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Abstract

Using laser driven plasma wakefield accelerators, the syn-
chronization between electron bunch and the ultrashort laser
is crucial to obtain an stable acceleration. In order to mini-
mize the electron bunch arrival-time jitter, the development
of a new shot to shot feedback system with a time resolution
of less than 1 fs is planned. As a first step, stable Terahertz
(THz) pulses should be performed by optical rectification of
high energy femtosecond laser pulses in a nonlinear crystal.
It is planed that the generated THz pulses will energy mod-
ulate the electron bunches shot to shot before the plasma
to achieve the time resolution of 1fs. The selection of the
nonlinear material is a critical aspect for the development of
laser driven THz sources. In this contribution we investigate
systematically the influence of the optical properties, and in
particular adsorption coeffient, of lithium niobate crystal on
the conversion efficiency of the generation of THz pulses.

INTRODUCTION

The investigation of new concepts for accelerator tech-
nology is a challenging task for science as well as society.
Particle accelerators allow to achieve crucial new discover-
ies, e.g. the Higgs boson or the strong interacting Quark
Gluon Plasma. On the other side, they have several appli-
cations in material science, biology, medicine and industry.
The size of conventional accelerators is extremely large and
costly. Therefore, new concepts as well as the realization of
compact and less expensive accelerators are needed. Plasma-
based particle accelerators driven by either lasers or particle
beams allow to overcome these problems because of the
extremely large accelerating electric fields. This method is
known as plasma wakefield acceleration (PWA). The period
of these fields is in the range of 10 fs to 100 fs. In the case of
laser driven plasma wakefield accelerators a stable synchro-
nization of the electron bunch and of the plasma wakefield in
the range of few femtoseconds is needed in order to optimize
the acceleration.

Consequently, the central aim is the minimizing the elec-
tron bunch arrival-time jitter. In order to achieve this goal
we are developing a new shot to shot feedback system with
a time resolution of less than 1 fs. As a first step, stable
Terahertz (THz) pulses should be performed by optical rec-
tification of high energy laser pulses in a nonlinear crystal.
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With the generated THz-pulses an energy modulation of the
electron bunch can be performed, in order to achieve the
required resolution. In this contribution we focus on the
first step of the feedback system, i.e. the generation of THz
pulses.

Intense ultrashort terahertz pulses are an important tool,
not only for our planed feedback system, but also for many
new applications, in state solid physics, spectroscopy, chem-
istry and biology, for security purposes and point-to point
communications [1]. Therefore, the development of robust
and efficient strong THz pulses is strongly needed. Con-
sequently, the main focus is to maximize the conversion
efficiency of the THz generation defined by [2],

η =
FT

Fp
, (1)

where Fp and FT indicate the pump and the THz fluence
respectively. From this point of view the optical rectifica-
tion (OR) is one of the best method for this purpose and
the selection of the nonlinear material is a critical aspect.
Because of its high nonlinear optic coefficient, is lithium nio-
bate (LiNbO3, LN) a suitable material for THz generation,
by using tilted-pulse-fronts (TPF) as well as a periodically
poled crystal (PPLN) [4]. In general, three main factors
lead to increase the efficiency of the THz generation: (i)

longer pump pulses, (ii) large pump size and energy, and
(iii) cooling of the crystal [3].

Evidently, the first two factors are fixed by the laser prop-
erties. Therefore, although it has been shown that longer
(1.3 ps) pulses lead to a sizeable enhancement about 2.5%
of the efficiency, these factors cannot be modified in our
setup [3]. Indeed, for our feedback system only the third
point can play a significant role. In fact the cooling of the
crystal reduce the value of the intensity adsorption coefficient
of the THz radiation αT(Ω), which leads to the suppression
of η. The optical properties of the material and in partic-
ular of αT(Ω) are important not only for the optimization
of the efficiency, but also for its stability. Therefore, in this
contribution we give a first estimation of the influence of
refractive index n(Ω) and adsorption coefficient, on the ef-
ficiency. Firstly, we present the models for the description
of the THz generation as well as for the calculation of the
optical properties of the material. Therefore we investigate
in this framework the influence of the optical properties of
lithium niobate crystal on the conversion efficiency of the
generation of THz pulses. The Conclusions finalize this
work.
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MODELING THE THz GENERATION

Starting from the Maxwell equations coupled wave equa-
tions for the optical and THz waves can be derived. Using
the slowly-varying envelope approximation the equations
system for the envelope at angular frequency ω of the elec-
tric field of the optical pump pulse Ap(ω, z) and the envelope
at angular frequency Ω of the THz field ATΩ, z) reads [4]

∂

∂z
Ap(ω, z) = −

αp(ω)
2

Ap(ω, z) − Ip, (2)

∂

∂z
AT(Ω, z) = −αT(Ω)

2
AT(Ω, z) + IT, (3)

where we define

IT = −i
Ω

2 χ
(2)
eff (z)

2k(Ω)c2)

∫ ∞

0
dωAp(ω +Ω, z)A∗

p(ω, z)e−i∆k(ω).

(4)
Hereby k and ∆k are the wave number and the wave-vector
mismatch respectively, αp indicates the adsorption coeffi-
cient of the optical wave, c is the velocity of the light in
vacuum and Ip denotes an integral term analogous to the inte-
gral contribution for the THz component [4]. The parameter
χ
(2)
eff (z) is the effective second order nonlinear susceptibility

which can be a function of the spatial coordinate z.
Because we consider in the following the undepleted ap-

proximation only, i.e. we neglect the equation of the optical
wave, we omit to give a specific expression for this term1.
The efficiency defined in Eq. (1) is a function of the ampli-
tude of the THz wave and can be written as

η =
πǫ0c

∫ ∞
0

dΩ n(Ω)|A(Ω, z)|2

Fp
, (5)

where ε0 indicates the dielectric constant of the vacuum.
By a linear approximation of the mismatch vector ∆k, i.e.

by neglecting of the material dispersion (GVD-MD), which
has to be relaxed in future works, the absolute value of the
field squared reads

|A(Ω, z)|2 =

Ω
2P2

NL(Ω, z)
4c2n2(Ω)ε2

0

1

(∆k)2 + a2
T(Ω)/4

(6)

×
(

(

1 − e−
αT(Ω)z

2

)2
+ 4 e−

αT(Ω)z
2 sin2

(

∆kz

2

))

,

where the nonlinear polarization PNL is given by

PNL(Ω, z) = ε0 χ(2)eff (z)
∫ ∞

0
dω Ap(ω +Ω, z)A∗

p(ω, z). (7)

MODELING THE MATERIAL

PROPERTIES

Eq. (6) shows the importance of the purpose of this work,
i.e. investigation of the influence of the optical properties
on the conversion efficiency. In particular the adsorption

1 Additionally we note, that in the integral term Ip different effects can be
considered [4].

coefficient should play a key role because of the exponential
suppression factor. In order to determine the optical prop-
erties, we have to calculate the complex dielectric function
ε(Ω) of the material. The relation between ε(Ω) and the
refractive index and the adsorption coefficient is given in
general by

n(Ω) = ℜ
√

ε(Ω) and α(Ω) = 2Ω

c
ℑ
√

ε(Ω). (8)

A physical motivated description for the dielectric function
is based on an oscillator model, i.e.

ε(Ω) = ε∞ +
∑

j

SjΩ
2
j

Ω
2
j
−Ω2 − iΩΓj

, (9)

where the summation over the lattice oscillators with the
strength Sj , angular resonance frequency Ωj and resonance
width Γj is performed and the bound electron contribution
to the dielectric function is denoted as ε∞ [5]. These pa-
rameters are to be evaluated by the comparison with the
experimental data in the relevant frequency range. Another
possibility is to fit the experimental data with polynomial
function. For LN, a polynomial to the fourth or fifth de-
gree is used for the refractive index [6, 7]. For α an explicit
functional dependence has not been given, but only the ex-
perimental data are listed [6].

Figure 1: The adsorption coefficient as function of the fre-
quency using the single oscillator model from Schall [5] (red
line), the experimental data from Pálfalvi [6] (blue circles)
and repararameterization of the fit by Kuznetsov [7] using a
single oscillator model (green line).

The comparison of these models and results shows dif-
ferent values for their validity range as well as in general a
large scattering of the results, in particular for the adsorp-
tion coefficient, even in the case of the same typology of
crystal. As example we compare in Fig. 1 the adsorption
coefficient for a congruent undoped LN at room tempera-
ture as function of the frequency using the single oscillator
model from Schall [5] (red line), the experimental data from
Pálfalvi [6] (blue circles) and repararameterization of the
fit by Kuznetsov [7] using a single oscillator model (green
line). We use as parameters of the one single oscillator
model are ε∞ = 0.1, S0 = 25.03, Ω0 = 45.46 THz and
Γ0 = 3.04 THz. In order to show the validity range, we plot
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the red line as solid and dashed line for the value of the fre-
quency within and outside of the validity range respectively.
The differences between the models are sizeable and lead to
no negligible modifications in the evaluation of η.

Another source of modifications by the determination
of the conversion efficiency is given by the evaluation of
the contribution to the optical properties by the free carries
generated by the pump adsorption [8]. In order to describe
this contribution a Drude model can be used, so that the
whole dielectric function, in one single oscillator model, is
given by

εtot(Ω) = εosc(Ω) + εFC(Ω), (10)

where εFC can be written as

εFC(Ω) = εFC
∞

(

1 −
ω2

pl

Ω2
+ iΩ/τsc

)

. (11)

Hereby τsc denotes the electron scattering time and the
plasma frequency ω2

pl is related to the density of free charge
carries ρFC by

ρFC=
ε0ε

FC
∞ meff

e2
ω2

pl, (12)

where εFC
∞ denotes the bound electron contribution to the di-

electric function and e and meff are the electron charge and ef-
fective masse respectively [8]. In this work we use εFC

∞ = 5.3,
τsc = 200 fs [8] and meff = 0.25me, where me indicates the
electron mass. Although in a consistent derivation the whole
adsorption coefficient has to be extracted from the imaginary
part of the total dielectric function given in Eq. (10), several
calculations use a simple sum αT(Ω) = αε(Ω) + αFC(Ω),
where the two terms are calculated separately starting from
a dielectric function without free carries and the dielectric
function of the Drude model εFC respectively [8]. The Fig. 2
shows that this simplification leads to sizeable differences
using the single oscillator model from Schall and the Drude
model for a density ρFC = 4 × 1020 m−3, which can lead to
a strong suppression of the conversion efficiency.

Figure 2: Comparison of the exact calculation (red line)
and the approximated estimation (green line) of the whole
adsorption coefficient as function of the frequency using the
single oscillator model from Schall [5] and the Drude model
for the free carries for a density ρFC = 4 × 1020 m−3.

FIRST RESULTS

In order to investigate the influence of the optical prop-
erties we consider a PPL congruent LN crystal with χ(2)eff =

336 pm V−1 at room temperature with a Gaussian laser beam
pulse centered at ω0 = 800 nm and a pulse duration at full
width of half-maximum τFWHM = 25 fs [2,4, 8]. In this case
the amplitude and the fluence of the pump read

Ap(ω) =
E0τ

2
√
π

exp

(

−τ
2(ω − ω0)2

4

)

, (13)

Fp =

√

π

2

cε0n0

2
E

2
0 τ, (14)

where E0 is the peak value of the electric field, τ is given
by τ = (2

√
2)−1/2τFWHM and n0 = n(ω0) = 2.16. With this

optical beam the nonlinear polarization can be calculated
analytically and one obtains

PNL(Ω, z) = ε0 χ(2)eff

E2
0 τ

2
√

2π
exp

(

−−τ2
Ω

2

8

)

. (15)

For the PPL, the mismatching is given by

∆k =
Ω

c
(n(Ω) − n

gr
opt) −

2π

Λ
, (16)

where n
gr
opt = 2.25 is the optical group velocity refractive

index and Λ = 237.74 µm is the quasi-phase-matching
orientation-reversal period [4]. By neglecting the adsorp-
tion and under the assumptions that the refractive index is
constant, n(Ω) ≡ n1, and that the length of the crystal is very
larger than the coherence length lc = πc/Ω(n(Ω) − n

gr
opt),

an analytic expression for the efficiency can be derived [2].
In this case the integral over the frequency in Eq. (5) is
proportional to a delta-function δ(Ω − Ω0), with Ω0 =

2πc/ΛΩ(n(Ω) − n
gr
opt). Finally one obtains

η0 =
Ω

2
0 χ

(2)
eff LFp

2ε0c2n(Ω)n2
0(n1 − n

gr
opt)

exp

(

−
−τ2
Ω

2
0

4

)

. (17)

With these parameters we can investigate the efficiency as
function of the crystal length L for different scenarios for a
fixed pump fluence Fp = 5 mJ cm−2.

As first, we consider the limiting case αT ≡ 0. In Fig. 3
we show η0 (green line) using n1 = 4.96, η using the same
constant value for n1 but performing the integration until to
the convergence of the integral (red line) and η using differ-
ent models to calculate the refractive index and stopping the
integration at the upper limit of the validity of the models
(see the legend of the figure). As expected, the behavior of
the efficiency as function of the crystal length is linear, but
the angular coefficient is model dependent. In particular,
we see that the cut-off at slow frequency change the results
dramatically.

In the case of no vanishing adsorption, the differences
between the models become larger. The results are plotted
in Fig. 4 for a fixed pump fluence Fp = 5 mJ cm−2. Al-
though a similar qualitative behavior can be observed, i.e.
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Figure 3: Conversion efficiency η for a fixed pump fluence
Fp = 5 mJ cm−2 as function of the crystal length L with
constant refractive index n1 = 4.96 with the complete inte-
gration (red line) and with different models for stopping the
integration at the upper limit of the validity of the models
as indicated in Fig. To comparison we show the analytic
estimation η0 (green line).

a saturation of η for large crystal lengths, the values of the
plateau indicate the strong dependence of the conversion
efficiency on the model and/or data. Similar sizeable mod-
ifications can be observed, if the contribution of the free
carries is implemented. In Fig.5 we show η(L) for a fixed
pump fluence Fp = 5 mJ cm−2 calculated using the Schall
model without the free carries (orange line), using consis-
tent approach presented in this work (red line) and using the
approximation used in the literature [8] (green line) for a
density ρFC = 4 × 1020 m−3. The huge deviation from the
exact calculation indicates clearly the necessity to perform
consistent calculations of the optical properties.

CONCLUSION

The influence of the optical properties of the lithium nio-
bate crystal on the conversion efficiency of the generation
of THz pulses has been investigated. The comparison of
different models for the estimation of the adsorption coef-
ficient shows the necessity of a better description of the
optical properties, not only in the THz range, but also at
higher frequencies. The approximations that we used in
this preliminary work should be relaxed in order to evaluate
systematically the influence of the other factors on η.

Figure 4: Conversion efficiency η for a fixed pump fluence
Fp = 5 mJ cm−2 as function of the crystal length L using the
refractive index and the adsorption coefficient from different
models as indicated in the legend.

Figure 5: Conversion efficiency for a fixed pump fluence
Fp = 5 mJ cm−2 as function of the length using the Schall
model [5] without the free carries (orange line), within the
consistent calculation presented in this work and the approx-
imation used in the literature [8] (red and green solid line
respectively) for a FC density ρFC = 4 × 1020 m−3.
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