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INVESTIGATION OF NONRELATIVISTIC ELECTRON BEAM TRAPPING IN A COMPTON
SCATTERING FREE ELECTRON LASER SCHEME *

A. GOVER, S. RUSCHIN, R. OLSHAN, H. KLEINMAN, A. FRIEDMAN and B. STEINBERG

Facufty of Engineering, Tel- Aviv University, Ramat Aviv 69978, Israel

We describe the progress in an experimental project aimed towards basic studies of electron trapping effects and efficiency
enhancement schemes in free electron lasers. The experimental scheme is based on two TEA CO, laser beams at different vibrational
lines (wavelengths), a nonrelativistic (kV) electron beam and an accelerating field. The present minimum trapping efficiency detection
capability of the system is 1-3%. The expected trapping under present conditions is close to this level, and will far surpass with further

improvements.

1. Introduction

In an FEL, the free electrons which propagate in a
transverse electric or magnetic wiggler field can give rise
to amplification of the electro-magnetic wave by the
process of stimulated Compton scattering [3-5], or mag-
netic bremsstrahlung [6-14). This radiative process is
saturated when the electrons are trapped in a
“ponderomotive potential” wave [15,16] produced by
the pump (wiggler) and signal fields.

Many suggestions have been made to increase the
efficiency of free electron lasers by tapering the period
or amplitude of the periodic magnetic field (wiggler)
from the point where the electrons get trapped in the
ponderomotive potential. The tapering slows down the
phase velocity of the ponderomotive potential, causing
the trapped electrons to slow down and release their
kinetic energy by radiation [17-23). Efficiency can also
be enhanced by applying a moderate axial electric field
to the trapped electrons, causing them to radiate energy
[24,25].

Much advanced theoretical research has been con-
ducted recently on the gain enhancement concepts pre-
viously mentioned. However, little experimental work
was carried out to probe these schemes, their limita-
tions, the degree of trapping and the mechanisms of
detrapping in the presence and in the absence of an
axial electric field or a tapered wiggler. In the light of
the large amount of interest in high power, high ef-
ficiency FELs, the amount of experimental research
presently being carried out in the nonlinear (saturation)
regime utilizing these concepts is quite small. Hence, an
experiment which couid probe these theoretical con-
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cepts and their limitations would help in feasibility
studies and in the continual development of full-scale
free electron laser experiments of this kind.

To this end, an experiment for studying electron
trapping effects and measuring electron trapping ef-
ficiency in a stimulated Compton scattering configura-
tion is in progress in Tel-Aviv University. The experi-
ment is based on two high-power TEA CO, laser beams
operating at two different CO, vibrational lines, one
serving as a pump wave and the other as a signal wave,
The electron beam is synchronized with the pondermo-
tive wave and since the difference in laser frequencies is
small, the e-beamn can be nonrelativistic. The aim of the
experiment is the basic study of FEL interaction in the
nonlinear regime, particularly with reference to ef-
ficiency enhanced FEL (using wiggler tapering or axial
electric field) and electromagnetic pump FELs (two
stage FEL). The experiment stimulates a conventional
FEL experiment as viewed from a relativistic frame
reference moving nearly at the e-beam velocity. For
example, our experiment A, =10 pm = A_ is equivalent
to a conventional static wiggler FEL experiment with
A, =1cm, A;=500 pm and y, = 100.

In the proposed experimental setup, stimulated emis-
sion of infrared radiation and optical gain are expected
to take place. The optical gain effect due to the interac-
tion of the laser beam and electrons is expected to be
considerably less than the effect on the electron beam
energy distribution; hence, only an analysis of the elec-
tron beam energy after the interaction will be per-
formed. The results of the energy analysis will provide
useful information on nonlinear characteristics of free
electron laser interaction, trapping efficiency, and feasi-
bility of efficiency enhancement schemes, such as wig-
gler tapering and axial field application.

The construction of the optical and electron-optical
systems for the moderate energy resolution experimen-
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tal setup has recently been completed. Detection of the
trapping effect is presently being pursued, along with
further development and improvement of the dala
acquisition system, ’

The experiment concept is based on the expectation
that during the 150 ns laser pulse, a fraction of the
electron beam current will be trapped by the
ponderomotive potential produced by the two laser
beams inside the interaction region. These trapped elec-
trons maintain a constant velocity, while the untrapped
electrons are accelerated (or decelerated) by the axial
electric field of a coil, which guides the electron beam.
The trapped and untrapped electron species, arriving at
different energies after the interaction region, are tem-
porally separated in a low energy (20 eV) long drift
region. The energy spectrum measurement is based on
the “time of flight” technique.

2, Theoretical analysis

The investigated system is composed of two counter
propagating high power optical beams and an electron
beam (fig. 1). The wiggler and signal wave frequencies
w,,, &, are related by the Doppler shift formula

1+ B,, 2
W = 1 _Bo Wy = (1 + Bﬂz) Y(;Zzwwa (1)
0z

where v, =1 — BE)" V2, By, = V,,/c and ¥, is the
e-beam axial velocity. The power in one of the optical
beams can grow by stimulated emission on account of
the power in the other optical beam and the electron
beam power.

In the moving frame a static wiggler magnetic field
looks like an incoming real electromagnetic wave of
frequency almost equal to the downshifted frequency of
the signal wave. The wiggler length and period look
shorter by a factor v,, due to the Fitzgerald contraction,
where v, =(1—8*"V2 B =V, /c and V, is the mov-
ing frame velocity, which is chosen to satisfy V, < I, so
that ¥, - I}, < ¢. The ponderomotive axial field is the
same in the moving and laboratory frames. Its wave-
length is half the optical and wiggler wavelength. Hence
a A,, =2 cm FEL experiment with y,, = 100 looks like a
nonrelativistic stimulated Compton experiment with A’,,
= X =200 pm.

e
of!

Fig. 1. The experimental scheme.

Furthermore, if we consider the case of an FEL with
a tapered wiggler and our moving frame keeps moving
with a velocity close to the decelerating velocity of the
ponderomotive force, then the moving frame is no longer
inertial. Its deceleration manifests itself by the genera-
tion of an imaginary force, which tends to accelerate the
electrons in the axial direction. Thus, a tapered wiggler
FEL experiment can be simulated by a Compton
scattering experiment with

.
ekl ac dz’ (Yrmpr)‘ (2)

A FEL experiment with axial electric field can be simu-
lated by a stimulated Compton scattering experiment
with the same electric field.

Qur analysis of the FEL iteraction in the trapping
regime is done in the relativistic frame of the
ponderomotive wave [7]. In this frame the potential
field is a series of static potential wells, and the force
field is conservative. The concept of trap depth and
axial field detrapping effects are most transparent in
this frame and are displayed in fig. 2.

The electron equation of motion in the moving frame
can be straightforwardly integrated and can be used to
derive electron trapping conditions.

—&%P; = —eE,, cos(k'z") —eE, 3
P12 E’
2;, —ekL:nsin(k'z')

+eE, (2" — z,) = const, (4)

where k' =k, + k; =2k,

The electron trapping conditions relate to the beam
energy spread A E’, the applied axial electric field E]
(which tends to diminish the potential wells), and the
space charge field effect. These conditions can be easily
written in the moving frame and then transformed to
the lab frame [7]:

wave frame:
2 ’
r_ z [ pm
AE = 2‘Y,’n <Euap—287, (5)
Bl < Ejp, ()
E iy E (7
’ = « ’ -
5C Euk’ pm?
lab frame:
14 1/4
4B yc RY
AE < BY e(p‘[)/e()) 1/(2 w z) (8)
(wy0,)
e )\w""\s(n'»‘o)l/2 172
Eac <« E m = o Sst y 9
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Fig. 2. The ponderomotive potential: (a) E,_ =0, (b) E,,# 0.

In our experimental set-up design we assumed: A, =
10.8 pm, A; =92 pm, =008 (E=16 keV), P,=P,
= WSy, =10 MW, a¥Z =01 cm?, L=50 cm <
2z, = 200 em. Under these conditions, a ponderomotive
field of 12.7 V/cm is calculated. If this field would be

applied along 50 em, a 635 V acceleraling potential
would be generated. This, however, will completely de-
trap the electrons. However, an accelerating voltage of
100-300 V will provide a significant enough effect on
the electron energy distribution without detrapping the
electrons. The calculated trap depth is 5 €V and this is a
quite convenient energy spread acceptance parameter.
The space charge condition (10} is easily satisfied for
any practical current densities we may use. We also
calculated the number of synchrotron oscillations which
the nearly synchronous electrons are expected to ex-
ecute around the potential well bottom within the elec-
tron transit time. The calculated number a4, =76
indicates that the experiment may permit detailed stud-
ies of the trapped electron phase space dynamics.

3. Experiment description

The experimental concept is illustrated in fig. 3. An
electron beam is coaligned with two counter-propagat-
ing pulsed CO, laser beams. The wiggler is a laser beam
operating a wavelength of A, =10.6 um. The signalis a
laser beam operating at A, = 9.3 um. The optical beamns
produce a pondercmotive potential with amplitudes
given by [2d] E . 4=e(k,+k)(AL A}/ 2ym and
propagates at a velocity ¥, = C(A, —A)/AA, +A,)

The electron beam is accelerated such that the elec-
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M|
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Fig. 3. General experimental setup.
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trons arrive at the interaction region, i.e. the length
which the laser beams interact with the electron beam,
with a velocity equal 1o tp. In the moving frame of the
electrons there will be a static sinusoidal potential field
as illustrated in fig. 2a. If an axial electric field is
applied along the interaction region the potential field
will appear as in fig. 2b. The additional field would
normally accelerate the electrons however, the electrons
within the ponderomotive potential wells would be
trapped, and hence would approximately maintain their
initial velocity. Upon exiting the interaction region it
will be possible to determine the degree of trapping by
measuring the energy distribution with an energy
analyser, which is based on a time of flight scheme.

4. Laser and optics systems

The CO, TEA laser is configured in a manner to
provide two simultaneous laser pulses at two different
wavelengths, 10.6 pm and 9.3 pm. Each beam is re-
- quired to be in the fundamental Gaussian transverse
mode TEM ;. The laser is also required to operate with
a single longitudinal mode. A scheme devised to accom-
plish these requirements which utilizes a single CO,
TEA laser source for both wavelengths is depicted in
fig. 3. It has the advantage of solving the timing prob-
lem between the pulses at the two wavelengths, since the
delay between the electric discharge and the two pulses
can be controlled by adjusting the lateral position of the
two beams or by inserting independently losses in the
paths of the beams inside the cavity. A relative disad-
vaniage of this scheme is the reduction in power in the
two beams as compared to the case when the two
independent sources are present. This is due to unavoid-
able competition effects found when two laser transi-
tions share the same upper vibrational level. Single
longitudinal mode operation is obtained here by means
of double cavities formed for each one of the Jaser lines,
The fact that four cavities are sharing the same gain
medium does require, however, precise alignment con-
trol.

The dual wavelength operation is achieved with the
use of a blazed graling. Two mirrors (M, and M,), each
with a radius of 10 m are set at appropriate angles with
respect to the grating (G,)} to obtain lasing at approxi-
mately 106 gm and 9.3 um, respectively. The di-
aphragms (D, and D,) force the laser beams to operate
in the fundamental transverse mode TEM,.

Single longitudinal mode operation at each wave-
length is accomplished with a double cavity scheme,
When two longitudinal modes from two cavities of
different lengths are coincident, they will create an
overall mode of high @ factor, and hence win out over
other competing modes. The laser will thus operate with
a single longitudinal mode. In the present scheme, the

second cavity for both wavelengths is accomplished
with a beam splitter (B;) and another 10 m radius
mirror (M).

The resultant laser beams emit the laser at the par-
tially reflecting flat mirror (M,). 95% of the beams are
then reflected by an AR (antireflection)} coated mirror
{M5), and 5% of the beams are used for monitoring the
beam temporal characteristics, The beams are spatially
separated with the aid of another grating (G;). Each
beam is then demagnified by about a factor of 3 to a
diamcter of approximately 3 mm by means of two
spherical mirrors arranged as an inverted Galilean tele-
scope (Mg and M, at 10.6 pm and M, and M, at 9.3
pm). The telescopes are also used to align the laser
beams with the electron beam. The beams are directed
through ZnSe AR coated windows (W) and W,).

We mention finally that, in parallel, we have com-
pleted the building of a second cw CO, laser for the use
as an injection source, so that, if required, we can
operate two TEA lasers in an injection scheme.

S. Electron beam system

The general layout of the eleciron beam system and
controls is shown in figs. 4, 5 and 6. A basic component
of the system is the copper wire spiral which is inserted
in the vacuum tube and encloses the electron beam. An
extremely confined beam was obtained by means of the
magnetic field created by the spiral. The electron gun is
mounted on a ball joint on one of the ends of the tube,
This joint allows the independent alignment of the gun
axis with respect to the magnetic field lines. The elec-
tron gun is entirely immersed inside the magnetic field.
Additional steering magnets guide the beam through a
series of apertures. The purpose of these apertures is Lo
ensure an overlap region for the electron and CO, laser
beams, where the interaction is supposed to take place.
The apertures were aligned by means of a HeNe laser.
The current in the coil is pulsed in order to obtain high
values of confining magnetic field (1-2 kG). The cur-
rent in the coil also generates a small chmic potential
drop which produces the axial acceleration field E...
Three different pulses created by the system are shown
in fig. 7: the coil current pulse; the electron beam pulse
and the laser pulse. The timing of these pulses is con-
trolled by means of two delayed pulse generators. This
timing is an important factor since it determines the
magnetic field strength, the axial electric field strength
and the background noise at the time interval in which
the interaction is taking place.

Considerable efforts were spent to minimize the noise
due to electromagnetic interference (EMI). The source
of the EMI noise is mainly the Lumonics 102 laser in
which a capacitor is charged up to 40 kV and dis-
charged through the gas medium triggered by a spark
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Fig. 4. Electron optical system.

gap. By means of tight shielding of the laser box, we
were able to reduce the noise level by two orders of
magnitude.

Figs. 8a-d are retraced oscillograms describing the
electron beam current characteristics. Fig. 8a is a trace
of the electron beam current incident on the walls of the
time of flight drift tube. The upper trace is the current
measured when the beam is optimally aligned. The
lower trace is the current measured when the beam is
intentionally deflected by means of an external magnet
in order to hit the tube walls. It thus measures the total
current in the beam (40 pA). The difference between
the traces is the transmitted current. This indicates a

transmission efficiency greater than 95%.

Fig. 8b represents the current measured in the Fara-
day cup collector, The lower trace is the current mea-
sured after the first stage of the collector amplifier. The
upper trace is the current measured after the second ac
coupled stage of the collector amplifier. The negative
and positive spikes are proportional to the beam total
current (40 pA from the width of the line trace) we
conclude that the equivalent amplifier input noise cur-
rent is 1 pA. This corresponds to a 2.5% trapping
efficiency detection limit in our experiment.

Fig. 8c shows the effect of the laser noise on the
collector amplifier signal output. The top trace is the

ALIGNNING ALIGNNING
MAGNETS MAGNETS
FARADAY COIL 131 Decc.
cup GLASS GLASS TuBE d P
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Fig. 5. “Time of flight” tube. The dimensions are in millimeters. All electrodes are made of 304 S.S.
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Fig. 6. Faraday cup construction and installation.

optical signal measured on the dragg detector. The
center and bottom traces are the same traces as in fig,
8b but in the presence of the laser discharge EMI noise.

Fig. 8d shows the upper and medial traces of fig. 8¢
in a magnified scale. It is seen that in the region where
the trapped electron current signal is expected {within 1
ps after the laser pulse) the EMI noise was largely

COIL CURRENT (A)

-t {m sec)
BEAM CURRENT (p,A)
100
50 |0‘LLS!C
3= 1
LASERS POWER
‘ 150 nsec
- t

[ "

Fig. 7. Timing diagram.

eliminated, and the basic limit is given by amplifier and
beam noise.

In order to estimate the signal to notise ratio in our
experiment we have developed three computer programs
to simulate the electron trapping effect and calculate the
trapping efficiency. The first program simulates the
interaction of electrons with the ponderomeotive force of
wiggler and signal waves. It permits also an input of
more than two discrete frequencies and thus can be
used to simulate the effect of multimodes in the wiggler
on signal waves. This program and the simulation re-
sults are described in ref. [26].

|
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\
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Fig. 8. Retraced oscillograms of the electron beam current.
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AE=0.58V

Fig. 9. Present experimental condition.

A second computer program calculates the maximum
trapping efficiency in the presence of single-mode signal
and wiggler waves. A typical output of the program
corresponding to parameters of a recent experiment is
shown in fig. 9. The parameters are shown in table 1.
We do not yet have a reliable measurement of the
electron energy spread and we estimate it from a retard-
ing potential experiment to be about 10 eV. Fig. 9
indicates that the maximum trapping efficiency in the
experimental conditions assumed is less than 1% which
is on the border of our system detection capability.

A third program which was developed simulates the
current signal which should be measured in our electron
trapping experiment. It simulates the trajectories of
electrons in the space—time plane along the experimen-
tal tube. The electrons are assumed to enter with ran-
dom phase and given energy spread. In the interaction
region their trajectories can be simulated by the second
program or by other simplified model which allows
shorter computation time. Figs. 12 and 13 display the
computer output of this program corresponding to the

Table 1

Baseline experiment Parameters
Signal wavelength (m} 933E-6
Wiggler wavelength (m) 1.07E-5
Signal power (W-peak) 6.32E+4
Wiggler power (W-peak) 1.37E+5
Electric potential (¥) 112E+3
Beta 6.62E—-2
Ponderomotive field (V /m) 691E+1
Ponderomotive potential (V) 5.48E—5
Max acceleration pot. (V) 415E+1
Trap depth w /0 acc. (V) 7.01E-1
Acceleration pot. (V) 1.50E+1
Trap depth with acc. (V) 569E-1
Beam diameter (m} 2.00E-3
Energy spread (eV) Percent trapped
0.5 29.90

1.0 7.47

1.5 332

20 1.87

2.5 1.20

3.0 0.83
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Fig. 10. Polential diagram of the tube. Acceleration in the
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el Ir' 'l

f
|
i
'
'
)
T T
1
| )
' 1
' 1
1
! 1
! 1
t 1
! i
i {
1
- |
|
1

Fig. 11. Potential diagram of the tube. Deceleration in the
interaction region.

physical situations depicted by the potential diagrams
of figs. 10 and 11. Fig. 10 displays a situation in which
an accelerating potential is applied on the electrons
along the interaction region. The trapped electrons keep
almost constant kinetic energy along the interaction
region and emerge into the time of flight tube drift free
region with lower energy than the untrapped electrons
which were freely accelerated in the interaction region.
Fig. 11 displays a situation in which a decelerating
potential is applied across the interaction region, In the
example shown the drift tube potential becomes nega-
tive relative to the cathode and all the untrapped elec-
trons are reflected back. Only the trapped electrons,
which keep constant kinetic energy within the interac-
tion region despite the decelerating field emerge with
positive kinetic energy in the time of flight tube and
arrive on the collector.

Figs. 12 and 13 describe the electron trajectories and
current pulse generation corresponding to the situations
depicted by figs. 10 and 11 respectively. The bottom
parts describe the time-space Applegate diagrams
showing the trajectories of the trapped and untrapped
electrons. The reflected electrons trajectories are not
shown in fig. 13. The top parts show the expected
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current waveforms at the collector amplifier input. For
simplicity the electron beam was assumed here to be
completely cold and the laser powers assumed to be
constant during the pulse duration. The energy spread
due to the trapping effect is neglected in the present
examples. Note that in the deceleration scheme (figs. 11
and 13) a single positive pulse is expected while in the
other scheme an s-shaped signal is expected. We pre-
sently run the experiment in the deceleration mode
where the appearance of a signal would be more easily
observed.
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