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The EN tandem electrostatic accelerator at the Weizmann Institute of Science has been converted into an electron accelerator
with a source intensity of 2 A and with beam current recovery. The tanflem FEL configuration, in which the wiggler is located in the
high voltage terminal, allows for stable, long pulse operation. Two wire-mesh diagnostic systems for monitoring of the beam shape
have been installed: one between the electron gun and the entrance to the accelerating tube, the other between the exit from the
decelerating tube and the beam collector. We believe to be able to operate our machine with pulse lengths of the order of 1 ms
without terminal voltage droop during such a pulse. At present, when operating with 5 ps pulses, only after 10-20 ms there is 2
noticeable terminal voltage droop. A beam current of 0.8-1.0 A enters the acceleration tube and 75% of it can be presently recovered
at the collector. We expect to improve on this figure considerably. The long pulse operation mode, for which we are striving, offers
interesting possibilities for the operation of free electron lasers, in particular demonstrating high coherence, single mode operation. A

three year FEL experimentat study program based on the tandem accelerator was recently proposed.

1. Introduction

The model EN tandem electrostatic accelerator is
ideally suited for transformation into a free electron
laser. The 2 MV up to 6 MV standard operation range
is appropriate for an FEL with our present wiggler and
for the wavelength at which we plan to operate it
initially (the mm regime). This range of operation was
chosen mainly for practical reasons; we have diagnostic
equipment in this range available, we can operate the
machine with a short ({/ = 75 cm) wiggler and no drastic
changes in the accelerator structure are needed. At a
later stage we would like to proceed into the mid-IR
range, using probably a microwiggler; a possibility of
operating with shorter accelerating tubes, in order to
increase the terminal length and thus accommodate a
longer wiggler, is being also considered.

We have followed quite closely our original proposal
[1] and the design [2] presented at the Berlin conference.
The accelerator originally designed for ion beam cur-
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rents of microamperes was converted into a high cur-
rent (1.0 A) electron accelerator operating in the de-
pressed collector mode.

In the course of preliminary tests it was observed
that the accelerator could operate in high current mode
with stable HV terminal voltage for periods as long as
milliseconds independent of the transport efficiency of
the electron beam. This would make our pulse two
orders of magnitude longer than the present state of the
art of pulsed FELs. In addition to offering important
advantages, this particular feature distinguishes the pro-
posed tandem electrostatic accelerator FEIL scheme,
from the only other ES-FEL experiment demonstrated
so far (in UCSB), which was based on a different
configuration. This long pulse feature makes it possible
to propose the construction of a quasi-CW FEL and the
study of radiation coherence, post saturation dynamics,
and investigation of stable and unstable multimode
operation. This research problem, as it appears in the
recent physics literature [3-7] and in FEL conference
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Fig. 1. The Herrmannsfeldt code simulation diagram.
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sessions [8], is in the focus of research interest in this
field, and one of our goals is to provide a machine
suitable for studying it experimentally.

2. Electron gun

The ion source has been removed and its base was
transformed into a high voltage platform where the‘
electron gun power supplies and the pulse forming
network have been installed. The platform is at — 50 kV
potential during the machine operation. The original
ion source was replaced with a 2 A electron gun. This
gun was designed around a Spectra-mat dispenser
cathode in Pierce geometry with a control electrode.
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The design was based upon the EGUN program of
Herrmannsfeldt {9]. The gun Herrmannsfeldt code
simulation is shown in fig. 1. The features of the gun
are: an operating voltage of 50 kV, the control electrode
voltage of ~ 6 kV for current cut-off and +12 kV for a
current of 1.8 A for best emitiance. The agreement
between the current output predicted by the program
and the measured beam current in the experiment was
excellent.

3. Tandem machine modifications

The gas stripper tube was removed from the termi-
nal, where the FEL wiggler would be located, and the
inclined field accelerating tube was replaced by a straight
field tube. Four focusing coils were installed, two of
them (see fig. 2) between the electron gun and the
accelerating tube and the other two between the decel-
erating tube and the collector (fig. 3). A set of 4
electrostatic deflection plates located between the two
gun-end focusing cotls allows for minor corrections of
beam direction and angle. A simplified schematic of the
FEL system is shown in fig. 4.

4. Diagnostics

Two wire-mesh diagnostic devices, one following the
electron gun and the other before the collector, were
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Fig. 2. The electron gun injector and its associated magnetic lenses.
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Fig. 3. The collector end with its magnetic lenses.

incorporated in the system. Each wire is electrically
isolated, the outputs of all the wires are being simulta-
neously recorded in sample-and-hold circuits, then
transferred to a personal computer via analog-to-digital
converters and stored in its memory. This information
can then be displayed on the computer monitor, show-
ing the shape and intensity of the beam.

5. Computer simulations

The electron beam dynamics was followed by a
computer simulation code from the gun exit to the
collector. For the regions inside the accelerator the code
solves an envelope equation, which takes into account
the external electric field, the self-field of the beam and

the beam emittance [10]. The effect of magnetic lenses
was calculated by using a matrix formulation. The beam
envelope calculations and kinetic model calculations
were compared and found to be in very good agree-
ment. Fig. 5 shows one of those simulations for the
terminal voltage of 3.84 MV and focusing coils of
approximately 1600 ampere turns.

6. Beam current transmission

We are using an electron gun delivering 1.8 A of
beam current, the intensity of which while passing
through the differential pumping tube and the beam
scraper is reduced to about 1.0 A entering the accelerat-
ing tube. This current passes undisturbed through the
whole length of the accelerating tube, the terminal and 3
of the decelerating tube. About 75% of the beam
reaches the collector; we believe that with more careful
choice of the beam optics parameters we shall increase
the recovery rate substantially.

7. The long pulse effect

The long pulse mode of operation offers interesting
possibilities for the operation of free electron lasers, in
particular it makes our facility uniquely fit for studying
of high coherence, single mode operation, mede compe-
tition and nonlinear regime (saturation) dynamics.

Thanks to the pioneering work of the Santa Barbara
group [3] it is an accepted fact that an electron beam
which passes the whole path of an electrostatic accelera-
tor with beam energy recovery without interception
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Fig. 4. A simplified schematic of the tandem accelerator including the FEL.
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ENVELGPE does not cause any change in the terminal voltage.
0024: However, a beam recovery system with absolutely no
{ interception of any fraction of the beam is yet to be
0020+ achieved. Thus we observe that the terminal voltage of
00164 the Santa Barbara FEL exhibits a droop. The voltage
starts decreasing promptly as soon as the beam current
0012+ is switched on. The difference between the output and
1 the collector input acts as a direct current load on the
0'008'_ terminal (both gun and collector are situated inside the
0004 terminal). As long as this current load exceeds the
terminal charging current, the terminal experiences a
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Fig. 5. The electron beam path simulation using computer
code.

Fig. 6. The terminal voltage behaviour as a result of a short (2

ps) beam pulse. (a) ¥ =3.8 MV, vertical scale - 34 kV per

box; horizontal scale ~ 1 ms per box; (b} ¥y = 3.8 MV, vertical
scale = 136 kV /box; horizontal scate = 10 ms/box.

net discharging current resulting in the voltage droop.
This droop is unfortunate since it changes the synchro-
nism condition of the FEL during operation and re-
duces the effective time available for mode competition
at a given wavelength.

When operating the tandem electron accelerator, we
have noticed, that the charging effect of the beam
hitting the last third of the decelerating tube effects the
terminal voltage only milliseconds after its occurrence.
In other words the terminal voltage remains stable for
milliseconds, as long as one does not hit the terminal
directly. Fig. 6. shows the terminal voltage after a beam
pulse; one can see that only after about 10 ms some
voltage droop of the terminal could be noticed. Thus in
our cbnfiguration, i.e. the electron gun at ground poten-
tial and the wiggler inside the high voltage terminal we
may be able to produce very long electron beam pulses
with stable terminal vollage.

8. The principle of the long pulse effect

In the case of a tandem accelerator, where the elec-
tron gun and the collector are not in the terminal, the
fact that not all of the beam is recovered has no
immediate effect on the terminal voltage except for the
current intercepted directly at the terminal. However,
the small geometrical emtitance of the beam at the
terminal allows it to pass through the terminal and the
wiggler with little or no interception and we can ope ate
the machine in an essenltially droop-free mode in the
long puise mode, even with a current recovery of 75%.

This phenomenon of an FEL operating for millisec-
onds, undisturbed by beam loss may seem strange.
Where does the energy for the FEL operation come
from? Why does the disturbance arrive at the terminal
only after that long time? Can one explain the shape
and magnitude of the delayed terminal voltage re-
sponse? We are beginning to have a quantitative under-
standing of the process. Suppose that the beam loss
occurs somewhere at the decelerating tube. {The scenario
of a beam loss at the accelerating tube is similar.) When
the beam hits the deceleration tube at any point it
discharges the tube electrodes at the interception point.
If the process goes on long enough then the voltage of
this point becomes negative enough to repel the beam
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and it will impact an electrode nearer the terminal and
start discharging it too. This process can take a long
time since there is a large amount of stored energy in
the many tube electrodes.

While the beam is discharging the tube electrodes,
the terminal voltage is hardly affected. The electrical
circuit of the tube acts as an attenuator consisting of
many capacitive voltage divider sections. These sections
are composed of series and parallel capacitances, the
series being the interelectrode capacitances and the
parallel — the capacilances between the tube and the
tank.

We have observed a delay of typically 10 to 90 ms
between the time a beam pulse hits the deceleration
tube until the voltage of the terminal responds. The
response was then quite large, as much as one megavolt.
This large voltage drop is much more than one expects
from the charge in the beam pulse acting on the termi-
nal capacitance. It is probably the result of some spark-
ing of the tube electrodes triggered by the beam. How-
ever, the voltage of the terminal was very stable up to
the time when the large disturbance arrived, allowing
for a stable FEL operation.

It remains yet to be seen what is the undisturbed
operating time at the terminal when one works under
standard operating conditions, including millisecond
long pulses and a beam recovery fraction of about 50%
or better. We expect that the tandem configuration will
allow for times as long as a milisecond and longer.

L I
[T

T ISR

Fig. 7. Typical picture of the wiggler magnetic ficld measured
using the pulsed-wire method.

9, Wiggler testing and installation

We use a wiggler made of permanent magnels in a
Halbach [11] arrangement, its A,, = 4.4 cm; the individ-
val magnets were selected using Hall probe and assem-
bled in a 75 cm long unit. We are presently in the
process of adjusting the magnetic field profile, using the
pulsed-wire method [12,13] and shimming the individual
magnets accordingly. Fig. 7 shows a typical picture of
the magnetic field measured by this method. This tech-
nique enables us 1o measure instantly the field integral
of the whole wiggler along its z-axis (the relevant infor-
mation) and it will be indispensable, for measuring
puised electromagnetic wigglers which we intend to use
in the future. We are constructing the terminal section
of the vacuum system which will contain the wiggler,
resonator, beam diagnostics and associated mechanical
adjustment systems. The pertinent electronics will be
located inside the terminal and the control signals to
which will be transmitted through fiber optics.

10. Conclusions and future plans

The progress in the system construction looks very
promising, especially the new feature of a long pulse
operating mode is quite exciting. We hope to be ready
for installation of the wiggler by the end of this Sumaner,
in the meantime we want to check the shape and the
size of the the beam in the terminal region by having a
viewer and a system of windows and mirrors. [During
the next year we should be able to have the machine
operational or at least be able to detect the spontaneous
€mission.
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