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The EN tandem electrostatic accelerator at the Weizmann Instit::te of Science has been converted into an electron accelerator
with beam power recovery. We report on the design and performance of the accelerator as well as on a new approach to stable,
long-pulse operation of this class of machines. The long-pulse model of operat’ n offers interesting possibilities for the operation of
free electron lasers, in particular the study of high-coherence, single-mode operation.

1. Introduction

As previously proposed [1], an existing EN Van de
Graaff tandem accelerator has been converted into a
high-intensity electron beam accelerator, capable of
accelerating electron beam pulses of 2 A intensity to 5
MeV at the terminal located at the center of the acceler-
ator. This beam, being then decelerated back to ground
potential, can therefore be recovered .nd recirculated.
This positive-terminal “straight-geometry” configura-
tion is shown schematically in fig. 1. The charging
system (PS1) keeps the high-voltage terminal charged,
compensating against leakage current from the electron
beam to the high-voltage terminal. The gun power
supply (PS2) accelerates the electron beam from the
cathode. The collector power supply (PS3) keeps the
collector bias positive and also replaces the power radi-
ated in the wiggler.

The straight-geometry tandem accelerator configura-
tion with the wiggler placed in the positively charged
termiaal and the gun and collector placed at ground
potential has a number of important advantages over
the alternative configuration (folded-geometry tandem
with a negatively charged terminal) used in the first
UCSB ES-FEL:

(1) The straight-geometry electron optics preserves the
e-beam quality better and consequently autains
higher transport efficiency and higher currents, and
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operation at shorter wavelengths is easier to attain
(with microwiggler).

(2) Positively charged terminals are scalable to higher-
voltage operation and therefore may be developed
in the future for optical-wavelengih FELs.

(3) As will be explained in section 2, the fact that the
electron gun is at ground potential leads to di-
minished droop in the terminal voltage, even when a
significant part of the electron-beam current im-
pacts the deceleration tube. This will allow stable,
long-pulse operation (milliseconds): pulses two
orders of magnitude longer than the present state-
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Fig. 1. Schematic diagram of the tandem accelerator including
the FEL.
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of-the-art will be possible even with poor electron-

beam transport.

The long-pulse effect, described in more detail in
section 2, was discovered in the course of preliminary
tests of the accelerator. This discovery, in addition to

ther advantages of the straight-geometry tandem con-
figuration, led us to develop a research program aimed
towards construction of a quasi-cw FEL and study of
radiation coherence, post-saturation dynamics and in-
vestigation of stable and unstable multimode operation.
This research problem, as it appears in the recent physics
literature [3-7] and FEL conference 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. The details of the FEL research pro-
gram are described in section 3.

2. Present status of the experiment
2.1. Electron gun
The ion source of the original EN tandem ion accel-

erator has been removed and its base was transformed
into a high-voltage platform, where the electron gun
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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. The design
was based upon the EGUN program of Herrmannsfeldt
[9]. The gun design and the Herrmannsfeldt code simu-
lation are shown in fig. 2. The features of the gun are an
operating voltage of 50 kV, a control electrode voltage
of —6 kV for current cutoff, and +12 kV for a current
of 1.8 A for best emittance. The agreement between the
current output predicted by the program and the mea-
sured beam current in the experiment was excellent.

2.2. The electron optical system

The gas stripper tube of the original ion accelerator
was removed from the terminal, where the FEL wiggler
would be located, and the inclined-field accelerating
tube was replaced by a straight-field tube. Four focuss-
ing coils were installed, two of them between the elec-
tron gun and the accelerating tube and the other two
between the decelerating tube and the coilector. A set of

b

Fig. 2. (a) The injector Pierce gun design; and (b) the Herrmannsfeldt code simulation diagram.
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Fig. 3. FEL assembly side view: magnetic lenses.
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four electrostatic deflection plates located between the
two gun-end focussing coils allows for minor correc-
tions of beam direction and angle. A simplified sche-
matic of the FEL system is shown in fig. 3.

2.3. Diagnostics

Two wire-mesh diagnostic devices, one following the
electron gun and the other before the collector, were
incorporated in the system. Each wire is electrically
isolated, with the outputs of all the wires simultaneously
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 ccreen, showing the
shape and intensity of the beam.

2.4. 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
2/3 of the decelerating tube. About 75% of the beam
reaches the collector, and we believe that with more
careful choice of the beam-optics parameters we shall
increase the recovery rate substantially.

2.5. 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 suited to the
study of high-coherence, single-mode operation, mode
competition and nonlinear-regime (saturation) dy-
namics.

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
does not cause any change in the terminal voltage.
However, a beam recovery system with absolutely no
interception of any fraction of the beam is yet to be
achieved. Thus we observe that the terminal voltage of
the Santa Barbara FEL exhibits a droop. The voltage
promptly starts decreasing as soon as the beam current
is switched on. The difference between the gun output
and the collector input accs as a direct current load on
the terminal (both gun and collector are situated inside
the terminal). As long as this current load exceeds the
terminal charging current, the terminal experiences a
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-

Fig. 4. The terminal-voltage behaviour as a result of a short (65

us) beam pulse (upper trace); V= 2.7 MV; vertical scale = 6.4

kV /box; horizontal scale = 20 ps/box. The lower trace repre-
sents the collector current; vertical scale =100 mA /box.

duces the effective time available for mode competition
at a given wavelength.

When operating our tandem electron accelerator, we
have noticed that the charging effect of the beam hitting
the last third of the decelerating tube does not effect the
terminal voltage. In other words, the terminal voltage
remains stable for at least milliseconds, as long as one
does not hit the terminal directly. Fig. 4 displays the
collector current (lower trace) and the terminal voltace
(upper trace) measured recently with a newly installed
e-eun pulser which turns the e-gun current on for a
period of 65 ws. In this experiment the terminal voltage
was 2.7 MV. The measured collector current was 200
mA, while the current entering the accelerator was
measured to be 400 mA; ie. 200 mA (50%) of the
current was incident internally, probably on the deceler-
ation tubes. Despite the length of the current pulse and
the high leakage current, there was no observable droop
of the terminal voltage. This sets a low upper limit value
on the voltage droop of the terminal, AV;/V; <3 X
1074, set only by the measuring accuracy of the voltage
terminal.

It should be noted that no long-term “afterpulse” of
terminal voltage droop was observed in the recent ex-
periment in a time scale of 1 s after the pulse. An
improvement of the e-gun pulser electronic design
eliminated the delayed voltage droop (after 20 ms)
which was observed by us in earlier reported experi-
ments.

We explain the high stability of the terminal in the
positive-terminal mode of operation of the tandem
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Fig. 5. The electronic equivalent circuit of the accelerator.

accelerator on the basis of the electronic equivalent
circuit of the machine shown in fig. 5. According to this
model, the capacitances between the electrode sections
along the accelerating tubes and between these elec-
trodes and the tank form a capacitance network which
attenuates the voltage drop at the terminal due to
charging of a remote capacitance section along the tube
by incident beam leakage current. The continuous
capacitive voltage divider network produces an at-
tenuated terminal voltaze drop given by

N
p-s s

where AJ, is the leakage current assumed in this model
to impinge and charge a localized area on the decelera-
tion tube n sections away from the terminal.

For the present configuration we assume C, =110
pF, C,=13 pF, AI,=0.2 A, n=175 (assumption of
localized incidence of uvie beam leakage current at the
center of the deceleration tube) and ¥ = 2.5 MV. With
these assumptions AV;/V;=5x10"° for r=100 ps.

The voltage drop will be small enough (AV;/V; =5 X
10™*) even with a long pulse of 1 =1 ms.

AVT= -

Fig. 6. Typical picture of the wiggler magnetic field measured
using the pulsed-wire method.

2.6. Wiggler testing and installation

We use a wiggler made of permanent magnets in a
Halbach [11] arrangement, with A, = 4.4 cm; the indi-
vidual magnets were selected using a Hall probe and
assembled 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. 6 shows a typical picture of
the magnetic field measured by this method. This tech-
nique enables us to measure instantly the field integral
of the whole wiggler along its z-axis (the relevant infor-
mation) and it will be indispensable for measuring
pulsed electromagnetic wigglers which we intend to use
in the future. We are constructing the terminal section
of the vacuum systemr 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 will
be transmitted through fiber optics.

3. The proposed FEL research program

The main experimental effort will be directed to-
wards the study of single-mode operation of FELs,
mode competition dynamics, the saturation process and
efficiency enhancement, multimode operation and the
route to chaos. These aspects of FEL operation physics
are the subject of extensive throretical investigations

with little experimental study. lhere is still debate on
the conditions necessarv for cmolp-mndp nnermmn and
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whether single mode operation was unequnvocally dem-
onstrated in the only experiment attempted so far in
UCSB [3]. The potential of the tandem electrostatic
accelerator to operate with a long pulse duration (per-
haps 100 ps to 10 ms), which was explained in the
previous section, makes it possible to launch a research
program which will put the existing theory to test and
will allow us to demonstrate unequivocally single-mode
operation, to study the mode competition and satura-

V1. ACCELERATORS ETC.
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tion process, and go further to study multimode and
chaciic operation.

The basic theory of mode competition in an FEL
oscillator is almost independent of the operation wave-
length. However, the narameters which affect the physics
of the mode competition process are dependent on the
operating wavelength as well as on the technological
capabilities, which are also dependent on wavelength.
By applying various wiggler and optical resonator tech-
nologies and varying the accelerator energy, we have the
possibility to operate an FEL in the entire mid-IR,
far-IR and mm-wavelength regimes. Three schematic
designs corresponding to operation at 3 mm, 300 pm
and 15 pm wavelengths are described in the subsequent
subsections and compared in table 1. We have de-
termined from considering both minimizing the techni-
cal difficulties and attaining optimal parameters for
studying the mode competition process. that it is prefer-
able to start the experimental work at long wavelengths.
However, in order to study the physical problem com-
prehensively it is desirable to perform additional experi-
ments, changing the operating wavelength and other
parameters of the FEL.

3.1. Planned experiments of spectral analysis for study of
mode competition

We base our estimates of mode competition parame-
ters on the theory of Antonsen and Levush (AL) [7].
The main necessary condition that must be satisfied in
order to attain single-mode operation (assuming the
oscillation threshold current is exceeded) is that the
mode competition time is long enough to assure estab-
lishment of a single dominant mcde. This time ‘s esti-
mated by

1
tsm ~ ¢, 2
3 )

where ¢, is the cavity decay time 7. = Q/w (Q is the
quality factor of the resonator). The slippage parameter

¢ is defined as the ratio between the slippage time and
half of the round-trip time:

2Lw/UzO - Lw/vg

t

€

where v, is the axial velocity of the electron beam, v, is
the group velocity of the radiation (in an open resonator
v =c, but in a waveguide v, <c), t, is the round-trip
time of a radiation wave packet inside the cavity (in an
open resonator t, =2L_/c).

This criterion is in debate, and was not satisfied in
the UCSB FEL experiment. Being able to satisfy this
criterion in some of the experiment will allow us to
determine the validity of the AL theory, and gives
credence to our expectation to be able to demonstrate
unequivocal single-mode operation. One might add that,
if the condition ¢ > 1, [eq. (2)] cannot be satisfied in
some experiments, it may still be possible to enhance
the mode competition process and single-mode estab-
lishment by special schemes like seed radiation injec-
tion.

To resolve the debate whether single-mode operation
can take place before the condition ¢ > ¢, [eq. (2)] is
satisfied, or that the laser operates then at a phase-locked
multimode condition [7], one can use quite routine
experimental equipment. Since according to the AL
theory the entire spectral region of net FEL gain (Aw/w
~ N; 1) oscillates during this period, a simple grating
spectrometer with resolving power Ny, sufices, pro-
vided that

Ngraling > Nw' (4)
This condition can be easily satisfied considering that in
practice N,, <100 and Ny, s, > 100 are typical.

In order to resolve between the different longitudinal
modes, higher resolution may be necessary correspond-

ing to the spacing between the modes
Aw 1
-—‘;- < TV—E. (5)

w

Since € <2 1 one may have in some cases difficulties to

Table 1
FEL experiments with the tandem FEL
Experiment Type of FEL E A A Gain Loss Net
[MeV] [cm] (%] [%] (%]

(1) mm Internal waveguide

resonator 5 44 3 mm 100 20 80
(2) FIR Internal waveguide

resonator 5.5 44 300 pm 45 15 30
(3) MIR External open

resonator, optical

klystron. 5.5 04 15pm 70 5 65
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Table 2
Mode competition parameters of FEL experiments
Experiment X 1/¢ 1/€2 S fcon Ism
(1) mm 1-5 -17 278 3-12ns 51-200 ns 0.8-3.3 us
(2) FIR 1-3 147 2.1x10% 5-15 s 0.7-2.2 ps 100-300 us
(3) MIR 1-14 1875 3.5x%108 43-600 ns 0.08-1.1 ms 0.15-2.1s

resolve single modes during the oscillation buildup pro-
cess. However, in steady-state operation, homodyne and
heterodyne techniques will make such measurements
possible.

In the following subsections we detail the design
considerations of the three different experiments. The
technical parameters and the parameters of the mode
competition theory are summarized in a comparative
way in tables 1 and 2. We note that the parameter
examples of tables 1 and 2 do not represent an optimal
choice. A detailed design and parameter optimization
study still needs to be done as part of the research
program. However, the examples serve the purpose of
proving the possibility of obtaining desirable and inter-
esting experimental parameters e en before a design
optimization step was deployed.

3.2. Millimeter-wave experiment

The first experiments are proposed to be carried out
in the mm wavelength regime. The operating parameters
of an FEL experiment at A =3 mm are listed in line 1
of table 1, and the corresponding mode competition
parameters of this experiment are listed in Lne 1 of
table 2.

Since at this long wavelength the diffraction effect is
substantial, we chose to design the optical resonator as
a closed (waveguide) internal resonator (namely, the
entire resonator is placed inside the HV-terminal and its
length is about the length of the wiggler, L .= L,).
Operating in a waveguide results in some very interest-
ing features from the points of view of FEL design and
FEL physics, and particularly the physics of mode
competition. The operating wavelength in a waveguide
FEL is determined by the intersection of the waveguide
mode dispersion curve and the *“wiggler-momentum-
shifted” e-beam dispersion line (fig. 7). For each trans-
verse mode there can be two solutions [14]

-1
AW »2 AW ?
gt b ( ‘f-}‘co) ‘ ©

where A is the cutoff wavelength of the transverse
mode.

We have examined various kinds of waveguides,
including parallel (curved) plates, circular and rectangu-
lar waveguides and a variety of modes. The gain and

)\1,2 =

loss (including mirror loss) values are typical values
calculated for an L,=75 cm long wiggler, copper
waveguide and a,, = 0.5. The nature of the waveguide
FEL wavelength expression (6) allows flexibility in de-
sign. With the presently available wiggler of period
A, = 4.4 cm, operating the FEL at A = 3 mm is possible
at the higher-intersection solution of fig. 7 with a low-
energy heam (E = 2 MeV) and high-cutoff mode, or at
the lowur intersection with a high-energy beam (E =5
MeV) and a low-cutoff mode. Because of the difficuity
of transporting the e-beam at lower energy (when the
emittance is larger), the second choice would be usually
preferable.

The mode competition parameters of table 2, line 1,
were calculated assuming operation at the lower inter-
section with a 5 mm radius circular-waveguide mode
TM,,. The higher energy required for operating at this
point is a technical advantage, because the e-beam
transport through the accelerator is better at higher
energy. In addition to the technical advantage, this
solution is of particular interest from the peint of view
of the physics of mode competition and coherence
development. At the lower intersection the group veloc-
ity of the radiation is smaller than the speed of the

AY
displaced slope
e-benr.: curve vz,
slope vgr,
We,
/ slope Vg;,
» kg

Fig. 7. Intersection of the dispersion curve of the electrom::lg-
netic mode with the wiggler momentum-shifted e-beam line
k.=w/v.— k.
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electrons (which is the reason for the negative sign of ¢).
This means that the radiation wave packets emitted by
the electrons propagate backwards relative to the elec-
trons which generate them, so that the phase-locking
process is opposite to the regular case. This can be
demonstrated, for instance, by injecting a short pulse of
seed radiation and observing its coherent widening and
backdrift in a negative time direction relaiive to the
leading original pulse.

We expect that the AL theory should apply to the
¢ <0 case, but careful examination of the implications
of this case is advisable. The more interesting case,
where the two solutions of the dispersion equation
coincide and degenerate into one single double solution
(the e-beam line is tangential to the radiation curve in.
fig. 7) requires reformulation of the theoretical mode:.
In this interesting case, the radiation group velocity
equals the electron velocity v, = v, and €= 0. Conse-
quently, any information about the oscillation phase
cannot be propagated from one electron to the others.
A neutral-stability situation may evolve in which the
coherence of the oscillator will be determined only by
the initial conditions (possiblz injection) and by the
spontaneous-emission radiaticn. Another interesting
aspect of the existence of a double solution in the FEL
dispersion equation in a waveguide is the possible com-
petition between the waves that correspond to these two
solutions. Choice of parameters and discriminative losses
can make it possible to produce above threshold condi-
tions for both solutions. Whether they can both exist
stably and the nature of the physics of their competition
is an open theoretical problem. Two frequencies oper-
ation is also interesting for some scientific applications.

The mode competition parameters of table 2 are
quite favourable ‘or the mm wavelength experiment.
The coherence establishment line r_,;, and the single-
mode establishment time ¢, are in the submicrosecond
and microsecond time ranges. The coherence time #_,
is the lower limit of the time it takes the phase informa-
tion (established for example by momentary seed radia-
tion injection) to propagate and dictate its value to the
fields in the entire cavity. The single-mode time ¢, is
the estimated time for a single mode to dominate over
other modes developed in the cavity. Both times can be
experimentally measured and are substantially shorter
than the pulse duration (100 ps-10 ms) expected to be
possibie in the proposed experimental setup.

3.3. FIR experiment

The far-infrared (FIR) regime is a natural operating
regime for an FEL based on an accelerator with E =5
MeV. However, the gain levels that can be obtained
(table 1) and the mode competition parameters (table 2)
are also less favourable than in the millimeter wave-
length. For this reason the FIR experiment is planned

to be carried out only after operating at the mm wave-
lengths.

Little has to be changed in the accelerator, wiggler
and resonator in order to operator the FFEL in the FIR
regime. Indeed, the same configuration assumed in ex-
periment 1 (TM,;; mode in a 5 mm radius circular
waveguide, E =35 MeV, a,=0.5) can operate also at
A =300 pm. This is simply the higher-frequency solu-
tion of eq. (6) (the upper intersection in fig. 7). It may
be possible to operate the FEL at two wavelengths (300
pm and 3 mm), though it is not clear if such dual
oscillation is stable.

The gain and mode competition parameters of ex-
periment 2 were calculated assuming a paralle! (curved)
plates waveguide: of 4 mm X 6 mm cross section, L, =
75 cm, a,=1 and I,=1 A. Since the wavelength is
shorter than in the previous example, diffraction effects
are less important and it may be possible to design an
open-tesonator experiment, or a weakly guiding reso-
nator. At this short wavelength the waveguide will be
highly overmoded and mode competition between the
transverse modss may be a substantial effect which
requires experimental study and theoretical understand-
ing.

The coherence time ¢, and single-mode establish-
pent time in this example are still below the millisecond
range and therefore substantial mode competition stud-
ies can be carried out in this wavelength.

3.4. Mid-IR experiment

Experiment number 3 (mid-IR: A = 15 pm) is based
on an open exterr:al resonator. Since the wavelength is
short enough to minimize diffraction effects, the optical
beam may remain narrow enough along the entire accel-
erator length. Consequently, the open-resonator mirrors
can be placed at ground potential at the ends of the
accelerator (sce fig. 8). This provides a substantial de-
sign and control advantage. Alignment and radiation
outcoupling are simple. Furthermore, operation at this
wavelength regime can be aided by available mid-IR
optics, detectors, sources and other components.

Realization of the mid-IR FEL requires development
and integration of two new technologies, namely the

-,

Fig. 8. Schematic diagram of the mid-IR FEL ontical reso-
nator.

-—\
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microwiggler and the optical klystron. Furthermore, line
3 of table 2 indicates its limitations for studying single-
mode operation. In particular, we do not know if pulses
as long as ¢, =1 s will ever become available. On the
other hand, this system provides some new features for
the study of mode competition and saturation effects.
Theory development will be required to analyze this
case of optical klystron which is different from FEL.
Consequently, there is also great uncertainty to what
extent the parameters calculated from the existing the-
ory are indicative.
The basic design parameters of the mid-IR FEL are
as follows:
Beam energy E = 5-6 MeV (y=11-13),
Microwiggler period A, =4 mm,
Microwiggler field B, =1 kG,
Dispersive magnet field B; = 6 kG,
Optical-klystron total length L = 60 cm.
These parameters result in an operating-wavelength
range of 12-17 pm (for E = 5-6 MeV; see table 1).
The parameters listed above result in an FEL single-
path incremental gain of

GFEL —1=1.21%/A.

Using an optical-klystron design with bunching, disper-
sion and radiation section length ratio 1:3:1, a gain
enhancement factor of X 60 is possible with the design
parameters listed above and the same total length. This
results in gain values

G —1=72%/A.

which leaves a wide margin for optimal FEL system
design.

3.5. Long-range future experiments

The spectral feature of the straight-geometry tandem
FEL configuration (high-quality e-beam, quasi-cw oper-
ation, high average power and efficiency) make our
facility an interesting subject for future FEL research
development and applications. Future FEL experiments
and FEL applications are under consideration as a
follow-up to the main experimental program of
coherence and mode competition studies.

The expected high-coherence and quasi-cw operation
may bring about specialized spectroscopic applications
of the FEL facility in the IR regime. Use of photo-
cathode emitter guns (not limited in pulse duration and
repetition rate as in rf-linacs) may extend the applicabil-
ity of this facility.

Laser-pump :d FELs, which were proposed by a
number of groups, require very high-quality electron
beams. To the extent that technological developments
will make this concept realizable, it can be argued that
straight-geometry tandem accelerators (possibly with
photocathode emitters) can provide the highes. elec-

727

tron-beam quality and therefore wou!d be the prefer-
able choice for the development of such devices. An
FEL based on a 6 MeV tandem accelerator with a CO,
laser (10.6 pwm) or Nd-Yag laser (1.06 pm) would
operate in the UV-soft-X-ray regime if sufficient pumap
intensity and beam quality can be reached.

Finally, we contemplate operating future experi-
ments at the high-gain collective regime. This can be
made possible by eliminating one accelerator tube sec-
tion on each side of the HV terminal of the accelerator.
This will cut down the accelerator voltage to 3 MV but
will provide room for a long wiggler, up to 6 m long.
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