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a b s t r a c t

At Pohang Accelerator laboratory, at fs–THz facility, 3 THz radiation was achieved successfully using

electron bunch shorter than 200 fs pulse width. To further enhance the radiation bandwidth, we use

density modulation of a relativistic electron beam. In this method, a 70 MeV electron beam is first energy

modulated by two optical laser-modulator and then density modulated using chicane. The density

modulation at 12 THz is observed by down-converting the frequency of lasers with 800 nm and 1550 nm

wavelength. The generated central frequency is found tunable for other combination of laser wavelength

also. Due to proper synchronization of this THz radiation with the optical lasers; a high temporal

resolution for the optical-pump THz-probe experiments can be achieved. The realization of this

technique at fs–THz beamline at the PAL will enable us to make a substantial progress towards the

tunable narrowband THz sources.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

THz generation has been an active field of research proposal for

the scientist worldwide. Terahertz (THz) radiation, which is

located between the infrared light and microwaves in the fre-

quency domain, attracts much interest due to its wide applications

[1–6]. However actual applications have been limited by the lack

of suitable THz light source. In accelerator-based radiation sources,

ultra-short electron-bunches (femtosecond or picosecond order)

have been the key elements and widely used to generate ultra-

intense radiation [7,8]. Coherent THz radiation using ultra-short

electron bunches [9] has been investigated over past years [10–14].

For broad band THz radiation, electron bunches are compressed to

picosecond level or sub-ps level and then transported for the

transition radiation, diffraction radiation, synchrotron radiation,

undulator radiation, etc. But the generated radiation has limited

THz frequency bandwidth. It becomes very difficult to extend the

radiation bandwidth over than 5 THz as it would require the

electron bunch length shorter than sub-100 fs level. For a

50 MeV electron beam, the shortest bunch length is limited by

nonlinear effects in the bunch compression and the space charge

effects. Moreover if we compress the electron beam too much it

leads to the degradation of the electron beam quality. Some

application of THz radiation, for example in THz imaging, powerful

narrowband THz radiation is required. To provide such kind of

sources, density modulated micro-bunched electron beam

repeated at THz frequency was proposed [15,16].

In one technique, a train of laser pulses is used to shine the

photocathode to generate a train of electron beams repeated at

THz frequency and use them for narrowband THz. Unfortunately

space charge forces deteriorate the longitudinal phase distribution

during acceleration process and may limit the application to the

relatively low current beam. To mitigate the influence of the space

charge effect, it is important to generate density modulation of

electron beam when they are at relativistic energy. In this

technique, typically a laser is first used to interact with the beam

in a short undulator to generate energy modulation at the laser

frequency; then the energy modulation is converted into density

modulation after the beam passes through a dispersive chicane. As

a result, the beam density is modulated at both the laser frequency

and its harmonics. The density modulated beam is extensively

used to drive seeded FELs to generate fully coherent radiation at

high harmonic frequencies of the seed laser for current enhance-

ment and for increasing temporal coherence [17–24].

At Pohang accelerator laboratory (PAL), at the fs–THz beamline,

the radiation is expected to cover up to 3 THz (∼100 cm!1)

frequency with the pulse width o200 fs using the coherent

transition radiation method [25]. Time resolved THz spectroscopy

is planned to study chemical and biological reaction dynamics as

well as THz time domain spectroscopy (TDS). To enhance this THz
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radiation bandwidth over 5 THz, another scheme, similar to the

well known difference frequency generation (DFG) technique is

under consideration. This scheme is widely used in laser commu-

nity for narrowband THz radiation using relativistic electron beam

as a nonlinear medium [26]. Based on DFG, higher, narrowband

THz radiation was obtained through down conversion of the

frequency of optical lasers by using laser modulated electron

beams. The advantage of this scheme is that THz radiation will

be tunable and in tight synchronization with lasers to give high

temporal resolution [27]. Recently using the DFG scheme, perfectly

coherent, 10 THz radiation has been shown experimentally by

using laser modulated electron beam and the possibility of tunable

radiation for other wavelengths has been discussed [28].

In this paper, we employ this idea at the fs–THz beamline at

PAL. We consider the same electron beam parameters as of the

present fs–THz beamline as this scheme can be realized by small

modification at the fs–THz beamline. We use two external lasers

for energy modulation of the electron beam, and two short

modulators and one dispersion section for density modulation.

We generate energy modulation in a relativistic electron beam

before modulating the density in chicane. We present the simula-

tion results of the density modulated electron bunch. The struc-

ture of the paper is given as follows. In Section 2, we present the

schematic layout of the scheme. We use a 70 MeV electron bunch

for our simulation. In Section 3, we present the simulation results

obtained by using this scheme. Finally in Section 4, we present the

conclusions of the results.

2. Proposed scheme at fs–THz experiment at Pohang

accelerator laboratory

Fig. 1 shows the scheme for tunable broadband narrow THz

radiation generation. A carrier envelope phase (CEP) laser shines

the cathode of radio-frequency (RF) gun to generate the electrons.

These electrons get accelerated from a zero velocity to the

relativistic velocity under strong RF accelerating field. Two accel-

erators AC1 and AC2 as shown in Fig. 1 are used to accelerate the

electron beam up to 70 MeV. Later this electron beam is modu-

lated in energy in two different laser-modulator systems. In first

modulator U1, an 800 nm laser modulates the electron beam and

in second modulator U2, a laser with variable wavelength is used

for the energy modulation. Further in the downstream, a disper-

sion section is used to make a density modulated electron beam.

The aim of this scheme is to generate tunable, intense THz

radiation.

Fig. 2 shows the electron beam behavior as it moves through the

modulator and chicane sections. The theoretical explanation of

density modulation of the relativistic electron beam is given in Ref.

[27] in a more detail way. In Fig. 2, we present the numerical solution

of uniformly distributed electron beam at the entrance of the first

modulator. The dimensionless energy parameter p, as a function of

longitudinal coordinate z normalized by first laser wavelength has

been shown. Fig. 2 shows that the longitudinal phase space is periodic

with period length 10λ1. The laser spikes are printed on the electron

beam longitudinal phase space profile p. The magnitude of energy

modulation is enhanced in the second modulator (Fig. 2(b)). Here the

electron beam is energy modulated by the second laser with different

wavelength. After chicane section as shown in Fig. 2(c), the long-

itudinal phase space gets smeared by the chicane with finite

momentum compaction factor R56.

In the next section, simulation results are presented for the

density modulation of the relativistic electron beam and the THz

radiation generation. To track the beam dynamics we use six

dimensional phase space tracking code ELEGANT [29].

3. Simulation results for tunable THz radiation generation

For simulation, the selection of electron beam parameters is

chosen from the existing fs–THz beamline at PAL [25]. A moder-

ately relativistic 70 MeV electron beam accelerated on-crest in the

linac is considered. The used wavelengths of the external lasers are

equivalent to 800 nm which is fixed and second laser's variable

wavelength. The length of the first modulator is chosen 5λw1 with

wiggler period λw1 equal to 3.2 cm. The length of second mod-

ulator is chosen 5λw2with wiggler period λw2 equal to 2.2 cm. Both

laser's beam spot sizes are chosen ω0¼400 μm and pulse duration

is 2 ps full-width half maximum (FWHM). The electron bunch size

is taken 500 μm and the length of the electron bunch is around

6 ps. Modulators are resonated at their respective laser frequency.

The FEL resonance condition is defined by λL ¼ λu=2γ
2ð1þ

K2
w=2Þ where Kw ¼ eB0=mckw is the undulator parameter, λL is

the laser wavelength, kw ¼ 2π=λu is the wiggler wave vector, and λu

is the undulator period. The relativistic γ factor is 137 correspond-

ing to 70 MeV electron beam energy.

It was estimated that 200,000 particles are enough to get the

accurate result in the beam transport simulation. The space charge

effects are considered in the calculations. As earlier mentioned,

this scheme is based on the down conversion of the frequency.

After dispersion section, different frequencies of density modula-

tions are obtained according to the following relation:

kn;m ¼ ðnk1!mk2Þ ð1Þ

where n and m are integer numbers and k1 and k2 are the wave

numbers of first and second laser. The second laser can be

generated from the optical parametric amplifier (OPA) technique.

The OPA pumped by Ti:sapphire laser at 800 nm can easily provide

a tunable signal [30]. The summary of simulation parameters is

given in Table 1.

3.1. Electron beam density modulation and the THz radiation

generation

Fig. 3(a) shows the current modulation spectrum of the

electron beam chosen after chicane section. The laser wavelength

for the first laser-modulator system is taken as 800 nm and for

second laser-modulator system as 1550 nm. Both laser's pulse

durations are 2 ps in FWHM. If we look at the current profile, in

the absence of second laser, we do not see any current modulation

(black line). The related RMS energy spread of electron beam was

found to be 16 keV. For finite value of second laser power, we see

Fig. 1. Proposed fs–THz facility at PAL for 10 THz radiation generation.

S. Kumar et al. / Nuclear Instruments and Methods in Physics Research A 729 (2013) 19–2420



the current modulation. For PL1¼20 MW, we find significant

current modulation (blue line). Here the rms energy spread turns

out to be 24 keV. For higher laser power 200 MW, we notice

enhanced current modulation with large amplitude oscillatory

peaks (red line). Corresponding RMS energy spread in this case

reaches up to 55 keV. Both lasers induce the energy spread in the

electron bunch longitudinal energy distribution. It is larger for

large laser power. An electron bunch with such a large energy

spread is sent to the chicane where density modulation takes place

producing an increment in the magnitude of current peaks. Fig. 3

(b) and (c) shows the longitudinal energy distribution profile

ðΔE=EÞ as a function of electron bunch length. These profiles are

chosen after second modulator section. For maximum energy

modulation proper overlapping between laser and electron beam

is considered. In simulation, the electron beam size is chosen as

500 μm and laser beam size is 400 μm good enough for maximum

interaction. Fig. 3(b) shows the longitudinal energy distribution for

PL2¼200 MW. Fig. 3(c) shows the longitudinal energy distribution

for PL2¼20 MW. From Fig. 3(b) and (c), it is clear that induced

energy spread in the central part is larger for PL2¼200 MW

compared to PL2¼20 MW.

To obtain the radiation in frequency domain, the frequency

Fourier transform (FFT) of the time domain spectrum of current

modulation is taken. Fig. 4(a) shows the electron beam current

modulation spectrum taken after chicane. Here the lasers wave-

lengths are 800 nm and 1550 nm and lasers power is 200 MW.

The length of the electron bunch is 6 ps and the laser pulse duration

is 2 ps FWHM. Fig. 4(b) shows the FFT of the current modulation

shown in Fig. 4(a). In Fig. 4(a), the laser spikes are clearly printed in

the current profile. Fig. 4(b) gives 12 THz frequency as the dominant

frequency obtained by FFT of the current modulation spectrum. This

is confirmed by Eq. (1) for n¼1 and m¼!2 and for laser

wavelengths 800 nm and 1550 nm. To obtain this frequency, we

did electrons slice (fractional part of the electron beam) optimiza-

tion to reduce the numerical noises in the simulation. It was found

that 200 number of analysis slices appeared a good number for

12 THz. The selection of number of analysis slices is vital otherwise

the possibility of side-bands of this frequency may appear due to

numerical noises present in the FFT spectrum. One can see that the

energy modulation of electron bunch takes place only in the central

part of the electron bunch. In Fig. 4(b), there is a secondary peak at

22 THz which is supposed to be an image frequency of 12 THz.

To further enhance the amplitude of the THz radiation as

shown in Fig. 4(b), we study the effect of second laser power

and its beam-waist size on the amplitude of the THz radiation. We

keep all the parameters the same as considered in Fig. 4.

3.2. Effect of laser parameters on the amplitude of the THz radiation

For greater amplitude of the THz radiation, in Fig. 5(a), we

calculate the amplitude as a function of second laser power. One

can notice from Fig. 5(a), the amplitude increases linearly with the

Fig. 2. Behavior of the longitudinal phase space distribution of electron beam, (a) after first modulator, (b) after second modulator and (c) after a dispersion section with

finite R56.

Table 1

Simulation parameters for the density modulated

THz source at PAL.

Beam energy, E 70 MeV

Beam charge 0.2 nC

Slice energy spread 9.8 keV

Electron beam size 500 μm

RMS energy spread 24 keV

Average peak current 40 A

First laser wavelength in U1 800 nm

Second laser wavelength in U2 1550 nm

Lasers beam-waist size 400 μm

Undulator period length for U1 2.2 cm

Undulator period length for U2 3.2 cm

Number of periods for U1 and U2 5

Momentum compaction factor R56 0.386 mm
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laser power. The beam-waist size of both lasers is 400 mm. The

modulators are tuned at laser frequencies 800 nm and 1550 nm. In

Fig. 5(b), the THz amplitude is simulated as a function of laser

beam-waist size. This time the laser powers are kept fixed at

20 MW. It was found that the amplitude increases linearly with

the laser beam-waist size. One can see, after ω0¼360 μm, the

amplitude of the THz radiation becomes almost constant up to

ω0¼520 μm. Here the electron beam size is 500 μm.

3.3. Effect of momentum compaction factor R56 on the amplitude

of the THz radiation

Chicane is used to convert the energy modulation of electron

bunch to the density modulation by making spatial rearrangement

of the electrons. A chicane is made up of four dipole magnets. The

distance between the first and the second dipole magnet and the

distance between the third and the fourth dipole magnet are

equal. A chicane deflects the electron trajectory of incoming

electrons. Higher energy electrons cover the shorter path and

lower energy electrons cover the longer path creating the density

modulation of electrons. Corresponding momentum compaction

factor ðR56Þ is optimized for maximum THz radiation amplitude.

R56 depends on the bending angle θB of the dipole magnet and the

length L1 between first two and last two dipole magnets and LB is

the effective length of dipole in chicane: R56≈!2θ2BðL1 þ 2=3LBÞ.

Here, bending angle θB and length L1 are the free parameters. We

prefer a small bending angle for emittance dilution and to avoid

the coherent synchrotron radiation inside the dipole magnets. The

length between the dipoles is minimized so that the length of the

whole system is as small as possible.

To improve amplitude characteristic of THz radiation further, we

optimize the R56 parameter as shown in Fig. 6. In this regard, we

change the bending angle θB to enhance the THz radiation amplitude.

We notice that it increases linearly up to certain R56 and then it starts

to decrease. The maximum amplitude corresponds to R56¼0.386mm;

for L1¼0.07 m and bending angle¼2.41.

3.4. Tunable THz radiation generation

In this section, the effect of second laser wavelength has been

studied on the THz radiation frequency. Combination of a Ti

sapphire laser with an OPA scheme can allow one to generate

tunable THz radiation covering a wide frequency range using laser-

modulated electron beams. To make it tunable, we vary the second

laser wavelength. In Fig. 7, we present few sets of simulation

results showing tunable THz radiation frequency. The depth of the

modulation and the modulation period directly depend on the

laser wavelength. By varying the second laser wavelength, we

simulated different THz radiation frequencies. First laser wave-

length is kept fixed at 800 nm and second laser wavelength is

varied from 1520 nm to 1570 nm. In Fig. 7, the resultant radiation

frequency is shown as a function of second laser wavelength. The

Fig. 3. (a) Black line indicates the current modulation of electron beam without

second laser, PL2¼0 MW, red line for PL2¼200 MW, and blue line for PL2¼20 MW.

The longitudinal energy distribution of electron beam taken after second mod-

ulator, (b) for PL2¼200 MW, and (c) for PL2¼20 MW. The first laser power is

PL1¼200 MW. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Fig. 4. (a) The current modulation of the electron bunch taken after chicane and (b) corresponding FFT spectrum.
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theoretical data is obtained by Eq. (1) for n¼1 and m¼!2. We

find simulation results and the theoretical data are in close

proximity.

The number of analysis slices varies from 200 to 300 corre-

sponding to second laser wavelength 1520–1570 nm. The presence

of space charge force in gun and accelerator part does not affect

the resultant THz radiation frequency and its amplitude. To realize

this scheme at PAL, a further study would be to analyze the echo

effect [20,21] on the density modulated THz radiation frequency.

For this analysis, one more chicane would be introduced between

first and second modulator section. The effect of this chicane and

the effect of chirped electron beamwould be separately studied on

the central frequency of the density modulated electron beam.

3.5. The extraction scheme for the THz radiation

To extract THz radiation generated by a relativistic electron

beam, coherent transition radiation (CTR) and coherent synchro-

tron radiation (CSR) using bending magnets are widely used. At

the fs–THz facility, we use the CTR method to measure the THz

radiation. The transition radiation from the electrons becomes

coherent at wavelengths that exceed the longitudinal length of the

electron bunch. Hence, intense fs–THz pulses with pulse duration

comparable to the electron bunch length can be generated by the

CTR method [12–14]. Here, the total electron bunch length is 6 ps

approximately, and the effective density modulation is only in the

central part of the electron bunch. Hence, the entire electron

bunch will not contribute to the CTR. Only the density modulated

part of the electron bunch will offer to the CTR. At the fs–THz

facility, the CTR target is a 1 in. diameter Al foil with a thickness of

1 μm (or Cu mirror), and the diameter of the electron beam is

500 μm at the target. The radiated THz pulses are extracted from

the LINAC vacuum pipe through a wedged chemical vapor deposi-

tion (CVD) diamond window (diameter 24 mm, central thickness

0.770.1 mm, wedge angle 0.570.11, Diamond Materials GmbH)

[25].

4. Conclusion

We presented an analysis of terahertz radiation from the

relativistic density modulated electron beam. For maximum den-

sity modulations, both lasers need to interact with the electron

beam simultaneously which requires the lasers to overlap with the

electron beam both spatially and temporally in both modulators.

Since the laser pulse is shorter than the electron bunch length,

density modulation is only present in the central part of

the bunch.

Using the fs–THz beamline parameters at PAL, we have shown

in our simulation that with 800 nm and 1550 nm lasers combina-

tion we can generate 12 THz radiation frequency by down con-

version of the laser frequency. We found that laser power, laser

beam waist-size; and chicane parameter R56 play an important

role to further improve the amplitude of the THz radiation. Our

study shows that for other laser wavelength combinations also,

tunable, synchronized THz radiation can be generated. In our

simulation, the selection of electron slices number becomes

important for different laser wavelength combinations to obtain

tunable THz radiation. The proper synchronization of this radia-

tion to the laser will enable high temporal resolution in the pump–

probe THz experiment. This intense narrowband THz source will

Fig. 5. (a) The amplitude of the THz radiation as a function of second laser power, and (b) the amplitude of the THz radiation as a function of second laser beam-waist sizeω0 .

Other parameters are the same as in Fig. 4.

Fig. 6. The amplitude of the THz radiation as a function of R56 (by varying bending

angle θB). Other parameters are the same as in Fig. 4.

Fig. 7. Tunable THz radiation generation as a function of second laser wavelength.

Other parameters are the same as in Fig. 4.
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facilitate the study of the samples which come under the THz

regime.
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