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Observation of Electron Trapping in an Intense Laser Beam
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High-energy electrons have been trapped in an intense, single-beam, ponderomotive-optical tra
Thomson-scattered light from the center of a tightly focused pulsed laser beam is enhanced when a nov
trapping focus is used. The observed spatial distribution and energy dependence of the scattered lig
agree with the results of computer simulations for ordinary and trapping beams.

PACS numbers: 42.50.Vk, 87.80.Cc, 94.30.Hn, 34.80.Qb
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Since the discovery of the ponderomotive force ov
40 years ago, it has been known that charged partic
interacting with an oscillating electromagnetic field wil
seek regions of low intensity [1]. It was immediatel
proposed that with the appropriate field distribution
particles could be trapped with this force [2]. The cas
of electron confinement with a specially shaped las
beam has been discussed since then [3–5]. Recently
reported on the optical generation of a three-dimension
ponderomotive-optical trap with a high-peak-power las
[6]. In this Letter we present the first evidence o
electron trapping in a high-intensity laser field, wit
confinement of electrons with energies up to 10 keV. T
our knowledge, this work represents the first controlle
manipulation of electrons in a high-intensity laser field b
the modulation of the spatial intensity distribution of th
beam. This opens up a new direction of study in hig
intensity laser-electron interactions. Here, we prese
the effects of trapping on linear Thomson scattering.
trapping beam could also be used to enhance the rece
observed nonlinear Thomson scattering [7]. While som
further experiments may use the particular geome
described in this Letter, more generally, we have show
that near-field phase control of a high-power laser bea
can lead to tailored focal regions which may be optimize
for a myriad of experiments.

Electrons interact with a laser field via the Lorent
force. For field distributions with a slowly varying tem
poral and spatial envelope, the motion of the electro
can be decomposed into a high-frequency quiver and
slower, “dark-seeking” drift [8]. The quiver motion is
a direct result of the rapidly oscillating electromagnet
field, while the drift is a consequence of the ponder
motive force (the cycle-averaged Lorentz force). Th
ponderomotive force takes the formFpond � 2=Upond,
whereUpond � �e2Il2���2pmc3� (I is the intensity,l is
the wavelength,c is the speed of light, ande andm are the
electron charge and rest mass, respectively). At low inte
sities, the quiver velocity is nonrelativistic and the mag
netic field term in the Lorentz force can be ignored. Th
electron motion is a result of the electric field alone an
is purely harmonic. Under these conditions, the electr
undergoes linear Thomson scattering [9]. For high inte
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sities (I � 1018 W�cm2 for l � 1 mm light), the fully
relativistic Lorentz force must be used and the electr
quivers anharmonically. In this case, the electron em
harmonics of the incident field (nonlinear Thomson sca
tering) [7,10,11]. To reach such intensities, a short-pul
high-energy laser beam must be focused to a small s
size. Tight focusing yields high peak intensities but al
results in large intensity gradients and, therefore, lar
ponderomotive forces. In an ordinary centrally peak
focus, the strongest gradients point radially inward, so t
ponderomotive force pushes electrons outward, direc
away from the regions of high intensity.

To control the drift of electrons from the focal region
we have developed a scheme to create a focus wit
local minimum at its center [6]. A uniphase laser beam
regardless of its amplitude distribution, will focus to
centrally peaked spot due to the constructive interferen
at the center of the focal region. By inducing ap phase
shift to the central portion of an incident beam, the lig
from the unshifted outer region will interfere destructive
with the shifted light. If half of the incident field is
shifted, there will be complete destructive interference
the center of the focus, creating a field null surrounded
all sides by regions of nonzero intensity. This occurs f
a p region diameter of1.65w for a Gaussian beam, wher
w is the incident beam’s1�e2 (in intensity) radius [6].

Computer simulations of electron trajectories in
Gaussian focus and a trapping focus have been perform
With the trap, the electrons spend a significantly long
time interacting with the intense field. In one simula
tion, electrons were released into the field by barrie
suppression ionization [12] from He11 at an intensity of
1.5 3 1015 W�cm2 by a laser pulse with the same chara
teristics as in our laboratory [13]:Ipeak � 1018 W�cm2,
w0 � 5 mm, t � 2 ps, andl � 1.05 mm, whereIpeak
is the peak intensity of the ordinary beam,w0 is the
1�e2 (in intensity) radius of the focal spot,t is the
FWHM pulse width, andl is the central wavelength.
The fully relativistic Lorentz force was used in this an
all subsequent simulations. A typical electron releas
into the trapping region experiences an average inten
approximately 3 times as high for a time approximate
6 times as long as an electron released into a compara
© 1999 The American Physical Society
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Gaussian focus (generated with the same near-field power
distribution). These values depend on the electrons’
initial location in the focal region. Similar results are
obtained with different gas species and charge states. By
tuning the trap minimum away from zero (by changing
the size of the p region) [6], the peak intensity that the
electron experiences can be increased by a factor of 10,
while maintaining trapping.

The most direct signature of electron trapping is the
enhanced linear Thomson scattering that results from
the increased laser-electron interaction. Figure 1 shows
the results of a computer code used to generate images
of Thomson-scattered radiation from three different focal
regions. The code uses the same laser pulse as described
above and propagates electrons ionized from up to the first
eight charge states in argon by barrier-suppression ioniza-
tion. Since the total, time-integrated Thomson-scattered
signal is a linear function of intensity, interaction time,
and number of electrons, the total signal at a given point
in the focal region was approximated as the sum over all
times of the product of electron number, instantaneous
laser intensity, and time step. Figure 1(a) shows the
w0 � 5 mm Gaussian focal-plane image, Fig. 1(b) shows
the focal-plane image generated by a flat-top incident
beam (which mimics the extra structure present in the
experimental, unaltered focal spot), and Fig. 1(c) shows
the focal-plane image generated by passing a flattop
incident beam through an appropriately sized p phase
plate. The value of the intensity walls surrounding the
central minimum of the trapping beam is approximately
12% of the nontrapping beam’s peak intensity. For the
peak intensity achievable with this laser system, this
corresponds to a wall intensity of 1.2 3 1017 W�cm2,
which is equal to a ponderomotive barrier of 12 keV.

FIG. 1. Computer simulations of Thomson scattering.
(a) Focal-plane image of a Gaussian beam. (b) Focal-plane
image generated with a flattop incident beam. (c) Focal-plane
image of a trapping beam generated with a flattop incident
beam. (d) Image of the Thomson-scattered light from a
Gaussian focus as viewed orthogonally to the plane of
polarization. (e) Thomson-scattered image from the flattop
beam. (f) Thomson-scattered image from the trapping flattop
beam. (g) Total Thomson-scattered signal as a function of
z (laser propagation direction) for the Gaussian beam (thin
dashed line), the nontrapping flattop beam (thick dashed line),
and the trapping flattop beam (solid line). The increase in
signal from the center of the trapping focus is due to the
confinement of electrons, while the decrease away from z � 0
is due to more-rapid ponderomotive expulsion along the steeper
gradients in those portions of the trapping focal region.
Figure 1(d) shows the two-dimensional xz projection of
the Thomson-scattered light from the Gaussian focus (the
laser is polarized along the x direction and propagates
along the z direction), Fig. 1(e) shows the signal from
the flattop beam, and Fig. 1(f) shows the signal from
the trapping flattop beam. Figure 1(g) shows the total
Thomson-scattered signal for each beam type as a function
of z. This corresponds to a transverse integral along x for
each z position. The thin dashed line is the signal from
the Gaussian focus, the thick dashed line is the signal
from the nontrapping flattop focus, and the solid line is
the signal from the trapping flattop focus. The signal
from the regular flattop focus is substantially higher than
the signal from the Gaussian focus at z � 0. This is due
to the weak trapping that occurs in the low-intensity rings
that surround the central spot. Even though the rings can
capture only low-energy electrons, they represent a large
volume and therefore add considerably to the total signal.
At z � 0, the peak intensity value of the rings is 2% of
the peak intensity of the central spot. A central peak
intensity of 1018 W�cm2 corresponds to 2-keV electrons
being trapped by the rings. In contrast, the trapping
focus generated with the phase plate can confine 12-keV
electrons at z � 0. As expected, the trapping focus has
the largest signal in the central focal region. Away from
z � 0, the signal is lower than in the nontrapping case
because of the more strongly peaked beam profiles of the
trapping beam in those regions, resulting in more rapid
ponderomotive expulsion.

To generate the trapping focus in the laboratory, a
segmented wave-plate arrangement was used to induce the
p-phase shift on the laser pulse [6]. A disk and annulus
were cut from a half-wave plate, and the disk was rotated
by 90± with respect to the annulus. In this position, the o
axis of the disk coincided with the e axis of the annulus
and vice versa. Since the operation of a half-wave plate
relies on the retardation of a half-wave between the o
and e waves, this simple arrangement adds a p phase
shift to the inner portion of the beam with respect to the
outer region. The size of the disk (4-cm diameter) was
chosen such that approximately half of the incident field
was shifted. The laser beam had an essentially flattop
profile of 6.5-cm diameter, with extra energy at the center
and edges of the beam.

The experimental setup for imaging Thomson-scattered
radiation from the laser focus is shown in Fig. 2. The
horizontally polarized (perpendicular to the plane of the
figure) laser pulse enters a high-vacuum chamber from
the right and is focused by an internally mounted as-
pherical focusing lens (f � 20 cm, f � 12 cm, with an
8-mm-diam block in the center). The chamber is typically
backfilled with 1 to 5 Torr of nitrogen or argon. To gen-
erate the trapping beam, the wave-plate pieces are placed
directly before the entrance window. The focused beam
passes into and out of an aluminum tube (outer diameter
of 4.4 cm) through a pair of 1.9-cm holes. The end of
the tube is blocked by a solid aluminum cone that serves
4539
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FIG. 2. Experimental arrangement for imaging Thomson-
scattered light from a high-intensity laser focus. The tube and
cone serve to reduce the substantial laser light background, and
recombination light is eliminated by an infrared bandpass filter.
The chamber is typically backfilled with a low density (1 to
5 Torr) of argon or nitrogen.

as a dark background for the height-adjustable 43 micro-
scope objective. Both the tube and the cone were bead
blasted and black anodized for maximum absorption of
background light. The focal region is transversely im-
aged onto a CCD (charge-coupled device) camera (CCD1)
by the objective and a camera lens (back focal length of
15 mm, open aperture of 10 mm) after passing through an
infrared bandpass filter (Tmax � 38% at l � 1055.5 nm,
lFWHM � 2.5 nm). The tip of the objective was approxi-
mately 8 mm from the laser axis. The total magnifica-
tion of the imaging system (from the laser focus to the
4.8 mm 3 3.6 mm CCD1 array) was 1.0. After passing
through the tube, the diverging laser beam is refocused
by a second lens (identical to the focusing lens) onto a
second CCD camera (CCD2) approximately 6 m away
(the convergence angle of the beam is exaggerated in the
schematic). CCD2 was used to take images of typical
focal-plane images.

The experimental results for Thomson-scattered radia-
tion from 2.5 Torr of argon are shown in Fig. 3. Fig-
ure 3(a) shows the nontrapping focal-plane image at CCD2
(which was coupled to a 103 microscope objective for a
total magnification of 150 from inside the vacuum cham-
ber to the CCD2 array). Figure 3(b) shows the trapping
focal-plane image generated with the wave-plate pieces in
place. The value of the intensity walls surrounding the
central minimum of the trapping beam at z � 0 is approxi-
mately 15% of the nontrapping beam’s peak intensity, and
the central minimum is less than 3% of the nontrapping
beam’s peak intensity. For a nontrapping beam peak in-
tensity of 1018 W�cm2, this corresponds to a trap depth at
z � 0 of 12 keV. Away from z � 0, the trap wall height
falls to approximately 10% of the nontrapping beam’s peak
intensity, giving a three-dimensional trap depth of approxi-
mately 7 keV. The focal-plane images were not notice-
ably affected for backfill pressures of less than 10 Torr.
4540
FIG. 3. Observed focal-plane images and Thomson-scattered
images. (a) Ordinary beam focal-plane image taken at high
power (E � 500 mJ) with CCD2. (b) Trapping-beam focal-
plane image. (c) Image of Thomson-scattered radiation taken
with CCD1 (30-laser-shot average) generated with the ordinary
beam with 2.5 Torr of argon, viewed normal to the polariza-
tion direction. (d) Image generated with the trapping beam.
(e) Total Thomson-scattered signal as a function of the laser
propagation direction �z�. The signal from the trapping beam
is greater at the center of the focal region and smaller on either
side, as predicted.

Figure 3(c) shows the image of the Thomson-scattered ra-
diation from the regular beam, and Fig. 3(d) shows the
scattered image from the trapping beam. Each image is
an average of 30 laser shots. The average laser energy
was 500 mJ, which corresponds to a peak intensity of
7 3 1017 W�cm2 for the nontrapping beam. The shape
of the images was independent of gas species (argon or
nitrogen) or pressure (1 or 2.5 Torr), and the total signal
strength varied linearly with pressure. Rotating the polar-
ization of the incident beam so it was aligned with the ob-
servation direction completely extinguished the signal, as
expected for linear Thomson scattering. The total signal
as a function of z [as in Fig. 1(g)] is shown in Fig. 3(e).
The signal from the trapping focus is higher at z � 0 be-
cause of electron confinement and lower away from z � 0
because of steeper intensity gradients, in agreement with
predictions [see Fig. 1(g)]. The asymmetry in the signal
about z � 0 is due to the asymmetry in the intensity dis-
tribution of the laser along the propagation direction.

In addition to increased signal strength, the signal
shows the expected enhanced dependence on laser inten-
sity. In a smooth, Gaussian focus, electrons exit the focal
region well before the peak of the pulse. For an electron
from a given charge state released into the field at a given
position, the initial intensity and spatial intensity gradi-
ent that it experiences will be the same regardless of peak
intensity. As the electron leaves the laser focus, the inten-
sity that it experiences as a function of time will be only
slightly modified by the change in its temporal position in
the laser pulse envelope. The total signal will, however,
increase due to the increasing focal volume with intensity
[14]. The effect of the increase in focal volume can be
minimized by considering only the signal from the center
of the focal region (2z0 , z , z0, where z0 � 75 mm is
the Rayleigh range of a Gaussian beam with w0 � 5 mm).
With the trapping focus, electrons interact with the laser
pulse for a much longer period of time, therefore, the
Thomson-scattered signal will be more sensitive to the
peak intensity of the laser.
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FIG. 4. Energy dependence of Thomson-scattered light from
the center of the focal region. (a) Experimental results of
linear Thomson scattering from several data-taking runs with
the ordinary beam (circles, dashed line) and the trapping beam
(squares, solid line). (b) Results from a computer simulation
with an ordinary focus (circles, dashed line) and a trapping
focus (squares, solid line) generated by an incident flattop
beam. Both experiment and simulation show an increase in
signal strength and energy dependence for the trapping beams
due to the increased electron-laser interaction.

Figure 4(a) shows the experimentally measured
Thomson-scattered signal from the center of the focal
region as a function of laser intensity. The horizontal axis
represents the peak intensity of the unaltered, nontrapping
beam (laser energy could have been used equally well,
where 700 mJ is equal to 1018 W�cm2). The solid line
is a straight-line fit to the trapping-beam signal (squares),
and the dashed line is a fit to the unaltered-beam signal
(circles). The gas species was either argon or nitrogen
at a pressure of 1.0 or 2.5 Torr for any given run. The
signal value is the total signal from the center of the
focal region (275 , z , 75 mm), the data from each
run were normalized to the average signal strength (at
E � 700 mJ) for each beam type, and each shot was
background subtracted. The normalization of the trapping
beam data was performed independently of the normal-
ization of the nontrapping beam data. As expected, the
signal strength and slope are enhanced for the trapping
beam. The scatter in the data is likely due to fluctuations
in the beam quality.

Figure 4(b) shows the predicted intensity scaling from
the computer simulation for an ordinary focus (circles,
dashed line) and a trapping focus (squares, solid line) gen-
erated from an incident flattop beam focused into argon
gas. The choice of gas species is arbitrary since the over-
all trends are universal. As in Fig. 4(a), the signal is taken
from the center of the focal region. Because of the minimal
amount of trapping with the ordinary beam, the scattered
signal is low and varies weakly with laser intensity. As in
the experiment, the signal from the trapping beam is larger
and depends more strongly on laser energy. The calcu-
lated contrast in signal strength and slope between ordinary
and trapping beams is even greater when using a perfect
Gaussian incident beam. A greater calculated signal en-
hancement is observed when using a “bright” trap, whose
trapping region has a nonzero intensity minimum [6]. In
such a trap, the effect on the nonlinear Thomson-scattered
signal is especially pronounced since electrons are con-
fined in a region of high field. Simulations show that for an
unaltered beam’s peak intensity of I0 � 1019 W�cm2, the
nonlinear signal from the center of a bright trap (Icenter �
0.20I0) is 2.2 3 104 times larger than the signal from the
center of a Gaussian focus.

In conclusion, we have made the first observation of
electron trapping in an intense laser beam. A novel
segmented wave-plate scheme was used to generate the
trapping focus. Electron trapping in the altered focus
resulted in enhanced linear Thomson scattering from the
center of the focal region as predicted by computer
simulations. The observed increase in energy dependence
was also expected. Computer simulations show that the
trapping focus would also increase the signal generated by
nonlinear Thomson scattering.
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