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We present high-power single-cycle carrier-envelope phase locked THz pulses at a central

frequency of 2.1 THz with MV/cm electric field strengths and magnetic field strengths beyond

0.3 T. The THz radiation is generated by optical rectification in an organic salt crystal 4-N,N-

dimethylamino-40-N0-methyl stilbazolium tosylate called DAST pumped with the signal wavelength

of a powerful optical parametric amplifier. Conversion efficiencies of more than 2% are reported.

VC 2011 American Institute of Physics. [doi:10.1063/1.3655331]

High-power single-cycle THz pulses are an adequate tool

for exploring nonlinear phenomena such as nonlinear carrier

transport processes in solids,1,2 ultrafast magnetic switching,

manipulation of quantum states,3 imaging applications, and

others.4–7 While laser-based THz radiation at frequencies

20–100 THz has been generated by difference frequency mix-

ing in nonlinear inorganic crystals,8 the generation of high-

power THz single-cycle pulses above 1 MV/cm in the range

of 0.1–10 THz, the so-called THz gap, is still challenging due

to the limited availability of appropriate THz emitters.9 Only

recently, single-cycle pulses at 0.8 THz central frequency of 1

MV/cm have been demonstrated by optical rectification (OR)

in LiNbO3 (Ref. 10) with help of sophisticated pulse front tilt-

ing and imaging optics. Other laser-based approaches like

plasma-based THz generation have been used for single-cycle

pulse formation up to a few hundreds of kV/cm.11 Apart from

THz sources based on inorganic crystals, plasma nonlinear-

ities, or large-scale linear accelerator-based schemes,12 or-

ganic nonlinear crystals have been proposed recently as

efficient table-top THz emitters.13 Broadband THz pulses

exceeding 10 THz were recorded for DAST pumped with an

800 nm Ti:sapphire laser,14 and field strength up to 100 kV/

cm at a central frequency of 2 THz could be demonstrated for

DAST pumped with a (near-) infrared source.15

In this letter, we present high-power single-cycle THz

pulses with electric fields beyond 1 MV/cm and with a corre-

sponding magnetic transient of larger than 0.3 T. The genera-

tion is based on OR in the organic salt crystal (4 -N,N-

dimethylamino-40-N0-methyl stilbazolium tosylate) known as

DAST which is driven by a powerful femtosecond infrared

laser. The nonlinear conversion process gives rise to carrier-

envelope phase (CEP) stabilized THz pulses at a center fre-

quency of 2.1 THz with a bandwidth of 2 THz at full width

half maximum (FWHM). High pump-to-THz energy conver-

sion efficiency of up to 2.2% and high photon conversion

efficiency (up to 235%) are achieved. The setup provides

sub-ps THz transients with a pulse wavefront and transverse

beam profile, which allows for tight focusing and the realiza-

tion of highest fields.

In our experiment (Fig. 1), a 0.2mm thick DAST crystal

is pumped by an infrared source delivering up to 950lJ on

target. The infrared source is an optical parametric amplifier

(OPA) pumped by a multi-mJ Ti:sapphire laser system run-

ning at 100Hz.16 The OPA allows the infrared wavelength to

be tuned between 1.2 and 1.5lm, which is the relevant spec-

tral range for performing efficient OR in the organic crystal.

The pump pulse (Fig. 1(a)) has a duration of 68 fs (FWHM)

with the spectral shape shown in Fig. 1(b). For THz genera-

tion, the collimated infrared pump beam is sent through the

uncoated DAST crystal at normal incidence. A 3-mm thick

polytetrafluoroethylene filter is located after the crystal and

acts as separator of the transmitted THz, and the residual

infrared radiation being scattered. The temporal and spectral

THz pulse characteristics are reconstructed by applying the

well-known electro-optical sampling (EOS) technique with a

GaP crystal.17 A thin crystal (95lm 6 5%) has been chosen

to avoid nonlinear effects in EOS which could potentially be

induced by the strong THz field. In addition, a high-resistivity

Si attenuator (T¼ 65%) is placed in front of the EO crystal to

ensure a linear sampling response. A weak 50 fs pulse acts as

a probe (k¼ 810 nm) and originates from the same Ti:Sap-

phire amplifier pumping the optical parametric amplifier.

Optical rectification in DAST is enabled by the broad

spectrum of the fundamental infrared (Fig. 1(b)). Thanks to

OR, the generated THz electric field is intrinsically CEP sta-

bilized. In fact, the phase fluctuation of the THz radiation is

canceled since OR is equal to intra-pulse difference fre-

quency generation with the two frequencies carrying intrinsi-

cally the same CEP offset.18 Thus, the CEP offset is

inherently locked due to the intrinsic intra-pulse phase coher-

ence of the pump pulse even though neither the infrared

pump laser nor the front-end Ti:sapphire laser is CEP stabi-

lized. The intrinsic CEP stabilization of our THz source

offers best conditions for the exploration of field sensitive

phenomena since temporal field shapes identical to the one

shown in Fig. 2 are provided for consecutive shots.

Compared to inorganic crystals, the DAST provides

very large nonlinear optical susceptibility19 for optical recti-

fication (v
ð2Þ
111 ¼ 480 pm=V at kp¼ 1.5 lm) paired with a low

absorption for both the THz and the pump laser. THz radia-

tion in DAST is emitted in forward direction collinear with

the pump and carries the same linear polarization as the

pump pulse. Our simple generation scheme (Fig. 1) allows

the formation of well-collimated low-diverging THz radia-

tion without additional imaging optics since the driving

infrared laser pulse transverses the organic crystal in aa)Electronic mail: christoph.hauri@psi.ch.
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collimated manner. The THz pulse wavefront is thus

expected to be free of high-order aberrations which should

allow tight focusing. These expectations are corroborated by

our experimental results. The temporal evolution of the elec-

tric field reconstructed by our EO sampling setup is shown in

Fig. 2(a). The corresponding THz spectrum is plotted in

Fig. 2(b) and covers a range of 0.1–5 THz. A pulse energy of

up to 20 lJ has been measured with two independent and

calibrated Golay cells (Tydex).20 Such high THz pulse ener-

gies are achieved since DAST is well phase-matched at

mid-infrared wavelengths provided by our laser source

(1.2–1.5 lm).21 The maximum electric field strength of our

THz source is calculated as 1.35 MV/cm at focus at a central

frequency of 2.1 THz and a bandwidth Dm of 2 THz (FWHM),

considering the measured THz focus spot size (0.7mm,

reconstructed with the knife-edge technique), the pulse energy

(Golay cell), and the pulse duration provided by the EOS

trace.22 The field strength reconstructed by measuring the

maximum modulation signal of the balanced photo-detector

(I1� I2)/(I1þ I2)¼ 0.34 (63%) on a CCD camera with sig-

nals I1 and I2 measured at the peak THz field indicates a

somewhat lower field (936 kV/cm6 10%) (Ref. 23) which is

attributed to the measured CEP offset = 0 (see Fig. 2), to

pulse distortions due to absorption and accumulated small

uncertainties of filter transfer functions and of EOS crystal

thickness. Considering a terahertz central frequency of 2.1

THz and a pump wavelength of 1.5lm, a pump-to-THz

energy conversion efficiency gE¼ (Ep=ETHz) of 2.2% is

achieved, which corresponds to a photon conversion effi-

ciency gp¼ (NTHz=NIR) of 235%.

The recorded THz spectrum shown in Figure 2(b)

reveals an absorption line around 1.1 THz. This corresponds

to a well-know absorption resonance in DAST originating

from transverse optical (TO) phonon mode.24 Other spectral

distortions caused by THz absorption in water vapor were

significantly reduced by performing EOS measurement in

dry air condition (relative humidity< 5%). However, the re-

sidual spectral modulations still give rise to small temporal

field oscillations posterior to the main pulse. In principle, the

spectral modulation caused by TO phonon vibration could be

reduced by cooling the crystal to very low temperature in

order to damp those modes or by using other types of organic

materials (e.g., OH1) with less pronounces phonon modes in

this THz range. Other small temporal distortions in the wake

of the main oscillation (Fig. 2(a)) are assigned to a ghost

pulse originating from the internal reflection of the uncoated

FIG. 1. (Color online) THz generation with

DAST. (a) Schematic setup of generation and

electro-optic detection. A 50 fs probe pulse cen-

tered at 810 nm (inset) is used for sampling the

THz pulse in GaP sensor (�95lm). QWP: quar-

ter wave plate, WP: Wollaston prism, BPD: bal-

ance photodiode detector. (b) Pump laser

spectrum with corresponding temporal pulse pro-

file (c) measured with a scanning intensity

autocorrelation.

FIG. 2. (a) Single-cycle, phase-stabilized THz pulse from DAST pumped

with 1.5lm radiation from EOS. The corresponding THz spectrum is plotted

in (b). Field transients of up to 1.35 MV/cm are calculated by recording THz

focus spot size and pulse energy with a Golay cell.
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DAST. Higher fields could be realized by use of coated crys-

tals, up-scaling the pump pulse energy, and by implementing

a full control on the CEP offset. These implementations are

currently under way.

Finally, we performed a parametric study of the THz radia-

tion in DAST for different pump laser wavelengths. The results

shown in Figure 3 indicate that the temporal and spectral pulse

characteristics of the THz pulse (Figs. 3(a) and 3(b)) using a

1.2lm pump source are almost identical to the results shown in

Figure 2 (kp¼ 1.5lm) with laser parameters displayed in Table

I. Similar THz characteristics are also measured for other pump

wavelengths (Fig. 3(c)) where only little variations in the THz

central frequency (circles), frequency bandwidth (triangles), or

in the THz electric field strength (squares) are observed across

the full spectral range of the pump laser. Laser-induced damage

on the DAST surface is observed for intensities beyond

220GW/cm2, which is comparable to previous results for

DAST pumped with a Ti:sapphire laser.25

In conclusion, a powerful single-cycle THz source is

presented emitting electric field amplitudes exceeding 1 MV/

cm electric and 0.3 T magnetic field strengths at a central fre-

quency of 2.1 THz. The phase-locked THz pulses are effi-

ciently generated by optical rectification in the organic

DAST crystal, pumped by an intense infrared source. The

high peak field and pulse energy of �20 lJ are ideally suited

to drive extreme nonlinear phenomena in gases and solids

with single-cycle electro-magnetic transients. These are one

of the most intense phase-stable single-cycle THz pulses

generated by laser-based table-top THz source in the THz

frequency gap above 1 THz. The simplicity of the presented

scheme allows the realization of highest field strengths with-

out demanding pulse front shaping involved in other THz

generation schemes. The source gives a prospect towards the

realization of transients with even higher field strength by

proper CEP offset control and by scaling up both the pump

laser energy and the crystal size.
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FIG. 3. (Color online) (a) Temporally (b) and spectrally reconstructed THz

pulse for a DAST pumped with a 1.2 lm laser. The results are similar to Fig.

2 indicating the THz generation process to be rather insensitive to the pump

laser wavelength. (c) Calculated THz peak fields (squares), THz central fre-

quency (circles), and generated THz bandwidth at FWHM (triangles) for dif-

ferent pump laser wavelengths.

TABLE I. Pump intensity and fluence on DAST for different pump

wavelengths.

kpump (lm) 1.2 1.3 1.4 1.5

Epump (lJ) 950 880 880 850

spump (fs) 64 58 62 68

I (GW/cm2) 173 177 166 145

F (mJ/cm2) 11 10 10 10
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