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The extraction efficiency is one of the key parameters of an oscillator-type free electron laser (FEL).
An extraction efficiency higher than 5% was observed with the midinfrared (MIR) FEL at Kyoto University
using a dynamic cavity desynchronization method. The observed efficiency is the highest extraction
efficiency realized in MIR-FEL oscillators driven by normal conducting linacs. A numerical simulation
was performed, and the evolution of the electron energy distribution in the macropulse was compared with
the experimental result. The details of the evolution of the electron energy distribution were investigated to
reveal the physics of this high-efficiency lasing.
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I. INTRODUCTION

The oscillator-type midinfrared free electron laser (MIR-
FEL) is one of the intense tunable coherent radiation
sources in the MIR wavelength region. After the first
lasing of the FEL at 3.4 μm [1], many MIR-FELs have
been constructed and used in a broad range of applications
[2–16]. A FEL converts the kinetic energy of an electron
beam into an energy of the electromagnetic wave through
FEL interaction in undulators. The energy conversion
efficiency, called the extraction efficiency, is one of the
key parameters of the FEL that determines the peak power
and pulse duration of oscillator-type FELs. The world’s
highest extraction efficiency of an oscillator-type FEL,
achieved with the Japan Atomic Energy Research Institute
FEL (JAERI-FEL) [17], is 9% at a wavelength of 22 μm.
This high-efficiency condition was achieved by the perfect
synchronization of the electron beam repetition rate with
the optical cavity roundtrip frequency. The JAERI-FEL
used a superconducting (SC) accelerator with a uniform
undulator. A long-duration macropulse (∼1 ms) from the
SC accelerator [18] enabled FEL lasing under the perfect
synchronization condition. An alternative method to
increase the extraction efficiency is the undulator tapering,
i.e., gradually reducing the magnetic field strength along

the undulator [19]. The use of a tapered undulator can
increase the extraction efficiency of the single-pass
amplifier. For example, the UCLA-BNL-TelAvivUniv.
group achieved an extraction efficiency of 30% by using
a strongly tapered undulator and injecting a high-power
CO2 laser [20]. Undulator tapering is also effective in
oscillator-type FELs; an extraction efficiency of 4.4% at
a wavelength of 11 μm was achieved with the LANL FEL
[21]. A further enhancement of the extraction efficiency in
an FEL oscillator was recently proposed with a combina-
tion of a strongly tapered undulator and a seed laser for
prebunching [22].
In this paper, we report the high-efficiency operation of

an MIR-FEL named the Kyoto University FEL (KU-FEL),
which is enabled by the dynamic cavity desynchronization
(DCD) technique invented by the FELIX group [23]. The
extraction efficiency is evaluated from the evolution of the
electron energy distribution measured at the undulator exit
with and without FEL lasing. The DCD parameters are
varied to confirm the effectiveness of DCD. A numerical
simulation is also carried out to reveal the physics of this
high-extraction-efficiency lasing.

II. EXTRACTION EFFICIENCY OF AN
OSCILLATOR-TYPE FEL AND ITS

MEASUREMENT METHOD

A. Extraction efficiency of an oscillator-type FEL

The extraction efficiency of an FEL, η is defined as the
fraction of the kinetic energy of the electron beam that
is transferred to electromagnetic energy during the FEL
interaction [24]:
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η ¼ ΔWe=We0; ð1Þ

where We0 ¼ Qhγiðm0c2=eÞ is the total kinetic energy of
the electron bunch before the FEL interaction, Q is the
charge of each electron bunch, γ is the Lorentz factor of the
electron, m0 is the electron rest mass, c is the velocity of
light, e is the elementary charge, and ΔWe is the amount of
energy transferred to electromagnetic energy in the FEL
interaction from each electron bunch. The amountΔWe can
be written as

ΔWe ¼ We0 −We1; ð2Þ

where We1 is the total electron bunch energy after the FEL
interaction. Under the saturation condition, the energy loss
in the optical cavityWloss and the extracted energy from the
electron beam balance each other:

Wloss ¼ ΔWe ¼ ηWe0: ð3Þ

The optical cavity loss can be divided into the energy out-
coupling loss Wout, the reflection loss Wref , and the
diffraction loss Wdiff . The energy out-coupled from the
cavity Wout can be calculated by

Wout ¼
Wout

Wout þWref þWdiff
Wloss ¼ kðλÞηWe0; ð4Þ

where kðλÞ ¼ Wout=ðWout þWref þWdiffÞ is the out-cou-
pling loss ratio, which depends on the lasing wavelength λ,
the optical cavity arrangements, and the transverse aperture
of the beam duct.
Several theoretical studies have been carried out to

discuss the limitations of the extraction efficiency of
oscillator-type FELs driven by short-bunch electron beams
[25,26]. Under the short bunch condition where the
electron bunch length Lb is shorter than the slippage length
LS, the extraction efficiency η is determined by the super-
radiant scaling law of a short-bunch FEL oscillator [25,26].
The efficiency for small negative detuning condition is
given by [25]

η ∼ ρ

ffiffiffiffiffiffiffiffiffiffi

Lb

α0Lc

s

; ð5Þ

where ρ is the fundamental FEL parameter [27], Lc ¼
λ=ð4πρÞ is the cooperation length [28], and α0 is the total
cavity loss. Under this condition, the FEL gain is reduced
from the long electron bunch condition (Lb > LS), and the
maximum efficiency available is larger than the long
electron bunch condition η ∼ 1=ð2NwÞ, where Nw is the
number of undulator periods. It has been reported that
higher extraction efficiency than that given by Eq. (5) can
be obtained under the perfectly synchronized cavity length
condition [18,26]. For the experimental condition of

present study, the extraction efficiency calculated with
Eq. (5) is approximately 2.4%. In addition, the FEL output
pulse has a narrow spike of NS ∼ 1=ð8πηÞ optical periods.
An FEL with a higher extraction efficiency can have a
shorter pulse duration under the short electron bunch
condition.

B. Method for the extraction efficiency measurement

Based on Eqs. (1) and (2), the extraction efficiency can
be determined by measuring the variation in the average
energy of the electron bunch with and without FEL lasing.
In many facilities, this method has been used for the
extraction efficiency measurement [18,21,24]. For the
JAERI-FEL [18], the researchers evaluated the extraction
efficiency from the out-coupled FEL power, which was
calibrated by the electron beam energy spectrum under
certain lasing conditions. In this case, the researchers
combined Eqs. (1) and (4) for an easy and continuous
measurement of the efficiency. Since the absolute FEL
power and the out-coupling loss ratio kðλÞ cannot be
accurately determined due to time varying spectrum of
FEL and presence of optical components before a power
meter, direct evaluation of the extraction efficiency from
Eq. (4) has much less accuracy than that evaluated from the
variation in the average energy of the electron bunch.
Therefore, the researchers in JAERI-FEL performed cali-
bration of kðλÞ at certain lasing condition. For the CLIO-
FEL [24], the researchers measured the temporal evolutions
of the energy spectrum of the electron beam in a macro-
pulse with and without FEL lasing. The method used for the
CLIO-FEL provides time-dependent information on the
FEL lasing dynamics. Therefore, we adopt this method for
the extraction efficiency measurement in this study.

III. DYNAMIC CAVITY
DESYNCHRONIZATION [23]

In an FEL oscillator driven by short electron bunches, the
lasing dynamics are a function of the cavity detuning,
which is realized by a shortening of the cavity length from
the length synchronized to the electron bunch arrival
period. The optimum cavity detuning used to obtain the
shortest buildup time to saturation is different from that
used to maximize the saturation power due to the slippage
of the electron bunch and the optical pulse in the undulator
[25]. The DCDmethod was invented to achieve the shortest
buildup time and the largest saturated power at the same
time [23]. In the DCD method, the synchronization con-
dition between the electron bunch repetition rate and the
roundtrip frequency of the optical cavity is dynamically
varied within a macropulse by modulating the electron
bunch repetition rate. The FELIX group clearly demon-
strated that DCD can simultaneously realize an operating
condition to enable fast buildup and high saturated power
[23]. In the report, the achievable extraction efficiency
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using the DCD was not discussed. The FELIX group
reported that the extraction efficiency was approximately
4% without DCD [29].
In 2000, Korean researchers reported the results of

numerical simulations on DCD, including a discussion
on the extraction efficiency [30]. The researchers showed
that the extraction efficiency of a FEL oscillator can be
clearly increased by using the DCD method in the case of
the nominal parameter of FELIX. This simulation work
predicted that the highest extraction efficiency achievable
in the previous FELIX experiment was approximately
7.5%. It was also shown that the DCD method is particu-
larly useful for achieving a high extraction efficiency in
oscillator type FELs driven by a normal conducting rf linac,
which has a limited macropulse duration like the KU-FEL
(macropulse duration of 6.5 μs).

IV. EXPERIMENTAL SETUP AND CONDITIONS

A. Setup of the extraction efficiency measurement

The experimental setup of the extraction efficiency
measurement is shown in Fig. 1. A bending magnet and
a Faraday cup with an aluminum slit were used. The slit
width and thickness were 3 mm and 60 mm, respectively.
The bending magnet used in this experiment was a sector
magnet, which had no strong edge focusing effect like a
rectangular magnet. The Faraday cup was connected to an
oscilloscope to record the charge variation in a macropulse.
To measure the energy distribution of the electron beam,
the excitation current of the bending magnet was varied to
change the energy of the electron that reached the Faraday
cup after the slit. By stacking the measured charge variation
in a macropulse with different excitation current of the
bending magnet, we can obtain a time dependent energy
distribution in macropulse. An intracavity beam shutter was
installed between the bending magnet and a FEL resonator
mirror. The beam shutter enables us to turn on and off the
FEL lasing without changing any other condition. The
energy resolution of the system was limited by the slit

width and the horizontal beam size at the entrance of the
bending magnet. We expected an energy resolution of 1%
in the experiment from the geometry and the electron beam
size. Photographs of these components are shown in Fig. 2.

B. Setup and conditions of DCD

The electron bunch repetition rate was dynamically
modulated in a macropulse to vary the synchronization
condition between the electron bunch and the optical pulse
in the FEL oscillator. A schematic diagram of the rf system
used to drive the KU-FEL linac is shown in Fig. 3. The
electron gun used in the KU-FEL is a 4.5-cell thermionic
rf gun driven by a 2856-MHz klystron. In the case of the
thermionic rf gun, the electron bunch repetition rate is
determined by the frequency of the rf source. Two fast
phase shifters (PS-3-2856, R&K Co., Ltd.) were installed
before klystron driver amplifiers. These fast phase shifters
were originally installed to compensate for the rf phase
variation in a macropulse. Using the phase shifters, we can
realize the frequency modulation that is necessary for DCD
as follows:

VðtÞ ¼ A cosðωtþ atÞ ¼ A cosfðωþ aÞtg; ð6Þ

where VðtÞ is the rf voltage, and a is a linear phase shift
coefficient and ω is the angular frequency. In our experi-
ment, we used a function generator to realize a phase shift
with an arbitrary waveform.
Another important component for DCD is the bunch

phase monitor used to measure the variation in the electron
bunch repetition rate. Based on Eq. (6), the variation in the
electron bunch repetition rate can be calculated from the

FIG. 1. Schematic drawing of the experimental setup for the
extraction efficiency measurement. Only the downstream side of
the undulator is depicted in this figure.

FIG. 2. Photographs of the Faraday cup, aluminum slit, bending
magnet, and undulator.
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variation in the electron bunch phase. In this experiment,
the rf signal from a button-type beam position monitor
(BPM) installed just before the undulator was used to
measure the electron bunch phase. The BPM, developed at
KEK [31], has four electrodes that measure the transverse
electron position. To measure the bunch phase, rf signals
from the four electrodes are combined by a 4-way rf
combiner and injected into a phase detector (PDU-NK02N-
01, NIHON KOSHUHA Co., Ltd.). This method was used
to measure the difference between the phase of rf power
used to drive the rf gun and the phase of generated electron
bunches [32]. The measured bunch phase evolution with
different DCD parameters is shown in Fig. 4, where the
starting time of DCD is approximately 3 μs in the macro-
pulse and the amounts of the phase modulation correspond
to cavity detunings of 5.9 μm and 9.4 μm from the
unmodulated condition. With the DCD amount of
9.4 μm, the highest FEL power could be obtained in the

experiment. The DCD amount of 5.9 μm was chosen to be
an intermediate condition. Prior to the each extraction
efficiency measurement, the FEL power dependence on the
relative optical cavity length was measured and the relative
optical cavity length was adjusted to have the maximum
FEL power at each DCD parameter. Therefore, the optical
cavity length was optimized to have the highest extraction
efficiency at each DCD parameter. Since we have not
implemented a tool to determine the perfectly synchronized
cavity length condition, it is difficult to determine the
absolute value of the detuning lengths before 3 μs in the
macropulse. We only can expect the initial detuning lengths
from the FEL power dependences on the relative cavity
length. The expected detuning lengths before 3 μs for DCD
amount of 9.4 μm, 5.9 μm and without DCD were approx-
imately 10, 6, and 2 μm from the perfectly synchronized
condition, respectively.

C. Experimental condition

The arrangement and major specification of the compo-
nents used in the KU-FEL have been reported elsewhere
[14]. The operation conditions of the KU-FEL during the
experiment are summarized in Table I. The bunch length Lb
of KU-FEL has been measured to be 90–180 μm (full
width at half maximum, FWHM) at an electron beam
energy of 27.5 MeV [33]. We expect that the bunch length
at an electron beam energy of 27.0 MeV is the same as the
reported value. The FEL wavelength is 11.6 μm, and the
slippage length LS is 603 μm. Under this condition,
the bunch length Lb is shorter than the slippage length
LS. Then the superradiant scaling law of a short-bunch FEL
oscillator [25,26] is applicable, and high-extraction-
efficiency operation is possible.
The typical temporal evolution of the bunch charge in a

macropulse is shown in Fig. 5. Since a thermionic rf gun is
used as the electron source in the KU-FEL, the bunch
charge increases from 25 to 55 pC in a macropulse as
shown in Fig. 5 due to the back-bombardment effect [34].
Normally, the electron beam energy decreases when the
bunch charge of the electron beam increases in an rf linac
due to the beam loading effect. In the KU-FEL, the energy

FIG. 3. Schematic diagram of the rf system used to drive the
KU-FEL linac. Two fast phase shifters are installed before the
klystron driver amplifies.

FIG. 4. Measured bunch phase variation with different DCD
parameters. The starting time of DCD is approximately 3 μs in
the macropulse and the amounts of the phase modulation
correspond to cavity detunings of 5.9 μm and 9.4 μm from the
unmodulated condition.

TABLE I. The operation parameters of the KU-FEL during the
experiment.

Electron beam energy 27.0 MeV
Macropulse repetition rate 2 Hz
Macropulse duration of electron beam 6.5 μs
Micropulse repetition rate 2856 MHz
Expected bunch length 90–180 μm (FWHM)
Undulator K-Value 1.34
FEL wavelength 11.6 μm
Corresponding slippage length 603 μm
FEL cavity roungtrip loss ∼3%
FEL cavity length 5.0385 m
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decrease induced by the increase in the bunch charge is
compensated by the rf amplitude modulation [35] and the
gun cavity detuning method [36]. The roundtrip loss of the
FEL optical cavity was evaluated as approximately 3%
from the decaying pattern of the out-coupled laser intensity
after the end of the electron macropulse.

V. EXPERIMENTAL RESULTS

The measured evolutions of the energy distribution of the
electron beam with and without FEL lasing with a DCD
parameter of 9.4 μm are shown in Fig. 6. The maximum
energy loss of the electron with FEL lasing is approx-
imately 9.5% in this case. At each macropulse time, the
average energy of the electron beam is calculated and
plotted in Fig. 7(a). The average energy loss induced by
FEL lasing is plotted in Fig. 7(b). The maximum average
energy loss is approximately 1.5 MeV, which corresponds
to a relative average energy loss of 5.5%. As explained in
the previous section, the relative average energy loss is
equal to the extraction efficiency. Therefore, in this case,
the extraction efficiency is determined to be 5.5%. The
evolutions of the extraction efficiency with different DCD
parameters were evaluated in the same way and shown in
Fig. 8. As the DCD parameter increases, the FEL pulse

FIG. 5. Typical temporal evolution of the electron bunch charge
during a macropulse.

FIG. 6. Measured evolution of the energy distribution of the
electron beam with and without FEL lasing for a DCD parameter
of 9.4 μm. (a) without FEL lasing. (b) with FEL lasing.

(a)

(b)

FIG. 7. (a) Evolution of the average energy and (b) evolution of
the average energy loss calculated from the measured energy
distributions with a DCD parameter of 9.4 μm.

HIGH-EXTRACTION-EFFICIENCY OPERATION OF A … PHYS. REV. ACCEL. BEAMS 23, 070701 (2020)

070701-5



grows earlier and the extraction efficiency at the end of
the macropulse increases. Under the DCD parameter of
9.4 μm, the highest extraction efficiency of 5.5% was
achieved at the end of the macropulse. This value is the
highest extraction efficiency ever reported for an FEL
oscillator driven by a normal conducting accelerator.
The typical FEL power evolutions with different DCD

parameters are shown in Fig. 9(a). By introducing DCD,

the building up time of the FEL power was shortened and
the maximum FEL power was increased. The typical FEL
spectrum integrated over the macropulse with the DCD
parameter of 9.4 μm is shown in Fig. 9(b). The FEL
bandwidth is approximately 4% in FWHM. The spectrum
has a long tail in the long wavelength side up to 13.3 μm.

VI. NUMERICAL SIMULATION

A numerical simulation was performed to reveal the
detailed physics of the high-efficiency lasing observed in
the experiment. The simulation code used in this work is a
one-dimensional time-dependent code [37]. In the simu-
lation, the electron bunch was assumed to have a charge of
40 pC, a rectangular-shaped duration of 1 ps and no energy
spread over the macropulse. The FEL parameter, ρ, was
0.0034 and the cavity loss was 3%. We assumed a
macropulse of 5.7 μs for the simulation instead of 6.5 μs
in the experiment, because the energy and phase were not
constant at the leading part of the macropulse as shown in
Fig. 4 and the electron bunches at the leading part are
considered to have less contribution to the FEL lasing. To
simulate the best DCD condition in the experiment, the
cavity detuning for the simulation was altered from 9.4 μm
to 0 μm at the 60th round trip, which is 2 μs in the
macropulse.
First, the evolutions of the energy distribution were

examined. The evolution of the energy distribution
obtained by the numerical simulation is shown in
Fig. 10. In this plot, the relative energy was convoluted
with a resolution of 1%, which is the same as the
experimental energy resolution. Compared with the exper-
imental result shown in Fig. 6(b), the maximum energy loss
in the numerical simulation (7.5%) is slightly smaller than
the experimental result [Fig. 6(b)]. However, the shapes of

FIG. 8. Evolutions of the extraction efficiency with different
DCD parameters evaluated from the evolutions of the energy
distribution of the electron beam.

(a)

(b)

FIG. 9. (a) Typical FEL power evolution with different DCD
parameters. (b) Typical FEL spectrum integrated over the macro-
pulse with the DCD parameter of 9.4 μm.

FIG. 10. The evolution of the energy distribution of the electron
beam obtained by the numerical simulation under the DCD
parameter of 9.4 μm. The arrow indicates the timing of the cavity
detuning condition altering from 9.4 μm to 0 μm.
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the energy evolution map after 2 μs, which have three
splitting structures, in the simulation result are similar to
the shapes of the energy evolution map after 3 μs in the
experimental result. Existence of 1 μs difference of the
DCD timing and the energy evolution map is consistent
with the numerical assumption.
The energy evolution maps for the experiment and the

simulation have a common structure, with three branches
along the macropulse evolution. One branch is the com-
ponent whose energy is continuously decreasing (A in
Fig. 10). Another branch is the component with constant
energy (B in Fig. 10). The other branch is the component
whose energy is slightly increased and soon disappears
(C in Fig. 10). The first branch indicates that a large fraction
of the electron beam is trapped in the bucket and efficiently
decelerated. This is the reason why a high extraction
efficiency was realized in the experiment. The second
branch indicates the existence of untrapped electrons in
the bucket, but the amount is not very large. The third
branch indicates that a small fraction of the electron beam
is slightly accelerated in the early phase of the energy
extraction.
Figure 11 shows the longitudinal phase space distribu-

tion of the electron bunch after the undulator at the end of
the macropulse. As shown in Fig. 11, the energy distribu-
tion of the electrons is independent of the temporal slices
within the bunch. This means that the energy extraction
occurs in the entire electron bunch, which contributes to the
high extraction efficiency. Figure 12(a) shows the evolution
of the energy of electrons with different initial phases in the
undulator at the end of the macropulse. Figure 12(b–e)
shows the longitudinal phase space distribution of the two
wavelength slices at the center of the electron bunch and at
different longitudinal position in the undulator. In the

simulation, we generate macro-particle whose phases are
distributed in the range of 0 to 360 degrees. In Fig. 12, the
phase of 158 degrees is corresponding to the bucket center
at the undulator entrance. Electrons with an initial phase
from 0 to 180 degrees lose their energy with a decrease
down to −8% at the end of the undulator. These electrons
correspond to the first component in the energy evolution
map (A in Fig. 10). On the other hand, electrons starting
with an initial phase from 210 to 300 degrees do not lose
large amount of energy. These electrons correspond to the
second component (B in Fig. 10). As shown in Fig. 12, the
electrons starting with an initial phase from 240 to 330 are
first accelerated and then decelerated. When the FEL
electromagnetic field is not strong, the electrons reach
the end of the undulator before starting the deceleration.
This is the reason for the appearance of the third component
(C in Fig. 10). Figure 13 shows the extraction efficiency
directly calculated from the numerical result shown in
Fig. 10. The maximum extraction efficiency is approx-
imately 5% in this simulation. This result almost agrees

FIG. 11. The longitudinal phase space distribution of the
electron bunch obtained by the numerical simulation after the
undulator at the end of the macropulse.

(a)

(b) (c)

(d) (e)

FIG. 12. Evolution of the energy of electrons with different
initial phases in the undulator at the end of the macropulse.
(a) Variation in relative energy along the undulator. The
electrons in one wavelength slice at the center of the electron
bunch are plotted. (b–e) phase space plots of the two wave-
length slices of the electron beam at the center of the electron
bunch and at the different longitudinal position in undulator.
The longitudinal position in the undulator for (b), (c), (d), and
(e) are 0, 0.6, 1.2, and 1.7 m, respectively. The horizontal axis
is relative position in the electron bunch normalized by the
lasing wavelength λ ¼ 11.6 μm.
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with the experimental efficiency of 5.5%. We have sur-
veyed DCD parameters, the initial cavity detuning length
(5.9 μm ≤ dL0 ≤ 11 μm) and the timing to alter the cavity
detuning condition (1 μs ≤ T ≤ 3 μs), and found the result
shown in Fig. 13 is the optimum one to maximize the
extraction efficiency at the end of macropulse.
In the present study, the FEL is operated under the

condition that the bunch length is shorter than the slippage
length, where the lasing behavior is governed by gain
parameter integrated over the slippage length [25]. In our
simulation, we chose the bunch length of 1 ps correspond-
ing to a half of the slippage length. We confirmed that the
extraction efficiency does not increase with shorter bunch
as far as the bunch charge is fixed. A shorter bunch
contributes to coherent start-up at the early stage of the
macropulse [38,39], but the simulation did not include
such effect.

VII. CONCLUSION

The KU-FEL achieved a maximum extraction efficiency
of 5.5% at a wavelength of 11.6 μm due to the DCD
method [23]. This value is the highest extraction efficiency
ever reported for an oscillator-type FEL driven by a normal
conducting accelerator. Three DCD conditions (without
DCD, 5.9 μm, and 9.4 μm) were examined to confirm the
effectiveness of DCD in increasing the extraction efficiency
of an MIR-FEL driven by a normal conducting linac. The
measured evolution of the electron energy distribution
during a macropulse showed a unique feature of three
branches, which was reproduced by the numerical simu-
lation. One of the branches indicates that a large fraction of
the electron beam is trapped in the bucket and effectively
decelerated. This is the reason why a high extraction
efficiency was realized in the experiment. The numerical
simulation showed that the entire bunch has similar energy
distribution. This means that the energy extraction occurs in

the entire electron bunch. The numerical simulation results
showed an extraction efficiency of 5% at the end of the
macropulse, which was similar to the experimentally
observed efficiency of 5.5%.
The achieved high-extraction-efficiency operation of

MIR-FEL will contribute the progress of emerging research
areas such as the FEL driven high harmonic generation [40]
and the FEL induced periodic surface structure formation
[41,42] in MIR region.
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