Lasing and radiation-mode dynamics in a Van de Graaff accelerator—free-
electron laser with an internal cavity

A. Abramovich, A. Arensburg, D. Chairman, A. Eichenbaum, M. Draznin, A. Gover, H.
Kleinman, 1. Merhasin, Y. Pinhasi, J. S. Sokolowski, and Y. M. Yakover®

Department of Electrical Engineering and Physical Electronics, Faculty of Engineering, Tel-Aviv
University, Ramat Aviv 69978, Israel

M. Cohen, L. A. Levin, and O. Shahal
Physics Department, Nuclear Research Center-Negev, Beer Sheva 84190, Israel

A. Rosenberg, I. Schnitzer, and J. Shiloh
Rafael, Haifa 31021, Israel

(Received 15 July 1997; accepted for publication 30 October)1997

The lasing of a Van de Graaff electrostatic accelerator—free-electron (B#erFEL) with an

internal cavity is reported. An EA—FEL employing an internal cavity is a FEL configuration that has

a potential to operate at high average power, high frequency, and possibly in a continuous wave
(cw) mode. The initial lasing provided a pulsed radiation power of 1 kW at 100.5 GHz frequency.
The FEL operated with a 1.4 A, 1.4 MeV electron beam in a recirculdii@pressed collectpr
configuration. It utilizes a high quality= 30 000) Talbot effect resonator and a Halbach-type
wiggler placed internally in the center of the accelerator tank. Nonlinear features of the oscillation
power buildup and decay near saturation and mode hopping were observed and are interpreted.
© 1997 American Institute of Physidss0003-695(97)03952-1

We report a demonstration of lasing in a tandem Van dee-beam after interaction is wasted at a beam dump; energy

Graaff electrostatic accelerator—free-electron lageA— retrieval schemes are not efficient in such FElls.an EA—
FEL) with an internal cavity located at the high-voltage ter- FEL this energy is retrieved from the electrostatic potential
minal. energy of electrons in the deceleration field.

The basic structure of the FEL is shown schematically in ~ The first lasing in an electrostatic accelerator FEL was
Fig. 1. The wiggler and the mm-wave resonator are placed illemonstrated at the University of California Santa Barbara
the high-voltage(HV) terminal located at the center of a (UCSB).? Their EA—FEL operates until now intensively as a
pressurized insulating gas tank of a tandem Van de Graatfiser facility, covering the entire infrared to mm-wavelength
machine. The terminal can be charged to a high-voltdg®& regimes. However, the UCSB EA—FEL operates with an ex-
MeV) positive potential by means of mechanical transport ofternal cavity configuration, i.e., the electron gun and the col-
static charge by use of rotating beltsymbolically repre- lector with their power supplies and associated electronics
sented in Fig. 1 by current sourdg,). Such a structure are placed at theegativelycharged HV terminal of the pres-
forms an electrostatic field, which constitutes a conservativeurized insulating gas tank; the wiggler and the optical reso-
system for electrons. Electrons that are injected into the amator are located externally at ground potential. The external
celerator and transported along the beam line, which includesavity configuration has the advantage of easy access to the
acceleration, drift, and deceleration sections, exit the bearwiggler and to the resonator. It also has, however, major
line with the same kinetic energy in which they are injected.disadvantages: limitations on the provision of electric power
When stimulated emission takes place in the FEL resonatotp the terminal, which confines the device to low average
the electron beam may lose a substantial fraction of its enpower operation. Also, negatively charged electrostatic ac-
ergy by emitting thousands of photons per electron into theelerators cannot operate at high voltage, and therefore, can-
radiation field of the resonatdrWith proper design of the not be utilized for development of high-frequency FELs.
oscillator, the energy, lost in the stimulated emission process, It is therefore well recognized now that in order to attain
is lower than the initial kinetic energy of the injected elec-lasing at high average powers, and high frequencies, it is
trons, and then the beam still has enough kinetic energy tdesirable to develop ainternal cavityEA—FEL with a posi-
exit the system after the deceleration section. The energy losively charged HV terminal and a straight electron—optical
by the e-beam in favor of the radiation field is replenished byconfiguration, as shown in Fig. 1. Only by use of such a
the external power suppW,,, and only a small fraction of configuration can EA—FELs have the potential to radiate av-
the beam energy is converted into heat at the collector.  erage power levels of the order of megawatts. They may,

This configuration, based on use of a “depressed collecthus, find important applications in industrial processing, to-
tor” automatically contains an energy retrieval schemekamak plasma heating, etclhis configuration is, probably,
which makes the EA-FEL highly efficient. In conventional also preferable for realizing the potential for cw operation of
rf accelerator FELs most of the kinetic energy left in thean FEL with extremely high coherente.

Development of internal cavity EA-FELSs is in progress
dAuthor to whom correspondence should be addressed. Electronic maiin a number of laboratories, including UCéB}REOL’ Uni-
yakover@eng.tau.ac.il versity of S. Florid FOM, the Netherland$;and KAERI,
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FIG. 1. Schematic illustration of the Israeli electrostatic accelerator—free-
electron laser.

S. Korea® The Dutch project is aimed towards attainment of
a record level radiation powét MW cw) at 1-2 mm wave-
lengths for plasma heating applicatiohhe Korean project
recently demonstrated laser action with a low potential
Cockcroft—Walton accelerator with open air insulatiovi ( ChE Ssomun SR smy MT00us Aux 7 T80V
=430 kV,A=10 mm.8
Our EA-FEL is based on a converted 6 MeV tandem - . .

v de Graaff ion accelerat3i® The ion source was re- FIG. 2. Radiation measurement result$), signal obtained from the IF

an At ) . output of the mixer;(2), e-beam current pulse at the cathot®; e-beam
placed by an electron injection system using a 50 kV paralleturrent measured at the exit of the wiggler: 41 radiated power.
flow Pierce-type e-gun followed by focusing and steering

coils (see Fig. 1. The parallel flow electron gun produces a ggtimate for this allowed voltage drodpV (for the case of

high-quality electron beam. In a pepper-pot experiment W&,y |osses is half the voltage bandwidth of the gain curve
measured that the injector e-beam has a normalized emit-

tance ofe, <107 mm mrad*® AV=V/4N,, )

The permanent magnet wiggler is arranged in a Halbaclyhere v, is the terminal voltage antl,, is the number of
planar configuratiod? it has the following basic parameters: wiggler periods.
magnetic inductiorB,,=2 kGs, period length,,=4.44 cm, For the parameters of our experimetg=1.4 A, I,
and the interaction length 88.9 c@0 period$. Two long =225 4A, we obtain from Eq.(1) 7.,=99.98%. In the
magnets were used, one on each side of the wiggler to focygitial experiments, we did not obtain such a high transport
the e-beam in the lateralviggling) plane by means of a efficiency. Hence, the EA-FEL was operated in a pulsed
lateral magnetic-field gradient, which they produce on thenode by providing pulses to a control electrode of the e-gun,
wiggler axis'? The rf resonator utilizes curved parallel plates \yhich produced Sus e-beam current pulses.
as a waveguide structure and has two quasioptical Talbot Figure 3 displays the e-beam and radiation pulse traces
effect reflectorgwave splittery, one at each resonator end, recorded in the initial experiments. The radiation pulse dura-
which enable e-beam passage into and out of thgon is 2 us, and its peak corresponds to about 1.1 kW of
resonator** This type of resonator is characterized by very output power radiated from the FEL cavity. The FEL radia-
small Ohmic and radiation losses of about 8%, as determineﬁjon frequency was determined by heterodyning part of the
by loss measuremenifsprior to the installation of the reso- FgL radiation power with a local oscillatét O) signal in a
nator in the HV terminal. mm-wave mixer. Trace 1 is the intermediate frequeti&y

To attain the goal of cw operation in an EA-FEL one gytput signal from the mixer corresponding to a LO fre-
must satisfy the condition of zero net discharge of the HVquency of 100.55 GHz. The IF frequency, determined from

terminal: this trace(about 20 MH3, finds the radiation frequency at
SRR, () 1005502 GHz.
on=ieak=lo(1=7), Important information concerning the TAU FEL perfor-

wherel .5 is the leakage current of the electron beam to thén@nces was obtained by analyzing the rising and the decay-
terminal and the acceleration tubég,is the electron-beam INg portions of the detected radiation pulsesce 4 of Fig.

current, andy i the transport efficiency of the electron beam3)-_The radiation decay time found from Fig. 3 is
from the e gun to the collector. ~50 ns, corresponding to a load€dfactor of Q=2 7.f

If this condition is not satisfied, the terminal voltage =30 000. The total round-trip losses are, thus, estimated to
drops in accordance to the net discharge rate and the capab 1~ R=27L:/AQ=0.09, whereR is the equivalent

tanceC of the terminal relative to the tank walls: round-trip power reflectivity of the resonator, aindis the
radiation wavelength. This loss level is close to the loss ob-

dv tained from cold measurements of the reson&tor.
a:_('leak_'ch)/c- 2 Analysis of the initial rising part of trace 4 in Fig. 2
gives an estimate of the single path FEL gain valBe

The FEL is, therefore, limited to operate in a pulsed=1.18. This is an underestimated value of the small-signal
energy mode, where the pulse duration is short enough tgain since nonlinear effects are already prevalent in that por-
avoid excessive terminal voltage droop, which diminishegion of the detected pulse, reducing the gain at the measured
the gain of the electromagnetic mode excited in the cavitypower level. The dynamic range of the detector was not large
below the round-trip loss level of the resonator. A roughenough to measure the gain at lower power levels corre-
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FIG. 3. Comparison of experimental and theoretical results. FIG. 4. Effect of mode hopping.

sponding to the linear regime. Consequently, we concludéavior of Fig. 4 for successively excited modes at frequen-

that the small-signal differential gai@,— 1 exceeds the es- ciesf=100.55 and=98.6 GHz.

timateG—1=18%. In conclusion, development of internal cavity EA-FELs
One can note from trace 4 of Fig. 2 that our FEL doesis presently being pursued in a number of laboratories in the

not reach steady-state operation and that the radiated powenrld.>~’ The demonstration of lasing, using this configura-

decay begins long before the e-beam current interrupts. Thgon in the Israeli tandem FEL, is an important milestone in

reason for this effect is that the HV terminal voltage droopsthe pursuit of the desirable goal of operating such devices

because of interception of electrons by apertures of an ewith high average power and possibly in a cw mode.
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which point no net gain is obtaingdThe power output

gradually reduces as the gain becomes even lower than the

losses, and, thus, the maximum power output does not cor-
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