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Abstract—Detailed experimental studies on sheet relativistic
electron beam propagation through a long planar wiggler are
reported and compared with numerical simulations. The planar
wiggler has 56 periods with a period of 9.6 mm. Typically, the
wiggler field peak amplitude is 5§ kG. The experimental efforts
have been focused on control of the deviation of the beam to-
ward the side edge of the planar wiggler along the wide trans-
verse direction. It is found that a suitably tapered magnetic
field configuration at the wiggler entrance can considerably re-
duce the rate of the deviation. The effects of the following tech-
niques on beam transport efficiency are also discussed: side fo-
cusing, beam transverse velocity tuning at the wiggler entrance,
and beam spread limiting. High beam transport efficiency (al-
most 100%) of a 15 A beam has been obtained in some cases.
The results are relevant to development of a free electron laser
amplifier for application to stabilizing and heating of plasma in
magnetic fusion research.

1. INTRODUCTION

HE CONCEPT of a planar wiggler [1] sheet beam

FEL amplifier [2] in the millimeter wavelength range
was put forward several years ago and its operating pa-
rameters were defined based on one-dimensional calcu-
lations [3] as: beam energy 470 keV, beam current 10 A,
wiggler period 9.6 mm, wave frequency 94 GHz, wave-
guide size 40 mm by 3.2 mm, and wiggler magnetic field
amplitude 5.0 kG. As a first step a planar wiggler with 56
periods was built to demonstrate the principles of this kind
of FEL amplifier.

A recent three-dimensional FEL amplifier simulation
[4], which takes practical imperfections (wiggler mag-
netic field amplitude fluctuation and beam transverse ve-
locity spread at the entrance of the wiggler) into account,
has shown that there is a wiggler field threshold (4.5 kG)
and a beam current threshold (2 A) for the 56-period sys-
tem to achieve amplification. The power gain increases
when the strength of the wiggler magnetic field increases
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until a saturation field strength is reached. The power gain
is found very sensitive to the beam current. To get a power
amplification of 10 dB the wiggler magnetic field ampli-
tude must be higher than 4.5 kG and the beam current
must be higher than 5A. Thus, to achieve significant am-
plification in the FEL amplifier it is important to achieve
sufficient beam current transport through the entire wig-
gler (56 periods) at high magnetic field.

An experiment on sheet beam propagation through a
planar wiggler was reported and analyzed previously [5];
the planar wiggler was shown to have a beneficial focus-
ing effect in the small transverse direction of the sheet
beam. The wiggler used in that experiment had 10 periods
and it produced a wiggler magnetic field with an ampli-
tude of 2 kG.

With a longer wiggler and a stronger field some new
problems were encountered. First, the beam spread must
be limited more critically. Second, the magnetic field con-
figuration at the beam entrance was found to be critically
important to beam transport efficiency; a suitable field en-
trance taper is essential to ensure high beam transport ef-
ficiency. Also, some side focusing mechanism is required
to suppress beam loss out the side edge of the planar wig-
gler along the wide transverse direction of the sheet beam.
Finally, the magnetic material in the wiggler must not be
saturated if high fields are to be obtained.

Several methods of creating an appropriate wiggler field
entrance taper and several taper configurations were
tested. A side focusing concept was developed; however,
it was not completely effective in high field experiments
due to the fact that the wiggler is close to saturation. When
the field entrance taper is optimized, however, almost
100% beam transport efficiency has been achieved at high
magnetic field values for beams with limited moderate
widths.

A numerical simulation study of sheet beam propaga-
tion through a planar wiggler has been completed and will
be described in Section III. In the simulation, some prac-
tical imperfections of the system were included: the wig-
gler magnetic field amplitude had a fluctuation of 2.5%
and this fluctuation is randomly applied from peak to peak;
the sheet beam had transverse velocity components and
these components are randomly distributed; finally, beam
energy spread was allowed for. Note that the code de-
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scribed in Section III is only a propagation code without
including the radiation field. In contrast, the evolution of
the radiation field was simulated in [4] which also gave
traces of sample electrons. The traces given by the two
codes were the same within the considered power level up
to 200 kW.

The experimental results have been compared with the
numerical simulations and qualitative agreement, and in
some cases quantitative agreement was found.

II. EXPERIMENTAL RESULTS

The basic experimental configuration is shown in Fig.
1. The electron beam was generated from a cold cathode
by explosive field emission. The planar cathode had a vel-
vet emitting surface. The anode consisted of two plates
with a slot in each plate through which the beam passes.
The distance between the two anode plates was 40 mm.
The short dimension of the slots was 1.0 mm and the long
dimension was changeable from shot to shot. This kind
of anode structure is referred to as a two-slot anode. The
beam spread angle and transverse velocity spread could
be limited by the two slot anode. Actually only the beam
spread angle along the small transverse direction was lim-
ited by the anode to 1.4°. The beam spread angle along
the small transverse direction was not limited by the an-
ode, because the anode limited beam spread angle along
that direction would be 26.6° at a slot width of 20 mm,
but the real spread angle along that direction was less than
10°, estimated based on indirect measurement. The cath-
ode-anode distance was 14 mm in most of the cases stud-
ied. The wiggler had 56 periods with a periodicity of 9.6
mm and the gap between the two halves of the wiggler
formed the channel for beam passage. This gap had trans-
verse dimensions of 59 mm by 3.2 mm (the wide trans-
verse dimension of the gap was limited by the supporting
structure of the windings of the wiggler). In planned FEL
amplifier experiments, an amplifier waveguide will be
placed in this gap. Behind the second plate of the two-slot
anode was a miter bend which acts as a beam-wave injec-
tion coupler.

We tested two different types of miter bend. The first
was a hole miter bend with a linear array of holes through
the miter bend which functions as a beam channel. The
second was a mesh (screen) miter bend. The first had a
beam transparency of 45% and a RF reflectivity of 95%.
The second had a beam transparency of 95% but a RF
reflectivity of only 45%. The beam current recorded at
the exit of the wiggler was almost the same for these two
miter bends if other parameters were the same, but the
beam current at the entrance of the wiggler (just behind
the miter bend) for the case of the mesh miter bend was
twice of that for the case of the hole miter bend. In this
paper whenever a miter bend is mentioned, it is the hole
miter bend.

The accelerating voltage for the beam was produced by
a high voltage pulse generator shaped by a water pulse
forming line (PFL). The duration of the pulse was 100 ns
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Fig. 1. Experimental setup for sheet beam propagation studies (not in
scale). (1) cathode. (2) anode. (3) miter bend. (4) wiggler, 56 periods, with
a period of 9.6 mm. (5) Pokofski coil. (6) Faraday cup. (7) amplifier
waveguide. The dimension of the figure is not in scale with the real exper-
imental setup.

and the beam energy (cathode voltage) in most of these
propagation experiments was 470 keV + 5 keV. The wig-
gler magnet was driven by a pulse power supply consist-
ing of an electrolytic capacitor bank, with a capacitance
of 0.12 F. The wiggler magnetic field amplitude produced
by this power supply as a function of wiggler current is
shown in Fig. 2.

A Faraday cup was used to monitor the beam current.
To determine the beam propagation efficiency under cer-
tain conditions, the Faraday cup was initially placed just
behind the anode and data was taken for five or more
shots. The averaged recorded beam current was taken as
the injection current to the wiggler. The wiggler was then
inserted in position and the Faraday cup was placed just
at the exit of the wiggler and data was again obtained for
several shots. The averaged recorded beam current was
then taken as the transported current. Data on beam trans-
port efficiency was obtained from these measurements.
The beam current typically has 10% fluctuation from shot
to shot even when all experimental parameters were held
unchanged.

In some experiments a Cerenkov witness plate was set
in the beam channel to observe the beam crosssection.
This plate is a transparent piece of plastic covered by
graphite powder on its upstream surface. A time inte-
grated photograph of the plate indicates the beam cross-
section. Experimental results are summarized below.

A. The Effect of Magnetic Field Entrance Taper on
Transport Efficiency

Since numerical simulations showed the critical impor-
tance of the wiggler magnetic field configuration at the
beam entrance to beam transport, a method of construct-
ing different wiggler field entrance tapers was required.
Two methods were used to construct the entrance taper.
One method was to use an additional short section of wig-
gler consisting of permanent magnetic pieces. Another
method involved the use of current shunt pieces in the first
few periods of the wiggler winding and adjustment of the
thickness of the magnetic pole pieces in the slots of the
first few periods of the wiggler winding. Both types of
entrance taper were constructed. The taper made of per-
manent magnets was not uniform in periodicity, espe-
cially at the connection between the taper and the main
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Fig. 2. Peak wiggler magnetic field strength versus wiggler current for dif-
ferent gap dimensions.

body of the wiggler, thus the beam propagation efficiency
obtained by this taper was not so good as that obtained by
the other taper. The entrance taper used in the study de-
scribed in this paper was produced by the second method.
This method has the disadvantage that an optimized field
configuration is achieved only at a particular wiggler cur-
rent. If the wiggler field amplitude following the taper is
to be changed, the entrance taper must be adjusted as well.
In contrast the taper configuration created by the first
method (permanent magnets) can be adjusted more easily.
If the problem matching the taper to the main body of the
wiggler (keeping uniform periodicity and magnetic field
continuity) could be solved this method would be a good
approach. Typical entrance tapers used in the experiments
are shown in Fig. 3.

The following experiments were performed with a beam
width of 40 mm. There was no miter bend behind the two
slot anode and no waveguide in the wiggler gap, so that
the beam channel was 59 mm by 3.2 mm. Two taper con-
figurations were compared: taper A and taper B (see Fig.
3). Under taper A the beam transport efficiency is only
6% at 5 kG peak wiggler field. Under taper B the beam
transport efficiency is 44 % at 5 kG.

It is evident that the magnetic field entrance taper plays
a very important role in beam propagation. The optimum
taper configuration studied was the taper E in Fig. 3. With
this taper configuration, the beam transport efficiency was
50% for a beam with a width of 40 mm, and almost 100%
beam transport efficiency was obtained for a beam with a
width of 20 mm. These experiments were carried out in
the case of without the miter bend and without the
waveguide.

The beam transport efficiency measured for these dif-
ferent tapers under low magnetic fields (up to 3 kG) is not
as strongly different as in the high magnetic field cases
due to the fact that, the entrance taper configurations are
actually much less different from each other in the low
magnetic field cases.
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Fig. 3. Absolute values of the peak wiggler magnetic fields of the first
seven half periods under three different entrance taper configurations.
Neighboring peak fields have opposite polarity to each other.

The explanation for the effect of the entrance taper on
beam propagation is the following. The electrons tend to
deviate toward the side edge of the planar wiggler along
the wide transverse direction of the sheet beam while
propagating through the planar wiggler. We observed the
deviation by Cerenkov witness plate photograph. This
kind of deviation is an essential tendency of motion of
electrons in a planar wiggler as a result of constant ca-
nonical momentum in that direction, because the mag-
netic field of the planar wiggler is independent of the wide
transverse dimension (except at the very edge of the wig-
gler). An optimum magnetic field taper at the entrance can
considerably reduce the rate of such deviation. Our nu-
merical simulations have confirmed this explanation (see
next section and compare Fig. 5 to Fig. 6).

B. The Effect of an Offset of the Wiggler Magnetic Pole
Pieces on Transport Efficiency

Neighboring magnetic pole pieces in the wiggler could
be set with a relative displacement or offset to each other
along the wide transverse direction of the sheet beam. This
offset produced a net dc magnetic field component at both
side edges of the wiggler with opposite polarity on each
side. If with a given wiggler current direction the dc mag-
netic field component turned the beam toward the center
part of the wiggler, then, when the wiggler current direc-
tion was reversed, a defocusing effect could be expected.

Experiments were carried out for a net offset of 2.0 mm,
3.5 mm, 5.0 mm, and 7.5 mm. In the 3.5 mm case and
the 5.0 mm case better results were obtained than in the
2.0 mm case or 7.5 mm case. The experimental results
described below are in the 3.5 mm case. The two-slot an-
ode structure was used in these experiments with a slot
width of 20 mm and with the miter bend behind the anode
(it was observed that the installation of the miter bend
always reduced the propagation efficiency). The cathode-
anode gap was 14 mm. Polarity A and polarity B will be
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used to denote the two opposite wiggler current direc-
tions. For a wiggler magnetic field amplitude of 3.0 kG,
the beam transport efficiency was 93% in polarity B (the
““focusing’’ polarity) and was only about 15% in polarity
A (the ‘‘defocusing’ polarity). For a wiggler magnetic
field amplitude of 4.9 kG, the beam transport efficiency
was 80% in polarity B and was 73% in polarity A. In
these experiments the wiggler field entrance taper was
close to the optimized entrance taper, taper E, which is
shown in Fig. 3.

We see that in the lower wiggler field case the offset
made a great difference to beam transport efficiency under
different wiggler current polarities. However, in the higher
wiggler field case, the offset did not make a large differ-
ence to beam transport efficiency between different wig-
gler current polarities. The result is due to the fact that
the wiggler is close to saturation under high field opera-
tion. This fact can also be seen from Fig. 2.

If a waveguide is inserted into the wiggler gap for FEL
amplifier experiments, the wiggler gap must be further
increased (because for beam energy 470 keV, wiggler
magnetic. field 5.0 kG, wave frequency 94 GHz at TEg,;
mode, the small transverse dimension of the waveguide
must be 3.2 mm, the gap size must be this dimension plus
the thickness of the wall of the waveguide). In this case
the wiggler current must be increased as well to obtain the
same magnetic field strength in the gap. The wiggler will
then be more deeply saturated under high field operation.
In that case, an alternative side focusing method should
be found to improve the beam propagation efliciency. An-
other approach could be to construct a waveguide which
is very thin in the small transverse direction, but this
would result in increasing the beam energy (for example,
if the small transverse dimension of the waveguide is 2.6
mm, the wiggler magnetic field is 5.0 kG, and the wave
frequency is 94 GHz at TEy; mode, the resonant beam
energy becomes 696 keV). The best approach may be to
make improvements in the design of the wiggler itself to
avoid the saturation effect.

C. The Effect of Beam Width on Transport Efficiency

The effect of beam width on transport efficiency has
also been studied. Different beam widths were obtained
by changing the width of the anode slots. The experimen-
tal result are shown in Fig. 4.

From Fig. 4, it is evident that almost 100% beam trans-
port efficiency was obtained for beams with a width less
than 20 mm.

The explanation for this experimental result is as fol-
lows. There were some electrons at the edges of the beam
with a short distance from the side wall of the channel. In
the experimental condition all electrons in the sheet beam
deviated toward one side wall of the channel, while prop-
agating through the wiggler gap, with a drift velocity
which can be found approximately from (4) in the next
section. Those electrons located at the unfavorite edge
may strike the side wall before reaching the exit of the
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Fig. 4. Transported beam current versus beam width under taper E (shown
on Fig. 3).

wiggler. The wider the sheet beam, the higher the per-
centage of such wall-striking electrons.

D. Summary

Some experimental results (under 5 kG) mentioned in
this section are summarized in Table I. Note that the beam
propagation efficiency through the whole channel (54 cm)
was always zero in any case we tested if no wiggler mag-
netic field was supplied.

III. NUMERICAL SIMULATIONS

In this section results of numerical studies of sheet beam
propagation through a planar wiggler are presented. A
group of electrons (600 sample electrons used in the sim-
ulation) with random velocity spread and random energy
spread were considered. Also, the wiggler model was as-
sumed to have random magnetic field amplitude fluctua-
tions from peak to peak.

The equation of motion of a single electron in a mag-
netic field is

dv R
my - = ev x B

()
where « is the relativistic factor of the electron, m is its
rest mass. The wiggler magnetic field for a planar wiggler
was derived in [2]. For a very thin sheet beam, we can
get a zero order approximation solution for the trace pro-
jection on the x-z plane by assuming all electrons at the y
= 0 plane. Here z is the axial direction, x is the wide
transverse direction of the sheet beam, and y is the short
transverse direction. At the y = 0 plane we have

B. = 0, and (2a)
(2b)

where k, = 27 /), is the wave number of the wiggler
magnetic field. In this case, the velocity component v,

B, = By sin (k,.2)
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TABLE I
SUMMARY OF PROPAGATION EXPERIMENTS (5 kG)

Taper Channel Size Beam Size Miter Bend Efficiency
E 59 mm by 3.2 mm 40 mm by 1.0 mm Without 50%
E 59 mm by 3.2 mm 20 mm by 1.0 mm Without 100%
E 59 mm by 3.2 mm 20 mm by 1.0 mm With 80%
B 59 mm by 3.2 mm 40 mm by 1.0 mm Without 44%
A 59 mm by 3.2 mm 40 mm by 1.0 mm Without 6%

may be separated from other components to obtain

dv, |el )
— = — By sin (k,2). 3)
dz my

This equation has the solution

B
Ux0+ le] 0>Z

B
x(z)=x0+<~ _le|By
v, myk,v,

mykv.

sin (k,,2)

“

where v, is the transverse velocity component of the
electron along the x direction at the entrance, v, is the
velocity component of the electron along the axial direc-
tion and is assumed independent of z, x, is the coordinate
of the electron at the entrance.

The second term (the term in the parentheses) in (4) is
usually the dominant term, and the third term (the last
term) is usually much smaller than the second term. From
(4), it is evident that the trace projection on the x-z plane
is a linear deviation, together with a small amplitude os-
cillation. It is also clear that if vy can be adjusted so that
the second term disappears, the deviation of the electron
in the x direction can be diminished. This technique is
referred to as transverse velocity tuning. For a real elec-
tron beam the transverse velocity tuning will not be very
effective in improving beam transport efficiency unless the
transverse velocity spread of the electrons in the beam is
very small.

Other possible techniques for controlling this kind of
deviation include magnetic field tapering at the entrance
and side focusing. Both of these approaches have been
studied experimentally. The effects of magnetic field ta-
pering will be shown numerically below.

Now a description of our numerical model is presented.
The field peak value of the kth half period of the wiggler
is assumed to be:

By = By(1 + By, X R{) 5

where R’ is a random number with a Gaussian distribu-
tion in [—1, 1], By, is the parameter of field spread, which
is set to be 0.025 in this simulation based on our mea-
surements.

The energy of the jth electron is assumed to be:

E; = Eg(1 + Egz X R) (6)

where R} is a random number with Gaussian distribution
in [—1, 1], E4; is the parameter of beam energy spread,

which is set to be 0.03 in this simulation, based on the
measured accelerating voltage waveform.

The initial transverse velocity of the jth electron is as-
sumed to be

v /v = a, x RP (7a)

v /v = a, X R} (Tb)

where R{” and R;"' are random numbers with Gaussian
distribution in [—1, 1], and o, and «, are parameters of
transverse velocity spread.

The wiggler model is a 2-D planar wiggler model. It
was determined that such a model closely approximates
the measured field distribution, except at the very edge of
the wiggler. The formulas used in the code for the wiggler
magnet field components are

B. = BY f(z) sinh (k,y) cos (k,z) (8a)
B, =0 (8b)
B, = B{ f(2) cosh (k,y) sin (k,2) (8¢)

where BY is given by (5), which varies from half period
to half period. f(z) determines the tapering rule and the
rule used is

f(z) = Sin2 (sz/4Ntap) (9a)
when 0 < z < Ny, A\, and
f@=1 (9b)

when z > N, \,, where N,,, is the number of periods of
the entrance taper. This rule is close to the taper E con-
figuration when N,,, is equal to 3.

The equations to describe the electron motion are

dx/dz = v,/ v,, (10a)
dy/dz = v,/ v, (10b)
dv./dz = (e/m/(wy))(vyB. — v,B,), (10c)
dv,/dz = (¢/m/(v,v))(v.B, — v,B,), and (10d)
dv,/dz = (e/m/(v.y)) (v, B, — v,B,). (10e)

For each particle these five equations are solved, to-
gether with the corresponding initial conditions for each
electron. Coupling between electrons (self electric fields)
is not considered because the current density is small. The
wiggler has 56 periods with a periodicity of 9.6 mm. The
main simulation results are summarized below.
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In most cases, the amplitude of the betatron motion of
electrons in the short transverse direction of the sheet
beam is limited to small values by the wiggler, and the
period of this betatron oscillation is dependent on the
strength of the wiggler magnetic field. The electrons are
also seen to deviate toward the side wall of the wiggler
channel along the wide transverse direction of the beam;
see Fig. 5 (bottom). In this case the wiggler magnetic field
was not tapered at the entrance. From Fig. 5 we see that
the sample electron deviates toward the side a distance of
21 cm as it propagates 54 cm along the z-direction.

Fig. 6 shows the projection of the orbit of a sample
electron on y-z plane (top) and on x-z plane (bottom) for
a case with entrance taper (N,,, = 2). The other parame-
ters used in this simulation are the same as those used in
the Fig. 5 case. It is now seen that the deviation along
x-direction is reduced from 21 cm to 2.8 cm.

We see that the speed of the deviation along the wide
transverse direction can be suppressed by a suitably se-
lected entrance taper configuration. As a result, the beam
transport efficiency is sensitive to the magnetic field en-
trance taper configuration. Fig. 7 shows the calculated re-
sults for N, = 0, 1, 3, and 5. It is evident from Fig. 7
that a slowly rising taper configuration is required to ob-
tain high beam transport efficiency. The taper E described
before is a three-period taper. We did not succeed in ob-
taining a longer taper with a uniform periodicity.

Another simulation shows the relation between the
beam transport efficiency and the beam transverse veloc-
ity spread. In these calculations the channel dimensions
were 59 mm by 3.2 mm and the initial beam size was 20
mm by 1.0 mm. The wiggler magnetic field amplitude
was 0.5 T and its fluctuation parameter, B, was 0.025.
The beam energy parameter, Ey, was 470 keV. The beam
energy spread parameter, E,;,, was 0.03. The parameter
for describing the spread of the transverse velocity along
the short transverse direction, «,, was 0.03. The beam
transport efficiency as a function of «,, the parameter of
transverse velocity spread along the wide transverse di-
rection of the beam, is shown in Table 1I for N,,, = 3.
This result suggests that the beam transverse velocity
spread along the wide transverse direction should be con-
trofled within a very small extent in order to obtain high
beam transport efficiency even if the wiggler is tapered at
the beam entrance.

The effect of the beam width to propagation efficiency
was also simulated. The following parameters were used
in this simulation: By = 0.5 T, By, = 0.02, E; = 470
keV, Eye = 0.005, o, = 0.01, o, = 0.01, and N, = 3.
The results are shown in Table III.

The numerical simulation data for the beam width of 40
mm is not in agreement with the experimental data. If we
assume that the beam spread is also changed when the
beam width is changed we can get a consistent result. Us-
ing Eg; = 003, a, = 0.2, By, = 0.025, and keeping all
other parameters not changed, the code gave a 48% prop-
agation efficiency for a beam width of 40 mm.
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Fig. 7. Propagation efficiency as a function of propagation distance under
different taper ‘‘steepness,’’ with B, = 5.0 kG, B, = 0.025, E, = 470
keV, E,;, = 0.005, a, = 0.10, o, = 0.05, beam dimensions 20 mm by
1.0 mm, and channel dimensions 59 mm by 3.2 mm.
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TABLE 11
TRANSPORT EFFICIENCY VERSUS «,

o, 0.00 0.03 0.05 0.10 0.20
Efficiency 90% 87% 76.5% 64 % 51%
TABLE II1
TRANSPORT EFFICIENCY VERSUS BEAM WIDTH
Beam Width 20 mm 30 mm 40 mm
Efficiency 9% 88% 79%

IV. CoNcCLUSION

Propagation of a sheet electron beam through a long
planar wiggler (56 periods) under high wiggler magnetic
field conditions has been studied in detail experimentally
and numerically. Almost 100% transport efficiency
through a 56-period wiggler at 5 kG has been obtained for
a sheet beam with dimensions 20 mm by 1.0 mm and a
wiggler channel size 59 mm by 3.2 mm. It has been con-
firmed that to ensure high beam transport efficiency the
wiggler magnetic field must be tapered at the beam en-
trance and the beam energy and velocity spread must be
limited. For a wide sheet beam some kind of side focusing
or particle transverse velocity tuning is also required to
control the essential deviation of the beam toward the side
edge of the planar wiggler.
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