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Abstract

We have developed and employed a special apparatus for viewing and investigating the motion and behavior of an
e-beam inside a planar wiggler. The total current I(z), the current density J(x, y, z), the beam position and cross-section
shape were investigated along an evacuated waveguide cavity located on the axis of the wiggler of the TAU 70 KeV FEM.
The beam cross-section image could be viewed on the screen through a window at the end of the evacuated waveguide
using a CCD camera equipped with a zoom lens.

An exact 3D simulation code (PTIMF) developed in our group for simulation of electron trajectories inside and along
the wiggler, was used to calculate trajectories of electrons in the wiggler region under conditions similar to those
prevailing in the experiment. The correlation of experimental results with those predicted from simulations was good. Tt is

presented and discussed in this paper.

1. Introduction

Detailed knowledge of the e-beam parameters during
transport through a wiggler of a Free-Electron Laser
(FEL) or other electron devices is important in order to
enable improvement and prediction of the device perfor-
mance. These parameters (beam current, beam dimen-
sion and beam position) are used as input data for simu-
lation codes FEL3D and MALT1D which are used by us
to predict FEL performance [1-3]. Undesired electron
trajectories inside a planar wiggler may limit the gain and
output power expected for a given set of FEL parameters.
There are several factors which influence the electron
trajectory in the electron beam such as wiggler magnetic
field characteristics, e-beam initial conditions and focus-
ing [4-6]. A pianar wiggler has a natural focusing in the
vertical (v) direction, normally the direction of the mag-
netic field. but no focusing in the lateral (x) direction, so
that the beam may disperse in that direction if no addi-
tional focusing means are provided. The planar wiggler
used in the Tel-Aviv University (TAU) FEM [7,8], has
a novel lateral focusing scheme. A pair of longitudinal
permanent SmCo magnets each located on either side of
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the wiggler [6] is used. We also added three matching
magnets at the entrance and exit of the wiggler in order
to suppress off-axis drift and to control the angle of
electron trajectories [6]. Fig. 1 shows a schematic of the
novel planar wiggler used in the mini FEM at (TAU) and
Table 1 summarizes its parameters.

2. Experimental set-up

A special apparatus for viewing and investigating the
e-beam inside the planar wiggler was developed and
employed by us (see Fig. 2). This apparatus consists of
a movable quartz fluorescent screen on which the beam
cross section and beam center position along the entire
wiggler length can be viewed and recorded by use of
a CCD camera with a telescopic zoom lens. We measured
the total current of the e-beam from the current collected
by a metal mesh covering the quartz screen and correct-
ing the measurement by an appropriate factor due to
electron scattering and secondary emission. For our
70 KeV e-beam, the total beam current is about 40%
higher than the current measured on the screen [9-11].
The beam viewing apparatus was installed in a rectangu-
lar evacuated waveguide located on the axis of the planar
wiggler of our FEM. A CCD camera placed in front of
a window at one end of the waveguide enabled recording
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Fig. 1. Scheme of TAU FEM planar wiggler with two longitudi-
nal permanent magnets for horizontal focusing and sets of
matching magnets at both ends of the wiggler for optimization
of beam entrance and exit.

Table 1
Planar wiggler parameters

E-beam energy 70 KeV
Wiggler field B, =300G
Wiooler naramater a =012
Wiggler parameter a, =012
Period length Joy =444 cm
Number of periods N, =17

Calculated betatron wave number  k;, = kg, = 23.4 rad/m
Calculated betatron wavelength Agx = Agy = 0.268 m
Calculated wiggling amplitude Xy, = 1.76 mm
Waveguide dimension 22.15x 47.55 mm
E-beam current I, = 600 mA

of the beam shape and position; the data were stored in
the computer memory for further processing. The screen
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through the vacuum envelope to a rigid spring attached
to the fluorescent screen.

The power and efficiency attained in a FEL depend
significantly on the quality of e-beam transport through
the wiggler. Maximum power is extracted from the e-
beam if the average position of the electron trajectories is
along the waveguide and wiggler axis, where the electric
field is maximal. In addition, the use of a depressed
collector for efficiency enhancement is based on trans-
port of the e-beam to a collector which is located after
the wiggler exit. A nearly 100% transport through the
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Fig. 2. Schematic of the beam viewing apparatus.

wiggler region is essential for efficient depressed collector
operation [12,13].
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governed by the applied fields and by the e-beam space-
charge forces. For a single-particle model, the particle
trajectory is described by the Lorentz equation:

dv
ymes = — evx B, (1)

where y is the relativistic factor, m is the particle mass, v is

the velocity of the narticle, ¢ is the narticle charee and
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B is the magnetic field. The magnetic field of the wiggler
and the two lateral focusing long magnets (see Fig. 1) is
given by [6]

B, = B, (é, cosh k,,y cos k,z — é, cosh k,,y cos k,,z)

|
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where B, is the unon]Pr magnetic field, B, is the amnli-
where X, 18 th agnetic fielg, &5, 18 the amph

tude of the wiggler magnetlc field, k., is the wiggler wave
number (2n/4,) and og is the lateral magnetic gradient
of the focusing magnets. If one solves the Lorentz equa-
tion (Eq. (1)) using the magnetic field distribution
{Eq. (2)), one finds that the particle trajectory exhibits

Rt = i
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Fig. 3. PTIMF simulation code results for a particle trajectory (X-direction) inside a planar wiggler with initial conditions x = 0, y = 0,

v, =0.and v, = 0.
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Fig. 4. PTIMF simulation code results for a particle trajectory (X-direction) inside a planar wiggler with initial condition x = 1 mm,

y=0.v,=0,and v, =0.

betatron oscillations in the X- and Y-directions [6]:

kﬁx = 2% k3 (3)
TMYo;
k

ky 4 )

where kg, and kg, are the horizontal and vertical betatron
wave numbers respectively, v, is the mean axial velocity
of the particle and k; is the conventional planar
wiggler betatron wave number (without focusing
magnets) given by

4w k,
\/EVBOZ’

where a,, = eB,/(k,mc) is the wiggler parameter and
Bo: = voz/c {(c is speed of light). If the initial conditions of
the particle at the wiggler entrance are x =0, y =0,
v, = 0 and v, = 0, no betatron oscillations occur and the
particle performs ideal wiggling in the X-direction about

ks )

the axis (see Fig. 3). The amplitude x,, of the wiggling
motion is

2k
2

k-

(6)

Xw =

If the initial velocities and position of the particle differ
from zero, a betatron oscillation occurs in addition to the
wiggling motion (see Figs. 4~6). The betatron oscillation
amplitude is determined by the wiggler parameters and
the initial condition of the particle at the wiggler entrance
[6]. The larger the initial velocities and the position offset
from zero the greater is the betatron oscillation ampli-
tude (see Fig. 6).

A new 3D simulation code Particle Transport In
Magnetic Field (PTIMF) was developed by the FEL
group at TAU in order to investigate particle trajectories
inside of our special planar wiggler. We used the PTIMF
code also to determine the value of the required gaps
between the matching magnets at the entrance end and at
the exit end of the wiggler. The PTIMF simulation
code is based on an exact 3D magnetic field calculation
using the four facets to describe each magnet bar [14].
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Fig. 5. PTIMF simulation code results for a particle trajectory (Y-direction) inside a planar wiggler with initial condition x =0,

=1mm, v.=0andv. =0
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Fig. 6. Betatron amplitude for two different cases: x = 0.5 mm, x = 2.0 mm.

Figs. 3-6 show the trajectories of a particie inside the
wiggler for various initial conditions.

4. Experimental results

We measured experimentally the e-beam position, cur-
rent and e-beam cross section along the waveguide
located inside the planar wiggler (see Fig. 2). These para-
meters of the e-beam serve also as input data for FEL

ce simulation codes. We found e rimantally
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that the wiggler averaged e-beam trajectory departs from
the axis, and that the e-beam current decreases as we
advance along the axis. The imperfection of e-beam
transport through the wiggler is related to inaccuracies in
the wiggler construction, nonuniformity of the magnets
and alignment problems. We improved the e-beam tra-
jectory by adding external correction magnets to the
wiggier (to correct for average e-beam deviations from
the axis). These correction magnets were placed at

various positions aiong the wiggier so that the average
e-beam trajectory is closer to the axis along the entire
planar wiggler. Fig. 7 shows the e-beam center location
(in the X- and Y-direction) along the axis (Z-direction) of
the planar wiggler after placement of the external correc-
tion magnets.

The cross-sectional size of the e-beam increases as the
beam advances along the planar wiggler (from an initial
diameter of 3 to 5 mm at the wiggler exit). Fig. 8 shows
the e-beam cross section as recorded by a CCD camera

tha wigolar BFisa Q
neéar ne wiggill entrance [ 15 [s

wiggler exit (Fig. 8, right). The marks above the e-beam
image shown in Fig. 8, left, are due to the cathode light
scattered from the e-gun. Fig. 9 shows the e-beam radius
along the wiggler. It can be seen that the e-beam radius
increases and decreases periodically along the wiggler
(scalloping effect).

Another goal of the experiment was to measure and
view the wiggling motion of the e-beam along the
planar wiggler. In order to view the wiggling motion, we

lafty and nanr tha
18Iy 4G [ICar uic



A. Abramovich et al. | Nucl. Instr. and Meth.

in Phys. Res. A 393 (1997) 419—425 423

-5r

-0k . . . |

1 L A A i

-500 -400 300 -200 -100

0 100 200 300 400
Z [mm]

500

-10r ]
20 ]
L 1 i . " L 1 1 I
-500 -400 -300 -200 -100 0 100 200 300 400 500
Z [mm]

Fig. 7. E-beam average trajectory inside of TAU planar wiggler with external correction magnets (X -direction top, Y-direction bottom).

Fig. 8. E-beam cross-section at the entrance (left) and exit (right)
of the wiggler.

recorded (by use of a CCD camera) about 60 images of
the e-beam obtained at different positions along the axis
with steps of 2 mm from each other. We stored these
images in the computer for further processing. Fig. 10
shows the trajectory of the e-beam center in two sections
of the planar wiggler where we did not use external
correction magnets. The circles in Fig. 10 indicate meas-
ured points and the solid line indicates the computed best
fit to the measured points. We also processed and re-
corded the e-beam cross-section dimensions and the
beam spot nutation angle. Fig. 11 illustrates the e-beam
cross-section development and beam spot nutation ef-
fects in the second measured section between z =
+120 mm and z = +230 mm.

5. Comparison of theoretical and experimental results
and discussion

The analytically calculated beam wiggling amplitude
X, = 1.76 mm (given in Table 1) is in excellent agreement
with the PTIMF simulation code results given in
Figs. 3-6. The measured value of the wiggling amplitude
obtained from sinusoidal curve fitting to the measured
data (see Fig. 10) is x,, ~ 1.65 mm. (This is also in good
agreement with an analytical calculation and simulation
results.) The difference is, in part. due to difficulties in
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Fig. 9. E-beam radius variation (scalloping) along the wiggler.
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Fig. 10. Wiggling of the e-beam inside the wiggler {circles indicate measured points and the solid line is computed best fit to the e-bear
trajectory).
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Fig. 11. E-beam cross-section CCD camera recordings along
a section of the wiggler.

determining the e-beam center position. The period of
the beam envelope scalloping shown in Fig. 9 is related to
betatron oscillation period by a factor of two (ig=
2scattoping) [15]. From this relation the betatron oscilla-
tion period is found to be 270 mm which is in excellent
agreement with the calculated value given in Table 1. We
also observed in Fig. 11 a nutation of the e-beam cross
section. In one scalioping period aiso the main diameter
of the ellipsoidal beam cross section changes orientation

from a left inclination to a right inclination and back.
This may be related to different focusing forces in the
X and Y dimension (kg # kg,,) and nonsymmetrical
initial conditions.

In this work we found experimentally all the important
parameters of e-beam transport trough planar wigglers
such as wiggling amplitude, wiggling period, position,
shape and rotation of the e-beam, scalloping and beta-
tron osciilation. Also, the experiment enabied improve-
ment and correction of the e-beam transport along the
wiggler as well as attainment of input parameters for
FEL simulation codes. The comparison of the experi-
mental results and e-beam transport simulations codes
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