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We present a terahertz (THz) radiation source combining the principles of spintronics and vacuum
electronics: the electronic-spintronic THz emitter (E-STE). Different from the traditional laser-driven
spintronic THz emitters, E-STE is driven by low-energy electron beams. Working through four steps:
the electron-beam excitation of hot electrons, the electron superdiffusion, the inverse spin Hall effect, and
the diffraction radiation of the periodic gratings, E-STE is able to emit continuous, monochromatic THz
radiation. Detailed theoretical modeling and numerical calculation show that E-STE can cover the whole
THz-frequency regime (0.1–10 THz) by modifying the period of the gratings. The electron beam voltage
and current are relatively low (voltage U = 5 V, 25 V, peak current I∼100 mA), while the radiation power
density and working efficiency are relatively high. (The power density can reach 108 W/cm2, the working
efficiency can reach 25%.) This compact and high-power E-STE may contribute to the development of a
THz-radiation source integrated on chip.
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I. INTRODUCTION

For years, the terahertz (THz) frequency regime
(0.1–10 THz) has attracted much attention [1–3]. Located
between millimeter waves and infrared on the electromag-
netic spectrum, THz radiation possesses the advantages of
the two sides. For example, it transmits information much
faster than millimeter waves, but at the same time, it can be
utilized in long-distance communication in free space [3];
it can be utilized for high-resolution imaging, but at the
same time show the inside structures of objects [4]. In
addition, THz radiation also exhibits many unique effects
that have never been found either in millimeter waves
or in infrared. For example, it can cause resonance in
many biomolecules (such as proteins and DNA [5]) with-
out damaging the tissues; it can induce nontrivial effects
in topological materials (such as topological-edge plas-
mons in graphene [6]). Therefore, it is promising for use
in many areas: space science [7], communication [3,8,9],
medicine [10], and so on.

Although the research and development in THz sci-
ence and technology has been under way for the last 30
years, there are still many problems that remain to be
studied further. The most basic and urgent one is the
problem of radiation sources. Traditional electronic or
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photonic radiation sources are not efficient enough to sat-
isfy the growing needs of THz-related fields [5]. To solve
this, many new methods and devices have been proposed:
graphene surface plasmons polaritons [11,12], quantum
cascade lasers [13], laser-induced plasma [2], high-power
THz-radiation sources (gyrotrons) [14,15], FeF2 excited by
laser [16], and so on.

At present, spintronic devices, which manipulate both
the spin current and charge current induced by the elec-
trons, are proven to be faster, more efficient, and more
compact than traditional electronic devices in many fields,
especially in the transfer and storage of data [17,18]. In
spintronic devices, one of the fundamental effects is the
spin Hall effect (SHE). Originating from the spin-orbital
coupling of electrons, SHE allows the charge current to
generate a transverse spin current. SHE and its inverse
effect, the inverse spin Hall effect (ISHE), which allows the
generation of charge current from a pure spin current, play
key roles in the generation and detection of spin current in
spintronic devices [19].

In 2013, based on ISHE, Kampfrath et al. theoretically
and experimentally discovered the spintronic THz emitter
(STE) [20]. In their scheme, a femtosecond laser pulse is
irradiated on a bilayer of Fe and Au (or Ru). The laser pulse
excites a spin current in the Fe layer, which then enters
the Au (or Ru) layer and transforms into a charge current
through ISHE. As a result, STE emits a broadband THz
pulse.
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FIG. 1. Configuration of E-STE. Above a dielectric substrate of permittivity εd = 9 an electron beam moves uniformly in the z
direction with velocity u0 (corresponding to electron-beam voltage U = (1/

√
1 − u0

2/c2 − 1)mc2/e, where m is the rest mass of
electron). The distance between the electron beam and the substrate is y0 = 20 nm. Periodic bilayer gratings of Pt and Ni are located
on the substrate. The period is D. The gap between each bilayer is ηD with η = 0.5. The thicknesses of the Pt layer and Ni layer are
hN = 3 nm and hF = 2 nm, respectively. A weak static magnetic field B0 = 20 mT is applied in the z direction. The coordinate system
is shown on the figure (righthand). The inset shows the 3D plot of E-STE. The whole system is uniform along the x axis.

STE is a promising THz-radiation source, providing
an effective way to connect a spin current with tradi-
tional electromagnetic radiation [21]. Therefore, STE has
been intensively investigated since its discovery. Differ-
ent materials, such as Pt, Ni, W, and Bi, are utilized in
the later proposed STEs, and structural parameters such as
the layer thickness are optimized, leading to even stronger
field amplitude and wider radiation bandwidth that reaches
8 THz [21–26]. Recently, alternative materials exhibit-
ing completely different ISHE mechanisms have also been
discussed, and these materials could replace the nonmag-
netic metal (Pt, Au, Ru, etc.) in the bilayer and push the
development of STE one step further [27].

However, as far as we know, the later proposed STEs are
all driven by femtosecond laser pulses [21–26]. For these
kinds of STEs, there might be two restrictions:

(a) The output THz radiation is limited to broadband
pulses. On the other hand, continuous, monochromatic
THz radiation is important for many applications, espe-
cially in the field of communication [8,9].

(b) Even though the bilayer, the key component of
STE, is quite small (its thickness is on the nanometer
scale [20]), the whole system (including the femtosecond
laser source and the corresponding optical components) is
still relatively large.

Here, combining the principles of spintronics and vacuum
electronics, we theoretically investigate the possibility to
drive STE by a low-energy electron beam, whereby the
above restrictions can be avoided. An electronic-spintronic

terahertz emitter (E-STE) is proposed. E-STE consists
of bilayer gratings of Pt and Ni located on a dielectric
substrate and an electron beam moving along them, as
illustrated in Fig. 1.

We will show that E-STE works through four steps:
the electron-beam excitation of hot electrons, the elec-
tron superdiffusion, ISHE, and the diffraction radiation
of the periodic gratings, and is able to emit continuous,
monochromatic THz radiation with a frequency ranging
from 0.1 to 10 THz. The required voltage and current of the
electron beam are relatively low (voltage U = 5 V, 25 V;
peak current I∼100 mA), while the radiation power den-
sity and working efficiency are relatively high. (The power
density can reach 108 W/cm2, the working efficiency can
reach 25%.) Therefore, the investigation of E-STE may
contribute to the development of a THz radiation source
integrated on chip.

The paper is organized as following: In Sec. II, the emit-
ting mechanism of E-STE is discussed, providing an over-
all view of how E-STE works. In Sec. III, the theoretical
model of E-STE is established to quantitatively describe
each step of the emitting mechanism. The important results
calculated from the theoretical model are then presented
and analyzed in Sec. IV, showing that E-STE does exhibit
the properties mentioned in the above paragraph. Finally,
the results are summarized in Sec. V.

II. EMITTING MECHANISM

The physical mechanism of the E-STE THz-emitting
process consists of four steps:
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(a) The electron-beam excitation of hot electrons.
When the electron beam moves above a bilayer, it excites
an electromagnetic field that varies rapidly in time and
space in the bilayer via near-field coupling. At each spatial
point, the field signal lasts for less than 100 fs. Because of
the locality of interaction mediated by the field, this rapidly
varying field is equivalent to the femtosecond laser in an
ordinary STE. Therefore, in ferromagnetic metal materi-
als such as Ni, electrons are able to obtain energy from
this field [28,29]. (The energy eventually comes from the
electron beam through the exchange of near-field photons.)
The electrons that obtain energy jump above the Fermi
level, becoming hot electrons that can move around freely
in the bilayer.

(b) The electron superdiffusion. Due to the superdif-
fusion mechanism (an electron transport mechanism that
lies between ballistic transport and diffusion [30,31]), the
excited electrons spread in the Ni layer and eventually
enter the Pt layer. In E-STE, a weak static magnetic field
B0 = 20 mT is applied to magnetize Ni (see Fig. 1), pro-
viding a favorable direction of electron spin (referred as
spin-up or ↑). The average velocities and lifetimes of spin-
up electrons are larger than those of an electron of the
same energy, but with an opposite spin direction (referred
as spin-down or ↓) [32]. Thus, the superdiffusion brings a
macroscopic spin transport from Ni to Pt, referred to as a
spin current. (Note that Pt is a nonmagnetic metal material
with little velocity or lifetime differences between spin-up
and spin-down electrons [32]. Therefore, the electron beam
cannot excite a spin current from the Pt layer to the Ni
layer.)

(c) ISHE. Due to the strong spin-orbital interaction,
the Pt layer is capable of sustaining ISHE at room tem-
perature [33]. ISHE allows the transformation from spin
current to the charge current:

⇀

J
C
(
⇀
r , t) = 2e

�
θSHE

⇀

J
S
(
⇀
r , t) ×

⇀

B0(
⇀
r , t)

∣∣∣
⇀

B0(
⇀
r , t)

∣∣∣
, (1)

where
⇀

J
C

is the charge current,
⇀

J
S

is the spin current,

θSHE = 0.04 is the spin Hall angle of Pt,
⇀

B0/

∣∣∣
⇀

B0

∣∣∣ is the
direction of the applied magnetic field [20,33], e is the
elementary charge, and � is the reduced Planck constant.
Therefore, the spin current injected from the Ni layer grad-
ually transforms into charge current in the Pt layer. The
direction of the charge current is determined by the direc-
tion of the electron superdiffusion and the direction of the
magnetic field.

(d) The diffraction radiation of the periodic gratings. In
E-STE, the periodic gratings play a three-fold role:

(1) Unlike the traditional STE, in E-STE, the charge
current induced by ISHE (referred to as ISHE current)

propagates uniformly with the electron beam. Therefore,
unless the Cherenkov condition is fulfilled (which requires
the electron-beam voltage to be higher than the regime in
which we are interested [34]), the ISHE current cannot
spontaneously emit radiation. In E-STE, the gratings are
introduced to diffract the ISHE current into radiation.

(2) Since the ISHE current in each bilayer lasts a few
hundred femtoseconds [20,21,35] (which is determined
by the timescale of the superdiffusion), and because of
the periodic distribution of the gratings and the uniformly
moving electron beam, the pulses from each bilayer are
in-phase. The superposition of these pulses can consti-
tute continuous THz radiation. Thus, the gratings make the
radiation continuous.

(3) Because of the in-phase superposition of the pulses
from each bilayer, the gratings also make the radiation
monochromatic. Since the pulses last for several hundred
femtoseconds, there are rich THz components. By tuning
the radiation frequency by the period of the gratings, we
are able to obtain monochromatic THz radiation.

Therefore, based on periodic gratings, the E-STE is able to
emit continuous monochromatic THz radiation. A similar
mechanism on the emission of radiation has also been
discussed in the context of plasmonics [1,36–39].

III. THEORETICAL MODEL

In this section, the theoretical model of E-STE is estab-
lished to quantitatively describe each step of the emitting
mechanism in Sec. II.

A. Electron-beam excitation of hot electrons

A far as we know, the electron-beam excitation of hot
electrons in Ni has not yet been considered [21–26]. Based
on the following assumptions, the electron excitation rate
can be calculated:

(a) The field of the electron beam consists of different
frequency components. These components independently
excite electrons in Ni with the same effect as photons of
identical frequency.

(b) Affected by the electron-beam field component of
the frequency ω, Ni electrons with initial energy EF −
�ω < Ei < EF are excited with equal probability, as illus-
trated in Fig. 2, where EF is the Fermi energy.

(c) The excitation process only lasts for a short period
of time (�t < 100 fs). Therefore, the thermal effect that is
a result of the excitation can be neglected.

(d) The response function (permittivity, conductance,
etc.) of Ni in the timescale of a few hundred femtoseconds
can be approximated by its long-time response function.

(e) The electron beam is assumed to move uniformly
throughout the excitation process. This is because the
length of the system is small (The length of each grating

024055-3



CHENGPENG YU and SHENGGANG LIU PHYS. REV. APPLIED 11, 024055 (2019)

FIG. 2. The distribution of the Ni electrons excited by electron-
beam field component of frequency ω. The contributions of other
electromagnetic field components are not plotted.

period is smaller than 30 μm, as discussed in Sec. IV C).
Each time an electron passes through the system, it only
loses a small portion of energy. The same assumption was
made in Refs. [1,40,41] concerning beam-wave interaction
problems.

Based on assumptions (a)–(e), the electron excitation
rate (which is defined as the number density of excited
spin σ =↑, ↓ electrons per unit time and energy span, see
Appendix A for derivations) is:

Sext(y, z, t, E, σ) = p(σ )N ext(y, E)T(y, z, t)u(z), (2)

N ext(y, E) = 4π

�2

∫ +∞

(E−EF )/�

σ̃F(ω)

ω2

×
∑

i=y,z

|Ẽi(y, z, ω)|2dω, (3)

T(y, z, t) =
∑

i=y,z Ji(y, z, t)Ei(y, z, t)

4π
∑

i=y,z

∫ +∞
0 σ̃F(ω)|Ẽi(y, z, ω)|2dω

, (4)

u(z) =
{

1
(− η

2 + k
)

D < z <
(

η

2 + k
)

D,
0 otherwise,

k = . . . , −1, 0, 1, . . . , (5)

where p(σ ) is the percentage of the excited spin-
up and spin-down electrons, given as p(↑) = 33.6%,
p(↓) = 66.4% [28]; N ext(y, E) is the total number density
of excited Ni electrons per unit energy span; T(y, z, t) is the
normalized time evolution function; and u(z) is the profile
of the gratings. σ̃F(ω) is the frequency-dependent conduc-
tivity of Ni, given in Ref. [42]. Ei(y, z, t), Ẽi(y, z, ω) are the

electric-field signal and spectrum of the electron beam, and
Ji(y, z, t) are the currents excited by Ei(y, z, t) in Ni. These
three quantities are calculated through Maxwell equations
and the boundary conditions given in Appendix A.

B. Electron superdiffusion

Once the electrons are excited, they superdiffuse across
the Ni layer. According to the theory of M. Battiato et
al. [31,35], the number density of spin σ =↑, ↓ electrons
per unit energy span ΔE, n(y, z, t, E, σ), satisfies

∂n(y, z, t, E, σ)

∂t
+ n(y, z, t, E, σ)

τ(E, σ)

=
(

− ∂

∂y
φ̂ + Î

)
[Ŝn(y, z, t, E, σ) + Sext(y, z, t, E, σ)] ,

(6)

φ̂f (y, z, t, E, σ) =
∫ t

−∞
dt0

e−[(t−t0)/τ (R,σ)]

2v(E, σ)(t − t0)2

×
∫ y+v(E,σ)(t−t0)

y−v(E,σ)(t−t0)

dy0f (y0, z, t0, E, σ)

× (y − y0), (7)

Ŝf (y, z, t, E, σ) = f (y, z, t, E, σ)

τ(E, σ)
θ(E − EF), (8)

where operators φ̂ and Ŝ correspond to the motions and col-
lisions of the electrons and Î is the unit operator. v(E, σ)

and τ(E, σ) are the average velocity and lifetime of the
excited electrons, given in Ref. [32], and θ(x) is the
Heaviside function.

The superdiffusion is assumed to be z independent
according to Eqs. (6)–(8) (see Theorem 1 in Appendix B
for more details). This assumption is fair because: (a) for
each bilayer of the gratings, the length in the z direction
(>100 nm) is much larger than its thickness (5 nm); (b)
to our knowledge, at this length scale, there is no research
showing that the surface effect plays an important role in
Pt or Ni.

According to the expression Ŝ [Eq. (8)], the inelastic col-
lisions among electrons and the metal lattice are neglected
due to the short timescale of the spin current (several
hundred femtoseconds).

To solve Eq. (6), the total reflection boundary condi-
tion is applied to the Ni/substrate interface, while the total
transmission boundary condition is applied to the Pt/Ni
interface.

It is worth noting that Eq. (6) should not be solved
analytically through a perturbation approach, because
such a result only considers the contribution of the first-
generation electrons excited by the electron beam. Since
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the electron lifetime is τ ∼ 10 fs [32], which is an order of
magnitude smaller than the timescale of the spin current,
electrons of the later generations excited by collisions play
an important role. Therefore, Eq. (6) will be numerically
solved through the Euler forward method [35]. The results
are presented and discussed in Sec. IV A.

C. ISHE

When the excited eletrons superdiffuse across the Pt/Ni
interface, the corresponding spin-current density at the
interface is [31,35]

⇀

J
S
(hF , z, t) = �

2
⇀
e y

∫ +∞

EF

dE[�(hF , z, t, E, ↑)

− �(hF , z, t, E, ↓)], (9)

�(y, z, t, E, σ) = φ̂[Ŝn(y, z, t, E, σ)

+ Sext(y, z, t, E, σ)], (10)

where hF is the thickness of the Ni layer, �(y, z, t, E, σ) is
the flux density of spin σ =↑, ↓ electrons per unit energy
span, φ̂ and Ŝ are defined as Eqs. (7) and (8), and

⇀
e y is the

unit vector in the y direction (similarly, there are
⇀
e x,

⇀
e z).

Once the spin current enters the Pt layer, it transforms
into a charge current due to ISHE and simultaneously
decays away. The ISHE current density can be obtained
from Eq. (1) and the calculations of Refs. [21,33]. Inte-
grating the ISHE current density over the Pt layer in the
y direction, the equivalent ISHE surface current density is
obtained as

⇀

J
C
(z, t) = θSHE

2e
�

⇀
e xJ S

y (hF , z, t)λN

× ehN /λN + e−(hN /λN ) − 2
ehN /λN − e−(hN /λN )

, (11)

where λN = 1.4 nm is the propagation length for the spin
current in Pt [21] and hN is the thickness of the Pt layer.

D. Diffraction radiation of the periodic gratings

The ISHE current copropagates with the electron beam
and is diffracted by the bilayer gratings into radiation in
the substrate and free space. Since the ISHE current ori-
ents in the x direction [Eq. (11)], and considering that
the system is x invariant, ∂x → 0, it is straight forward
to prove Ez = 0 from the Maxwell equations. Therefore,
the electromagnetic field is TEz. The electric field in the x
direction is expressed as a summation of space harmonics

(see Appendix B for derivation):

Ẽr
x(y, z; ω) =

+∞∑

n=−∞

−ωμ0η sinc (ηn)eikznz

k1n + k2n

×
[

1
2π

∫ +∞

−∞
dτJ C

x (0, τ)eiωτ

]

×
{

eik1ny , y > 0,
e−ik2ny , y < 0,

(12)

where n is the order of space harmonics, kzn = ω/u0 +
2πn/D, k1n = √

ω2/c2 − k2
zn, and k2n = √

εdω2/c2 − k2
zn

are corresponding wave vectors, D is the period of the
bilayer gratings, ηD is the gap between each bilayer, εd
is the permittivity of the substrate, μ0 is the vacuum
permeability, and c is the speed of light.

From Eq. (12), it is known that the n = −1 space har-
monic dominates the radiation field. Therefore, the primary
frequency of the radiation is (see Appendix B for more
details)

f−1 = cβ
D

1
1 − εrβ2 , (13)

where β = u0/c and εr is the permittivity in the free space
and the substrate. Thus, by modifying the period of the
bilayer gratings, the frequency of the output radiation can
be changed.

The system presented in Fig. 1 is infinitely large in the
x, z direction. A practical system, however, has a finite
area. Thus, when an electron beam goes through the sys-
tem, a specific amount of radiation energy will be emitted.
The radiation energy per unit area is (see Appendix C for
derivation)

w = Re
−1∑

n=−∞

[∫ ω+
1

ω−
1

dωk1n +
∫ ω+

2

ω−
2

dωk2n

]

×
∣∣∣∣

1
2π

∫ +∞

−∞
dτJ C

x (0, τ)eiωτ

∣∣∣∣

2 4πωμ0η
2sinc2(ηn)

|k1n + k2n|2
,

(14)

where ω±
1 = −2πncβ/[D(1 ∓ β)] are the upper and lower

bounds of the radiation frequency in the free space and
ω±

2 = −2πncβ/[D(1 ∓ √
εdβ)] are the upper and lower

bounds of the radiation frequency in the substrate.
Considering an electron gun that emits electron beams

periodically into E-STE with a repetition rate fr, the radia-
tion power density is defined as P = wfr.

The working efficiency of the system, on the other hand,
is defined as the ratio between the radiation energy per unit
area, w, and the work done per unit area by the electron
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beam, W: ξ = w/W. Making use of the Parseval theorem,
W is given as

W = 4π(1 − η)

∫ +∞

0
[hF σ̃F(ω) + hN σ̃N (ω)]

×
∑

i=y,z

|Ẽi(0, z, ω)|2dω, (15)

where σ̃N (ω) is the frequency-dependent conductivity of
Pt as given in Ref. [42].

IV. RESULTS AND ANALYSIS OF
CALCULATIONS

Based on the theoretical mode in Sec. III and calcula-
tions, the properties of E-STE are obtained and analyzed.
Some important results are presented below.

A. Motion of the electrons with different energy and
spin

Solving Eqs. (6)–(8) numerically, the motions of the
electrons with different energies and spins are calculated.
Taking the voltage of the electron beam to be U = 5 V,
the space-time distribution of n(y, z, t, E, σ)in a bilayer is
plotted in Fig. 3.

The results in Fig. 3 indicate:

(a) When excited by an electron beam, the relaxation
time of the hot electrons is several hundred femtoseconds
[Figs. 3(c)–3(f)], which corresponds to the THz-frequency
regime.

(b) When the electron energy is low, the superdiffu-
sion is suppressed due to the low electron average velocity
[Figs. 4(a) and 4(b)]. Therefore, the spin current is pri-
marily excited by the electron-beam field components in
or above the optical frequency (frequency f ∼ 100 THz,
which can excite Ni electrons to Ef + 0.4 eV).

(c) With the same energy, the relaxation time of the
spin-up electrons is remarkably smaller than that of the
spin-down electrons. The superdiffusion of spin-up elec-
trons is much stronger. Thus, the macroscopic spin current
is spin-up.

B. Relation between the ISHE current and the
electron-beam voltage

According to Eq. (11), in the bilayers, the ISHE current
is in the x direction. The surface current density with dif-
ferent electron-beam voltages is shown as Fig. 4(a). The
corresponding frequency spectrum is plotted as well in
Fig. 4(b).

The results in Fig. 4 indicate:

(a) The ISHE current has rich THz components
[Fig. 4(b)]. Therefore, modifying the period of the bilayer

(a) (b)

(c) (d)

(e) (f)

FIG. 3. The space-time distribution of n(y, z, t, E, σ) in a
bilayer. The energy and spin of the electrons are: (a) E = 0.01 eV,
σ = ↓, (b) E = 0.01 eV, σ = ↑, (c) E = 0.5 eV, σ = ↓, (d)
E = 0.5 V, σ = ↑, (e) E = 2 eV, σ = ↓, and (f) E = 2 eV, σ = ↑,
respectively. (The Fermi energy EF is chosen as the reference
energy.) The voltage of the electron beam U = 5 V and the z
coordinates are fixed to be z = 0. (According to Theorem 1 in
Appendix B, as long as n(y, 0, t, E, σ) is known, we can deduce
n(y, z, t, E, σ) at any z). The Pt layer and Ni layer are separated
by the dashed line on each figure.

gratings with respect to Eq. (13), E-STE can output the
THz radiation of a given frequency.

(b) The amplitude of the ISHE surface current den-
sity decreases as the electron-beam voltage increases and
nearly vanishes when U = 50 V. This is because if an elec-
tron beam interacts with a system through the near field,
as the electron beam moves faster, the exchange of energy
will become less efficient [41]. Therefore, a high-voltage
electron beam cannot efficiently excite hot electrons in Ni.
Of course, to preserve the assumption that the electron
beam moves uniformly (as stated in Sec. I), the voltage
of the electron beam cannot be chosen to be arbitrarily
low, otherwise the length of the system will be seriously
limited.
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(a) (b)

FIG. 4. The ISHE surface current density J C
x in a bilayer excited by an electron beam of different voltage. (a) Time domain signal,

(b) frequency spectrum. The z coordinates are fixed to be z = 0. All data are normalized by the peak value of the U = 5 V curve.

C. Spectrum and distribution of the radiation field

As stated in Sec. IV B, THz radiation of a different
frequency can be emitted by modifying the period of the
gratings. From Eq. (13), the relation between the primary
radiation frequency f0 and the gratings period D is esti-
mated: for electron-beam voltage U = 5 V, when f0 = 0.1,
0.5, 1 ,2, 3, 10 THz, D = 13.25, 2.65, 1.33, 0.663, 0.442,
0.133 μm; for an electron-beam voltage U = 25 V, when
f0 = 0.1, 0.5, 1 ,2, 3, 10 THz, D = 29.66, 5.93, 2.97, 1.48,
0.989, 0.297 μm.

With the primary radiation frequency f0 = 0.5, 1, 2,
3 THz and the electron-beam voltage U = 5 V, 25 V, the
spectrum of the radiation electric field Er

x is calculated
through Eq. (12), as shown in Fig. 5.

On the other hand, for frequency f0 = 1, 3 THz and
electron-beam voltage U = 5 V or 25 V, the distribution
of Er

x at t = 0 is shown in Fig. 6.

The results in Figs. 5 and 6 show:

(a) The radiation is continuous and monochromatic.
(b) By modifying the period of the bilayers in a reason-

able range (13.25–0.133 μm, 29.66–0.297 μm), E-STE is
able to emit radiation covering the whole THz frequency
regime (0.1–10 THz).

(c) Apart from the radiation of frequency f0, E-STE also
emits radiation from higher-order space harmonics. Both
types of radiation are fairly monochromatic, especially at
the electron-beam voltage U = 5 V.

(d) The TEz radiation wave is emitted into the substrate
and free space at the same time. The field in the substrate
is stronger due to the higher refraction index.

(e) The radiation wave is distributed over a large angle.
This angle is mainly determined by the primary radia-
tion frequency f0, and is not significantly affected by the

FIG. 5. The spectrum of the radiation electric field Er
x with different primary radiation frequencies f0. The electron beam voltage is:

(a) U = 5 V and (b) U = 25 V, respectively. The spectrum is measured at z = 0, y = −10D. For each curve, the spectrum peak location
is labeled. All data are normalized by the peak value of the f0 = 0.5 THz spectrum.
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(a) (b)

(c) (d)

FIG. 6. The distribution of Er
x at t = 0.

The electron beam is located near the
origin. The electron beam voltages and
the primary radiation frequencies are: (a)
U = 5 V, f0 = 1 THz, (b) U = 5 V, f0 =
3 THz, (c) U = 25 V, f0 = 1 THz, and (d)
U = 25 V, f0 = 3 THz, respectively.

electron beam voltage U or the gratings period D. This
would make collection of the radiation easier.

D. Power density and efficiency

Considering an electron gun that emits electron beams
with a repetition rate fr = 10 MHz and peak current
I∼100 mA (which is quite experimentally achievable [43,
44]), the radiation power density P defined in Sec. III D is
calculated at different I, shown as Fig. 7.

The results in Fig. 7 show:

(a) E-STE has a relatively high radiation power den-
sity. Excited by an electron beam with repetition rate
fr = 10 MHz, the radiation power density P can reach as
high as 108 W/cm2. This can help reduce the size of the
E-STE-based THz systems.

(b) The radiation power first goes up and then goes
down with the increase of the primary radiation frequency
f0. When 0.5 THz < f0 < 2 THz, the largest values are
obtained. This is the optimized working frequency of
E-STE.

Once the peak current I of the electron beam is known,
the working efficiency ξ defined in Sec. III D can also be
estimated. The results show:

(a) The working efficiency ξ increases with the peak
current I in the same manner as the radiation power
density P.

(b) E-STE has a relatively high working efficiency.
With a reasonable electron-beam peak current (I∼100 mA)
and radiation frequency (f0 ∼ 1 THz), the theoretical
value of the working efficiency ξ can reach and even
exceed 25%.

(c) The working efficiency ξ also reaches the largest
values when 0.5 THz < f0 < 2 THz.

E. Comparing E-STE and Laser-Driven Spintronic
THz Emitters

As stated in Sec. I, presently, Laser Driven Spintronic
THz Emitters (LSTE) are studied most intensively. There-
fore, it is necessary to compare the E-STE proposed here
with LSTE.

Just as expected in Sec. I, E-STE has the following
advantages over LSTE:

(a) To drive LSTE, femtosecond lasers are needed [20–
26], while E-STE only needs low-energy electron beams
(U = 5, 25 V). Having studied vacuum electronics for
so many years [40–45], the techniques to generate low-
energy electron beams are quite mature and the power is
also significantly high. Therefore, based on E-STE, a new
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(a) (b)

FIG. 7. The radiation power density P at different electron-beam peak currents I and primary radiation frequencies f0. The voltage
of the electron is: (a) U = 5 V and (b) U = 25 V. The electron-beam repetition rate is fr = 10 MHz.

approach can be found to realize compact, high-power, and
practical THz systems.

(b) LSTE can only emit broadband THz pulses. The
central frequency is fixed by the materials that build
the bilayer [20–23], while E-STE can emit continuous,
monochromatic THz radiation with a frequency regime
from 0.1 to 10 THz. Thus, having these characteristics
makes E-STE possess wide applications [8,9].

Compared with LSTE, E-STE can be further improved
with the following aspect: In LSTE, the energy of the hot
electrons can be controlled by the frequency of the input
laser, therefore, achieving an optimized value for the gen-
eration of the spin current; while in E-STE, part of the
hot electrons excited by the electron beam has low energy
and cannot effectively generate a spin current (Sec. IV A).
Thus, E-STE’s current efficiency is lower than that of
LSTE. The latter can reach 10%–25% in experiments [21].

However, considering that low-energy electron guns
are very efficient [43,44], E-STE-based THz systems may
actually possess a higher overall working efficiency than
that of LSTE-based ones.

V. CONCLUSION

To summarize, by combining the principles of spin-
tronics and vacuum electronics, E-STE is presented in
this paper. As an alternative THz-radiation source, E-STE
utilizes low-energy electron beams instead of lasers. It
works through four steps: the electron-beam excitation of
hot electrons, the electron superdiffusion, ISHE, and the
diffraction radiation of the periodic gratings.

Theoretical and numerical investigations show that
E-STE has the following advantages:

(a) The radiation is continuous and monochromatic.
(b) The voltage and current of the electron beam are

relatively low (voltage U = 5 V, 25 V; peak current

I∼100 mA), while the radiation power density and work-
ing efficiency are relatively high. (For favorable parame-
ters, the power density can reach as high as 108 W/cm2 and
the working efficiency can reach 25%.)

(c) The radiation frequency can cover the whole THz
regime (0.1–10 THz) by modifying the period of the
gratings.

To conclude, the E-STE presented and investigated here is
compact and powerful. Therefore, E-STE may contribute
to the development of a THz-radiation source that can be
integrated on chip.
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APPENDIX A: DERIVATION OF THE
ELECTRON-BEAM EXCITATION OF HOT

ELECTRONS

The electron beam with velocity u0 introduces charge
and current density into the system:

ρ(y, z, t) = qδ(z − u0t)δ(y − y0), (A1)
⇀

J (y, z, t) = ⇀
e zqu0δ(z − u0t)δ(y − y0), (A2)

where q is the charge of each electron beam, δ(x) is the
Dirac function, and y0 is the distance between the electron
beam and the substrate, as shown in Fig. 1.

Considering that the thickness of the bilayers is small,
through Maxwell equations and the boundary conditions,
the field excited by the electron beam can be obtained. The
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electric field spectrum in the Ni layer is

Ẽz(y, z; ω) = μ0qω

4πk1

(
1
β2 − 1

)

×
(

1 − (εdk1/k2)

1 + (εdk1/k2)
eik1y + e−ik1y

)
eik1y0eikzz,

(A3)

Ẽy(y, z; ω) = μ0qω

4πk1

(
1
β2 − 1

)

×
(

−1 − (εdk1/k2)

1 + (εdk1/k2)
eik1y + e−ik1y

)

× kz

k1
eik1y0eikzz, (A4)

where kz = ω/u0, k1 = √
ω2/c2 − k2

z , and k2 =√
εdω2/c2 − k2

z . The spectrum of the current density

excited by the electron-beam field in Ni is
⇀̃

J (y, z, ω) =
σ̃F(ω)

⇀̃

E(y, z, ω). The time domain signals
⇀

E(y, z, t) and
⇀

J (y, z, t) can be calculated easily through Fourier trans-
formation.

The density of the work done by the electron beam to Ni
is estimated as

W(y, z) =
∑

i=y,z

∫ +∞

−∞
Ji(y, z, t)Ei(y, z, t)dt. (A5)

Since the response function of Ni can be approximated by
its long-time response function and according to Parseval
theorem, Eq. (A5) is simplified as

W(y, z) =
∫ +∞

0
W̃(y, z, ω)dω, (A6)

W̃(y, z, ω) = 4πσ̃F(ω)
∑

i=y,z

|Ẽi(y, z, ω)|2. (A7)

Therefore, W̃(y, z, ω) is the density of the work spectrum
done by the electron beam to Ni.

The effect of each W̃(y, z, ω) is just like that of the
photons of frequency ω. Because Ni electrons with ini-
tial energy EF − �ω < Ei < EF are excited with equal
probability, and the thermal effect that comes with the exci-
tation can be neglected, this causes Ni electrons of amount
W(y, z, ω)/(�ω) in energy range EF − �ω < Ei < EF to
jump to energy levels Ei + �ω, and the transition probabil-
ity distribution is P(Ei) = 1/�ω and EF − �ω < Ei < EF .
Thus, the total number density of excited Ni electrons per

unit energy span is

N ext(y, z, E) =
∫ +∞

(E−EF )/�

W̃(y, z, ω)

�ω

1
�ω

dω. (A8)

Of course, the number density of excited electrons in
Eq. (A8) is only achieved when the electron beam com-
pletely goes through the system. The electron excitation
rate is proportional to the instantaneous power done by
the electron beam to the Ni layer

∑
i=y,z Ji(y, z, t)Ei(y, z, t),

which is normalized as T(y, z, t) in Eq. (4).
The excited electrons are either spin-up or spin-down.

The percentage of these two types of electrons, p(↑), p(↓),
are given in Sec. III A.

The profile of the bilayer gratings shall be considered
as well, introducing an extra factor u(z), which is given as
Eq. (5).

Considering all the aspects above, the electron excita-
tion rate is obtained by multiplying N ext(y, z, E), T(y, z, t),
p(σ ), and u(z) together, as shown in Eq. (2).

APPENDIX B: DERIVATION OF THE RADIATION
FIELD

Through Maxwell equations and the boundary condi-
tions, the radiation field can be obtained from the ISHE

surface current density
⇀

J
C
(z, t). Since the ISHE current

orients in the x direction [Eq. (11)], the electromagnetic
field is TEz. The electric field in the x direction is

Ẽr
x(y, z; ω) = 1

2π

∫ +∞

−∞
dkz

[
− ωμ0

k1 + k2

×
[

1
2π

∫ +∞

−∞
dze−ikzz

∫ +∞

−∞
dteiωtJx

C(z, t)
]

×eikzz

{
eik1y y > 0
e−ik2y y < 0

]

. (B1)

Equation (B1) can be simplified further with the following
theorem.

Theorem 1: Sext(y, z, t, E, σ), n(y, z, t, E, σ),
⇀

J
S
(hF , z, t),

and
⇀

J
C
(z, t) have the following property:

f (z, t) = f
(

0, t − z
u0

)
u(z). (B2)

Proof: Because the electron beam moves uniformly

across the system, the electrical field
⇀

E(y, z, t) and corre-

sponding current in Ni
⇀

J (y, z, t) satisfy f (z, t) = f (0, t −
z/u0), as shown in Eqs. (A3) and (A4). Thus, T(y, z, t)
in Eq. (4) satisfies f (z, t) = f (0, t − z/u0). On the other
hand, p(σ ) and N ext(y, E) in Eq. (3) are z invariant.
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Therefore, according to Eq. (2), Sext(y, z, t, E, σ) follows
relation (B2).

n(y, z, t, E, σ) also follows relation (B2). To prove this,
two extra properties of operator φ̂ are needed:

[φ̂f ](y, z, t − t1, E, σ) = φ̂[f (y, z, t − t1, E, σ)], (B3)

[φ̂Sext](y, z, t, E, σ) = [φ̂Sext]
(

y, 0, t − z
u0

, E, σ
)

,

u(z) 	= 0 (B4)

These properties can be easily proved through the
definition of φ̂ [Eq. (7)]. When u(z) 	= 0, substituting
z = 0 and t = t̂ − z/u0 into Eq. (6) and making use of
properties (B3) and (B4), it is proved that

∂n(y, 0, t̂ − (z/u0), E, σ)

∂ t̂
+ n(y, 0, t̂ − (z/u0), E, σ)

τ(E, σ)

−
(

− ∂

∂y
φ̂t̂ + Î

) [
n(y, 0, t̂ − (z/u0), E, σ)

τ(E, σ)

]

=
[(

− ∂

∂y
φ̂ + Î

)
Sext

]
(y, z, t̂, E, σ) , (B5)

where operator φ̂t̂ is obtained by replacing t in φ̂ [Eq. (7)]
with t̂. Thus, n(y, 0, t̂ − z/u0, E, σ) follows the same
differential equation as n(y, z, t̂, E, σ). Considering the
uniqueness of the solution of Eq. (6), it can be fur-
ther concluded that n(y, 0, t̂ − z/u0, E, σ) = n(y, z, t̂, E, σ).
When u(z) = 0, obviously n(y, z, t̂, E, σ) = 0. Therefore,
n(y, z, t̂, E, σ) = n(y, 0, t̂ − z/u0, E, σ)u(z). This finishes
the proof that n(y, z, t, E, σ) also follows relation (B2).

Since Sext(y, z, t, E, σ) and n(y, z, t, E, σ) all follow rela-
tion (B2), from Eq. (10) and properties (B3) and (B4),
it is proved that �(y, z, t, E, σ) follows relation (B2) as

well. Finally, through Eqs. (9) and (11),
⇀

J
S
(hF , z, t) and

⇀

J
C
(z, t) also satisfy relation (B2). Therefore, the proof of

Theorem 1 is finished.
From Theorem 1, J C

x (z, t) can be re-expressed as
J C

x (0, t − z/u0)u(z). Substituting this expression into
Eq. (B1), the radiation electric field [Eq. (12)] is obtained.

The electric field in Eq. (12) consists of different space
harmonics numbered as n = . . . , −1, 0, 1, . . .. A space har-
monic can radiate out into the substrate (free space) only
if Im k2n = 0 (Im k1n = 0). This implies the frequency
of the radiative space harmonic satisfies −ncβ/[D(1 +√

εrβ)] < f < −ncβ/[D(1 − √
εrβ)] (where εr = εd for

the substrate and εr = 1 for the free space). Therefore,
only n < 0 harmonics can emit radiation and the central
frequency of the radiation is fn = −ncβ/[D(1 − εrβ

2)].
Since n =−1 space harmonic dominates the radiation, the
primary frequency of the radiation is given as Eq. (13).

APPENDIX C: DERIVATION OF THE RADIATION
ENERGY

Consider a double-plane y = ±r (r 
 0) that surrounds
the whole system. The energy that flows out of the double
plane is the radiation energy of the system.

On each point of the double plane, the flowed-out energy
density

w(y, z) =
∫ +∞

−∞

y
|y|

⇀

S
r
(y, z, t) · ⇀

e ydt, (C1)

where
⇀

S
r
(y, z, t) is the Poynting vector of the radiation

field. Since the radiation field is TEz,
⇀

S
r
(y, z, t) · ⇀

e y =
−Er

x(y, z, t)H r
z (y, z, t).

According to the Parseval theorem and Maxwell equa-
tions, w(y, z) is expressed in the frequency domain as

w(y, z) = y
|y|4πRe

∫ +∞

0
dω

1
iμ0ω

∂Ẽr
x(y, z, ω)

∂y
Ẽr∗

x (y, z, ω).

(C2)

Substituting the expression of Er
x(y, z, ω) from Eq. (12)

into Eq. (C2), w(y, z) is obtained:

w(y, z) = Re
∫ +∞

0
dω

∣∣∣∣
1

2π

∫ +∞

−∞
dτJx

C(0, τ)eiωτ

∣∣∣∣

2

×
+∞∑

n=−∞

+∞∑

n̄=−∞

−4π iωμ0η
2sinc2(ηn)ei 2π

D (n̄−n)z

(k1n + k2n)
∗(k1n̄ + k2n̄)

×
{

ik1n̄ei(k1n̄−k∗
1n)y , y > 0,

ik2n̄e−i(k2n̄−k∗
2n)y , y < 0.

(C3)

w(y, z) oscillates rapidly along the z direction and the
average flowed-out energy density is

w(y) = Re
+∞∑

n=−∞

∫ +∞

0
dω

∣∣∣∣
1

2π

∫ +∞

−∞
dτJ C

x (0, τ)eiωτ

∣∣∣∣

2

× −4π iωμ0η
2sinc2(ηn)

|k1n + k2n|2

×
{

ik1ne−2Imk1ny , y > 0,
ik2ne2Imk2ny , y < 0.

(C4)

In practical situations, only the energy flow in the far field
is important. Therefore, y = |r|(r 
 0) should be consid-
ered to further simplify the equation into a y free form.
In doing so, all the space harmonics that are evanescent
in the y direction should be omitted. This introduces four
quantities: ω±

1 are the upper and lower bounds of Im k1n =
0 and ω±

2 are the upper and lower bounds of Im k2n = 0.
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(a) (b)

FIG. 8. One of the possible designs of the full device. (a) E-STE is integrated on chip with a planar electron emitter consisting of a
cathode, a grid, and an anode. By applying voltage, the electron emitter emits free electrons from the tip of the cathode to the anode.
The electron-beam emitter is technically achievable, see Ref. [40]. (b) The whole E-STE chip is placed on the focus of a parabolic
mirror to collect the emitted THz radiation. The whole system is in a vacuum chamber.

Their definitions are given in Sec. III D. Making use of ω±
1

and ω±
2 , the energy flow can be simplified as

w(y) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Re
−1∑

n=−∞

∫ ω+
2

ω−
1

dω

∣∣∣∣
1

2π

∫ +∞

−∞
dτJ C

x (0, τ)eiωτ

∣∣∣∣

2

×4πk1nωμ0η
2sinc2(ηn)

|k1n + k2n|2
, y > 0,

Re
−1∑

n=−∞

∫ ω+
2

ω−
2

dω

∣∣∣∣
1

2π

∫ +∞

−∞
dτJ C

x (0, τ)eiωτ

∣∣∣∣

2

×4πk2nωμ0η
2sinc2(ηn)

|k1n + k2n|2
, y < 0.

(C5)

The radiation energy per unit area is obtained by sum-
ming up the flowed-out energy of planes y = ±r and w =
w(r) + w(−r). The result is shown in Eq. (14).

APPENDIX D: ONE POSSIBLE DESIGN OF THE
EXPERIMENTAL IMPLEMENTATION OF E-STE

One of the possible designs of the full device is plot-
ted in Fig. 8. That figure includes the vacuum space, the
electron beam source, and the THz-radiation collection
system.

Note that although the electron beam in Fig. 8 is not x
invariant as assumed in our theory, it can be designed to
cover a large part of the area of the gratings. In this sit-
uation, our theory can predict the output of the device.
In addition, Fig. 8 is not the only possible configura-
tion. For example, instead of the planar electron emitter, a
sheet electron-beam gun can also be utilized [46], then the
brightness of the obtained THz radiation can be improved.
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photon emission and energy loss from free electrons, Nat.
Phys. 14, 894 (2018).

024055-13

https://doi.org/10.1063/1.4984961
https://doi.org/10.1140/epjd/e2017-70223-y
https://doi.org/10.1063/1.4996567
https://doi.org/10.1063/1.2784766
https://doi.org/10.1063/1.2784767
https://doi.org/10.1016/0038-1098(78)90108-4
https://doi.org/10.1038/nature23011
https://doi.org/10.1103/RevModPhys.90.015005
https://doi.org/10.1103/RevModPhys.87.1213
https://doi.org/10.1038/nnano.2013.43
https://doi.org/10.1038/s41598-018-19432-9
https://doi.org/10.1103/PhysRevLett.121.037201
https://doi.org/10.1038/nphoton.2016.91
https://doi.org/10.1002/adma.201603031
https://doi.org/10.1088/1361-6463/aad536
https://doi.org/10.1063/1.4986755
https://doi.org/10.1103/PhysRevLett.121.066603
https://doi.org/10.1088/0953-8984/16/30/013
https://doi.org/10.1038/nmat1985
https://doi.org/10.1103/PhysRevLett.107.076601
https://doi.org/10.1103/PhysRevLett.105.027203
https://doi.org/10.1103/PhysRevB.73.125105
https://doi.org/10.1063/1.3587173
https://doi.org/10.1103/PhysRevLett.109.153902
https://doi.org/10.1103/PhysRevB.86.024404
https://doi.org/10.1063/1.4974148
https://doi.org/10.1364/OE.22.017490
https://doi.org/10.1103/PhysRevE.80.036603
https://doi.org/10.1109/TAP.2016.2633161
https://doi.org/10.1038/nphoton.2017.45
https://doi.org/10.1038/s41567-018-0180-2


CHENGPENG YU and SHENGGANG LIU PHYS. REV. APPLIED 11, 024055 (2019)

[42] M. A. Ordal, L. L. Long, R. J. Bell, S. E. Bell, R. R. Bell,
R. W. Alexander, Jr., and C. A. Ward, Optical properties
of the metals Al, Co, Cu, Au, Fe, Pb, Ni, Pd, Pt, Ag, Ti,
and W in the infrared and far infrared, Appl. Opt. 22, 1099
(1983).

[43] M. Weinfeld and A. Bouchoule, Electron gun for generation
of subnanosecond electron packets at very high repetition
rate, Rev. Sci. Intrum. 47, 412 (1976).

[44] F. Sannibale, D. Filippetto, M. Johnson, D. Li, T. Luo,
C. Mitchell, J. Staples, S. Virostek, R. Wells, and J.
M. Byrd, Upgrade possibilities for continuous wave rf

electron guns based on room-temperature very high fre-
quency technology, Phys. Rev. Spec. Top. – AC 20, 113402
(2017).

[45] W. R. Huang, E. A. Nanni, K. Ravi, K. H. Hong, A. Fallahi,
L. J. Wong, P. D. Keathley, L. E. Zapata, and F. X. Kartner,
Toward a terahertz-driven electron gun, Sci. Rep. 5, 14899
(2015).

[46] Y. M. Shin, J. F. Zhao, L. R. Barnett, and N. C. Luhmann,
Investigation of terahertz sheet beam traveling wave tube
amplifier with nanocomposite cathode, Phys. Plasmas 17,
123105 (2010).

024055-14

https://doi.org/10.1364/AO.22.001099
https://doi.org/10.1063/1.1134651
https://doi.org/10.1103/PhysRevAccelBeams.20.113402
https://doi.org/10.1038/srep14899
https://doi.org/10.1063/1.3525098

	I. INTRODUCTION
	II. EMITTING MECHANISM
	III. THEORETICAL MODEL
	A. Electron-beam excitation of hot electrons
	B. Electron superdiffusion
	C. ISHE
	D. Diffraction radiation of the periodic gratings

	IV. RESULTS AND ANALYSIS OF CALCULATIONS
	A. Motion of the electrons with different energy and spin
	B. Relation between the ISHE current and the electron-beam voltage
	C. Spectrum and distribution of the radiation field
	D. Power density and efficiency
	E. Comparing E-STE and Laser-Driven Spintronic THz Emitters

	V. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: DERIVATION OF THE ELECTRON-BEAM EXCITATION OF HOT ELECTRONS
	B. APPENDIX B: DERIVATION OF THE RADIATION FIELD
	C. APPENDIX C: DERIVATION OF THE RADIATION ENERGY
	D. APPENDIX D: ONE POSSIBLE DESIGN OF THE EXPERIMENTAL IMPLEMENTATION OF E-STE
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


