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Abstract—The energy recovery linear accelerator of the Novosibirsk Free Electron Laser facility can be used
as a source of short X-ray pulses. Bremsstrahlung is produced by the electron current of the accelerator pass-
ing through a thin foil with a bunch repetition frequency of several megahertz and a picosecond duration of
an individual bunch. This article discusses the possibilities of creating such a source and the results of the first
experiments.
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INTRODUCTION
To study fast processes, not only is a certain wave-

length required, but so is the corresponding duration
of electromagnetic pulses. The duration of X-ray
pulses of many modern sources of synchrotron radia-
tion exceeds 10 ps, which limits their applications, for
example, in studies of the dynamics of chemical reac-
tions and phase transitions [1]. The root-mean-square
duration of bunches in the accelerator-recuperator

(see Fig. 1) of the Novosibirsk Free Electron Laser
(FEL) complex [2] can be less than 10 ps. Installing a
thin foil in the orbit of the electron beam of the accel-
erator makes it possible to create a generator of peri-
odic picosecond X-ray bremsstrahlung pulses with a
high (several MHz) repetition rate. Other modern
X-ray sources (accumulators, X-ray tubes, laser-
plasma accelerators, and X-ray FELs) do not produce
radiation with such parameters.
772

Fig. 1. Four-turn accelerator-recuperator of the Novosibirsk FEL: (1) injector, (2) accelerating structure, (3) bending magnets,
(4) quadrupole lenses, (5) undulators, (6) optical cavities, (7) electron absorber, and (8) bremsstrahlung generation region;
BCM indicates electron beam current monitor.
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Fig. 2. Scheme of the experiment. X-ray generation area: (1, 2) foil input devices, (3) electron beam, (4) X-ray detector (PMT),
(5) radiation-resistant chamber, and (6) beam current monitor.

3

1 5 2

6

4

INTERACTION OF AN ELECTRON BEAM 
AND FOIL

At sufficiently high electron energies, bremsstrah-
lung in the low-frequency range is described by the
classical approximation [3]. Total photon flux with
frequency ω and emission line width Δω/ω, radiated
by the average electron current I equals (α is the fine
structure constant, re is the classical electron radius,
γ is the relativistic factor, Z is the atomic number, L is
foil thickness, n is the density of atoms in the foil, and
e is the electron charge)

(1)

During the passage of a thin foil by an ultrarelativ-
istic electron beam, the energy losses of electrons are
negligible. The main effect is to increase the angular
spread due to multiple scattering

(2)

where pmax and pmin are the maximum and minimum
impact parameters [4]. To keep small (of order 1/γ) of
the angular divergence of the radiation, it is desirable
that it does not exceed the root-mean-square angular
spread of electrons.

SCHEME AND PARAMETERS 
OF THE RADIATION SOURCE

On the last (fourth) track of the accelerator-recu-
perator (electron energy is about 40 MeV), two foil
inlets are installed before and after the FEL undulators
(Fig. 2). Initially, graphite foil 25 μm in thickness was
installed in each bushing. The choice of graphite foil as
a target is associated with the possibility of heating it to
a high temperature, which ensures good heat removal
due to radiation.

Subsequently, the graphite foil in the first input was
replaced with aluminum, which is better suited for
measuring the size of the electron beam by observing
transition radiation [5], but scatters the electron beam
much more strongly. Both foils are installed on the
emerging frames and deployed at an angle of 45° to the
orbit. The passage of the electron beam is controlled
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by electron current monitors installed in the accelerat-
ing channel. Radiation was registered using a PMT.

PASSAGE OF AN ELECTRON BEAM

The accelerator of the Novosibirsk FEL complex
uses an energy recovery scheme. One of its advantages
is the ability to work with high average electron cur-
rents. The downside is the increased risk of heating the
vacuum chambers due to the loss of the electron beam.
This problem is especially manifested when using the
installation as a radiation source. In the case of FEL
generation, electron losses in the accelerator channel
arise due to an order of magnitude increase in the
energy spread caused by the effect of electron bunch
microbunching in the undulator. In the case of brems-
strahlung, the loss is caused by an increase in the
angular spread and, as a consequence, an increase in
the emittance of the electron beam by several times
after the foil. Since the types of losses are qualitatively
different, it is necessary to significantly rebuild the
regime of electron optics. The initial mode of the mag-
netic elements of the accelerator during the passage of
the foil by the electron beam was modeled using the
Elegant program [6]. The parameters of the electron
bunch after passing through the foil are determined by
formula (2).

On the fourth track, two foil inlets are built into the
vacuum chamber of the accelerator (Fig. 2). They are
separated by a group of undulators with a relatively
narrow vertical aperture. Considering that the angular
spread is the same in the vertical and horizontal direc-
tions, it is rather problematic to conduct the electron
beam without losses after the introduction of the first
foil even in numerical simulation. Figure 3 shows the
calculation of the transmission mode for the case of
introducing the second foil: the structure functions
and their limitations for passing at the level of three
standard deviations of the normal distribution and a
circular aperture of the vacuum chamber. In the calcu-
lation, it was assumed that the electron beam could be
focused on the foil to a size corresponding to beta
functions equal to 0.5 m. Strict restrictions imposed
on the admissible values of the structure functions
lead to the need for maximum focusing of the electron
beam on the emitting foil.
. 20  No. 4  2023
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Fig. 3. Estimated mode of electron beam passage with the second foil inserted. The solid line is the horizontal beta function and
its constraint; the dotted line is the vertical one.

0

20

40

60

80

100

0 25 50 75 100 125 175150
Orbit, m

B
et

a 
fu

nc
tio

ns
, m

Beta X

Max Beta X
Max Beta Y

Beta Y

Fig. 4. Experiment results. On the left is a characteristic signal of a radiation pulse registered by a PMT. On the right is the passage
of the used electron beam, calculated from the readings of the current meters.
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EXPERIMENTS

Two series of experiments were carried out using
both targets and varying the parameters of the electron
bunch. The passage through the system strongly
depends on the dimensions of the electron beam on
the foil. The minimization of this size can be con-
trolled using optical diagnostics based on the detection
of transition radiation using a radiation-resistant tele-
vision camera located in the accelerator hall. There-
fore, the first foil was also used in the experiments,
with the help of which the possibility of maximum
beam compression was studied. Experimentally, it was
possible to obtain minimum beta functions of about
0.8 m, which is somewhat larger than the values
obtained in the simulation, at which the electron beam
passes in its entirety.
PHYSICS OF PARTIC
Bremsstrahlung gamma radiation was registered at
the end of the radiation output channel, at a distance
of about 30 m from the foil. Its signal, characteristic of
all experiments, is shown in Fig. 4. The pulse duration
is limited by the PMT resolution. The beam passage
was measured using current monitors. The readings
were compared on the same sensors during accelera-
tion and deceleration with the foil inserted and with-
drawn. In both cases, the final passage to the absorber
is at a level of 80%. Despite the fact that the mode of
operation with the second foil looks more promising,
the decrease in losses was only 5–6%. One of the rea-
sons is the lack of optical diagnostics in this place,
which makes it possible to minimize the size of the
electron beam. The resulting transmission makes it
possible to operate at a repetition rate of electron
bunches with a charge of 1 nC up to 100 kHz, but it is
LES AND NUCLEI LETTERS  Vol. 20  No. 4  2023
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insufficient for the standard operation of an accelera-
tor with a repetition rate of 3.75 MHz due to the dan-
ger of overheating of the vacuum chambers.

CONCLUSIONS

The increase in the emittance caused by the scat-
tering of electrons by target atoms significantly
increases the losses of the electron beam and requires
a reconfiguration of the regimes of the electron optics
of the accelerator. During the experiments, short radi-
ation pulses were obtained with a duration of less than
1 ns. The passage of electronic current, depending on
the modes, is 75–85% of what is necessary for the sta-
ble operation of the installation. An average electron
current of 0.1 mA has been reached. Strengthening
focusing with undulators and installing additional
quadrupole lenses will reduce the loss of electrons to
an acceptable level. Measurements of the intensity and
duration of X-ray pulses are planned.
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