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Progress in the development of a high power, millimeter-wave free 
electron laser driven by a recirculating electrostatic accelerator is 
reposed. Tne energy and the current of electron beam are 430 keV 
and 2 A, respectively. The expected average output power is above 
10 kW at the wavelength of 3~10 mm. Minimizing of the beam loss 
is a key issue for CW operation of the FEL with high efficiency. 
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1. INTRODUCTION 
High average power millimeter-wave sources are being developed for the 

plasma heating in Tokamak [1], and for energy transmission in space [2]. For 
plasma heating, average power of 0.1 ~ 1 MW is needed at the wavelength of 
1—3 mm. For energy transmission in space, average power of 0.01 — 1 MW is 

> needed at the wavelength of 1~30 mm. In these applications, increasing the 
efficiency of the generators is a very important issus. 

Free electron lasers (FELs) do not generate waste heat in their cavity in 
contrast to other kinds of lasers. Electrons pass through undulator emitting 
electromagnetic wave. The optical energy is equal to the energy lost by the 
electron beam. Thus if the the energy of electron beam is reused, the 
efficiency of FELs can be very high. In FELs driven by recirculating 
electrostatic accelerator (REA), the electrons participated in oscillation are 
recirculated, and therefore, the FELs can generate high power radiation with 
very high efficiency. 

We have designed and constructed a high average power millimeter-wave 
free electron laser driven by a recirculating electrostatic accelerator. The 
energy and current of the electron beam are 430 keV and 2A, respectively. 
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energy and current of the elec廿onbeam are 430 keV and 2A， respectively. 
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According to simulation results, the average power is 50 kW and about at 
the wavelength of 3 mm, and about 20 kW at the wavelength of 10 mm. 
The estimated electrical efficiency of the FEL in CW mode is over 80 % at 
10 mm, and over 60 % at 3 mm. The FEL will be operated in pulse mode in 
the first stage of experiment, and in CW mode in the second stage of 
experiment. 

2. EFFICIENCY OF REA FELs 
Fig. 1 shows the operation principle of an FEL driven by recirculating 

electrostatic accelerator. The electron beam is generated at the ground 
potential and is accelerated electrostatically and enters the undulator which is 
located inside the high voltage terminal. The electron beam loses its energy 
into radiation in the undulator and, after being decelerated, is captured by the 
collector. The collector supplements the lost energy of the electron beam. The 
power of the output radiation is equal to the electrical power supplied by the 
collector power, and becomes 

Pout = Pco = A£ lb , (1) 

where &E is the energy loss and lb is the current of the electron beam. 

Since the beam optics is not perfect, some of the electrons departing 
from the electron gun can not reach tne collector, causing voltage drop of the 
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Fig. 1 Schematic diagram of an FEL driven by recirculating electrostatic 
accelerator. 
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high voltage terminal. The necessary condition for CW operation of the FEL 
is that the charging current is equal to the electron beam loss. Thus the 
electrical power of the charging power supply must be 

Pch = T\I E h , (2) 

where E is the energy of the electron beam, and T|/ is electron loss rate. 

Then the electrical efficiency of the FEL becomes 

_ -T out AE .,„,. 

^ " Pch + Pco T\I E + AE • u ; 

As can be seen, the energy loss (AE) must be as high as possible and the 

electron beam loss rate ( T\I) must be as low as possible. With the design 

parameters of the KAERI FEL ; E = 400 keV, AE = 20 keV, Ib = 2 A, and 

T]t = 0.5 %, we get the output power of 40 kW with the electrical efficiency 

as high as 90 %. The electron beam loss less than 1 % is not impractical. In 
the UCSB FEL, electron loss levels below 1 % are routine [3], and in the 
electron cooling experiments the electron beam loss is as low as 0.01 % [4]. 

The efficiency of practical FEL system is little lower than that expressed 
by eq. (3) due to the absorption of radiation in waveguide, and the input 
power for electron gun filament, vacuum system, and other auxiliary 
components. In space where we don't need vacuum system the efficiency is 
nearly equal to the value in eq. (3). 

3. ACCELERATOR 
Fig. 2 shows the structure of the KAERI FEL and Fig. 3 is a photograph 

of the FEL. Main parameters of the FEL are listed in Table 1. 

The 30-kV electron beam generated by an electron gun is accelerated 
electrostatically up to 430 keV and enters an undulator located in a high 
voltage terminal. A commercially available Cockcroft-Walton type high voltage 
generator supplies the terminal with a charging current of 15 mA at 400 kV. 
The electrons beam lose its energy into electromagnetic wave and the energy 
spread of the electron beam increases. After being decelerated in the 
deceleration tube, the electron beam is captured by a multi-stage depressed 
collector. 

The change of terminal voltage is give by 

jap = u -ji/ h tC= Cc + CTt (4) 
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where ICh is the charging current, C is a sum of intrinsic capacitance of the 

Cockcroft-Walton generator ( Cc~-5000 pF) and the capacitance bewteen the 

high voltage terminal and the groud ( Cr~ 20 pF). The necessary condition for 

CW operation of the FEL is dV/dt = 0, i.e., Ich = "n* lb. If the charging 

current is lower than the beam loss, the voltage of the terminal drops and the 

energy of the electron beam change. Since Ich = 15 mA and It = 2 A in the 

KAERI FEL, the beam loss must be lower than 0.75 %. 

In order to minimize beam loss, we adopted tandem configuration, in 
which the electron gun is at ground potential and the undulator is located in 
the high voltage terminal. The beamline from the electron gun to the collector 
is straight. No bending magnet is used. 

Usually, the Cockcroft-Walton type generators can supply high current 

and have high intrinsic capacitance. This enables long-pulse operation of the 

FEL even with high loss rate. For example, with *!/ = 10 %, h - 2A, and 

Ich = 15 mA, the pulsewidth of the electron beam within 1 % of energy 

change can be as long as 400 Us. 
Development of an electron gun having low emittance is a very important 
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Fig. 2 Schematic diagram of the KAERI FEL. 
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Fig. 3 Photograph of the KAERI FEL. 

issue, because the beam loss depends very much on the emittance of the 
electron beam. We have designed a low emittance, high current, triode type 
thermionic electron gun. The calculated emittance is 3 n mm • mrad. The 
electron gun operates in both CW and pulse mode. Minimum pulsewidth is 

Table 1 Parameters of the KAERI FEL. 

Electron 
Beam 

Undulator 

Radiation 

- Energy : 430 keV 

- Emittance : 20 K mm mrad 

- Minimum Pulsewidth : 10 us 

P.M. Helical Undulator 

- Period : 36 mm 

- Number of Periods : 25 

- Magnetic Field : 1.45 kG 

P.M. Helical Undulator 

-Wavelength :10mm 

-Mode : TE11 

-Power : 50kW (simulation) 

- Current: 2 A 

- Operation : 10us - DC 

- Maximum Rep. Rate : 1 kHz 

Planar Hvbrid Undulator 

-Period :15 mm 

- Number of Periods : 60 

- Magnetic Field : 1.2 kG 

Planar Hvbrid Undulator 

- Wavelength : 3 mm 

- Mode : TE01 

-Power : 20 kW (simulation) 
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issue， because the beam 10ss depends very much on the emittance of the 

electron beam. We  have designed a low emittance， high current， triode type 

thermionic e1ectron gun. The ca1culated emittance is 3πmm . mrad. The 

electron gun operates in both CW  and pulse mode. Minimum pulsewidth is 

Table 1 Parameters of the K.AERI FEL. 

• Energy : 430 keV • Current : 2 A 

Electron • En司ittance:20πmm mrad • Operation: 10μs~DC 
Beam 

• Minlmum Pulsewldth : 10μs • Maxlmum Rep. Rate : 1 kHz 

P.M. Helical Undulator Planar Hybrid Undulator 

Undulator 
• Period : 36 mm • Perlod: 15 mm 

• Number of Periods : 25 • Number of Periods : 60 

• Magnetic Field : 1.45 kG • Magnetlc Field : 1.2 kG 

P.M. Helic自IUndulator Planar Hybrid Undulator 

Radiation 
• Wavelength : 10 mm • Wavelength : 3 mm 

• Mode : TE11 • Mode : TE01 

• Power : 50 kW (slmulation) • Power : 20 kW (slrnulation) 
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10 Us and miximum repetition rate is 1 kHz. Pulsewidth of the electron beam 
is controlled by the electrical pulse applied to the grid of the electron gun. 

The acceleration tube is designed such that the electron beam generated 
by the electron gun is well-matched to the acceleration tube, the electron gun 
is located inside the acceleration tube. The acceleration tube is composed of 10 
electrodes separeted from each other by 15 mm. The structure of the 
deceleration tube is the same as that of the acceleration tube. A multi-stage 
depressed collctor captures the decelerated electron beam. The trajectory of the 
electron beam from the electron gun to the collector was calculated by using 
the EGUN code [5]. 

4. UNDULATOR AND CAVITY 
Transport of the electron beam through the undulator with minimum loss 

is a very important issue in the KAERI FEL. We have developed a 3D 
simulation code, BEAMPORT, in order to calculate beam trajectory in 
undulators. Space charge effect of the electron beam was taken into account 
in the code. 

Two types of undulators have been developed. One is a 
permanent-magnet helical undulator (HU36) having a period of 36 mm and the 
other is a permanent-magnet helical undulator (PU15) having a period of 15 
mm. The HU36 is designed to generate circularly polarized 10-mm microwave 
[6]. The peak amplitude of magnetic field is 1.44 kG and the rms error is 1.8 
%. We have confirmed transportation of a 430 keV, 2 A electron beam in the 
helical undulator by using the BEAMPORT code. Optimized input condition of 
the electron beam into the undulator has been found. No guiding magnet nor 
external focusing magnetic field is necessary. As is well known, the helical 
undulator has in itself transverse focusing force. 

The PU15 is designed to generate a linearly polized 3-mm radiation. Planar 

undulators have transverse focusing field only in one direction (y-direction). 

Many methods of transverse focusing in planar undulator have been 

suggested. Among them are there canted poles [7], parabolic poles [8], periodic 

side magnet array [9], etc.. It is also possible to provide transverse focusing 

field by using a transverse gradient field (dBy / dx ~ 100 Gauss/m) [10]. 

Fig. 4 shows the calculated envelope of a 430 keV, 2 A electron beam in the 

planar undulator having gradient field of 100 Gauss/m. 

The FEL oscillator cavity is composed of an oversized circular wavguide 
and two circular mirrors. The mirrors have 10-mm holes at their centers 
respectively and the electron beam pass through the holes keeping its 
trajectory straight. Output coupling of the radiation is done via the holes. It is 
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Fig. 4 Calculated envelope of a 430 keV, 2 A electron beam in the planar 

undulator having gradient field of 100 Gauss/m. 

possible to reduce the absorption of electromagnetic wave less than 0.01 % by 
using a corrugated waveguide or an open-side waveguide. 

5. OSCILLATOR SIMULATION 
We have developed an one-dimensional FEL simulation code [11]. The 

absorption of the radiation in waveguide and the competition of waveguide 
modes were taken into considerstion. Fig. 5 shows the calculated output power 
of the TEoi mode, 3-mm radiation as a function of the number of undulator 
periods for various values of transmittance of the output coupler. There exist 
optimum number of periods for a given value of cavity loss. This is because 
the FEL gain saturates at high power. Start-up time of the FEL oscillator is 
less than 5 (is. 

According to simulation results, the average power is 50 kW and about at 
the wavelength of 3 mm, and about 20 kW at the wavelength of 10 mm. 
The estimated electrical efficiency of the FEL in CW mode is over 80 % at 
10 mm, and over 60 % at 3 mm. 

6. CONCLUSIONS 
FELs driven by recirculating electrostatic accelerators can generate high 

power of radiation with very high efficiency. A millimeter-wave free electron 
laser driven by a recirculating electrostatic accelerator has been designed and 
constructed. Minimizing of the beam loss is a key issue for CW operation of 
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Fig. 5 Calculated output power of the TEQI mode, 3-mm radiation as a 
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the FEL with high efficiency. The expected average output power is above 10 
kW at the wavelength of 3 — 10 mm. 
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