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couplers [3–6]. Pulse energies of ~400 μJ [1] and conver-
sion efficiencies of 1.7 % [2] were obtained with tilted-front 
pulses. Waveguides [3, 4] are ideal for nJ-level pulses from 
laser oscillators with a record efficiency of 0.08 % in this 
regime [5]; using amplified 50-µJ laser pulses, 100-nJ THz 
pulses were achieved at a repetition rate of 1 kHz [6].

In most of the femtosecond optical-to-terahertz convert-
ers based on LiNbO3 [1, 2, 5–8], the key limitations for 
efficiency are photorefractive damage of the crystal at a 
pump peak intensity of about several hundred GW/cm2 [6] 
and, at lower intensities [2], free-carrier absorption of THz 
radiation [9]. Notably, in the regime of highest average 
power [10], LiNbO3 can additionally be thermally damaged 
due to significant heat deposition caused by multi-photon 
absorption of the pump [7, 8]. Even before physical dam-
age occurs, THz generation suffers from an increasing THz 
absorption coefficient at elevated temperatures [11].

Laser science has reacted to thermal challenges with 
disks, rods or fibers, i.e., shapes optimized for heat removal 
[12–14]. In nonlinear optics, ultrathin crystals are in principle 
ideal [15], but efficient conversions generally require phase-
matching and mm-long propagation. Here, we consider a 
line-shaped focus in a slab-like crystal. This geometry, featur-
ing sideways heat removal, should in principle be as efficient 
and scalable as a disk or slab laser. For THz generation with 
femtosecond pulses, the slab-like interaction volume used in 
Cherenkov-type schemes [16, 17] should therefore be ideal 
for heat management at highest average power levels. This 
work aims at providing some first indications.

The experimental setup is depicted in Fig. 1. Pump 
pulses are obtained from an Yb:YAG thin-disk ampli-
fier [10] (50 kHz repetition rate, central wavelength of 
λ = 1030 nm and full-width-at-half-maximum intensity 
duration of τFWHM ≈ 1000 fs). About 15 W of average 
power was available for this experiment, i.e., pulses with 

Abstract Many applications of THz radiation require 
high fields and high repetition rates at the same time, 
implying substantial average power levels. Here, we report 
high-power Cherenkov-type THz generation in a LiNbO3 
slab covered with a silicon prism outcoupler, a geometry 
in which the ratio between heat-removing surfaces and 
pump volume is naturally maximized for facilitating heat 
removal. At a conversion efficiency of 0.04 %, we achieve 
~100 times more output power than before with such 
geometry. Although about 10 % of the 15 W pump power 
is converted to heat via multi-photon absorption effects, the 
peak crystal temperature increases by only 8 K. This result 
is due to the focus’ extreme aspect ratio of ~100, indicat-
ing the scalability of the approach to even higher average 
power levels. A line-shaped focus should be advantageous 
for removing heat in other optical conversions as well.

THz pulses (0.1–10 THz) at highest field strength and high-
est repetition rate are decisive for many spectroscopy and 
imaging applications, and highest average powers are there-
fore desirable. Optical rectification in LiNbO3 (lithium nio-
bate, LN) is particularly efficient, provided that the THz/
pump phase/group velocities are matched, for example using 
tilted-intensity-front pulses [1, 2], waveguides or output 
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an energy of up to W = 300 µJ. The y-polarized pump 
laser beam propagates along the z-axis. A two-lens cylin-
drical telescope and another cylindrical lens are used to 
magnify the beam in y direction and to focus it in x direc-
tion into a thin slab (1 × 10 × 10 mm3) of stoichiometric 
MgO:LiNbO3 with its c-axis oriented along the laser polari-
zation. Optical rectification produces y-polarized THz radi-
ation that is outcoupled [18] by an optically contacted Si 
prism. The angle of the Si prism (40.4°) corresponds to the 
half-apex angle of the Cherenkov wedge [19] and therefore 
provides close-to-normal incidence of the generated THz 
radiation onto the exit surface of the Si prism. The emitted 
THz beam (green) is collected by a 90° off-axis parabolic 
mirror with 50.8 mm effective focal length and focused to 
either a pyroelectric power detector (Gentec-EO), beam 
profiler (Pyrocam-III, Spiricon Inc) or electro-optic sam-
pling crystal (ZnTe, 1 mm). A 25-Hz chopper periodically 
blocks the incoming laser for lock-in detection in the power 
measurements. We also monitor the spectrum, beam profile 
and power of the pump pulses as transmitted through the 
LiNbO3 slab.

To determine the optimum shape of the pump laser’s line 
focus, we apply a simplified analysis based on Refs. [5, 
16]. Neglecting losses and dispersion, the THz energy col-
lected by a finite aperture with a collection half-angle Θlim 
can be written as

where zslab is the length of the crystal, Θ is the (out-of-
horizontal plane) angle of THz emission to air, and T(Θ) 
is the Fresnel power transmission coefficient at the Si–air 
interface.

is the effective duration of the THz pulse. τ, wx and wy are 
the 1/e2 optical pulse duration (τ = τFWHM/

√
2 ln 2) and 

sizes of the optical beam in x and y directions, respectively. 
c is the speed of light, and nTHz = 5 and ngr = 2.2 are the 
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[
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x

(

n2THz−n2gr
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/c2

terahertz refractive index and the optical group refrac-
tive index of LiNbO3, respectively [16, 20]. The peak THz 
frequency is νTHz = 1/(πτeff) [16]. For large wy (at large 
enough single-pulse energy; see below), all divergences are 
small and the integrand in Eq. 1 tends to zero at Θlim. This 
allows to simplify Eq. 1 to

Hence, for a given optical pulse energy, fixed wy and 
zslab, the THz energy is governed by τeff, whose lower limit 
is set by the pump pulse duration τ. Therefore, an optimum 
focus size in x direction is given by

Basically, a smaller focus would not significantly 
increase the THz yield, whereas a larger focus would 
restrict the output spectrum to lower frequencies [16]. The 
Rayleigh length zR associated with wx approximates the 
applicable size of the LiNbO3 slab in z direction:

Here, nph = 2.15 is the optical refractive index of 
LiNbO3. Reducing wy results in linear scaling of THz 
energy according to Eq. 3, but the peak intensity should 
stay below saturation level, Isat ≈ 100 GW/cm2 [19, 21]. 
We obtain

Basically, a smaller focus would induce too strong satu-
ration and a larger focus would reduce the efficiency.

For the available laser pulses, we obtain wopt
x  ≈ 57 µm, 

w
opt
y  ≈ 3.2 mm and zoptslab ≈ 21 mm. This extreme aspect 

ratio (~100) makes the laser-excited volume basically a 
plane, ideal for heat removal. In the experiment, we had a 
10 × 10 mm LiNbO3 crystal available, so zslab = 10 mm. 
From Eq. 2, we predict [16] a spectrum peaked at 
υTHz ≈ 0.265 THz for optimum focus sizes.

The THz beam is a quasi-plane wave perpendicu-
lar to the Si prism’s tilted surface and efficiently emitted 
if divergences are smaller than the limit of total inter-
nal reflection at the Si–air interface, ~17°. The effec-
tive source sizes in the experiment are approximately 
wTHz
hor ≈ zslab cos (40.4

◦)/2 ≈ 3.8 mm (rectangular shape) 
in the horizontal plane (x–z) and wTHz

y ≈ wy/
√
2 ≈ 2.4 mm 

(Gaussian shape) in y direction. At 0.265 THz, the half-
angle divergences in air are Θhor ≈ c/

(

2νTHzw
THz
hor

)

 ≈ 8.5° 
and Θy ≈ c/

(

πνTHzw
THz
y

)

 ≈ 8.6° for the predicted opti-
mum geometry. Hence, losses by total internal reflection 
are negligible.
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Fig. 1  Experimental setup. 300-µJ, 15-W femtosecond laser pulses 
are cylindrically focused into a LiNbO3 slab for THz generation. EOS 
electro-optic sampling
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We experimentally validated the focus optimizations 
predicted by Eqs. 1–6 by applying 80-µJ, 50-kHz pump 
pulses and measuring the relative THz generation effi-
ciency for varying focus sizes in both dimensions (Fig. 2). 
At fixed wy (Fig. 2a), a decreasing wx leads to increasing 
THz output in accordance with Eq. 3 (solid lines). Only at 
smallest wx there are some deviations due to the peak inten-
sity exceeding Isat. For a fixed wx (Fig. 2b), the agreement 
with Eq. 3 (dashed line) is given only at above wy ≈ 3 mm. 
Below this value, the THz divergence in air exceeds the 
parabolic mirror’s acceptance angle (±13°). Equation 1 
(solid line in Fig. 2b) takes this into account, providing 
good agreement.

The consequences of suboptimal focusing become 
apparent by studying the dependencies of the THz output 
on the pump pulse energy for different focus sizes. Of the 
three traces shown in Fig. 3, one approximates the predicted 
optimum conditions (blue dots). The solid lines are plot-
ted using Eqs. 1–3 and depict the quadratic dependences 

expected in the low-power regime. Tighter focusing in both 
directions (black, magenta) produces somewhat higher 
yields at low powers in accordance with Eqs. 1–3, but leads 
to earlier saturation.

We measured the electric field and spectrum for 200-
µJ pump pulses at wx = 56 μm, wy = 3.4 mm by electro-
optic sampling in a 1-mm-long ZnTe crystal. For deriva-
tion of the electric field from the electro-optic modulation, 
we follow Ref. [22], using an electro-optic coefficient 
of r14 = 3.8 pm/V and taking into account the Fresnel 
reflection at the entrance surface of the ZnTe crystal 
(n = 2.78) and the losses from the two surfaces of a Tef-
lon lens (n = 1.43) within the sampling setup. The rela-
tive modulation measured at the peak of the THz field was 
ΔI/I0 = 0.113, where ΔI is the difference between the 
signals in the balanced detectors and I0 is their sum. Fol-
lowing Ref. [22], this corresponds to a THz electric field 
strength in air of ~5 kV/cm; the additional consideration of 
the phase mismatch in the detector crystal and finite probe 
pulse duration [23, 24] yields a peak value of ~7.2 kV/cm. 
In the time domain, we find that the THz radiation con-
sists of two single-cycle pulses: a first one emitted in the 
+x direction (Fig. 4a) and a second one emitted in the −x 
direction and totally reflected. This pulse appears ~15 ps 
later and has the opposite polarity. The measured spectrum 
of a single pulse (Fig. 4b) peaks at 0.26 THz, as predicted. 
Figure 4c depicts the THz beam waist profile; the shape is 
round and the full-width-at-half-maximum dimensions are 
1.3 and 1.3 mm along the 40.4° angled direction and y, 
respectively. This is close to the physical limit at 1.2 mm 
central wavelength, indicating good wave front quality. 
Assuming the same profile at full power, we estimate a 
peak field strength of ~30 kV/cm at the focus.

With close-to-optimum focus sizes (blue traces in Fig. 3) 
and maximum available pump power (15 W), the maxi-
mum THz output is 5.3 mW at a conversion efficiency of 
4 × 10−4. The average THz power is by a factor of ~100 
higher than reported before with the slab geometry [6] and 
3.3 times larger than the output achieved with a tilted-pulse 
geometry using the same laser [10].
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The crucial advantage of this scheme, however, is an 
extremely efficient heat removal, as we will show in the 
following. Figure 5 shows a measurement of LiNbO3’s 
transmission coefficient in dependence on incoming pulse 
energy and focus conditions (compare Fig. 3). All trans-
mitted radiation was collected (200–1200 nm). The results 
reveal an intensity-dependent transmission decrease by 
up to 25 %. We attribute this to an effective four-photon 
absorption process [7, 8], most likely a combination of 
the direct effect with sequential absorption via second har-
monic generation or intermediate states including polarons 
[25, 26]. Similarly to Ref. [8], we neglect lower-order or 
higher-order absorption processes and approximate the 
optical intensity I to change with the distance z inside the 
crystal as

where δ4ph is the four-photon absorption coefficient. The 
beam shape I(x,y) at each z was assumed constant via wx 
and wy, i.e., diffraction effects were neglected. The solid 
curves are the result with δ4ph = 30 × 10−7 cm5/GW3. The 
two curves at wx = 56 µm fit the data well; some devia-
tions for wx = 37 μm at >150 µJ are attributed to aberra-
tions in the experiment at such tight cylindrical focus-
ing, or shortcomings of our simplified absorption model 
at tightest focus conditions. The inset shows the calcu-
lated (black line) and measured (diamonds) beam profile 
after the LiNbO3 slab for wx = 56 µm, wy = 1.7 mm and 
300 µJ pump energy. Reasonable agreement in both experi-
ments indicates that an effective four-photon absorption 

(7)
dI

dz
= −δ4phI

4,

coefficient seems appropriate for determining the order of  
magnitude of nonlinear absorption at our experimental con-
ditions. We note that a 30 times lower δ4ph was roughly esti-
mated before [8].

At optimum focus and maximum power (15 W in the 
chopper-open intervals or 7.5 W on average), about 10 % 
is deposited within the LiNbO3 crystal and heats it up (see 
Fig. 5). The pumped volume in our experiment is a very thin 
slab with an aspect ratio of ~60 and 180 (comparing wx to 
wy and zslab, respectively). We estimate the peak temperature 
in our experiment by assuming that Pheat = 1.5 W (see blue 
trace in Fig. 5) is deposited in the chopper-open intervals in 
the area wy zslab (3.4 × 10 mm2). Assuming a Gaussian pro-
file along wy and a constant profile along z provides a peak 
heat density of 

√
2/π/

(

wyzslab
)

 ≈ 3.5 W/cm2. Since heat 
conduction along the extended dimensions y or z is negli-
gible, a one-dimensional model with constant temperature 
gradient along x predicts the peak temperature increase:

where kLN ≈ 5 Wm−1K−1 [27] is LiNbO3’s thermal conduc-
tivity; Dsink ≈ 1 mm denotes the distance between the exci-
tation plane and the crystal’s back surface, which is in this 
approximation assumed in good contact with a heat sink. 
We obtain ΔT ≈ 8 K for 15 W of pump power. This low 
value is a direct consequence of the line-like pump focus 
with high aspect ratio.

In the experiment, the crystal was mechanically pressed 
onto an anodized aluminum mount with no particular adhe-
sion layer. Figure 6a shows a thermal camera image (SC305, 
FLIR Systems GmbH) taken at 7–13 µm wavelength and 
from 45° from top for 300-µJ pump pulses. The thermal 
camera was focused approximately to the center of the crys-
tal in order to measure the peak temperature inside, at an 
estimated accuracy of ~1 K. Figure 6b shows the measured 

(8)�Tpeak ≈
√
2/πPheatDsink

wyzslabkLN
,
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peak temperature (diamond) for different input powers, pro-
viding an approximate indication of the peak temperature 
inside the crystal. We note that in this experiment the average 
power and pulse energy were reduced at constant repetition 
rate and therefore in proportion; the measured temperature 
is therefore nonlinearly increasing with power. Interesting is 
the last data point at ~15 W: Although ~10 % of the applied 
power is deposited via four-photon absorption, the LiNbO3 
slab heats up by less than 10 K, which is the same order of 
magnitude as predicted via Eq. 8. This agreement indicates 
that heat removal in a disk-like geometry is indeed efficient. 
We note that the experimental Dsink of 1 mm is much larger 
than necessary; it could in principle be reduced down to 
2–3 times wx while maintaining proper beam propagation. 
According to the model, this would reduce the peak temper-
ature further by a factor of about 5–10.

We have now enough information for predicting the 
general scaling behavior of temperature and conversion 
when going to much higher average power levels. First, an 
increase in repetition rate causes a proportional increase 
in temperature. A factor of ten seems tolerable, and the 
scheme therefore offers efficient THz conversion at up to 
hundreds of kHz repetition rate. Second, at constant repeti-
tion rate, an increase in pump pulse energy causes neither 
efficiency decrease nor temperature increase. Basically, 
w
opt
x  depends only on pulse duration and is constant (Eq. 4); 

therefore, zoptslab is also constant (Eq. 5). The spot width wopt
y  

increases in proportion to the pulse energy (Eq. 6), and 
the peak intensity stays constant. Therefore, the depos-
ited power via four-photon absorption is also constant per 
area, and the peak temperature stays essentially unchanged 
(Eq. 8). For example, ten times higher pulse energy and 
repetition rate than in the experiment, i.e., 3 mJ at 500 kHz 
(1.5 kW), would give wopt

x  ≈ 57 µm, wopt
y  ≈ 3.2 cm, 

z
opt
slab ≈ 21 mm and ΔTpeak ≈ 80 K, which seems quite 

acceptable. This promising scaling law is a direct conse-
quence of the line focus with high aspect ratio.

In summary, high-energy THz generation in LiNbO3 
with a slab geometry is roughly as efficient as with tilted 
pulses in a prism [10], but offers reduced experimental 
complexity and minimizes thermal load in a scalable way. 
Shaping the focus aspect ratio appears to be a promising 
concept for reducing thermal effects [28–30] in other non-
linear optical conversions as well. The concept should be 
generally applicable whenever the pulse energies are large 
enough for shaping the focus aspect ratio at constant inten-
sity without losing on Rayleigh length, hence in most mod-
ern femtosecond laser applications.
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