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Abstract—A project for a submillimeter free electron laser (FEL) based on a relativistic electron beam (REB)
generated in a linear induction accelerator (LIA) is proposed for the Budker Institute of Nuclear Physics,
Siberian Branch, Russian Academy of Sciences, and the Institute of Applied Physics, Russian Academy of
Sciences. A theoretical analysis shows that the electron beam generated in the LIA (energy  MeV,
current  kA, normalized emittance  ~ 1100 π mm mrad) is a suitable driver for generating subgiga-
watt pulses of coherent EM radiation in the submillimeter range of wavelengths (0.3–1 THz). The main pro-
posals for developing a FEL based on the electron beam generated in a linear induction accelerator are pre-
sented, the main project tasks are outlined, and proposed ways of solving them are described. Results from
electron-optical experiments on the formation of an electron beam intended for FEL applications are pre-
sented.
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INTRODUCTION
A project for a high-power free-electron laser capa-

ble of generating coherent electromagnetic radiation
pulses in the frequency range of 0.3–1 THz is cur-
rently being developed in cooperation between the
Budker Institute of Nuclear Physics, Siberian Branch,
Russian Academy of Sciences (BINP SB RAS)
(Novosibirsk) and the Institute of Applied Physics,
Russian Academy of Sciences (IAP RAS) (Nizhny
Novgorod) [1, 2]. This project is based on a new linear
induction accelerator (LIA) built recently by the Bud-
ker Institute of Nuclear Physics and the Russian Fed-
eral Nuclear Center—Zababakhin All-Russia
Research Institute of Technical Physics [3–5]. This
LIA allows us to form relativistic electron beams
(REBs) with energies up to 10 MeV and current
strengths as high as 2 kA, having durations up to 100 ns
and normalized emittances around 1100 π mm mrad
[4, 5].

A distinctive feature of the new LIA, relative to
similar foreign facilities [6–13], is its use of a discrete
focusing magnetic system. This magnetic system helps
simplify adjusting the LIA to bring it to the optimum
operating mode and allows us to ensure conditions for

beam travel that prevent beam corkscrew motion [14].
Such a magnetic system also ensures sufficient stabil-
ity of the beam with respect to transverse instability
(beam breakup instability, BBU) [15–17].

The use of an electron beam with the above param-
eters in combination with a highly selective electrody-
namic FEL system with a diameter of ~40–50 λ,
where λ is the wavelength of the generated radiation,
should allow us to implement long-pulse FEL genera-
tors in the subterahertz and terahertz ranges at a sub-
gigawatt power level and peak energy content per pulse
radiation totalling 10–100 J [1].

Developing such a source of THz radiation is of
undoubted interest on the part of researchers in such
scientific fields as physics, chemistry, biology and
medicine, where the effect of THz radiation f luxes
have on organic and inorganic substances, along with
biological objects, are studied. The high spectral
power density of the radiation, and the possibility of
varying the frequency of radiation, should allow us to
use such a generator to study new phenomena and
important patterns in the subTHz and THz ranges
[18, 19].
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574 SANDALOV et al.

Fig. 1. General outline of the LIA accelerating system for obtaining a beam with electron energies up to 10 MeV. The accelerating
modules and the injector are shown in black, the sensors of beam position (beam position monitor, BMP) are shown in purple,
and the discrete system of pulsed magnetic lenses is shown in blue.

Cathode Solenoid ВРМ

Accelerating module

Periodic

 structure 14 modules

FEL 

Section
It should be noted that studies aimed at developing
high-power FEL generators in the THz range are
underway at scientific laboratories and centers in many
countries, e.g., Germany, Great Britain, the United
States, Korea, China, Japan, and Russia [20–26].
Despite fierce competition in the field of achieving the
maximum values of peak and average radiation power
in the studied range of frequencies, the world leader
today is the Novosibirsk FEL (Novo-FEL), developed
and manufactured at the BINP SB RAS [27, 28]. At
beam electron energies of 12 MeV, this FEL generates
radiation in the 1.2–2.5 THz range of frequencies in
the form of pulses with durations of 30–100 ps at a
peak power of 1 MW with intervals between pulses of
around 180 ns.

The principal difference between the FEL system
we have proposed and the FEL systems created earlier
is the use of intense REBs formed in the LIA with
much longer durations of the beam current pulses, up
to several hundred nanoseconds. The combination of
this pulse duration and a kiloampere level of beam
current ensures the potential of making a long-pulse
FEL generator of coherent THz radiation with a rela-
tively narrow spectral line at a subgigawatt power level
and pulse energies of 10 to 100 J [2, 29].

The aim of this work was to study the current state
of the development and manufacturing of such a FEL
generator. Results from electron-optical experiments
on forming an intense REB for use in a FEL are pre-
sented. The main components of the FEL magnetic
system with magnetic lenses and a leading magnetic
field solenoid are described. These components
should ensure magnetic compression of the beam’s
cross section and its subsequent passage in a com-
pressed state through an electrodynamic system where
an electromagnetic wave is pumped by the beam under
conditions of the beam’s motion in the undulator’s
magnetic field.

FORMATION OF INTENSE RELATIVISTIC 
ELECTRON BEAMS IN THE LIA SYSTEM

A schematic diagram of a linear induction acceler-
ator with discrete focusing [4, 5, 30, 31] that ensures
the formation of a kiloampere electron beam suitable
for generating terahertz radiation in a FEL is shown in
BULLETIN OF THE RUSSIAN ACADE
Fig. 1. The beam-forming structure includes three
main elements: an electron injector, an accelerating
structure, and a magnetic focusing system.

Electrons with a maximum current of 2 kA are
emitted from the surface of an incandescent porous
metal-oxide cathode 180 mm in diameter, mounted in
the injector under the conditions of external magnetic
field screening. The electric field generated by the
accelerating system of the injector brings the energy of
electrons at the output of the injector to a level of
2 MeV. The electron beam formed within the injector
then enters the LIA accelerating structure, which con-
sists of a periodic sequence of 20 accelerating modules.
The beam focusing in this structure is ensured by a set
of 34 pulsed magnetic lenses, each around 200 mm
long.

The maximum magnetic field in the lenses can be
as high as 0.08 T. The accelerating voltage in the mod-
ules can vary in the range of 100 to 400 kV, depending
on the needs of the experiment. This LIA allows us to
obtain a high-current REB with energies up to 10 MeV
and currents up to 2 kA at the output. It should be
noted that the diameter of the electron beam changes
smoothly from 8 cm at the input to 4 cm at the output
when transporting and accelerating the REB in the
accelerating structure of the LIA, in accordance with
the parameters of the focusing system chosen upon
tuning the accelerator.

In this work, we describe the modes of LIA opera-
tion in obtaining an electron beam with an energy of
5 MeV and a current strength of around 1 kA, since
these parameters are the ones most suitable for con-
ducting the first series of experiments on using the LIA
beam as a driver for the FEL generator.

EXPERIMENTS FOR ENSURING 
ELECTRON BEAM STABILITY 

IN THE LIA AND ITS COMPRESSION 
IN THE FEL SYSTEM

A necessary condition for achieving the maximum
efficiency of generating THz radiation in a FEL is
ensuring the minimum amount of dispersion in the
longitudinal velocity of the beam electrons as the
beam travels within the electrodynamic system.
According to our estimates, the allowable amount of
MY OF SCIENCES: PHYSICS  Vol. 87  No. 5  2023
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dispersion in the longitudinal velocity of electrons can
be determined using the relation [31]

(1)

where Γrad is the spatial increment of the instability

that generates radiation with wavelength  in the FEL,

 is the beam current,  is the Alfvén current,

 is the radius of the drift tube, 

is the gamma factor in the FEL cross-section,  is the
amplitude of the vector potential of the undulator
magnetic field,  is the electron mass,  is the speed

of light,  

With the energy and angular dispersion of electron
velocities, their contributions to the amount of disper-
sion in longitudinal velocities can be estimated
according to the relations

(2)

(3)

where  is the dispersion of electron energy in the

beam,  is the normalized beam emittance, and  is
the beam radius in the FEL section. Estimating the
values of these contributions for a beam with a current
of 1 kA and energies of 5 to 7 MeV, whose energy dis-

persion  does not exceed 1–2%, and whose nor-

malized emittance is  mm mrad at  ~ 10 mm

and ~ 0.5–1 mm, it is quite easy to verify that condi-
tion (1) is fully met.

Such a beam can therefore be used as a FEL driver
with a maximum efficiency of radiation generation of
2–3% at the existing parameters of the electron beam
generated in the LIA [1, 29]. It should be noted that
much work has already been done [31] to adjust the
operating modes of the accelerator to provide the
required quality of beam transportation, in order to
reduce the energy and angular dispersion of beam
electrons in the LIA.

Let us consider one aspect of this work on the sta-
bility of the beam during its transportation and accel-
eration within the LIA structure. There are a number
of instabilities of high-current electron beams in LIAs
that affect the process of the beam transportation and
acceleration. They are transverse electron beam insta-
bility (BBU-instability) [15–17]; corkscrew beam
motion [14], ion-hose instability [32]; and beam
instability caused by charge image displacement [33].
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The most hazardous of these for guiding the beam in
our LIA is transverse instability.

Transverse instability deteriorates the characteris-
tics of a microscopic beam, and the beam could be lost
on the walls of the drift chamber at high values of the
instability increment. The excitation of this instability
is due to the interaction between a high-current REB
and the fields of dipole modes excited by the REB in
the resonators of accelerator modules [15, 16, 30].

As a result of this interaction, the electron beam
begins to oscillate in the cross-section of the vacuum
chamber with an amplitude that grows exponentially
as the beam moves along the accelerator’s structure.
With an LIA that has a continuously focusing mag-
netic field, the generalized relationship for the ampli-
tude of oscillation of the beam centroid (the center of
the charge density distribution in the beam’s cross sec-
tion), results obtained using the Neil–Cooper–Hall
theory can be described by the relations [16]:

(4)

(5)

(6)

where  is the initial amplitude of oscillation of the

beam centroid,  is the number of the accelerator

module,  and  are the gamma factors of the beam
at the injector output and after the Nth accelerator

module,  is the increment of transverse instability,

is the beam current,  is the average magnetic field

of the focusing system,  is the coefficient of coupling

between this mode and the beam,  and  are the
time-averaged energy of this mode and the mode’s

quality factor, and  is the transverse component of
the dipole mode magnetic field with respect to the
accelerator’s axis.

Since relationships (4)–(6) give only an approxi-
mate estimate for the amplitude of beam oscillations,
depending on the main parameters of the LIA, we
have developed the IRBIS (Investigating Relativistic
Beam Instability) software package for modeling
transverse instability in an LIA with discrete focusing
[34]. The IRBIS software package allows us to model
the development of instability for each operating mode
of the accelerator. Several modifications of the geom-
etry of the accelerator modules that allow us to largely
reduce the increment of transverse instability have
been calculated and then tested in experiments [30].

These measures allowed us to reduce this incre-
ment by approximately an order of magnitude at the
first stage of constructing an LIA consisting of 8 accel-
erating modules. We succeeded in achieving stable
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Fig. 2. Logarithm of the maximum oscillation amplitude of mode fields depending on the number of the LIA module in the three
modes of LIA operation: (a) the modes with the same beam current of 1 kA and different fields in the LIA focusing system, Bm =
0.04 T and Bm = 0.08 T; (b) modes with the same field in the LIA focusing system, Bm = 0.08 T, and at different beam currents
of 1 and 1.4 kA. The dotted line corresponds to a linear approximation of the experimental points.
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electron beam transportation with a current of 2 kA
and an energy of 5 MeV at an amplitude of transverse
beam oscillations not exceeding 0.1 mm at the output
of the accelerator [4, 34].

At the next stage, the accelerating structure of the
LIA was extended from 8 to 20 modules; the magnetic
focusing system, to 34 magnetic lenses with a maxi-
mum field of 0.08 T on the axis. The total length of the
accelerator was 30 m. To further reduce the increment
of transverse instability, which was proportional to the
quality of the modes according to (5), we calculated
and used a set of mode energy absorbers based on a
radiation-absorbing material in the accelerator mod-
ules. The quality factors of the most unstable dipole
modes in the 700–850 MHz range of frequencies that
have the highest coupling coefficients with the beam
were reduced to a level of 15–20, except for one mode
with a frequency of 450 MHz whose quality factor
was 30–35.

In order to compare the results from modeling and
experimental data, we registered signals taken from the
fast current transformers of each accelerator module
that were proportional to the fields of the beam and
the dipole modes excited by it [34]. Since the har-
monic with a frequency of 450 MHz predominates in
the spectra of these signals, we analyzed the maximum
amplitude of signal oscillations taken from the current
transformer with this frequency during the shelf of a
current pulse ~100 ns long, depending on the number
of the accelerator module.

A comparative analysis of the increments of insta-
bility obtained with our calculations and experiments
is presented in Fig. 2, where the dots correspond to the
logarithmic dependence of the maximum amplitude
of signal oscillations registered using fast current
BULLETIN OF THE RUSSIAN ACADE
transformers. Increment Γexp itself was determined

from the slope of the linear approximation of the reg-
istered data. The numbers in Fig. 2 show the calcu-

lated  and experimental  values of the incre-

ment of transverse instability for different LIA operat-
ing modes.

We can see from Fig. 2 that the increments of the
transverse instability of the beam with a current of 1–
1.4 kA obtained with our calculations and experimen-
tal measurements are consistent with the accuracy of
measuring this quantity (20%). Thus we have shown
that the increment of transverse beam instability in an
LIA with a discrete magnetic configuration falls as the
magnetic field in the lenses grows and rises along with
the current, which is similar to the results registered
for an LIA with focusing based on a continuous mag-
netic field [17].

During our experiments on the passage of the
beam through the LIA, we established that parameter

 μm. In order to use the beam as a driver for a
FEL generator, we must satisfy the requirement for
limiting the amplitude of beam oscillations at the out-

put of the LIA, expressed by relation  mm.
Based on these values of the parameters and relation (4),
we can set a boundary for the maximum value of trans-
verse instability increment Г, at which the amplitude
of oscillation of the beam centroid does not exceed
1 mm at the output from an LIA consisting of
20 accelerating modules. This boundary can be given

by relationship 

Along with studying the stability of the beam in the
LIA, we also performed test experiments on the com-
pression and passage of the electron beam in a com-
pressed state through a FEL section 0.6 m long. These
experiments are important for evaluating the prospects
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Fig. 3. Beam compression experiment: (a) schematic diagram of an experiment where (1) is the output accelerating module, (2) is
the matching magnetic lens, (3) is a transient radiation sensor, (4) are dipole correctors, (5) are beam position sensors, (6) is the
vacuum channel for transporting the compressed beam, (7) is an impulse solenoid, and (8) is a beam collector. The blue color
shows a calculated envelope of the electron beam when it is injected into the FEL section; (b) and (c) are photographic images
of the vacuum channel (6).
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of using the proposed system of a terahertz radiation
generator. As it has been already mentioned in the
Introduction, the diameter of the FEL electrody-
namic system based on modified Bragg reflectors [35],
in the case of which the system retains its highly selec-
tive properties and ensures a stable level of single-
mode radiation generation, should not exceed ~ 40 λ.

For characteristic radiation wavelength  = 0.5 mm
in the working region of the FEL, the diameter of the
electrodynamic system must not exceed 20 mm. In
order to efficiently transport a beam in a drift tube with
such a diameter over a distance of 1–2 m under the
conditions of transverse oscillations in the undulator’s
magnetic field, the beam must be compressed from its

initial diameter  cm at the output of the LIA to the

bean diameter in the FEL resonator,  mm.

To perform a test experiment on beam cross-sec-
tion compression (see the schematic diagram in
Fig. 3), the LIA electron-optical system was supple-
mented with a pulsed solenoid (7) 0.65 m long with a
magnetic field of 0.4 T on the axis to ensure transport
of the compressed beam, along with magnetic lens (2)
that matches the beam size at the output of the LIA to
the one required at the input to solenoid (7) [5, 31]. It
should be noted that the magnetic field profile on the

λ

1 4d =
=2 5–10d
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axis of the system we chose ensures the minimum

amplitude of pulsation of the beam radius (<1) mm in

vacuum channel (6). A detailed description of the

experimental results is presented in [31].

During our experiments we found that the level of

current transmission of a beam with an energy of

5 MeV and a current of 900 A through the vacuum

channel of the beam’s cross-section compression sys-

tem while keeping the current at a constant level under

the conditions of a negligible change in the electron

energy was 85–90%. However, a substantial drop in

this parameter was observed at the leading and trailing

edges of the beam pulse, due possibly to a large change

in the electron energy.

GENERAL FEL OUTLINE

After the successful series of demonstration experi-

ments on beam compression described above, we

designed the FEL section whose general view and out-

line are shown in Fig. 4 as the first stage of creating an

FEL generator based on an LIA beam. The FEL sec-

tion consisted of
: PHYSICS  Vol. 87  No. 5  2023
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Fig. 4. FEL section: (a) a three-dimensional view of the
FEL section including the beam cross-section compres-
sion system, the system for beam ejection onto the collec-
tor, and the radiation output system; (b) general outline of
the FEL section, where (1) is a vacuum chamber with con-
ical extensions at the ends, (2) are magnetic lenses, (3) is a
helical winding of the undulator, (4) is a radiation output
system at an angle of 90 degrees with respect to the beam
motion direction, (5) is a beam ejection repository. The
blue arrow shows the direction of electron beam propaga-
tion, the red arrow shows the direction of radiation output.
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● vacuum chamber (1) 2 m long, in which an elec-
trodynamic system with an internal diameter of 20 mm
is mounted;

● magnetic beam compression system (2), consist-
ing of nine pulsed magnetic lenses with built-in dipole
correctors. Each lens is a pulsed axially symmetrical
solenoid spaced at a distance of 5 mm from the neigh-
boring lens. Each solenoid is 0.22 m long with a diam-
eter of 0.15 m, 120 turns, and a maximum magnetic
field strength of 0.6 T along the axis;

● helical winding of the undulator (3), which gen-
erates the helical field required for pumping transverse
oscillations of the beam electrons [33];

● radiation output system (4), inside of which there
is a rotating mirror in the form of a thin foil inclined at
an angle of 45° with respect to the direction of the
beam motion;

● beam ejection system (5), needed to substantially
reduce the power of the X-ray f lux that makes it diffi-
cult to register parameters of the beam and the THz
radiation f lux.

CONCLUSIONS

Measures were developed and implemented to
ensure stable electron beam transport to an LIA. It was
shown that modifying the accelerating modules and
BULLETIN OF THE RUSSIAN ACADE
increasing the magnetic field in the focusing system of
the LIA allows us to suppress the transverse instability
of an electron beam with a current as high as 1 kA and
an energy of 10 MeV by reducing its increment to

Test experiments showed that under the conditions
of a leading magnetic field we can compress a beam
with a diameter of 40 mm to a diameter of 10 mm at an
electron energy of 5 MeV and a current of 1 kA, fol-
lowed by beam transport in a compressed state over a
distance of 0.6 m inside a FEL vacuum channel with a
diameter of 20 mm.

A design of an FEL section with magnetic and vac-
uum systems for beam compression and transporta-
tion was developed along with a system for radiation
output. Details of the design of the helical undulator
were worked out. Technical documentation is now
under way, and the main components of the FEL gen-
erator are being manufactured. Our results confirm it
is quite possible to create a high-power FEL generator
in the 0.3–1 THz range of frequencies, based on the
beam generated by an LIA accelerator.
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