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Abstract

Project of high-power long-pulse sub-THz to THz-band
FEL is under development based on the linac “LIU” of the
new generation forming 5 - 20 MeV /2 kA /200 ns electron
beam. The aim of this project is to achieve a record sub-
GW power level and pulse energy content up to 10 - 100 J
at the specified frequency ranges. In the present paper, re-
sults of electron-optical experiments on the formation of an
electron beam with parameters acceptable to drive the FEL
are discussed. Helical pulse undulators were elaborated for
pumping operating transverse oscillations of the beam
electrons. As a key component of the electrodynamic sys-
tem of the FEL-oscillator, the possibility of using advanced
Bragg resonators based on the coupling of propagating and
quasi-cutoff waves, which are capable to provide stable
narrow-band generation under conditions of substantial
oversize of the interaction space, is analyzed.

INTRODUCTION

Project of free-electron laser (FEL) is under develop-
ment in collaboration between BINP RAS (Novosibirsk)
and IAP RAS (Nizhny Novgorod) based on a new genera-
tion of induction linac “LIU” 5 - 20 MeV / 2 kA / 200 ns
implemented in recent years at BINP RAS [1]. The use of
such beam makes it possible to realize ultra-high power
long-pulse FEL operating from sub-THz to THz frequency
range [2]. Principal problems in realization of this genera-
tor include: (a) formation of the relativistic electron beam
(REB) with parameters acceptable for operation in the
short-wavelength ranges, (b) development of undulator for
pumping operating transverse oscillations in the beam, and
(c) elaboration of electrodynamic system that can provide
stable narrow-band oscillation regime in a strongly over-
sized interaction space.

Initial proof-of-principle experiments are planned to
start at the “LIU-5" accelerator in the 0.3 THz frequency
range, with prospects of transition to 0.6 THz range and
higher frequencies after positive results would be demon-
strated. In the paper, the design parameters of the FEL pro-
ject are discussed. Results of electron-optical experiments
on the beam formation are presented. Structural elements
of the FEL magnetic system based on helical undulator and
a guide solenoid that provides intense beam transportation
were elaborated. An electrodynamic system was proposed
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exploiting a new modification of oversized Bragg struc-
tures, so-called advanced Bragg structures, which have sig-
nificantly improved selective properties. Structures of such
type were designed with the diameter of 20 and 40 wave-
lengths for operation in specified frequency ranges.

RESULTS OF ELECTRON-OPTICAL
EXPERIMENTS AT THE LINAC “LIU”

The experimental basis for realization of the novel FEL
scheme is the “LIU-5" accelerator complex [1] comprising
a2 MeV thermionic injector and the induction accelerating
sections (total number of 8 with the acceleration of
~ 0.4 MeV each), which finally provide formation of
5 MeV beam with the current of up to 2 kA, duration of
200 ns and diameter of ~ 4 cm at the output. Beam focusing
between these sections is provided by the pulsed magnetic
lenses of ~0.2 T.

To conduct experiments on sub-THz /THz generation in
the FEL, it is necessary to perform a significant compres-
sion over the beam cross-section from the size given above
to the required diameter Dyeam ~ 5 - 7 mm and further trans-
portation of the beam along the interaction region of about
1 - 1.5 m without loss of current. Based on the existing
electron-optical system of the “LIU-5", the beam injection
into the undulator was designed using magnetic lens of the
accelerator and focusing pulsed solenoid of ~ 0.4 T. Simu-
lations of the beam dynamics in this magnetic system were
carried out using WARP code (which takes into account
the electric and magnetic fields of an intense REB) and
demonstrated possibility to compress the beam with meas-
ured emittance to the diameter needed to drive the FEL (see
Fig. 1).

Schematic of experiments on the injection of an electron
beam formed by the linac “LIU-5" into the FEL electron-
optical system and its further transportation is shown in
Fig. 1. As a result of the experiments, the required beam
compression was realized. Beam current transmission
through the vacuum channel was obtained with an effi-
ciency of about 90%, which, however, was accompanied
by reduction in the beam pulse duration to 80 - 100 ns due
to the cutting of its leading and trailing edges. Currently,
additional tuning of the accelerator and the magnetic sys-
tem is being carried out, which should allow transportation
of the compressed beam through the FEL interaction space
to be close to 100% without beam pulse shortening. In this
case, according to the simulation, energy spread in the
beam is expected to be less than 1%.
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Figure 1: (a) Scheme of beam compression experiment:
1 - output accelerating module of the linac “LIU-57,
2 - matching pulsed magnetic lens, 3 - transient radiation
detector, 4 - dipole correctors, 5 - beam position detectors,
6 - vacuum chamber, 7 - guide solenoid and
8 - beam collector. (b) Results of simulations of the beam
dynamics in the compression system using the WARP code
(the beam envelope is shown). (c) The image
of the beam on the transient radiation detector
at the entrance of the compression system.

DESIGN OF PULSED HELICAL
UNDULATOR AND GUIDE SOLENOID

Constructing the pulsed undulators, we applied our ex-
perience accumulated in the previous FEM experiments,
which were successfully realized up to now in the millime-
ter wavelength bands in collaboration between IAP RAS
and JINR (Dubna) [3]. To improve the uniformity of the
transverse magnetic field distribution over the undulator
cross-section and increase the ratio: magnetic field ampli-
tude to current in the windings, we exploited a bifilar heli-
cal configuration composed of the four conductors (see
Fig. 2a), in which the conductors with the same current di-
rection are positioned at an azimuthal angle of ¢ ~ 60° to
each other [4]. For pumping operating bounce oscillations
in magnetically-guided REBs, undulators with adiabati-
cally up-tapered section are traditionally applied at the en-
trance. For realization of such an input (and output) section
of the undulator, an “optimized” tapered configuration was
developed, based on the simultaneous application of two
methods: (i) increasing the distance of the conductors from
the axis using a conical section, and (ii) approaching the
conductors with the currents of opposite directions in the
winding. Sample of the undulator, which implements the
proposed “optimized” profiling, is shown in Fig.2a. Re-
sults of 3D simulations demonstrate that an undulator with
such an input section provides smooth rise of the magnetic
field amplitude with no parasitic spatial “spikes”, which
was confirmed by the “cold” magnetic measurements
(Fig. 2b).

The so-called reverse guide field regime [5, 6] was cho-
sen for the FEL operation, which, according to the simula-
tion [3], possesses a low sensitivity to the initial spread of
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the REB parameters and provides a high-quality helical
beam formation in the slowly up-tapered undulator en-
trance. Simulations demonstrated that in this regime am-
plitude of “parasitic” cyclotron oscillations never exceeded

- 3% of the operating bounce oscillations acquired by the
electrons in the entire range of designed values of the guide
and the undulator fields. As the theoretical analysis shows,
these beams allow for implementation of the sub-THz/THz
FEL with relatively high electron efficiency.

DESIGN AND TESTING OF ADVANCED
BRAGG RESONATORS

One of the key problems in realization of the FEL-oscil-
lator is development of an electrodynamic system that can
provide stable narrow-band oscillation regime in a strongly
oversized interaction space. Moreover, for transportation
of intense electron beam, which is realized currently at the
“LIU-5" accelerator, the resonator diameter D should in or-
ders exceeds the radiation wavelength A when operating
from sub-THz to THz band, i.e. D/A ~ 20 to 50.

This problem can be solved using advanced Bragg struc-
tures based on coupling of the propagating and quasi-cutoff
waves. For realization of such coupling, the corrugation
period should be approximately twice as long as in “con-
ventional” structures. Involvement of a quasi-cutoff wave
in the feedback loop, similarly to gyrotrons or orotrons, re-
sults in significant purification of transverse mode spec-
trum of the resonator under the substantial oversize param-
eter and improvement of selective properties in compari-
son with the Bragg structures of “conventional” type. Thus,
FELs based on advanced Bragg resonators combine the ad-
vantages of the gyrotrons (high selectivity over the trans-
verse mode index) with those of relativistic oscillators (op-
eration at short wavelength
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Figure 2: (a) Photograph of 3D model (top) and experi-
mental prototype (bottom) of the “improved” undulator
with a period dy = 6 cm, and (b) results of 3D simulations
(left) and “cold” measurements (right) of longitudinal
structure of magnetic field at the undulator entrance.
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bands with high pulsed power level). According to the the-
oretical analysis carried out in the frame of averaged mod-
els as well as to the 3D simulations, advanced Bragg struc-
tures allow selective excitation of the operating mode at the
transverse sizes sufficient for realization of FELs up to
THz frequencies [7].

Results of 3D simulations (code CST Microwave Stu-
dio) of cylindrical advanced Bragg structures in the ranges
of 0.3 THz and 0.6 THz are shown in Fig. 3a and Fig. 4.
These structures have approximately the same diameter of
~ 20 mm acceptable for transportation of the beam formed
at the “LIU-5” accelerator. The oversize factor D/A of these
structures is about 20 and 40, respectively and their feed-
back loop is formed by two counter-propagating TE;
waves (the forward propagating wave of this type is chosen
to be an operating one) and cutoff waves of TE; and
TE 40 types. Simulations demonstrate that even with such
large transverse dimensions, novel Bragg structures pro-
vide selective reflection for the operating mode with an ef-
ficiency of ~ 80 - 90% in power. Results of “cold” electro-
dynamic tests of advanced Bragg structure carried out at
0.3 THz band coincide with the simulations and confirm
the existence of effective narrow-band reflection in the de-
signed frequency range (Fig. 3b).
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Figure 3: Results of (a) 3D simulations and (b) “cold” tests
of advanced Bragg structure having oversize factor
@/\ ~ 20 and operating at 0.3 THz band (feedback loop
TEi1 < TEi2 - cuott <> TEi1, length g =10 cm,
corrugation period d.¢= 1.05 mm and depth r,¢= 0.3 mm).
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Figure 4: Results of 3D CST simulations of advanced
Bragg structure with oversize factor D/A ~ 40 in the fre-
quency band of 0.6 THz (lua = 7.5 cM, dag = 0.5 MM,
raa= 0.3 mMm, feedback loop TE(,1 <> TEi 40-cutoft <> TE1,1).
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CONCLUSION

Summarizing, theoretical studies of electrodynamic,
magnetic, and electron-optical systems, simulations of pro-
cesses of formation of intense REBs and their interaction
with RF-waves in new high-selective electrodynamic sys-
tems allowed developing the project of powerful FEL op-
erating from sub-THz to THz bands based on the linac
“LIU”. The key components for experimental realization
of these FEL-oscillators have been designed and studied in
“cold” tests. Assembly of the installation components was
started for their full-scale tests.

It is important to underline that operability of novel com-
ponents of electron-optical (“optimized” helical undulator)
and electrodynamic (advanced Bragg structures) systems
were studied in the proof-of-principle experiment carried
out in collaboration between IAP RAS and JINR (Dubna)
based on the induction linac  “LIU-3000”
0.8 MeV /200 A /200 ns. In these experiments [8], high-
efficiency FEM-oscillator was realized at W-band, and sta-
ble narrow-band operation was demonstrated under the
transverse oversize factor D/A ~ 5. Increase in the radiation
frequency in the JINR-IAP FEM was limited by the elec-
tron beam energy at this accelerator and the achievable un-
dulator periods. Meanwhile, this FEM-oscillator can be
considered as a prototype for the FEL project, which is in
progress in the frame of BINP - IAP cooperation based on
linacs of the new generation.
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