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Observation of Electron Trapping and Phase-Area Displacement in the Interaction
between an Electron Beam and Two Counterpropagating Laser Beams
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We report the observation of synchronous energy exchange between nonrelativistic electrons and the
ponderomotive (beat) force of two counterpropagating, intense, pulsed CO; laser beams, operating at
different frequencies in a stimulated Compton-scattering scheme. The interaction takes place in the
nonlinear (trapping) regime, and its physics is the same as in laser accelerators and efficiency-enhanced
free-electron lasers with long wigglers. Two different mechanisms of enhanced energy transfer were
observed— electron trapping and phase-area displacement.

PACS numbers: 42.55.Tb, 29.15.—n, 41.70.+t, 52.75.Ms

A single electron cannot exchange energy with a single
electromagnetic (EM)-wave photon in free space, be-
cause conservation of both energy and momentum can-
not be satisfied simultaneously. Consequently, the
lowest-order radiative-interaction process in free space
involves two photons. The most basic process of this
kind is Compton scattering.

A stimulated Compton-scattering effect was predicted
in 1933 by Kapitza and Dirac.! In their configuration,
two counterpropagating EM waves of equal frequency
form a standing wave. If an electron, propagating trans-
versely to the waves, scatters a photon from one traveling
wave to the other, it obtains transverse momentum
2hw/c, and therefore may be deflected by an angle of
Qhw/c)/ymv. As the EM wave intensities are in-
creased, the deflection process can be described as elec-
tron diffraction by a spatially periodic ponderomotive po-
tential “‘grating,” which is generated by the beat of the
two EM waves.?

If the free electron is propagating in a counter direc-
tion to an incoming EM wave, the scattered Compton ra-
diation exhibits a Doppler shift. In the case of back-
scattering, the scattered (signal) wave frequency w; is
related to the incoming (wiggler) wave frequency w,, by

ws/w, =1+8,)/(1—8,), 40

where B, =v,/c is the electron axial velocity, and the
small quantum recoil effect was neglected. At relativis-
tic electron velocities the Doppler shift associated with
(1) may be appreciable, and this can be utilized to ad-
vantage in stimulated Compton-scattering free-electron
lasers (FEL), where the signal wave is amplified by the
stimulated Compton-scattering process.> Similar stimu-
lated emission or absorption may also be obtained with a
periodic magnetostatic wiggler field, as employed in
magnetic bremsstrahlung FEL* and laser accelerators.?
In order to observe an appreciable interaction effect
between the electrons and the traveling beat wave, the
electron velocity must be synchronized with the beat-
wave phase velocity v, =(w; — w,,)/(k; +k,,) (for a stat-

ic wiggler w, =0). The relative velocity between the
electron and the wave can be scanned by application of
an axial electric field. In the nonlinear regime, where
deep ponderomotive potential wells (traps) form, two
different physical situations may occur: (1) electrons in-
serted into the interaction region are within the phase-
space area of initially synchronous traps [trapping, see
Fig. 1(a)] and (2) the opposite case of no initial trapping
[Fig. 1(b)]. If the axial field £ and other interaction pa-
rameters are uniform along the entire interaction length,
the initially trapped electrons occupy closed trajectories
inside the trap area, and remain trapped despite the ac-
celerating field. In both cases the initially untrapped
electrons accelerate or decelerate freely, following open
phase-space trajectories. Transitions between trapped
and untrapped electron trajectories are possible only if
the interaction parameters are changed nonadiabatically
in either the axial or time dimension, or if the electron is
displaced transversely across the optical beams.

The phase-space diagram of Fig. 1(a) depicts partial
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FIG. 1. Phase-space diagrams for electron energy extrac-
tion: (a) electron trapping; (b) phase-area displacement.
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initial trapping by a constant-velocity ponderomotive po-
tential wave in the presence of an accelerating electric
field.® The trapped electrons do not accelerate, and con-
sequently produce enhanced stimulated Compton-
scattering radiation into the signal field. Figure 1(b) de-
picts an alternative mechanism of radiative energy ex-
traction from wuntrapped electrons in the presence of a
decelerating field. This ‘‘phase-area displacement”
(PAD) mechanism”™® causes enhanced signal radiation
when the entire electron beam is decelerated through the
synchronism condition. Note that under the same direc-
tion of dc field the trapped-electron and the PAD mecha-
nisms would result in energy exchange with the radiation
fields in opposite directions.

The FEL efficiency-enhancement scheme of a
tapered-period static wiggler with a decelerating beat
wave has essentially the same physics as the axial
electric-field scheme.” Such FEL were recently demon-
strated to operate with remarkable efficiencies.® Laser
accelerators with inverse tapering have been considered,?
and PAD-FEL accelerator schemes have been pro-
posed,”® but neither has yet been tried. A more direct
experimental tool for the study of electron interactions
with intense radiation fields— the stimulated Compton-
scattering scheme— has not yet been exploited, although
state-of-the-art high-intensity lasers make it possible to
study these interaction effects in both the linear and non-
linear regimes. There have been some attempts to study
stimulated Compton scattering in the Kapitza-Dirac
configuration, utilizing the high-intensity standing wave
field inside the cavity of a ruby laser.'®

This Letter describes a novel scheme for investigating
nonlinear-regime stimulated Compton scattering in the
traveling beat wave of two counterpropagating laser
beams. An experiment with similar features was report-
ed recently by Martin er al.'' In that experiment elec-
trons were accelerated by a plasma wave excited by the
beat of two CO; laser beams, whereas in our experiment,
we deal directly with the stimulated Compton-scattering
interaction between the electromagnetic waves and elec-
trons.

The experiment concept as depicted in Fig. 2 with the
baseline parameters listed in Table 1 was described in de-
tail by Olshan er al.'*> Two transversely excited atmos-
pheric CO; lasers produced the 9.3-um signal wave and
the 10.6-um wiggler wave, both of which were operated
in single longitudinal and transverse cavity modes. Their

INTERACTION
’* REGION

WIGGLER

SIGNAL
LASER Q"W [ ASER
Ay 10.6pm N As=9.3um
O
-~ X
e  COLLECTOR coiL ELECTRON

ELECTRON] BEAM
GUN
FIG. 2. Experimental conceptual diagram.
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100-ns-duration pulses were synchronized to arrive
simultaneously at the interaction region during the 10-us
pulse of the electron beam. The ~ 1-keV electron-beam
voltage was matched to the synchronism condition (1)
either at the entrance to the interaction region for setting
trapping conditions [Fig. 1(a)l, or within the interaction
region for PAD [Fig. 1(b)]. The electron beam energy
spread was AE =4 eV, with a grid-controlled current of
10-50 pA.

An axial electric force was exerted along the interac-
tion length by employment of the Ohmic potential drop
developed along a copper coil when a l-ms, 500-A
current pulse is applied to it. Accelerating or decelerat-
ing fields were achieved by a change of direction of the
current. The coil current also provided an axial magnet-
ic field which bent the electron-beam and guided it along
the interaction region.

Both retarding-potential and time-of-flight electron-
energy analysis techniques were employed. In the first
method a retarding-potential electrode is placed in front
of a Faraday-cup collector, and is biased to set partial
electron-beam reflection conditions (V,=0-7 V). In
case of positive transfer of energy from the radiation
field to the electrons, a pulse of the excess electrons,
which surpass the retarding potential barrier, would ar-
rive at the collector during the laser’s pulse period. In
case of negative energy transfer, a current-deficiency
pulse would be measured. In the time-of-flight technique
the tube is biased to a low voltage (Fg,=10 V), so that
electrons of different velocities, and correspondingly
different drift times, produce a time-dispersed current
pulse which folds in itself the electron energy spectrum
after the interaction.

The electron current pulse and the laser pulses were
recorded by three separate channels of high-speed digital
transient recorders. The data were stored by an on-line
computer for subsequent reduction, analysis, and inter-
pretation.

The basic theory of electron trapping and PAD

TABLE I. Experiment parameters.

Signal power 0.25 MW
Wiggler power 0.25 MW
Signal wavelength 9.261 um
Wiggler wavelength 10.59 um
Optical beam waists (wo) 1.77 mm
Coil current 0.5 kA

Energy spread (FWHM) 3 eV

Interaction length 0.6 m
Electron current 10 A

Electron velocity 2.0x107 m/sec
Axial electric field 65 V/m
Resonance energy 1.153 keV
Ponderomotive field 369.7 V/m

Trap depth 1.409 eV
Resonant phase y, 0.2 rad
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efficiency-enhancement schemes in magnetic bremsstrah-
lung FEL’s is given in Refs. 7 and 8. The electron axial
motion is governed by the longitudinal force equation

d(ymv,)/dt = — eE .. — eE, cosy(z,t), 2)

where E,. is an externally applied axial accelerating or
decelerating dc electric field, and E, is the ponderomo-
tive field amplitude, which for the case of an EM wiggler
is given by '

_ eluo/egg) 2 e | (PuP)2
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where €;, P;, wo; (i =w,s) are the polarization unit vec-
tors, the powers, and beam waists of the wiggler and sig-
nal waves, respectively. The phase of the electron rela-
tive to the ponderomotive wave is y=(w; —w,, )t — (k;
+ky)z.

First integration of the pendulum-type equation (2)
results in closed (trapped) or open electron phase-space
orbits inside or outside the separatrix, respectively. The
separatrix function (shown in Fig. 1) is characterized by
two parameters: the resonant phase w,, and the zero-
field half-width (HW) of the trap 67 given by '3

y, =arcsin(E,/Ep), 4)
8y =[4ep?y E,/ (ks + kI me 2112 (5)

For w, =0, the separatrix function is simply §y=6%?
x |cos(y/2)|. For w,=0, it is given by another periodic
function with reduced phase-space dimensions of the
trap”8: 8y, < 8y, Ay < 2r (see Fig. 1). With uniform
acceleration along the interaction region, electrons that
are trapped inside the interaction region remain trapped
to the end [Fig. 1(a)l, and are displaced by average en-
ergy Ay, relative to the untrapped ones, where

Ay =eE L/mc?, (6)

and L is the interaction length. For a warm electron
beam, Aywu>26ym, the trapping efficiency will be
A,/27Aym, where A, is the trap area (4,=868y? for
v, << 1).

If the decelerated or accelerated electron-beam syn-
chronizes with the beat wave within (as opposed to at the
start of) the interaction region [Fig. 1(b)], the beam will
exchange average energy Ay with the radiation field by
the PAD mechanism. Ay may be calculated by integra-
tion along phase-space paths of the electrons. For
v, <1, with neglect of edge effects, an approximate ex-
pression is derived &:

AY=A,/2n=46y/r. @)

Even if the initial electron-beam energy spread is large,
this average energy transfer will affect all the electrons,
since they all pass through synchronism with the beat
wave.

Initial experiments were carried out with a decelerat-

ing axial electric field employing the parameters of Table
I and the system shown in Fig. 2 operating in the
retarding-potential mode (with the drift tube eliminat-
ed). The retarding electrode was set to V, <1 V to
reflect most of the current. The initial energy of the
beam V; was scanned to vary the position of synchronism
along the interaction region. The signal intensity, which
is proportional to the number of electrons acquiring en-
ergy from the radiation field, exhibited a resonance curve
as a function of V; as shown in Fig. 3. The peak of the
curve corresponds to beam energy at synchronism condi-
tion with the beat wave in the center of the interaction
region, where the laser fields were most intense. Its
width corresponds to the potential drop along the in-
teraction region (E,.L =40 V). These findings corre-
spond well with the results expected for a PAD energy
exchange at those characteristic resonance conditions.
However, with this interpretation we explain the mea-
sured excess electron current pulses as a result of PAD-
interaction-induced energy spread. The expected aver-
age net effect of PAD deceleration was supposedly less
dominant in these experimental conditions.

Because the retarding-potential method does not give
the electron energy spectrum in a single pulse, and be-
cause the energy exchange in the interaction turned out
to be smaller than the initial energy spread, it was hard
to resolve by this method the direction of net energy
transfer between the beam and the radiation field.
Indeed, signals with both current excess and deficiency
were measured at various ¥V, values with either of the
coil-current polarities. In order to resolve this problem
and to identify distinctly the occurrence and conditions
for trapped-electron and PAD interaction effects, we
resorted to employment of the time-of-flight energy-
analysis technique. The experimental scheme of Fig. 2
was operated with basically the same parameters of
Table I but with A; =9.25 ym, A,, =10.59 um, E,.=42
V/m (accelerating field), and drift-tube voltage Vg =10
V. Figure 4 shows the measured collector current signal
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FIG. 3. Collector current signal vs initial electron energy.
The arrow marks synchronism at the interaction-region en-
trance.
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FIG. 4. Collector current signals corresponding to electrons
(a) accelerated and (b) decelerated by the radiation field. (a)
V;=1155 V, PAD conditions; (b) V;=1165 V, trapping condi-
tions.

for two values of initial voltage of the beam: (a)
V;=1155 V corresponding to synchronism near the
center of the interaction region, and (b) ¥; =1165 V cor-
responding to synchronism precisely at the entrance to
the interaction region. In both cases the signals appear
with a transit-time delay (~0.6 us) relative to the coin-
cident laser pulses, but the signals are temporally invert-
ed relative to each other, indicating opposing energy-
transfer directions. The oscillogram of Fig. 4(a) with an
initially negative (excess current) signal followed by a
positive (charge depletion) signal, indicates net electron
acceleration by the laser pulses, as expected for a PAD
energy-exchange process. Conversely, the signal of Fig.
4(b) indicates electron deceleration and thus energy
transfer to the radiation field in agreement with predic-
tions for electron trapping.

The experimental data demonstrate that both trapping
and PAD mechanisms of energy exchange were observed
in the stimulated Compton-scattering scheme at the con-
ditions predicted by theory. Because of the large initial
beam-energy spread, which was apparently larger than
the net energy transfer, the positive and negative parts of
the signals were not completely resolved in time, and it
was hard to determine the exact amount of energy ex-
changed with the radiation field in either mechanism.
However, simulation of the drift-tube transport dynam-
ics with the known initial electron energy distribution
(measured by scanning of the retarding potential) and
with assumptions of energy transfer AE=+1.5 eV and
AE=—20 eV, fitted reasonably well with the wave
forms of Figs. 4(a) and 4(b), respectively. The +1.5-eV
PAD energy transfer compares well with the E=+1.6
eV predicted from Eq. (7). The —2.0-eV energy transfer
corresponds to electron detrapping after 5 cm, possibly a
result of nonuniformities in the dc fields, lateral devia-
tions in the overlapping of the beams, or the finite coher-

486

ence of the laser beams.

The successful demonstration of energy exchange by
nonlinear-regime Compton scattering in the present ex-
periment makes way for further fundamental-interaction
and FEL-related studies in a small-scale laboratory sys-
tem. Further experiments to be carried out with this sys-
tem will provide opportunities to study important in-
teraction aspects of phase-area displacement and trap-
ping mechanisms, for example, effects of nonadiabatic
changes in the interaction parameters and incoherence of
the wiggler and signal waves. The large number of
wiggler periods (5%10%) and trap synchrotron oscilla-
tions (~40) puts this lasers’ beat experiment in the in-
teresting regime of very-long-wiggler FEL’s and laser ac-
celerators, where studies of phase-space evolution has
important fundamental and applied research implica-
tions.
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