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High-Intensity Kapitza-Dirac Effect
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Low-energy ( (20 eV) free electrons produced in above-threshold ionization have been scattered by
an intense optical standing wave (the Kapitza-Dirac eff'ect). At intensities of 10" to 10' W/cm there
is very high momentum transfer between the standing-wave "lattice" and the electrons (hp = 1000ttk).
In this regime, the scattering rate approaches the optical frequency, and the electron motion is most
easily analyzed by classical mechanics.

PACS numbers: 42.50.Vk

The Kapitza-Dirac (KD) effect is the scattering of a
particle beam from a periodic lattice of light. The parti-
cles absorb integer multiples of momentum ItG 26k,
where k is the optical wave vector. ' For electrons, the
KD effect is a form of stimulated Thomson scattering, in

which virtual photoabsorption from one of the two
traveling-wave modes in the standing wave is accom-
panied by stimulated emission into the opposing mode
[see Fig. 1(a)]. Here we report on the KD effect for
electrons in very high-intensity light, where the momen-
tum imparted to the electrons by the light exceeds ft

~
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by a factor of 500 or more. The large momentum
transfer can be understood in terms of the classical
motion of the electron in a spatially periodic effective po-
tential.

The steady-state rate I for KD scattering by a non-
relativistic electron in a standing wave produced by two
counterpropagating lasers, is given in perturbation
theory by

8rrT U$
I =np

g-, h 'av

where n is the number of photons per mode in the stand-
ing wave, p is the photon flux from either laser beam,
and BoTIBQ is the differential Thomson cross section,
evaluated in the backscattering direction. The right-
hand side equality relates I to the classical pondermotive

potential Uo of each laser beam

e IUp=
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I = =160Up I
GHz

ltt 1 GW/cm2
(4)

(I) 30 M W/cm 2) .

where I is the intensity of each beam, v its frequency,
and hv its bandwidth. This is identical to Kapitza and
Dirac's original result, ' except for an enhancement fac-
tor of 2 due to polarization (they assumed that the light
in the standing wave was unpolarized).

Simultaneous conservation of energy and momentum
for electron-photon backscattering leads to a condition

a =kcos0,

relating the electron de Broglie wavelength a, the optical
wavelength X, and the electron scattering angle 8 with

respect to k.
These formulae hold for low intensity, but when I

exceeds the bandwidth of the light, then the relevant
coherence time is no longer I/hv, but the time since the
last scattering. For example, for counterpropagating
Nd-doped yttrium aluminum garnet laser pulses (v =2.8
&10' Hz) of 100-ps duration (hv=5 GHz), I" ap-
proaches Av for I = 30 MW/cm . This suggests the sub-
stitution Av I, leading to a modified rate formula:

(o) (b) (c) (d)

FIG. 1. Feynman graphs for KD scattering. (a) Lowest-
order diagram, for net momentum transfer of + 26 k. (b)
Higher-order corrections to the lowest momentum-transfer
peak in (a). (c) Lowest-order diagram for scattering into the
next order (hp=4hk) peak (d) Multiple scattering; in the
case shown, there is no net momentum transfer.

More modifications are necessary at still higher intensi-
ties. The electron mean free path approaches a single
wavelength for I =10 GW/cm, so that the single-
scattering momentum-conservation condition [Eq. (3)]
no longer holds; at 10' W/cm, I exceeds the laser fre-
quency! In addition to the lowest-order process in Fig.
1(a), higher-order diagrams leading to the same net
momentum transfer [e.g. , Fig. 1(b)] become significant,
and scattering into higher momentum orders [Fig. 1(c)]
and multiple scattering [Fig. 1(d)] also must be taken
into account. There have been several attempts to deal
with the theory for high intensities. Here we present
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the first experimental study of the high-intensity KD
effect, carried out in standing waves with peak intensities
of 10' to 10' W/cm. Previous experiments have all
dealt with the lower-intensity regime, where Eqs. (1) and

(3) should be valid.
The high-intensity standing waves in this experiment

are made by collision of two focused (15-pm waist) laser
pulses, derived from a common 100-ps 60-mJ mode-
locked amplified Nd-doped yttrium aluminum garnet
laser pulse. The spatial mode is an Airy central spot,
and the temporal mode is nearly Fourier-transform lim-
ited. This is absolutely essential, in order to insure a uni-

form stationary standing wave during the transit of the
electrons through the focus. The intensity, polarization,
and arrival time of each beam may be adjusted indepen-
dently.

The scattered electrons come from above-threshold
ionization (ATI) of low-density (10 -10' cm 3) xenon
or krypton in the standing wave itself. This unconven-

tional source is employed for two reasons: First, ATI
electrons are emitted in a narrow distribution in the po-

larization plane, so that scattering in the ~k direction
may be observed easily. In addition, the highly nonlinear
intensity dependence of ATI (at least eleven photons are
required to ionize xenon, twelve for krypton) insures that
the electrons have maximum spatial and temporal over-

lap with the high-intensity standing wave.

The ATI electron energies range from 0 to 20 eV.
After scattering out of the focused standing wave, elec-
trons pass through a series of energy-selecting retarding
grids, and then impinge on an image-intensified detection
screen [Fig. 2(a)) subtending 0.08 sr (66' opening an-

gle). The arrival angles of each electron are recorded.
Data collected over many laser pulses are binned to form
two-dimensional histograms in () (the polar angle with

respect to k) and p (the azimuthal angle).
Figure 2(b) is a histogram of a typical ATI photoelec-

tron angular distribution from a single focused laser
beam (no standing wave). Most of the photoelectrons
are emitted along the polarization direction. The elonga-
tion in azimuthal (p) angles is due to pondermotive
scattering from intensity gradients as the electrons leave
the focus. '

Figure 2(c) shows electrons emitted from a standing
wave with the same geometry and polarization as the
traveling-wave focus in Fig. 2(b). The angular distribu-
tion splits to form two peaks symmetric with respect to
the polarization plane. This is the KD effect. It is, how-

ever, quite unlike the single-photon scattering case in

magnitude; for these electrons have absorbed on the or-
der of 1000 hk of momentum.

We have investigated the dependence of the scattering
angle on electron energy, laser polarization, and on the
contrast of the standing wave. Most interesting is the

(b) (c)

(e)

FIG. 2. (a) Experimental geometry. Photoelectrons produced in a standing wave scatter out of the focus, and are detected on a
screen. (b)-(f) Electron angular distributions, for electrons that reach the detector with 9 to 12 eV of energy. (b) Typical distribu-
tion from xenon ATI in a single 1064-nm laser beam. The peak laser intensity is approximately gx10'3 W/cm'. (c) KD eff'ect in a
linearly polarized standing wave. (d) KD eff'ect in a circularly polarized standing wave, with opposite helicities in the two beams. (c)
KD effect is absent in a circularly polarized standing wave with equal helicities in the beams. (f) Reduced-contrast standing wave,
made from beams of unequal intensities.
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effect for a circularly polarized standing wave, shown in

Figs. 2(d) and 2(e). If the two light pulses have the op-
posite helicity (hence equal angular momentum), then
KD scattering is quite pronounced [Fig. 2(d)]. If the
beams have equal helicity, hence the opposite angular
momentum, then stimulated backscattering is forbidden
by angular momentum conservation. No KD scattering
is expected, or observed [Fig. 2(e)].

Figure 3 shows the 8 scattering distribution as a func-
tion of electron energy. Lower-energy electrons are scat-
tered at larger angles, but the net momentum transfer is
roughly independent of electron energy. Momentum
transfer is reduced for a lower-contrast standing wave,
however, as shown in Fig. 2(f).

At these high intensities, nonperturbative methods
that treat the light as a time-varying potential are more
useful than perturbation theories. ' In the nonrelativis-
tic plane-wave approximation, Schrodinger s equation
may be written

[P —(e/c)A(x, r)]' . Be(x,r)Wxt =i (5)

Following Ref. 6, we resort to a classical approximation,
where the Hamiltonian operator on the left-hand side of
Eq. (5) becomes a classical Hamiltonian H describing
the motion of a nonrelativistic spinless electron in a
standing light wave.
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where A(x, i) is the classical (nonquantized) time-
dependent vector potential for a standing wave produced
by two counterpropagating plane waves along i

A(x, r) =Ap[el cos(kz+ roi)+ e2cos(kz+ rot)] . (6)

For slowly moving electrons, the rapidly oscillating
portion of H may be replaced by a time-averaged spa-
tially periodic effective potential. If e~ and t."2 are identi-
cal linear polarizations, then the effective potential takes
the form Uz(z) =4Uocos (kz). Thus the KD effect is

simply scattering from a periodic potential of height
4Uo. Equation (4) must be replaced by a position-
dependent scattering rate

2Uo
rl 2(z) = sin(2kz),

where I 2 means that this is the net scattering rate of
photons from beam 1 to beam 2. This rate can be posi-
tive or negative. Quantum calculations in the high-
intensity limit yield similar results [Ref. 7, Eqs.
(46)- (49)].

This classical Hamiltonian is identical to that of a
simple pendulum of mass m, and length 1/(2k) under a
uniform force 4kUo. " Electrons whose total energy E is
less than the antinodal maximum potential 4Uo are lo-
calized in a sinusoidal potential well centered on an
electric-field node of the standing wave, where they oscil-
late with angular frequency

I 1/2
z 2UO0 —N

&(E) m, c'

Here X(E) is a complete elliptic integral of the first kind

z(E) =
& 0 [1 —(E/4U ) 2sin2x] I/2

For example, the oscillation period for a 1-eV electron in

a peak potential of 10 eV (corresponding to =10'
W/cm for Nd-doped yttrium aluminum garnet radia-
tion) is 0.3 ps.

In order to compare our results with the predictions of
this classical approximation, we have calculated electron
trajectories with a time-varying spatially periodic pon-
dermotive potential appropriate for a standing wave
formed by two perfectly overlapped 100-ps pulses meet-
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FIG. 3. Polar-angle distributions for electrons of diAerent
energies in the same standing wave. All distributions are plot-
ted vs polar angle (top scale). Bottom scale: the momentum
transfer for each energy. Solid lines are data, collected in a 2-
eV window bracketing the energy shown. Dashed lines are re-
sults of Monte Carlo electron trajectories.
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FIG. 4. The calculated trajectory of an ATI electron drift-
ing out of the standing wave, showing one cycle of bound
motion in a potential trough, followed by a transition from
bound to unbound motion along i.
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ing in a TEMoo Gaussian focus. Electrons were

launched in a simulation according to a very simple mod-

el, in which all ionization takes place at a single thresh-
old intensity. Atoms are therefore only ionized near the
antinodes. They are initially directed along the laser po-
larization, but immediately begin to oscillate in the k
direction under the influence of the pondermotive spatial
grating. Eventually they migrate to the edges of the
beam, where the standing-wave intensity is lower. At
some point, after several oscillations, the electrons reach
a part of the focus with a low enough potential to convert
from bound to unbound motion. This is shown for a sin-

gle trajectory in Fig. 4. Histograms for Monte Carlo
generated electron distributions at several energies are
shown in Fig. 3. Results employing an ionization intensi-

ty of 3x 10' W/cm are quite consistent with the data. '

The larger momentum transfer observed for electrons
leaving a circularly polarized standing wave [Fig. 2(d)]
appears in the simulations to be the result of a higher
ionization threshold intensity for ATI with circular po-
larization.

We have demonstrated the Kapitza-Dirac eÃect at
light intensities where the scattering rate equals or
exceeds the optical frequency. The results resemble clas-
sical scattering of point electrons from a pondermotive
grating. This pondermotive approach is expected to
break down at still higher intensities, when the oscilla-
tion frequency of an electron bound in the standing-wave
potential well approaches an optical cycle. This regime
also corresponds to the onset of relativistic eÃects in the
electron motion. Intensities of this magnitude will be
available in the near future.
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