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Abstract
To fulfill the physical requirement of a 50-100 μm Free

Electron Laser (FEL) oscillator, design considerations of

a planar undulator are described. Some technical issues,

including the tolerances study, the beam match, the field

measurement setup and the influence on the magnetic field

by the waveguide are discussed as well.

INTRODUCTION

In the past decade, terahertz (THz) science and technol-

ogy has been developed rapidly. In applications of real-

time imaging, security inspection, materials and biomedi-

cals, high power compact THz sources with Watt level av-

erage power are demanded[1], which is beyond capability

of traditional THz sources.

A prototype compact terahertz FEL oscillator was pro-

posed at Huazhong University of Science and Technology

(HUST), which is designed to generate 50 − 100μm co-

herent radiation with 1 MW level peak power[2]. The con-

ceptual design is shown in Fig. 1, with the main design pa-

rameters listed in Table 1. We choose a thermionic electron

gun with an independently tunable cell (ITC) as the elec-

tron beam source for simplicity, with output energy around

2MeV[3]. A S-band linac with traveling wave structure

will accelerate the beam to range of 6 MeV to 14 MeV, that

covers the energy from 8.1 to 11.7 MeV. The macro pulse

duration 5μs is long enough for the power build up process

which is around 1μs. A symmetrical near-concentric opti-

cal cavity is formed by two gold-coated copper toroid mir-

rors, with the cavity length of 2.93m. A planar undulator

with a moderate K is adopted. This paper mainly describes

the physical parameters determination and technical aspect

of the undulator.

DETERMINATION OF PARAMETERS

The evaluation of the FEL performance, including the

gain, the saturated power and the saturation time is per-

formed using 1D linear theory, and finally determined the

undulator parameters based on the specification of the elec-

tron beam [2]. In the low gain FEL oscillator, the power

build up process is non-linear and difficult to be described

analytically. But the saturation time can be estimated with

an analytical method[1]. The round-trip number m can

be derived from the approximated exponential growth of

the power build up Psat = P0 · (1 + Gnet)
m, where

Gnet = Gmax−Gloss is the net round-trip gain with round-
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Table 1: Parameters of the THz FEL Oscillator.

Beam energy 8.1-11.7 MeV

Radiation wavelength,λr 50 - 100 μm
Bunch charge ≥ 200pC

Bunch length (FWHM),σs 5-10ps

Energy spread (FWHM) 0.3%

Normalized Emmittance,εn 15πmm·mrad
RF 2856 MHz

Macro pulse duration 4-6 μs
Repetition rate 10-200Hz

Number of the full strength period,Nu 30

Undulator period,λu 32 mm

Undulator parameter,K 1.0-1.25

Optical cavity length 2.93m

Peak power 0.5-1 MW

Figure 1: Schematic view of HUST THz-FEL oscillator.

trip loss rate Gloss due to internal and transmission losses

in the optical resonator.

m = ln(Psat/P0)/ ln(1+Gnet) = lnn/ ln(1+Gnet) (1)

To achieve possible higher undulator peak field, the ver-

tical aperture of the waveguide duct is 10mm, and the min-

imum gap size of the undulator g = 16mm. For a rea-

sonable ratio g/λu = 0.5, the undulator period length

λu = 32mm is determined.

K is investigated from 1.0 to 1.5, and Kmax=1.25 is de-

termined. Compared to K=1.0, the gain is increased 35%,

leading to 30% decrease of the saturation time and 20% in-

crease of the saturation power. K > 1.25 brings insignifi-
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cant enhancement of FEL performance, while asks for very

high Br for present undulator structure.

Choice of Optimum Nu

The period number Nu should be carefully chosen for

long wave length FEL oscillator. Larger Nu brings higher

gain, but introduces negative effect as well. For larger Nu,

the radiation power is decreased due to the natural extrac-

tion efficiency 1

4Nu
, and smaller energy spread is required

to keep same inhomogeneous factor - Finn. Nu is scanned

from 25 to 40, to observe the variation of the single pass

gain and the saturation time, as shown in Fig. 2 and Fig. 3,

and Nu = 30 is chosen. When Nu exceeds 30, there is no

significant contribution to saturation time, but the optical

power drops too much due to lower efficiency.
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Figure 2: The maximum single pass gain versus radiation

wavelength at different Nu
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Figure 3: The saturation time versus radiation wavelength

at different Nu, with 15% round trip loss assumed.

Undulator Structure
Compared to hybrid structure, pure permanent magnet

(PPM) structure is chosen, due to: (1) Improved quality

of PM materials, such as the deviation of polarization and

spread of the remanent field Br, and the field error due

to materials inhomogeneity can be compensated by block

sorting; (2) Better gap-dependence of performance related

to undulator tolerances on integral fields and phase error

etc.; (3) Easy for mechanical setup and assembling, leading

to decrease of cost on the undulator construction.

For PPM undulators, to achieve Kmax = 1.25 with

g/λu = 0.5, a minimum remanent field Br = 1.2T is re-

quired, which is beyond the capability of SmCo. NdFeB is

chosen for permanent magnet blocks. Historical literatures

show that the SmCo has better irradiation resistance com-

pared to NdFeB, due to higher coercivity. However, recent

years, owing to development of PM technology, high coer-

civity grades (Hcj > 20kOe) of NdFeB can be provided.

Tolerances Study of the Undulator
Considering the FEL performance and achivable techni-

cal specifications, overall tolerances are listed in Table 2.

Table 2: Tolerances of the Undulator.

rms peak field error ≤ 0.6%
rms period error ≤ 0.2%
rms phase error ≤ 3◦

First integral(Normal/ Skew) ≤ 1.2× 10−5T ·m
Second integral (Normal/ Skew) ≤ 1.2× 10−5T ·m2

For relative lower electron beam energy, small field in-

tegrals are required. With proposed tolerance of field

integrals, electron offsets can be calculated as 0.5mm /

0.5mrad, that are confined within the beam cross section

which is estimated to be σx=1mm, σx′ = 1.2mrad.

For the rms peak field error, basic requirement is that the

resulting inhomogeneous broadening in the gain spectrum

due to the field error should be less than its natural width

1/2Nu, that asks for ΔB/B < 1.9%. Since other electron

beam specifications will cause inhomogeneous broadening

as well, a smaller tolerance 0.6% with one third of the esti-

mation is chosen.

For tolerance of the phase error cause by the undulator

field imperfection, one criterion is that it should be com-

parable to the phase error Δψrms,spread = 8◦ due to the

energy spread. As pointed out in [4], compared to the peak

field error, the phase error is more meaningful since it has

a strong correlation to the spontaneous emission and the

small signal gain. Numerical simulations were performed

to validate this correlation. By introducing different rms

deviation of remanent field Br in PM blocks, with 0.5% to

3% standard deviation, the field periodicity of the undulator

is violated. Then the datasets containing the magnetic field

are exported for analyzing the peak field error and phase

shake. B2E[5] code was used for calculation of the sponta-

neous radiation. As shown in Fig. 4, the correlation is quite
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Figure 4: Relationship between the spontaneous radiation

and phase error.

good in the range of 0 to 50 degrees. For the proposed tol-

erance 3◦, the degradation of the spontaneous radiation is

less than 2.5%.

UNDULATOR LATTICE

The radiation diffraction posses dominant factor in gain

length growth especially for long wavelength FELs, due to

comparable values between the beam cross section and the

radiation wavelength. The dependence of the gain length

on the average beta function is evaluated using M. Xie’s

formula[6], with the result shown in Fig. 5 [7]. This implies

an achievable minimal average beta function is preferred to

have a smaller gain length. The principle for beam match-

ing is: 1) beam waist should be achieved at the center of the

undulator, with a symmetrical distribution of the β function

for both directions; 2) minimum values of β function and

small fluctuation within the undulator for strongly focusing

vertical direction.

For planar undulator, at the horizontal plane, since field

gradient k ≈ 0 in good field region, the very weak defo-

cusing strength can be neglected and the undulator acts as

a drift space. The beam waist (a minimum βx with αx = 0)

is desired at the undulator center. With a subscript notation

’0’ and ’1’ represents the start and end points of the undula-

tor beam line, the matching condition asks for βx,1 = βx,0

and αx,1 = −αx,0. Using the transfer matrix of the drift

space, we have

βx,0 = L · (1 + α2

x,0)/2αx,0 (2)

where L = 1.2m is the distance of the undulator beam

line. From Equ. 2, a minimu βx,0 = L can be derived

when αx,0 = 1.0, as a consequence βx,mid = L/2 at the

undulator center. And this condition is valid to all electron

energy points.

Figure 5: Gain length versus the average beta function for

different radiation wavelength. The best value are marked

with black triangle; The minimum average beta function

value with natural focusing are marked with circle and

black square.

The vertical plane presents focusing properties can be

described with a vertical transfer matrix:

Mv =

[
cos(kyz)

1

ky

sin kyz

−ky sin(kyz) cos(kyz)

]
(3)

where ky = 2πau

γλu

. Then a constant and minimum beta

function βy = 1/ky can be found with the initial twiss

parameters βy,ent = 1/ky, αy,ent = 0 at the entrance of

the undulator. Since ky is dependent on electron energy, the

matching of the vertical twiss parameters should be related

to the energy working point.

Using a numerical ray-tracing method, beam matching

with both horizontal and vertical plane is performed. Two

energy points: 8.1 MeV and 11.7 MeV are shown in Fig. 6.

For the horizontal plane, the results match the theoretical

prediction well, and neglectable difference between two

energy points comes from the very weak defocusing effect.

The vertical motion has a good match as well, with βy,cen

very close to the theoretical value βy = 1/ky.
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Figure 6: β function within the Nu=30, K=1.0 planar un-

dulator, for 8.1 MeV and 11.7 MeV electron beam.

AND BEAM MATCH
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INFLUENCE ON THE MAGNETIC FIELD

OF THE WAVEGUIDE DUCT

A partial waveguide duct with inner cross section

10mm(V)×40mm(H) will be installed inside the planar un-

dulator. A copper plated 316L stainless steel will be se-

lected as the duct material. The nominal relative perme-

ability of 316L μr = 1.02, however during the machining

and welding process, the permeability might change. To

investigate this effect, a prototype duct was manufactured,

and the measured μr ≈ 1.1. The influence on the magnetic

field at the central line of the undulator was simulated by

Cosmol (Fig. 7), with an increase of peak field about 8Gs

[8].

The field difference for installing this prototype duct was

measured by using a cartesian 2D mapping platform [9],

with the result shown in Fig. 8. The platform was origi-

nally designed for mapping the mid-plane of the cyclotron

and has a repetitive positioning error at the level of 10μm,

which caused a repetitive field mapping error (dataset A-

B). The field increase at peak field is about 5Gs including

this repetitive error, and a larger increase 10Gs is found

to be located at left part of the duct close to the welding,

which indicates a higher local permeability. The difference

of the first field integrals is 7Gs·cm, which can be compen-

sated by correction coils. However, for the formal waveg-

uide duct, μr < 1.05 should be guaranteed.

Figure 7: Model of the planar undulator with the waveguide

duct.
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Figure 8: Measured field difference for with and without

the waveguide duct. A,B: two datasets with the duct, for

testing the measurement repeatability; C: dataset without

the duct.

FAST FIELD INTEGRALS MAPPING

SYSTEM
For fast online integral field measurement, some existing

methods are considered. The pulsed wire method can mea-

sure the distribution of field integrals along the beam axis,

however, the mapping result has a sensitive dependence on

circumference factors and configuration of wire character-

istics. We chose the stretch wire method for fundamental

first and second field integrals mapping.

This system is under construction: Kohzu positioning

stages XA10A-L2 / ZA16A-X1 are combined to fulfill 2D

positioning, SC410 Controller provides maximum 4 axis

synchronous motion control, with high repetitive position-

ing precision 2μm; Agilent 3458A multimeter is used for

voltage integration, with a 50 turn 80μm diameter Litz

wire.

CONCLUSIONS

From views of physical and technical, design considera-

tions of a planar undulator applied in a terahertz wave FEL

oscillator are performed. Main undulator parameters and

important tolerances of the undulator field quality are eval-

uated to ensure the performance of the radiation field under

the designed electron beam specifications, with main goals

of achieving 0.5-1 MW peak power at 50− 100μm wave-

length around 1μs saturation time.

We signed a contract with Kyma s.r.l, for undulator man-

ufacture, and assembly is expected to be finished in the end

of 2013.
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