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High-Efficiency Nonadiabatic Trapping of Electrons in the Ponderomotive 
Potential Wells of Laser Beats 

Z. SHEENA, S.  RUSCHIN, A. GOVER, AND H. KLEINMAN 

Abstract-We report experimental results on nonlinear interactions 
between a nonrelativistic electron beam and the ponderomotive field 
(beat wave) of two counterpropagating pulsed CO1 laser beams, op- 
erating at different frequencies in a stimulated Compton scattering 
scheme. Very high electron trapping efficiencies were obtained by ap- 
plying a new scheme of a nonadiabatic shift in the energy of the elec- 
trons in order to bring them into resonance with the ponderomotive 
wave. With an axial decelerating electric field applied along an inter- 
action path of 12 cm, trapping efficiencies of above 60 percent with 
energy transfer of 6 eV between the electrons and the radiation field 
were obtained. 

HE fundamental interaction scheme consisting of two T high-power electromagnetic beams and a beam of 
freely propagating electrons has been of interest since the 
early developmental stages of quantum electrodynamics 
[ 11. Presently, the interest in this interaction revolves 
around the development of new high-power radiation 
sources based on intense relativistic electron beams (free 
electron lasers). A basic distinction exists in the nonlinear 
regime between electrons that are trapped or untrapped by 
the ponderomotive potential wells generated by the elec- 
tromagnetic fields [2]. This trapping process is the basic 
saturation mechanism in constant parameter FEL’s. Effi- 
ciency enhancement schemes proposed for these lasers are 
based on the continuous energy extraction from deeply 
trapped electrons [2], [3]. For these schemes to operate 
well, it is necessary that a big fraction of the electrons 
will be trapped in the ponderomotive potential wells at the 
beginning of the interaction region and kept trapped along 
the entire interaction length. A different type of energy 
exchange between the electrons and the ponderomotive 
beat wave exists and is experienced by electrons which go 
through synchronism with the beat wave without getting 
trapped. This type of interaction, called phase area dis- 
placement (PAD), can only provide small energy transfer 
of the order of magnitude of the potential wall depths [3]. 
In previous articles [4], [5], we reported observations that 
clearly distinguished between electrons experiencing 
trapping or phase area displacement (PAD), depending 
upon their condition while approaching resonance. In the 
present letter we report the attainment of high trapping 
fractions by applying a new scheme that introduces abrupt 
(nonadiabatic) changes in the axial field within the inter- 
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action region. This scheme permits the injection of the 
electrons right into the potential wells of the pondero- 
motive wave at a place along the interaction region where 
the ponderomotive field is in full strength. This is in con- 
trast to the adiabatic injection scheme in which the elec- 
tron beam must be kept in synchronism with the ponder- 
omotive wave for many periods, while the wells deepen 
gradually and grow around the electrons. The abrupt in- 
jection scheme is not only a more efficient way to achieve 
high initial trapping fraction but may also be the only way 
to inject electrons efficiently into fully built up traps in 
interaction schemes such as electromagnetic pump FEL 
[6], two-stage FEL [7], and laser beat accelerators [8]. 
The significantly high trapping (more than 60 percent) 
measured in this first experiment suggests that this simple 
but highly effective trapping scheme deserves a detailed 
theoretical modeling and further experimental investiga- 
tion. 

The governing equation of motion of an electron in a 
ponderomotive field is the axial force equation [2], [9] : 

do = -eE, , ( z )  - eE,, cos {(os - a,)? 
dt 

- ( k ,  + k d z }  ( 1 )  

where E,, is the externally applied axial field and E,, is 
the ponderomotive field given by 

d,, &,, P,, P,, w,, w, are the polarization unit vectors, 
powers and waists of the signal and wiggler waves, re- 
spectively. The resonance electron velocity v, is given by 

and the resonance phase $, is given by 

$, = sin-’ (2). 
(3 )  

(4)  

Only electrons which are inserted into the ponderomotive 
field with an energy around yr and a phase around 4, are 
trapped inside the ponderomotive buckets and can ex- 
change (gain or lose) energy with the radiation field. Elec- 
trons achieving the resonance energy y r  within the inter- 
action region do not get trapped since they follow open 
orbits in phase space. Instead of trapping, they experience 
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Fig. 1. Electron trapping mechanism by a fast (nonadiabatic) change in 
the ponderomotive field amplitude. 

the phase area displacement mechanism [2], [3] and ex- 
change energy in an opposite direction relative to the trap- 
ping process. Fig. 1 shows the conservation of energy 
diagram of an electron in the combined ponderomotive 
and decelerating dc fields. The diagram is shown as 
viewed in the rest frame of the ponderomotive potential. 
In this moving frame all of the fields are static and the 
system is conservative. Electrons with a constant energy 
injected in a constant ponderomotive field are reflected 
and cannot get trapped in the ponderomotive buckets, as 
shown in curve (a) .  In order to trap the electrons inside 
the buckets either the amplitude of the laser fields has to 
rise gradually or alternatively the energy of the electrons 
has to go down steeply during the approach of the electron 
as shown in curve (b).  Such a change in potential energy 
of the electron can only be attained by a force which looks 
time dependent in the moving frame. If the time variation 
of the field in this frame is faster relative to one synchro- 
tron oscillation period transit time, a nonconservative ab- 
rupt reduction of the electron energy takes place and con- 
sequently the electron is inserted into the trap. 

In our experiment the two different schemes for insert- 
ing electrons into traps are realized in two ways. 

1) At the entry the electron beam is bent into the 
propagation axis of the field of the lasers using a gradually 
bent axial magnetic field. In this case, during the entry 
the electrons experience a gradual rise of the laser fields 
determined by the Gaussian profile of the beams and the 
curvature of the electron path at the entry. 

2) The dc electrostatic potential is lowered steeply 
(nonadiabatically) to bring the electrons to the resonance 
energy, as shown in Fig. 1. This fast temporal variation 
field as witnessed in the moving frame is realized in the 
lab frame by means of fast spatial variation of the electro- 
static potential along a short section ( 1  cm)  of the inter- 
action region. In the ponderomotive wave rest frame the 
spatial field variation looks like a temporal field impulse 
of 0.5 ns. In Fig. 2 we display the computer simulation 
results for the trapping efficiency achieved by the spatial 
field variation shown in Fig. 3(b). The ponderomotive 
field was 230 V/m superimposed on a dc axial field of 65 
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Fig. 2 .  Electron trapping efficiency against the relative electron energy 

using an abrupt axial field of 1000 V / m .  
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Fig. 3.  Experimental tube (a), potential along the tube (b). 

V /m,  with a maximum axial abrupt field of 1000 V / m ,  
and the electrons were assumed to be injected without en- 
ergy spread. The periodicity of the efficiency variation as 
a function of electron energy is associated with the energy 
drop along one period of the ponderomotive potential (see 
Fig. 1). 

In the experiment we used two intense TEA CO2 laser 
beams with wavelengths of 10.6 and 9.3 pm for the wig- 
gler and the signal fields, respectively. Special techniques 
were used in order to make the lasers generate pure mon- 
ochromatic signals [5]. Both beams are pulsed (about 150 
ns) and are synchronized with each other. They interact 
inside the test tube with an electron beam that is guided 
along the tube using a strong static axial magnetic field 
generated by passing a 400 A current pulse through a cop- 
per coil surrounding the electron beam, as shown in Fig. 
4. The electrostatic potential was varied along the tube as 
shown in Fig. 3(b) by using a combination of two effects: 
the uniform moderate axial decelerating field of 55 V / m  
is generated by the ohmic potential drop associated with 
the 400 A current pulse through the copper coil; the ab- 
rupt potential drop at location e in Fig. 3(a) is generated 
by two closely-spaced hollow electrodes which are biased 
by an external dc power supply. After the interaction the 
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Fig. 4.  Schematic diagram of the experimental setup. 

electrons are decelerated, bent and guided along a drift 
tube biased at low potential (about 10 eV). The drift tube 
serves as an energy analyzer dispersing the trapped elec- 
tron current signal in time. Electrons that acquire energy 
from the radiation field during the laser pulse period move 
faster in the drift tube and appear in the collector as a 
negative excess current signal followed by a positive cur- 
rent deficiency signal, and vice versa for electrons that 
lose energy to the radiation field. The collected electron 
signal and the laser pulses are acquired by a real time 
computer using three high-speed digital recorders. See 
Table I for details on the experiment parameters. 

Several experiments were performed using this setup in 
order to measure the various laser-electron interaction pa- 
rameters. 

The energy distribution of the electrons after interac- 
tion was measured by the time of flight technique, in order 
to study the effect of establishing synchronism between 
the electrons and the ponderomotive wave at different 
places along the tube. The kinetic energy of the electrons 
at the entrance to the interaction region was varied by 
changing the electron gun anode potential between 1100 
to 1125 V. The drift tube potential was kept positive (10 
eV) to allow transport of both electrons that lost or gained 
energy from the radiation field. The collector current sig- 
nals were recorded for eight values of the e-gun voltage 
which correspond to establishing synchronism between the 
electron beam and the ponderomotive wave at eight dif- 
ferent locations along the interaction length. These loca- 
tions are marked in Fig. 3(a) by the letters a to h. Ex- 
amination of the electron current signals reveals five 
distinct types of interactions. 

1) No energy transfer betwen the electrons and the 
laser beams was detected when the electrons were made 
to synchronize with the wave before the interaction re- 
gion. The ac-coupled amplifier hooked to the electrons 
collector displayed no signal as shown in Fig. 5(a). 

2) A weak electron trapping effect was detected 
when the electrons were made to synchronize at point b 
on the tube shown in Fig. 3. The electron current pulse 
given in Fig. 5(b) shows a negative current pulse followed 
by a positive one. The first part indicates the arrival of 
electrons with excess energy, and the second part repre- 
sents the electron deficiency created by the accelerated 

TABLE I 
EXPERIMENT PARAMETERS 

Signal power 
Wiggler power 
Signal wavelength 
Wiggler wavelength 
Laser beam waist 
Coil current 
Axial electric field 
Electron current 
Resonance energy 

350 
200 

10.591 
1.4 

400 
55 

7 

9.2938 

ions 

Fig. 5. Collector current for synchronisms at various locations along the 
interaction region (letters a through h correspond to locations a through 
h shown in Fig. 3) .  Horizontal scale: 200 ns/div, vertical scale: 1 
pA/div. 

electrons. This signal waveform indicates that electrons 
obtained energy from the radiation wave during the laser 
pulses. This can be explained by adiabatic trapping of the 
electrons in the region of location e. The trapped electrons 
maintained their velocity despite the decelerating field 
along the interaction region. 

3) A strong electron trapping signal as shown in 
Fig. 5(e) was obtained when the electrons were made to 
synchronize at the electrodes gap (point e in Fig. 3 ). In 
this case the trapping effect is stronger because more ef- 
ficient injection of the electrons into the traps was ob- 
tained by the nonadiabatic process at the electrodes. 

4) When the synchronism between the electrons 
and the wave was established at the uniform fields region 
(location g )  a current signal in which the negative pulse 
follows the positive pulse [Fig. 5(g)] indicated that the 
electrons lost energy to the radiation wave. This is fully 
consistent with the PAD energy exchange mechanism 
which is expected to take place without trapping effect 
under these conditions. 
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5 )  Signals demonstrating combined trapping and 
PAD effects were recorded when the electrons were made 
to synchronize at intermediate locations (points c, d ,  and 
f o f  Fig. 3 ) .  In these cases the collector current pulses of 
Fig. 5(c), (d), and (f)  show various proportions of decel- 
erated and accelerated electrons. 

To measure the maximum achievable trapping effi- 
ciency we adjusted the initial kinetic energy of the elec- 
trons to synchronize at point e of Fig. 3.  The drift tube 
potential lowered to a value that just cuts off the electron 
current at the collector when no laser pulses are present. 
This way we assured that the current measured at the col- 
lector originates only from electrons which acquired en- 
ergy by the radiative interaction, namely by the trapping 
interaction process. The measured current in this case was 
in favorable conditions about 60 percent of the beam cur- 
rent. The trapping fraction may be even higher than this 
because the temporal dispersion of the accelerated elec- 
trons pulse during their transport in the drift tube reduces 
somewhat the pulse peak current. 

We measured the amount of energy transfer from the 
radiation field to the electrons by the method of retarded 
potential. While trapping the electrons by the abrupt field 
at location e ,  we varied the potential of the drift tube 
changing it to negative values until no current was no- 
ticed, indicating that all of the electrons were reflected 
back. The highest negative value obtained was about 6 
eV. This is quite close to the amount of energy expected 
to be acquired by the trapped electrons which keep con- 
stant velocity in a decelerating field of 0.55 V / m  along 
the interaction length of 12 cm between points e and h. 

In conclusion, we proposed and demonstrated in this 
letter a new scheme for enhanced trapping of electrons in 
the ponderomotive potential wells of laser beats by means 
of an abrupt change in the energy of the electrons. We 

also measured effects of adiabatic trapping and PAD. All 
these measurements agreed well with our theoretical 
model computations. Our experimental scheme is useful 
for the study of the physics of full-scale elaborate FEL’s 
operating in the nonlinear and efficiency enhancement re- 
gime. The newly-proposed nonadiabatic trapping scheme 
may be useful in FEL configurations based on electro- 
magnetic wigglers and in particular, two-stage FEL’s. 

REFERENCES 

[ I ]  P. L. Kapitza and P. A. M. Dirac, “The reflection of electrons from 
standing light waves,” Proc. Cambridge Philos. Soc., vol. 29, pp. 
297, 1933. 

12) N.  M. Kroll, P. L. Morton, and M. N .  Rosenbluth, “Free-electron 
lasers with variable parameter wigglers,” IEEE J .  Quantum Electron. , 
vol. QE-17, p. 1436, 1981. 

[3] M .  N. Rosenbluth, B. N. Moore, and H .  V. Wong, “Steady state op- 
eration of FEL oscillator using phase area displacement wiggler,” IEEE 
J .  Quantum Electron., vol. QE-21, p. 1026, 1985. 

[4] R. 2. Olshan, A. Gover, S.  Ruschin, H .  Kleinman, A .  Friedman, B .  
Steinberg, and I .  Katz, “Experimental results of a nonrelativistic elec- 
tron beam trapping and energy transfer in a Compton scattering free 
electron laser scheme,” Nucl. Instrum. Methods, vol. A250, p. 244, 
1986. 

[5] R. Z. Olshan, A .  Gover, S.  Ruschin, and H .  Kleinman, “Observation 
of electron trapping and phase area displacement in the interaction be- 
tween an electron beam and two counterpropagating laser beams,” 
Phys. Rev. Lett.,  vol. 58, p. 483, 1987. 

[6] T. M. Tran, B. G. Danly, and J .  S.  Wurtele, “Free-electron lasers 
with electromagnetic standing wave wigglers,” IEEE J .  Quantum 
Electron., vol. QE-23, p. 1578, 1987. 

[7] L. R .  Elias, “High power cw, efficient, tunable (uv through ir)  free 
electron lasers using low energy electron beams,” Phys. Rev. L e f f . ,  
vol. 42,  p. 977, 1976. 

[8] B.  I. Cohen, “Application of beat-wave scattering to accelerators, cur- 
rent drive, plasma heating and diagnostics,” Comments Plasma Phys. 
ControlledFusion, vol. 8, no. 5, p. 197, 1984. 

[9] R .  Z. Olshan, S. Ruschin, A .  Gover, H. Kleinman, B. Lissak, and Z. 
Sheena, “Recent measurements of electron trapping and phase area 
displacement of nonrelativistic electrons employing an electromagnetic 
wiggler,” Nucl. Instrum. Methods, vol. A259, p. 119, 1987. 


