRON HEATING AND INJECTION
fundamental light and the reflected scattering, resulting in the We have previously discussed that the optical trap can

pump plasma wave ben_wg resonantly O!”Ver_‘- It_was ObserVegunch the electrons and produce high electron densities, up
In some spgctra that W'th_dua_l pulse |IIum|r_1at|0n, the scaty, 10ng, resulting in the excitation of a strong electrostatic
tered lights in the pump direction were obviously enhance4ield, on the order of 18 eV/m. The resistance of the elec-
wh|lg the fundamgntal laser signal was bgrely increased. 4 ostatic force against the bunching ponderomotive force in-
possible reason is that resonant excitation of the plasmaeases the electric potential energy of the bunched electrons.
waves effectively absorbed the driving laser energy. P-V work will increase the electron temperature. Assuming

In order to test the calculation model predlcpon fo.r. thethat the bunching process is adiabatic, the temperature of the
dependence of the./ny on the laser interference intensities, bunched electrons is

the values of Ps/P,) were measured at peak laser intensi-

ties ranging from & 10' to 4.8x 10*® W/cm?. Discountin ne\'*
9ng g Te<eV>=(n—§) Teo(eV). )

oy If the process is in one dimensioh,=3, with a ten-time
O Single beam electron density increase, the corresponding electron tem-

] peratureT (eV) will be increased by two orders.

It has to be pointed out that the above-mentioned adia-
batic model works well in a quasi-static process in which
Maxwell distribution applies. Actually in the short time pe-
riod of the interference of 400 fs, the bunched electron sys-
T tem approaches, but never reaches, such an equilibrium state.
¥ The boundary of the accumulated electron bulk vibrates
around the force balance points. If the vibration is assumed
J T harmonic, the frequency of the vibration can be simply esti-
;a.,.;-#"' T mated from Fig. 3. Near the force balance point, the slope
103'-,#’” 1 AF/AX is about —2.7 N/m, and thus a frequency 1.6

] ¥ X 10' s~ 1° can be calculated. The resistance of the electron
700 800 900 1000 1100 thermal pressure against the bunching increases the electron

kinetic energies of random motion, which is related to the

Wavelength (nm) electron temperature, and the work of electrostatic force in-
FIG. 8. Spectra of the laser and scattered light in the pump beam directiorEl€aS€S the electron potential energies. With increases of the
with/without injection beam. electron temperature and potential energy, the laser energy

Cross-beam
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FIG. 10. Snapshot of simulation taken at 80 laser cycles shows that with r .
dual laser illumination, the electric field in pump laser directiowas ob- With injection
viously enhanced and electrons were heated and accelerated primarily in the No injection
pump-laser direction. The results were consistent with the electrons being 0.1- o
heated during the period of beam overlap and then injected into the accel-
eration phase of the enhanced plasma waves in the pump direction. T=240 keV
is gradually absorbed by the bunched electrons and the vi- T =390 keV

bration amplitude gradually decreases until the end of the
laser pulse interference.

Computer simulation shows that the electrons are heated
in the beam intersection and then these preheated electrons
are injected into the enhanced pump plasma wave. Accelera-
tion by the resulting plasma wave produces a beam of high r i
energy electrons in the direction of purtfig. 10. The mea- M M
surement of the electron spectra and beam profiles in pump
direction with/without injection shows that with crossed laser

pulses, the number of hlgh energy electrons is IncreaseI(—:IIG. 11. (a) Enhancement of electron number with injection on upper left

three times and the _Correspondir_lg temperature increase i3.ure: the electron beam profile without injection. Upper right picture: the
more than 100 ke\(Fig. 11). Possible mechanisms for the profile with injection. (b) Increase in electron temperature in pump beam

stronger electron beam are the enhancement of pump plasrfigection with injection on.

wave by the laser energy transfer, the beating of the reflected

forward SRS light from injection with the pump laser light, ground plasma in our experiment, is much lon¢ir greater

and the injection of the preheated electrons into pumRBhan ten timesthan the laser wavelength. Third, the bunched
plasma wave, which made more electrons phase-matchegectrons have density modulatidims/ne.=(ne—nNo)/Ng UP

with the wave. Simulations also indicated that by using thl&o 10, while in a p|asma wave the Corresponding density
technique with shorter pulse lasers, the energy spread @hodulation is less than 1. Fourth, the function of the optical
these accelerators might be significantly reduteetails of  trap is to hold electrons and increase their electrostatic po-
the effects of the two crossed laser pulses on electron accekntials and the kinetic energies of random motion. A plasma
eration in the laser driven plasma wave will be discussed in ave, on the other hand, acts to increase the electron kinetic

0.014

log,, [ N(EYN0/100 keV ]

(b Electron energy (eV)

-

separate publication. energies of directional motion along the propagation direc-
tion. These differences make this optical trap unique in laser

V. DIFFERENCES BETWEEN THE OPTICAL TRAP plasma physics.

AND PLASMA WAVES There are several important applications of the optical

The electrostatic field of our optical trap is different from trap besides electron acceleration. For instance, it might be
that in a plasma wavéhe field strength of a plasma wave used as a test bed for the study of relativistic nonlinear
can be on the order of ¥beV/m). First, the optical trap and Thomson scatteringy.The ponderomotive force can be ex-
the electrostatic field of the optical trap are localized anderessed in another form
have zero phase velocity. A plasma wave, on the other hand, A |18}\E 1/2
moves with velocity Ofvp~C\/1—w2p/w2. Second, the dis- Fo=—V(T+myc?) =~V 1+ 37) } (10)
tance (wavelength between the two bunched electron den- )
sity peaks is only 0X,_, while in the plasma wave, the whereT is the kinetic energy of the electrons ahdg is the
wavelength, based on the parameters of laser and baclaterference laser intensity in units of #onv/cn?. If the

moC?
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interference intensity is;g~ 10, thenT,,,,=1 MeV, or about  tensity and temperature. The latter is the first step toward the
H 22

lide with the stationary nuclei of plasma ions, they will pro- tion concept(LILAC).

duce positron$® which can either be accelerated in laser
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