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Abstract
In a laser driven plasma based particle accelerator a stable

synchronization of the electron bunch and of the plasma
wake field in the range of less than 2 fs is necessary in or-
der to optimize the acceleration. For this purpose we are
developing a new shot to shot feedback system with a time
resolution of less than 1 fs. We plane to generate stable THz
pulses by optical rectification of a fraction of the plasma
generating high energy laser pulses in a nonlinear lithium
niobate crystal. With these pulses we will energy modu-
late the electron bunches shot to shot before the plasma to
achieve the time resolution. In this contribution we will
focus on realization aspects of the shot to shot feedback sys-
tem and the lithium niobate crystal itself. Here we compare
different approximations for the modeling of the generation
dynamics (second order or first order calculation) and of the
dielectric function (influence of the dispersion relation, of
the free carries generated by the pump adsorption and their
saturation, depletion of the pump) in order to investigate the
importance of a detailed description of the optical properties
for the THz generation.

INTRODUCTION
Particle accelerators are important tools for fundamental

research as well as for the industry and human life. Never-
theless, the technology of standard accelerators is coming
to its limit given by the physical-chemical properties of the
material used for the construction as well as by the huge
size of new accelerators and by the financial costs. Plasma-
based particle accelerators driven by laser beam overcome
these problems because of their extremely large accelerating
electric fields [1]. Currently, the acceleration gradients of
conventional linear accelerators are limited to 10 MVm−1 [2].
However, the acceleration gradients of laser-driven particle
accelerators can be in the order of 1 TVm−1. In this method,
known as plasma wakefield acceleration (PWA), the period
of these fields is in the range of 10 fs, so that for an opti-
mization of the acceleration a stable synchronization of the
electron bunch and of the plasma wakefield in the range of
few femtoseconds is necessary. Therefore, we are planning
a new shot to shot feedback system for SINBAD, which
should be able to synchronize the electron bunch with the
plasma exciting laser pulse with a time resolution of less
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than 1 fs. In a first step, stable Terahertz (THz) pulses should
be performed by optical rectification (OR) of high energy
laser pulses in a periodically poled lithium niobate crystal
(LiNbO3) (PPLN). These pulses allow an energy modulation
in the modulator placed in a chicane of the electron bunch
in order to achieve the required resolution [3]. This paper
focuses on the first step of the feedback system in order to
understand the dependence on the conversion efficiency of
the THz generation, defined as [3, 4]

η =
πϵ0c

∫ ∞

0 dωT n(ωT)|ET(ωT, z)|2

FL
, (1)

on the laser intensity and on the optical properties of the
nonlinear crystal. Herby ET is THz frequency component
of the electric field and FL and ε0 indicate the pump fluence
and the vacuum dielectric constant respectively.
The paper is organized as follows. First, we derive the gen-
eral equations for the description of the THz generation and
then we introduce two different methods in order to include
the effects of the laser pump on the crystal and we compare
the corresponding results for the efficiency. The conclusions
finalize this work.

MODELING THE THZ GENERATION
Following [4–7], an one dimensional system of cou-

pled differential equation for the laser pulse EL(ωL, z) =
AL(ωL)e−ık(ωL)z and for the THz wave ET(ωT, z) =

AT(ωT)e−ık(ωT)z can be derived from the Maxwell equations
as (

∂2

∂z2 +
ω2

T
c2 ε(ωT)

)
ET(ωT, z) = GT(ωT,ωL, z) (2)(

∂2

∂z2 +
ω2

L
c2 ε(ωL)

)
EL(ωL, z) = GL(ωL,ωT, z), (3)

where ε(ω) is the generalized (complex) dielectric function
and the inhomogeneous term GL and GT are related to the
nonlinear polarizations in the optical and THz frequency
range respectively.

In almost all investigations a slope varying approximation
(SVA) is used [4, 8–10], in which neglecting the second
spatial derivatives of the amplitudes Am with m ∈ L,T leads
to coupled system of linear differential of the first order,(

∂

∂z
+
αm(ωm)

2

)
Am(ωm, z) = GSVA

m (ωT,ωL, z) (4)
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where αm indicates the adsorption coefficient in the optical
(m = L) and in the THz range (m = T) respectively and the
inhomogeneous terms are given by

GSVA
T = ıGm

eık(ωT)z

2k(ωm)
. (5)

By setting GL = 0 the system is decoupled and only
Eq. (2) or Eq. (4) with (m = T) has to be solved. From the
physical point of view, in this approximation, which is used
in several works [3, 7–10], the direct depletion of the laser
pump is missed. For Eq. 2 it holds GT = −µ0ω

2
TPNL(ωT, z),

where the nonlinear polarization reads

PNL(ωT, z) = ε0 χ
(2)(z)

∫ ∞

0
dωEL(ωT + ω, z)E∗

L(ω, z), (6)

where χ(2)(z) is the second order nonlinear susceptibility.
The complex dielectric function ε(ω) of the material is

related to the wave vector, the refractive index and the ad-
sorption coefficient by,

n(ω) =
k(ω)c
ω
= ℜ

√
ε(ω) α(ω) =

2ω
c
ℑ
√
ε(ω). (7)

In the frequency region around ω0 only the real part of the
dielectric function is needed and for the expression k(ωT +
ω) − k(ω) a linear approximation,

k(ωT + ωL) − k(ωL) ≈
ngr

opt

c
ωT (8)

can be used. In order to evaluate the effects of the whole
dispersion relation we additionally use the frequency depen-
dence of the wave vector derived from the refractive index
squared given by the Sellmeier equation in Ref. [11].

For the THz frequency region we use a physical motivated
description for ε(ωT) based on the oscillator model given in
[12].

INFLUENCE OF THE FREE CARRIERS
The free carries (FC) generated by the pump adsorption

in the material [5,9,10,13] lead to a decreasing of the pump
intensity in the crystal. In order to systematically consider
the influence of this effect we follow two strategies.

(a) Modification of the Dielectric Function
In this first approach (a) we set GL = 0 and we systemati-

cally modify the dielectric function, in order to describe the
effects of FC to the optical properties as following [5, 13]

εtot(ωT) = εosc(ωT) −
ω2

pl

ω2
T + iωT/τsc

, (9)

The second term of εtot(ωT) is modeled along the line of
a Drude model [10], where the plasma frequency ω2

pl is
proportional to the density of free charge carries ρFC. In

our previous works [5, 13] we proposed the following phe-
nomenological description for ρFC in a PPLN,

ρFC(FL) =


ρ3PA(FL) FL ≤ F0

ρs − A e−a(FL−F0) FL > F0,
(10)

In this way, for fluences smaller then a transition fluence
F0, the FC density is given by the three-photon-adsorption
process (3PA) of the pump beam in the medium [10] and for
FL > F0 a saturation of the FC density has been modeled in
order to describe the experimental observation of an increas-
ing of η at large fluences in lithium niobate crystals [10].

In this manuscript we investigate a periodic polarized con-
gruent lithium niobate crystal with χ(2)(z) = χ(2)eff e−ı2πz/Λ,
where the parameter χ(2)eff = 336 pm V−1 is the effective sec-
ond order nonlinear susceptibility and Λ = 237.74 µm is
the quasi-phase-matching orientation-reversal period. We
consider a Gaussian laser beam pulse with central wave
length λ0 = 1030 nm and a pulse duration at full width of
half-maximum τFWHM = 25 fs [3–5, 8, 10, 13].

As first we consider our results for η achieved by solving
directly the equation of motion as differential equation of the
second order, i.e. Eq. (2). We focus on the deviation from
the SVA results in this approach and we compare in Fig. 1
the results for the conversion efficiency η for a fixed pump
fluence FL = 5 mJ cm−2 as function of the crystal length L
between the second order calculation (solid lines) and the
SVA (dashed lines). If the linear approximation is used, see.

Figure 1: The conversion efficiency η for a fixed pump flu-
ence Fp = 5 mJ cm−2 as function of the crystal length L
for the second order calculation (solid lines) and the SVA
(dashed lines) labeled by different colors as indicated.

Eq. (8), a typical saturation of η for large crystal lengths
occurs and the deviations remain small. However, using
the Sellmeier equation, the already known [5,13] functional
dependence with a maximum around L ≈ 10 mm and is a de-
creasing behavior for larger crystal lengths is recovered and
we note non negligible effects of the FC contributions. Nev-
ertheless the deviations coming between the second order
calculation and SVA are larger.

We can argue that at small fluences the second order dy-
namics effects seem to be stronger than the contribution of
the free charge carries. However, that is no true at large
laser pump intensities. In Fig. 2 we compare η for a crystal
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Figure 2: The conversion efficiency η for a crystal length of
L = 5 mm as function of FL for the second order calculation
(solid lines) and the SVA (dashed lines) using the Sellmeier
equation and different parameterizations of the FC density
as well as for vanishing FC density as indicated.

length of L = 5 mm as function of FL using the Sellmeier
equation for the polarization integral and different param-
eterizations of the FC density as well as for vanishing FC
density as indicated. The second order calculations recover
not only qualitatively, but also quantitatively the SVA results
found in [5, 13] with the linear behavior for vanishing FC,
the asymptotic decreasing at large intensities for unsaturated
free carries density as well as the three regime behavior or
the slope change for the different values of F0.

Therefore, at high fluences η seems to be dominated by
the details of the formation and saturation of FC, whereas
the effects of the second order effects do no play a significant
role.

(b) Decreasing of the Pump Intensity
The second strategy (b) in order to consider the effects of

the free carries is including directly the decreasing of the
pump intensity [7] induced by the three photon adsorption
and given in frequency domain by [13]

IL(ωT, z) = e−ıqz
∞∑
n=0

Ĩn zn, with Ĩn =
un

2σn
√
π

e
−

ω2
T

4σ2
n (11)

where we introduce the quantities un =
(
−1/2
n

)
I0

(
2γ3I2

0
)n,

σ2
n =

2
τ2 (2n + 1) and q = ωTngr

opt/c.
Because the nonlinear polarization and the intensity are

proportional, for the coupled system given by Eq. (4) the
inhomogeneous terms are given within the linear approxi-
mation, see. Eq. (8), by

GT(ωT, z) = −ı
ω2

T
2k(ωT)c3n0ε0

IL(ωT, z)eık(ωT)z (12)

GLωL, z) = FTt→ω

[
−
γ3
4

n(ω0cε0)
2E3

L(t)
(
E∗

L(t)
)2

]
,(13)

where FTt→ω indicate the Fourier transform from time to
frequency domain and the linear adsorption in the opti-
cal regime is neglected, i.e. αL ≡ 0 and αT is calculated
from the oscillator model dielectric function given in [12].
For a Gaussian pulse the amplitude AT can be written as

AT(ωT, z) =
∑∞

n=0 an zn, where the coefficient an are given
in [13].

Figure 3: Comparison of η obtained within a (minimal)
depleted calculation (b) for a crystal length of L = 40 mm
as function of FL (orange line) using as well as the effi-
ciency η calculated in SVA (undepleted) within the linear
approximation within the approach (a) for the different pa-
rameterizations of the FC density as well as for vanishing
FC density as indicated.

This expression for AT allows us to calculate the efficiency
with this approach, that is a (minimal) depleted calculation
In Fig. 3 η calculated obtained within a (minimal) depleted
calculation (b) for a crystal length of L = 40 mm as func-
tion of FL using as well as the efficiency η calculated in
SVA within the linear approximation within the approach
(a) for the different parameterizations of the FC density. We
note a deviation from the linear dependence on FL, which
is typical by vanishing FC. Furthermore, in the depleted
calculation the asymptotic behavior for large fluence follows
a power law η ∝ Fδ

L with δ = 0.79, whereas the efficiency
calculated including the FC contribution parameterized by
F0 = 9 mJ cm−2 show a linear asymptotic behavior.

CONCLUSION
We present systematic calculations of the optical proper-

ties of the lithium niobate crystal and of their influence on
the efficiency of the generation of THz pulses. We compare
different approximation for the modeling of the generation
dynamic (SVA vs. second order calculation) as well as for
different treatment of the influence of the free carries. In
particular a (minimal) depleted calculation has been used. In
this way we can clearly show the importance of a consistent
description of the optical properties as well as a detailed gen-
eration dynamics in order to develop the planned shot to shot
feedback system, which have to perform the synchronization
between electron bunch and the ultrashort laser with a time
resolution of less than 1 fs.
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