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This paper presents a method of generating terahertz (THz) coherent transition radiation (CTR) from picosecond

ultrashort electron bunches including single and train bunches, which are produced by a photocathode radio frequency

gun. The radiation characteristics of THz CTR including formation factor and energy spectrum are analysed in detail.

With the help of a 2-dimensional particle-in-cell simulation, the radiation characteristics including power, energy and

magnetic field are analysed. The results show that the radiation frequency can be adjusted by tuning the repetition

frequency of the train bunch and the energy can be enhanced with the train bunches.
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1. Introduction

Terahertz (THz) sources, a currently active re-

search area, are of importance in a variety of ap-

plications such as far-infrared spectroscopy, medical

and industrial imaging, biomedical research and ma-

terial science.[1−3] Various schemes for generating THz

waves have been employed, such as quantum cascade

lasers,[4] ultrafast laser pulses[5] and vacuum electron

devices,[6] etc. Among the various generations of THz

wave, transition radiation (TR) as a THz source has

a unique performance for its broadband. TR[7,8] is

produced by relativistic charged particles when they

cross the interface of two media of different dielec-

tric constants. To analyse the characteristics of TR,

some theories[9−11] have been developed, such as wake

field theory, vector electromagnetic theory and image

methods, etc. Moreover, some methods have been

used to generate THz TR. Nikoghosyanac et al.[12] ob-

served TR generated by short optical pulses crossing

the boundary between linear and non-linear materi-

als. Leemans et al.[13] and Plateau et al.[14] made

use of an ultrashort laser driving a high intensity

of plasma for the generation of THz coherent tran-

sition radiation (CTR). Hemsing et al.[15] presented a

novel method of generating CTR with a helical mi-

crobunched beam. Recently, it was reported that an

ultrabroadband THz source based on CTR is pro-

duced by ultrashort electron bunches.[16] However, to

improve the performances of CTR, it is necessary to

find some efficient methods to enhance it.

As we all know, coherent radiation occurs at wave-

lengths longer than, or comparable to, the bunch

length of an electron beam, with an intensity that

scales with N2, where N is the number of electrons

in the bunch, and typically ranges from 108–109 for

an electron accelerator. The radiation pulse cre-

ated by such a bunch can be subpicosecond in time

and therefore contains coherent spectral content up

to a few THz; the radiation of a single cycle can

reach ∼100 µJ.[17] In this paper, THz CTR generated

from train picosecond relativistic ultrashort electron

bunches is presented, and the characteristics are anal-

ysed with numerical calculations and particle-in-cell

(PIC) simulations.

This paper is organized as follows: the basic de-

scriptions of TR including a single electron, single and
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train of electron bunches are given in Section 2. The

radiation characteristics by numerical calculations are

analysed and compared in Section 3. The results of

PIC simulations for single and train bunches are de-

scribed in Section 4. The experimental setup for THz

detection is described in Section 5, and some conclu-

sions are given in Section 6.

2. Theory

2.1.Basic description of transition radi-

ation

TR, first considered by Frank and Ginzburg,[11] is

produced by the passage of charged particles through

the interface between media with different dielectric

constants and has been studied both theoretically and

experimentally. In the present work, we consider

that the TR is produced by a single bunch and train

bunches, respectively.

Let us consider a current source moving toward an

interface of vacuum and dielectric material with per-

mittivity ε with velocity v and an angle of incidence

ψ, as shown in Fig. 1, where k is a wave number locat-

ing in the observation plane consisting of horizontal q

and normal directions n, ϕ is an angle between the

incidence plane and observation plane. For the gen-

eral analysis of TR characteristics produced by cases

of electron sources, a normalized formation of current

density is introduced and represented as follows:

|J̄(r, ω)| = |
∫ ∞

−∞
j(r, t)eiωtdt|/|ev|, (1)

where j(r, t) is the current distribution as a function

of time t, e is the charge, ω is the angular frequency,

v is the velocity of the electron bunch.

Fig. 1. Illustration of electric field and wave number ge-

ometry.

The electric field in the observation plane is di-

vided into vertical and horizontal directions, so the ra-

diation energy with the current source can be obtained

through redundant deductions and is represented as

follows:

d2W∥

dΩdω
(ω, ψ, θ, φ) =

d2W ′
∥

dΩdω
· |J̄(r, ω)|2, (2)

d2W⊥

dΩdω
(ω, ψ, θ, φ) =

d2W ′
⊥

dΩdω
· |J̄(r, ω)|2, (3)

where

d2W ′
∥

dΩdω
(ω, ψ, θ, φ) =

e2

π2c
· 1

sin2 θ
· β

2 cos2 θ cos2 ψ|ε− 1|2

A2
·
[
sin2θ(1− βD + βC − β2 cos2 ψ)− β2DC

B

]2
,

d2W ′
⊥

dΩdω
(ω, ψ, θ, φ)=

e2

π2c
· β

6 sin2 ψ cos2 θ sin4 ψ sin2 φ|ε− 1|2

A2
· 1

B2
,

in which c is the speed of light in vacuum, d2W∥/dΩdω and d2W⊥/dΩdω are the energy distributions of

horizontal and vertical directions, respectively, and

A = (1− β sin θ sinψ cosφ)2 − β2 cos2 ψ cos2 θ,

B = (1− β sin θ sinψ cosφ+ β
√
ε− sin2 θ cosψ)(

√
ε− sin2 θ + ε cos θ),

C =
√
ε− sin2 θ cosψ, D = sin θ sinψ cosφ.

From the expressions of Eqs. (2) and (3), we can get the total energy distribution formula as

d2W

dΩdω
=

(
d2W ′

⊥
dΩdω

+
d2W ′

∥

dΩdω

)
|J̄(r, ω)|. (4)

Obviously, the energy distribution varies with the normalized current source |J̄(r, ω)|, which will be discussed

in the following subsection.
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2.2.A single electron bunch

As all we know, coherent radiation occurs at wave-

lengths longer than, or comparable to, the bunch

length lb of the electron beam, with an intensity that

scales with N2, otherwise, that of incoherent radiation

with scales N is emitted, where N is the number of

electrons in the bunch. The current source of a single

bunch j(r, t) is given as follows:

j(r, t) = ev

Nb∑
i=1

f(r − r0), (5)

where f(r) is a shaped function and satisfies∫∞
−∞ f(r − r0)dr = 1, r0 is the centre of the electron

bunch, and the number of electrons in a bunch Nb

equals N . The Fourier transform (FT) of the current

source is described as

|J(r, ω)| = ev

∫ ∞

−∞

N∑
i=1

f(r − r0)e
iωtdt

= evNMbe
iωt0 , (6)

where Mb(ω) is the form factor and represented as

Mb(ω) =

∫ ∞

−∞
f(r)eiωtdt. (7)

From Eqs. (6) and (7), we get the normalized current

source

|J̄(r, ω)| = |J(r, ω)|/|ev| = NMb. (8)

Substituting Eq. (8) into Eqs. (2) and (3), we obtain

the energy distribution of the single bunch as:

d2W

dΩdω

∣∣∣∣
sb

=

[
d2W∥

dΩdω
+

d2W⊥

dΩdω

]
(NMb)

2. (9)

Obviously, from Eq. (9), we know that the radiation

energy is in proportion to (NMb)
2 and sensitive to

form factor.

As an example, we consider a bunch with

Gaussian and rectangular distributions, respec-

tively. Firstly, the bunch is a Gaussian distribution

f(z) = exp(−z2/2σ2
z)/(

√
2πσz), and the form factor

becomes[18]

Mb(ω, σz) = exp

(
− 1

2

ω2

c2
σ2
z

)
, (10)

in which σz is a standard width. Secondly, a rectangu-

lar function Re ct(z/l) describes a bunch distribution

given as follows:

Re ct(z/l) =

 1, − l/2 ≤ z ≤ l/2,

0, |z| > l/2,
(11)

where l is the length of the bunch, and its form factor

is depicted as

Mb(ω, l) =
sin(ωl/2c)

ωl/2c
. (12)

From Eqs. (11) and (12), the maximum value of

the form factor equals 1.0 when ω is close to 0; how-

ever, it is not an operation frequency. The form fac-

tor Mb equals 1 when the bunch is a delta function

f(z) = δ(z); the radiation power or energy can be

obtained as the maximum value.

2.3.Train of electron bunches

Assuming that the current source consists of a

uniform and finite train (macropulse) of bunches co-

tainingNm electrons injected periodically at frequency

ωb into the interaction region, in which all bunches

have the same pulse shape function f(r − r0j) (j =

1, . . . , Nm) and the same number of electrons, Nbj =

Nb, the current source can be expressed as[19]

j(r, t) = ev

Nm−1∑
j=0

Nbj∑
n=1

f(r − r0j)δ(r − vt), (13)

where t = t0+j·2π/ωb, and r0j is the centre of the j-th

bunch. Inserting the current source Eq. (13) into the

FT, we obtain the frequency domain current source as

J(r, ω) = ev

Nm−1∑
j=0

Nbj∑
n=1

∫
f(r − r0j)δ(r − vt)eiωtdt

= evNMM(ω)Mb(ω)e
iωt0 , (14)

where N = NmNb, and

MM(ω) = exp [− iπ(Nm − 1)ω/ωb]

× sin(Nmπω/ωb)

Nm sin(πω/ωb)
(15)

is the macrobunching factor. The form factor ampli-

tude per bunch is obtained as

Mb(ω) =

∫ π/ωb

−π/ωb

f(r)eiωtdt. (16)

From Eq. (14), the normalized current source of

train bunches is obtained as follows:

|J̄(r, ω)| = |J(r, ω)|/|ev| = NMbMM, (17)

then the energy distribution of train bunches is de-

picted as:

d2W

dΩdω

∣∣∣∣
tb

=

[
d2W∥

dΩdω
+

d2W⊥

dΩdω

]
(NMbMM)2. (18)
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Comparing Eq. (18) with that of the single bunch

Eq. (9), we find that the remarkable difference of fac-

tor MM is interesting and of practical significance, for

which there are multiple peaks of equal amplitude “1”

and a bandwidthN−1
b at all harmonic frequencies nωb,

where n = Nm is the number of train bunches. Mea-

surement of intensity of this periodical coherent sys-

tem allows a further enhancement of Nb in compari-

son with that of incoherent radiation. On the other

hand, it means that it is not essential that the elec-

tron beam is bunched at the radiation frequency ω. It

can be bunched at any subharmonic of the radiation

frequency ω = ωb/n, as long as there is a radiation

process at frequency ω, and the microbunch has spec-

tral components at this frequency. This means that

narrow bandwidth intense THz radiation can be at-

tained with a train of electron bunches.

3. Numerical analysis

In this section, the radiation characteristics for

three cases of current sources are studied by numerical

calculation, in which the energy and power distribu-

tions are analysed.

3.1.A single bunch

According to the experimental plan, the THz

CTR experiment will be performed based on the pho-

tocathode radio frequency (RF) gun table at the Ac-

celerator Laboratory of Tsinghua University. The

ultrashort electron bunch is produced by a photo-

cathode RF gun, which is similar to the traditional

BNL/ATF 1.6-cell RF gun system, operating at a fre-

quency of 2856 MHz. It is driven by a solid state

femtosecond Ti:sapphire laser system composed of a

Ti:sapphire passive mode-locked oscillator, a regen-

erative amplifier, a three-harmonic generator and an

ultraviolet (UV) pulse stretcher. The UV pulse width

can be changed from several hundred femtoseconds

to 15 ps by the pulse stretcher, and the regenera-

tive amplifier is capable of producing 2 mJ in the in-

frared region and, after the three-harmonic generator,

∼500 µJ in the UV region. The repetition rate of the

laser system in the experiment is 10 Hz. By tuning

the femtosecond laser system with the help of α-BBO

crystal sequences, we can obtain the ps interval, nC

ulstrashort of electron bunches.

In this subsection, we focus on the Gaussian and

rectangular electron bunch; its form factors are illus-

trated in Fig. 2, respectively. From Fig. 2, we know

that the Gaussian form factor is larger than the rect-

angular form factor when the radiation locates at the

low frequency; this means that the maximum energy

with the Gaussian beam can be obtained.

Fig. 2. Form factor.

Figure 3 is the energy distributions of a single

bunch with different form factors at a fixed frequency

of 1.0 THz and 0◦ incidence angle. Obviously, the

maximum value of radiation energy can be obtained

when the electron bunch distribution is a delta func-

tion with form factor 1. Otherwise, it will decreased

when the electron bunch has another distribution.

Fig. 3. Energy distribution of electron bunch with differ-

ent formation factors with 0◦ incidence angle.

The 3D energy distribution as a function of fre-

quency and observation angle θ is shown in Fig. 4, in

which the electron bunch with 0◦ incidence angle is

a Gaussian distribution. It shows that the radiation

energy, which is symmetrical in the direction of ob-

servation angle, is focused on the lower frequency and

decreases with increasing frequency.
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Fig. 4. Energy distribution of electron bunch versus fre-

quency and observation angle at 0◦ incidence angle.

According to the energy distribution formalism

with form factor Eq. (14), we integrate the solid an-

gle of dΩ = 2π sin θdθ, and obtain that of a Gaussian

shape with different bunch lengths as plotted in Fig. 5.

This shows that the intensity of the short bunch radi-

ation energy is stronger than that of the long bunch.

When the bunch charge is about 1.0 nC, we calculate

that the total radiation energy, by integrating the fre-

quency up to 2.0 THz, reaches about 113.6 µJ and

the mean power with 10-Hz repetition rate is about

1.13 mW.

Fig. 5. Energy distribution versus frequency with differ-

ent bunch lengths.

3.2.Train of bunches

A femtosecond laser driven system can produce

an ultrashort pulse, the length of which is from 0.1

to several picoseconds. Pulse bunches can be pro-

duced by many methods,[20−24] such as modulation

using the F-P interferometer pulse-shaping technique,

four-wave mixing, a sequence of birefringent crystals

and an electric optical modulation system, etc. In our

experimental table, the pulse shapes are produced by

α-BBO crystal sequences, which drive the photocath-

ode RF gun for the generation of electron bunches.

According to the formula of |MM(ω)|, the

macropulse formation factor is plotted in Fig. 6. Ob-

viously, the maximum value is 1 at a frequency of

f = nf0, where f0 is the frequency of the bunch. Fig-

ure 7 is the form factor of train bunches in combi-

nations of bunch shape and periodic bunch. It tells

us that the frequency of the THz radiation wave can

be chosen by adjusting the bunch frequency. Accord-

ing to Eq. (18), we consider that the distribution per

bunch is a Gaussian one, and the radiation energy

consisting of four bunches with repetition frequency

1.0 THz is about 487.4 µJ. Compared with the single

bunch, we find that the radiation energy is remarkably

enhanced at the bunch frequency.

Fig. 6. The macropulse form factor.

Fig. 7. Train of the form factor in cases of Gaussian and

rectangular shape.
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4. The PIC simulation

4.1.Descriptions of simulation geometry

The PIC simulations are performed with the

CHIPIC code,[25] which is a finite-difference, time-

domain code for simulating processes involving in-

teractions between space charge and electromagnetic

fields. With the help of the 2D PIC simulation, the

characteristics of transition radiation including the ra-

diation energy and field distribution as well as the

interaction processes of electron bunches with the tar-

get can be observed. During the simulation, the com-

mands ‘foil’ and ‘film’ are used when the target is a

perfect conductor and dielectric material, respectively.

A simulation of the cylindrical geometry is shown

in Fig. 8. The target is located at the right, and elec-

tron beam is emitted from the left perfect conduc-

tor. The interactions of the electron with the foil and

the processes of radiation happen in the vacuum area,

which is enclosed by a special region (called free space

in PIC language), where the incident electro-magnetic

waves can be absorbed. The operation area is divided

into a mesh with rectangular cells (δz = 0.025 mm) in

the radiation and another mesh size is just the thick-

ness of the foil in the z-direction; the r-direction mesh

size is uniform (δr = 0.025 mm).

Fig. 8. Simulation geometry.

4.2.Descriptions of simulation parame-

ters

The main parameters of the simulation are sum-

marized in Table 1. The energy of the electron bunch

is 5 MeV, and it can reach a higher energy when it is

accelerated. The radius of the bunch is 0.5 mm, and it

will be expanded due to the effect of space charge in

the transmission. The charge and root-mean-square

length of the single bunch are 1.0 nC and 0.2 ps, re-

spectively. For the train bunches, the period is 1.0 ps

and the number of bunches is four; the other parame-

ters are the same as that of the single bunch. During

the simulation, the current source will be varied when

it is a single bunch and a train of bunches. As to the

diagnostics, PIC allows us to observe a variety of phys-

ical quantities such as electromagnetic fields as func-

tions of time and space, power outflow, and electron

phasespace trajectories, etc. We can set the relevant

detectors anywhere in the simulation area.

Table 1. Electron parameters.

Gaussian

single train

energy/MeV 5 5

radius/mm 0.5 0.5

charge/nC 1.0 4.0

σz/ps 0.2 0.2

period/ps / 1.0

4.3. Simulation results

In this simulation, we firstly employ a single

electron bunch passing through a thin titanium foil,

considered a perfect conductor with a thickness of

0.25 mm. The electron bunch with charge 1.0 nC gen-

erated from the left cathode has a Gaussian profile and

a length of σz = 0.20 ps. Comparing the wavelength

of the 1.0 THz wave, we find that when the bunch

length is less than that, the TR can be considered as

coherent radiation.

The interaction processes of the ultrashort elec-

tron bunch shot at different run times with Ti foil can

be observed through the distributions of all particles

in phasespace, as shown in Figs. 9(a)–9(d). Figure

9(a) shows a single Gaussian bunch in the vacuum

area moving toward the Ti foil. The bunch shape is

not affected. Figure 9(b) displays the electron bunch

located at the middle of the cathode and foil. It shows

that the bunch shape is distorted. On the other hand,

the shape of the single bunch shown in Fig. 9(c) is

severely distorted compared to that in Fig. 9(b), since

it is affected by the space charge, resulting in the dis-

tortion of bunch shape. Figure 9(d) just displays the

electron bunch passing through the Ti foil; some elec-

trons have entered into it, and some others are out-

side. Obviously, some electrons pass through the foil

and some others are reflected. The distribution of the

electron bunch is destroyed, and it becomes emana-

tive.
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Fig. 9. Phase space for all particles of the single bunch.

(a) 8.017 ps; (b) 83.120 ps; (c) 166.662 ps; (d) 189.446 ps.

Similarly, the interaction processes of train

bunches in phase space are shown in Figs. 10(a)–

10(d). At the left of the simulation geometry, there

are four bunches generated from the cathode as shown

in Fig. 10(a). The parameter and the shape per bunch

are the same as that of the single bunch. When the

train bunches reach the middle of the simulation ge-

ometry, the distributions of all particles in phase space

are plotted in Fig. 10(b). Obviously, the shape per

bunch is also influenced. The distributions of all par-

ticles close to the target are depicted in Fig. 10(c).

Comparing the shapes of train bunches with that of

the single bunch in Fig. 9(c), we find that the distor-

tions of the former are more severe than those of the

latter, since the shape changes of train bunches are

affected not only by the space charge effect per bunch

but also by the mutual influences among bunches.

Figure 10(d) shows that a majority of electrons pass

through the foil and some minority ones are reflected.

This picture is similar to that of Fig. 9(d).

Fig. 10. Phase space for all particles of the train bunch.

(a) 8.017 ps; (b) 83.120 ps; (c) 166.662 ps; (d) 189.446 ps.

Meanwhile, for observation of the radiation field,

we place detectors at intervals of 1◦ in the observation

plane with a radius of 48 mm relative to the foil cen-

tre. Normally, the observation point can be regarded

as locating at the far field when d is much larger than

γ2λ, i.e., d≫ γ2λ, where d is the distance between the

observation point and the titanium foil, γ is the rela-

tivistic mass factor, and λ is the radiation wave length.

Because of the limitation of computer performance,

the simulation region is a finite area. In the present

PIC simulation, the observation point d is 48 mm,

which is about 160 times λ = 0.3 mm. Therefore, we
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can consider that the observation point is located at

far field. The FTs of the azimuth magnetic field Bφ

for single and train bunches are shown in Figs. 11(a)

and 11(b) respectively. Obviously, the peak of the

magnetic field is a maximum at a frequency of bunch

repetition rate of about 0.97 THz, and the amplitude

of FT Bφ for train bunches is about 3.5 times that of

single bunches.

Fig. 11. Azimuth radiation magnetic field for a bunch: (a) single; (b) train.

For the observation of radiation power, we set a power line at z = 2 mm with the foil distance 48 mm, and

obtain the power shown in Figs. 12(a) and 12(b). Obviously, the power of the train is larger than that of the

single bunch. The radiation energy of train bunches is obtained by the integration of power about 477.3 µJ,

and that of the single bunch is 109.7 µJ.

Fig. 12. Radiation power for a bunch: (a) single; (b) train.

The FTs of radiation power are displayed in Figs. 13(a) and 13(b), which correspond to those plotted in

Figs. 12(a) and 12(b), respectively. During the PIC simulation, the frequency of radiation power is two times

that of the radiation field, in which the central frequency is about 0.97 THz. The former one is shown in Fig. 13,

in which the frequency of radiation power is close to 1.95 THz, moreover, the peak power of train bunches is

larger than that of the single bunch: the former is 12.5 times that of the latter. The enhancement of peak

power is close to N2
m at the harmonics of repetition rate, this result is in good agreement with those reported in

Ref. [26]. On the other hand, the space charge and transverse size are not considered, resulting in the simulation

result being less than that of the theoretical calculation. The results indicate that the radiation power can be

enhanced and the bandwidth can be adjusted by the help of tuning the repetition frequency of train bunches.
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Fig. 13. The FTs of radiation power for a bunch: (a) single; (b) train.

5. The experimental setup for detecting THz

Single and periodic electron bunching are produced by the RF photocathode driven by the femosecond

laser system, and the experimental setup for THz CTR is shown in Fig. 14. The bunching charge can be tested

by an integration current transformer. When the THz wave escapes from the vacuum chamber, its frequency

can be measured by the improved Martin–Purplett interferometer, shown in Fig. 14(a), and the intensity of

THz CTR can be detected by Golay cell detector combinations with off-axis parabolic mirrors (OAP), shown

in Fig. 14(b).

Fig. 14. The experimental setup: (a) frequency measurement; (b) power measurement.

6. Conclusions

This paper presents an approach to the enhancement of CTR intensity realized by periodic train bunches,

and the THz CTR characteristics are analysed through numerical solutions and PIC simulations. For analysing

the characteristics of TR generated from three cases of single and train bunches, the normalized current is

introduced. The theoretical and PIC results show that the mW THz radiation can be generated from the CTR

at the ps, nC bunches, the operation frequency can be adjusted and the radiation energy can be remarkably

enhanced by the train bunches. The THz CTR experiment is underway.
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