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UMNYAbCHbINA TEPATEPLLEBbIV
CNEKTPOMETP UTC-1

M. A.Ilubu3sos, I'. 1. Kponomos, K. ¢.- M. H.,
000 "THUJIEKC", www.tydex.ru, Cankm-Ilemepbype,
Poccus

MMnynbcHbIN TeparepueBbi cnekTpomeTp UTC-1 -
npubop Ans TeparepL,eBon CNEKTPOCKONUU BO
BpeMeHHoM o6nactu (Terahertz Time-Domain
Spectroscopy). ina reHepauumn Tru-usnyyeHus

B UTC-1 ucnonb3yerca metom onNnTUYECKOro
BbIMPSIMJIEHNS GeMTOCEKYHAHbIX UMMY/IbCOB
(optical rectification). CpeaHss BbixogHas
MOLLHOCTb reHepupyemoro Try-nsnyvyeHus

300 MKBT, K03 PuULMeHT NpeobpasoBaHUa cUrHana
u3 onTuyeckoro B Try-gnanasoH 1074, NMpubop
obnagaeT A,OCTAaTOYHO FrMB6KOM ONTUYECKOMN CXEMOM,
nMeeT MHOrodyHKLUMOHaIbHOE NPOrpaMMHoe
obecneyeHue. B cTaTbe NpuBeAeHbl pe3y/bTaTbl
MUCMbITAaHUN.

CTBY CTa/JIH [OOCTYIIHBI KOMMepYecKHe Tepa-

repuessle (TI1]) CHCTeMBI CIIEKTPOCKOIIMHU BO
BpeMeHHOM o6nacTu (THz-TDS). 9TH CUCTEMBI OT/IHU-
YarTcd MexJy coborl BapHaHTAMH KOMIIOHOBKH
U Pas/JIMYHBIMU I1apaMeTpaMHM, HO UX Bcex obbemu-
HsleT OTHOCHTe/IbHO HebOOoJbIION yPOBEeHb CpefHEeH
BBIXOJTHOH MOIHOCTH TI'I-HU3TydYeHHS.

B 2013 rogy B kommanuu "TUAEKC" 6s110 mpu-
HSATO pellleHHe O Haudajle pa3paboTku cobCcTBeH-
Horo Tlru-cmexTpomeTpa. Hamu 6bla cocTaBiieHa
U TOfaHa 3asiBKa Ha KOHKYpPC, 06bsBIeHHBIN QOH-
IOM COMeMCTBHS HMHHOBALMSAM. 3asiBKa Obula IOf-
nepxkaHa, U B okTsib6pe 2013 roma MbI Ha4alad pas-
paborky MmnynabcHoro Tru-CrekTpomerpa WTC-L.
B kayecTBe KOHCY/JIBTAHTOB M HAIIHWX IIapTHEPOB
BBICTYIIM/IM COTPYAHUKHU JIaBopaTOpUH 3KCTpeMasib-
HBIX CBETOBBIX MOJier HMKeropogckoro rocynap-
CTBEHHOr0 yHHBepcuTeTa UM. H.H.JlobaueBckoro.
ITocne paga obcyskmeHUI OBIIO IIPUHSTO PeIleHHe,
4YTO 11 reHepauuu TTi-usnydenust B UTC-1 6ymet
UCIIONIb30BATHCHA 9PPEKT ONTHYECKOrO BBIIIPSIM-
neHuss GeMTOCeKYHAHBIX JIa3epPHBIX HMIIY/Ib-
COB B YC/IOBHSIX YE€PEHKOBCKOTO ($a30BOr0 CHHXPO-
HH3Ma [l]. Brarogapsi HCIIOIB30BAHHUIO MOIHOTO
Jlazepa HaKa4YKH M BBHIINIEOIIMCAHHOIO MeTOofa reHe-
PallMy IVIAHWMPOBAJIOCH IIOJYYHUTh BBICOKUH KO3YPU-
LIHMeHT Npeobpa3oBaHUS OINTHYECKOTO H3Ty4YeHHUSs
B TeparepueBoe, YTO B CBOIO O4epelb I103BOJIHJIO

3 a TMoc/IeIHKe HeCKO/IbKO JIeT Hay4HOMY coobiie-
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PULSED TERAHERTZ
SPECTROMETER PTS-1

1. A. Tzibizov, G.1. Kropotov, Cand.Sc. (Phys-Math.),
TYDEX, www.tydex.ru, St. Petersburg, Russia

Pulsed terahertz spectrometer ITS-1 - a device for
Terahertz Time-Domain Spectroscopy - is presented.
The method of optical rectification of femtosecond
pulses is implemented to generate THz radiation in
ITS-1. The average output power of the generated THz
radiation is 300 pW, the conversion coefficient of the
signal from the optical to the THz range is 1072. The
device has a sufficiently flexible optical scheme and
multifunctional software. The article presents the
results of the tests.

ff-the-shelf terahertz time domain
O spectroscopy systems (THz-TDS) became

available to the scientific community over the
last few years. Although such systems differ in layout
and various parameters, all of them exhibit relatively
low average output power of THz radiation.

In 2013 Tydex decided to design its own THz
spectrometer. We applied to a competition held by
the Foundation for Assistance to Small Innovative
Enterprises in Science and Technology. Our
application was funded, and thus we commenced the
development of the Pulsed THz Spectrometer PTS-1in
October 2013. We enlisted employees from the Extreme
Light Sources and Application (ELSA) laboratory
of N.I.Lobachevsky State University of Nizhny
Novgorod as our experts and partners. After some
discussion, we decided that PTS-1 would generate
THz radiation by means of optical rectification of
femtosecond laser pulses under the condition of
Cherenkov phase matching(l]. High-power pumping
laser and the aforementioned generation method
would ensure high optical-to-terahertz conversion
ratio, thus providing high average output power of
THz radiation.

By April 2015 we finally achieved our objectives and
developed a breadboard model of a THz spectrometer
that met all the key design specifications. We spent
the next two years getting the system ready for
serial production, and developing software to control
the entire integrated set. All development and pre-
production activities were complete by the end of 2017,
and we unveiled the first commercial PTS-1 model.

A pulsed terahertz spectrometer by Tydex LLC is
an integrated solution for broadband terahertz time-
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6bI TOOUTHCS BBICOKOTO YPOBHSI CpefHer MOILHOCTH
TIu-u3nydeHus.

B ampesne 2015 roga MbI YCIIEIIHO CIPaBHJIMCH
C IIOCTaBJIEHHBIMH 3aJa4aMU U pa3paboTanu MakeT-
HbIH 06paser] TT1-ClIeKTpoMeTpa, B KOTOPOM YZAa/I0Ch
peanu3oBaTh BCe KJIIOUeBble XapaKTepHUCTHUKH. Cre-
OyIOLIKe IBA TOJa YIIJIN Ha [IOATOTOBKY K CEpPULHOMY
IIPOM3BOJACTBY CHUCTEMBI, a TaKXKe Ha pa3paboTky
nporpaMmMHoro obecriedeHus (I10) gag ynpaBieHHUS
BCeM KOMIIJIeKcoM. B utore B koHue 2017 roma Bce
paboTsl 1o pa3paboTke U MOATOTOBKe K CEPUMHOMY
IIPOM3BOACTBY CIIeKTpoMeTpa OBIIM 3aBepIleHH,
Y MBI IIpefCTaBU/IN IePBbI KOMMEpPUYeCKH JOCTYII-
HBIN 0b6pa3zer; UTC-1.

VIMITy/IbCHBIK TeparepLeBbIk CIIEKTPOMETP IIPO-
n3BoacTBa 000 "THUJEKC" - 3T0 KOMITJIEKCHOe pelie-
HUe /ISl IMIHPOKOIIOJIOCHOM TeparepueBo CIIeKTPO-
CKOIIMKM BO BpeMeHHOH obnactu. B cocrtaB HMTC-1
BXOAUT (pHC. 1):

TBepAOTelbHBIN PeMTOCeKYH/IHBIM JIa3ep;

3JIeKTPOOITUYECKU U IeTeKTOP (300)

MMITY/IbCHOTO TI'I-U31yYeHU S,

BCe OITOMEeXaHHWYeCKHe KOMIIOHEHTBI

orrTuyeckoro ¥ TT-myTH,;

JIMHUS 33 JePKKH;

yIIpaBIsSIOIIHe 371eKTPOHHbIe 06/JI0KH ONmTHYe-

CKOM JIMHHUM 3aJep>KKH, OINTHKO-MeXaHHYe-

CKOTr0 MOAY/ISTOPA U Jla3epa,;

I1K c yctaHoBneHHbIM [10 TydexLN.
[IpyHUMIIMAIbHAS ONTHYecKas cxema HTC1
IpeicTaBlIeHa Ha puC. 2. M3nydyeHue HTTepbue-
BOrO TBEPAOTENBHOr0 (GEeMTOCEeKyHIHOro Jasepa
TeMa-1050/100, mpou3BeJeHHOr0 HAIIMMM IIapTHe-
pamu OOO "ABecta’, pasuensercs

Jif) 81
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Puc. 1. VimnyabcHbil mepazepuesbil cnekmpomemp UTC-1
Fig. 1. External view of the PTS-1

domain spectroscopy. The PTS-1includes the following
(Fig. 1):

Solid-state femtosecond laser;

Electro-optical detector of pulsed THz radiation;
All optomechanical components for the optical
and THz path;

Delay line;

Electronic control units for the optical delay
line, optomechanical modulator and laser;

PC with pre-installed TydexLN software.

NERRRN

General optical layout of the PTS-1is shown in Fig.2.

Radiation from an ytterbium solid-state femtosecond
laser TeMa-1050/100, which is manufactured by our
partners from Avesta LLC, is split into two beams, a
pumping beam and a probe beam. A more powerful
pumping beam is used to generate THz pulses. The
generation occurs when the pumping pulse interacts
with 1% MgO:LiNbO; crystal. The probe beam is

Ha /Ba Iy4Ka: My4OoK HaKa4yKH
U 30HAUpYIOIHUHN (Ipo6HBINM)

Iy4oK. bojlee MOIIHBIM IIy4OK
HaKayKU UCIIONb3yeTCs OJId reHe-
pauuu TT'-uMIyabca. leHepaus

Ml M2
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| 69MHz |
| 1049nm |
L St b BS
Delay
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LiNDO, M3
Sample

IIPOMCXOAUT IIPU BO3JEHUCTBUU 'EOD

JIa3€pHOT0 MMITY/IbCa HaKauyKH Ha _ |

KpUCTa 1% MgO:LiNbO;. 3oHau-

PYIOILMHU 1y YOK KCIIO/Ib3YeTCs ISt —

neTekTUpoBaHusa TIL-MMIIynIbca. e

B UTC1 pnga peTeKTHUPOBAHHSA

Tru-u3nydeHus  MCIIOIb3yeTCs

371eKTPOONTHUUYECKU U IeTek- OAP

Top 20[-BHMK mpom3BoACTBa

000 "THUJEKC". [leTeKTHpOBa- N
M6

HHe TIPOMCXOOHUT 3a CUeT H3Me-
HeHHS MOJIpH3alHK 30HIHUPYIO-
[[ero MMIIyJIbCa B ITPUCYTCTBHUU
TTo-mMIyabca.

Puc. 2. MpuHuunuanbHas onmuyeckas cxema NTC-1
Fig. 2. General optical layout of the PTS-1

M5

PHOTONICS vOL. 12 N2 4 (72) 2018 399



NRRRN
=
NRRRN

IJH\HIHH\\IIJHHHIIH\HIIIJI\HIII\H\\IIHIHIIII\IH!Illl\HHIII\HIIIHHIII
ONTO3NEKTPOHHbDBIE MPUBOPbI K KOMMJIEKChH! s s :
||\I\H!II\I\HIIHI\\HIIHH\HII\H\IIlIl\HIIIII\HII\II\\\I|||HHIIIIHIII\I!HII

ot

O6muM 7151 BceX MEXaHH3MOB SIBJISIETCSI KOre-
PeHTHOCTh ONTHYECKHMX HKMIIYJIbCOB (HMMIIyIbCa
HaKa4yK¥ M 30HAHUPYIOIero HMIyabca) U TIi-
UMITysbca. IloA KOrepeHTHOCTBIO B JAHHOM CJly4dae
MOHUMaeTCs CBA3b ¢aspl TTU-MMIIy/IbCa C HMHTEH-
CUBHOCTBIO ONTHYECKOIrO MMIIyJIbCa. OTa CBSI3b
IIOCTOSIHHA BO BPeMEHH M BBIJEPXKHUBAETCS C BBICO-
KOM TOYHOCTBIO. PIYKTyallMH YaCTOTHI [IOBTOPEHHUSI
JIa3€pHBIX MMITY/IbCOB MJIM MexaHH4YecKHe BHOpa-
LMY OOHUHAKOBBI Kak s TTI-UMITynbca, Tak U A5
HMIIyJibCA HAaKA4YKH, II03TOMYy OHM He HapyMIaIT
3TOM KOrePeHTHOCTH. HMMIyJ1bC HaKayK{ KU 30HIU-
PYIOIIMK HMIIYIbC SBASIOTCS pellIMKaMH OFHOIO
U TOTO K€ HMIIY/JIbCa M IIOTOMY TaKKe COXPaHSIOT
KOrepeHTHOCTb. Takum obpasom, TIL- U 30HAHUPY-
IONUX HUMITY/IbChl OKa3bIBAIOTCS IMPUBSI3aHBL APYT
K Ipyry mo ¢ase. biaromaps TakoH IpHBSI3Ke, 30H-
AUDPYHOLUUH KMMIIYIbC B3aMMOAEHCTBYeT B [eTeK-
Tope C OLHHUM M TeM 3Ke ydacTKom TTL-umIysbca.
[ MUTeNbHOCTh 30HAMPYIOIEr0 HMMIIYIbCa COCTAB-
nsieT o6bIYHO HecATKH GeMTOCEeKYH[, YTO MHOIO
MeHbIe nepuoga TTu-uMmynbca (eGUHULIBL ITHKOCe-
KyHJI). [I03TOMy MOSKHO CYHUTAaTh, YTO 30HIU PYIOLUH
HMITYJIbC B3aMMOJEMCTBYeT C HEeKOTOPbIM KBa3HIIO-
CTOSTHHBIM I10JIeM. BHOCS BpeMeHHYIO 3a/Iep>KKy 30H-
NUPYIOLIEr0 UMITY/IbCa 10 OTHOINEHHIO K MMIIYJIbCY
HaKaukKu (M CBSI3aHHOMY C HHUM TTI-HMIIyJIbCY),
MOXHO MoA6HpaTh OTHOCHUTE/NbHOE BpeMs IIpHU-
X0[la B JMETEKTOP 30HAMpYooWero u TI-uMIIyIbCcOB
U NeTeKTHPOBATh Pa3sHble YYaCTKU MMIIY/IbCa C Bpe-
MEHHBIM pa3spelieHheM, COOTBETCTBYIOLUHMM BeJIH-
YHHe JJUTEIbHOCTY 30HAUPYIOLero UMIlyibca. Cka-
HUDYS UHTEPBA/l BpeMEHHBIX 3a/lepsKeK C IIOMOIIbI0
MEeXaHHWYeCKOH TUHUH 3a[eP>KKH, MOXKHO I10J1y4aTh
BOJTHOBYI0 Gpopmy TI-uMITysibCa.

[Ipeobpa3zoBanue QPypbe OT BOMTHOBOH (HOPMBI
I03BOJIIET IOAYy4YUTh cIekTp TII-ummymnbca.
Jlnst Toro uTo6bl, HAaIIPUMeEP, MONYUYUTh CIIEKTP IIPO-
IyCKaHHKsI HeKoToporo obpasiia, Heo6X0AHUMO BBIIION-
HHUTb DPsAJ HeHMCTBHH: CHada/la HM3MePHUTb CIIEeKTP
6e3 obpasla, 3aTeM IOJNy4YUTh CIEKTP C obpasuom,
a rocJIe 3TUX IIPoLe Ay P HOAeNIHUTh IIOCTAe JHUH CIIEKTP
Ha repBbld. TaKUM 06pa3oM, MBI IIOJIyYHUM CIIEKTP
IIPOITyCKaHHMSs obpasua.

Kak yske oTMedajioch BbIlIe, [JIs FeHepalluH
Tru-usnydenuss B UTC-1 6p1/10 IPUHSATO pellleHHe
HCII0/1b30BaTh 3QPEKT ONTHYECKOIO BBIIIPSIMJICHU S
GeMTOCeKYHIHBIX JIa3epPHBIX MMIIYIbCOB. DPPeKT
OIITUYECKOrO0 BBINIPAM/IEHHS COCTOUT B BO3HHK-
HOBEHHH B -Cpelle IIPU IIPOXOKAEHHH uepe3 Hee
MHTEHCHUBHOIO OIITUYeCKOr0 MMITy/IbCa HeJIMHEMHON
MOJPU3alHK, MOBTOpsiomer $opMy orubaromern
OIITHYECKOT0 UMITyJIbCa.
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used to detect the THz pulse. To detect the THz
radiation, the PTS-1 uses a NIR electro-optical detector
manufactured by Tydex. The detection is based on
change of polarization of the probe pulse in the
presence of THz pulse.

The common feature of all mechanisms is the
coherence of optical pulses (both pumping and probe)
and the THz pulse. Here the coherence means the
correspondence between THz pulse phase and optical
pulse intensity. This correspondence is constant in
time to a high degree of precision. Fluctuations of
laser pulse repetition rate and mechanical vibrations
are the same for THz pulse and pumping pulse, and
do not affect the coherence. Since pumping pulse
and probe pulse replicate the same basic pulse, they
are coherent as well. Thus, THz pulse and probe
pulse are phase-matched. Due to this matching, the
probe pulse always interacts with the same part
of the THz pulse within the detector. Probe pulse
duration is usually measured in tens of femtoseconds,
which is much less than THz pulse period (several
picoseconds). Thus, it can be viewed as interaction
between the probe pulse and some quasi-constant
field. By introducing a time delay between pumping
pulse (which is tied to the THz pulse) and probe pulse,
one can vary the relative time of arrival of probe
and THz pulses to the detector. This method allows
detecting various regions of the pulse. Temporal
resolution corresponds to the duration of the probe
pulse. By scanning along the time delay range using
a mechanical delay line, THz pulse waveform can be
reconstructed.

Fourier transformation of the waveform gives
the spectrum of the THz pulse. For example, to
measure the transmission spectrum of a sample, the
pulse spectra with and without the sample must be
measured. Then divide one by the other. The result
will be the transmission spectrum of the sample.

As we mentioned above, it was decided to achieve
THz radiation generation in the PTS-1 by means of
optical rectification of femtosecond laser pulses. The
optical rectification phenomenon involves formation
of nonlinear polarization in a medium exposed to a
high-intensity optical pulse. Said polarization follows
the envelope shape of the optical pulse.

When radiation propagates through an optical
medium with second-order nonlinear susceptibility
x?, nonzero nonlinear polarization occurs (is induced
by electrical field of the radiation) and travels
along with the radiation. Whilst at low radiation
intensities the nonlinear polarization is proportional
to the electric field strength, nonlinear terms become
significant at high optical intensities - for example,
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Korgma wu3n1ydyeHHe PacrpoCTpaHsieTcsi CKBO3b
ONTUYECKYIO Cpefy C HeJIMHeMHONU BOCIIPHUMYHBO-
CTBIO BTOPOTO TOpsiika X%, MOSBASOMASACT B Cpefie
U pacHpoCTpaHSIOIIAsACsS BMeCTe C H3IydeHHeM
HeJIMHeNHas MoAsgpu3anus (3/leKTpruyecKast IoJIsipu-
3aLMs Cpefibl, HaBeJeHHAas 3JIeKTPUYECKUM I0JIeM
M3/y4deHUs) MMeeT HeHy/leBoe 3HaYeHue. B To Bpems
KaK IIpH MaJjblX UHTEHCUBHOCTSX H3TyYeHHUs Helu-
HelHasl I[OAsipU3alds IIPOMOPIHOHAJIPHA HAIps-
JKEHHOCTH 3JIeKTPUYEeCKOro II07sl, He/lHHEeHHbIe
BKJIAJbl CTAHOBSITCSI Ba’KHBIMM IIPU BBICOKHX OIITHU-
YeCKUX UHTEHCHBHOCTSX, IIOJIYyYeHHbBIX, HAIIPUMED,
C TIOMOIIIBIO JIa3epHBIX HMMIIYIbCOB. JlazepHoe M3y~
YyeHUe reHepHpyeT HeIMHeHHYIO M0/IPH3ALIHOHHY IO
BO/MHY ¢ 6olee HM3KOM YacTOTOM, KOTOpasi pacIpo-
cTpaHsieTcs ¢ $a30BOM CKOPOCThIO V, PaBHOM TPYIIIIO-
BOM CKOPOCTH OIITHYECKOro MMITy/Ibca (puc. 3). Hemu-
HelMHas MOAspHU3allMOHHAs BOJHA H3/y4aeT Apyroe
OIITHYeCKoe I10/Ie Ha 3TOM 4acToTe.

JlJisl 71a3epHOro H3JIyuyeHHs C MOCTOSHHOM WU
cnabo MeHSIOIIEMNCS MOINHOCThIO BO3HUKAIOIIAS
KBa3UIOCTOSIHHAS (HU3KOYAaCTOTHAsl) HeJIMHeHHas
o/ pr3anus OOBIYHO He HMeeT 3aMeTHOro o dexra.
OnHaKko B c/ydae YJIbTPAaKOPOTKHX HMMIIYIbCOB CHJIA
KBa3UIIOCTOSHHON KOMIIOHEHTHI OBICTPO BO3pacTaeT
M Tak ke OpICTPO MajaeT, YTO IPUBOIMT K H3JIyue-
HUIO 371eKTPOMArHUTHOIO HMIIY/IbCa C IIHUPOKHM
CIIeKTPOM 4aCTOT (IPMMEPHO B AHara3oHe OT HyJle-
BOIM YaCTOTHI 0 HEKOTOPOr0 MaKCHMaJIbHOI'O 3Haue-
HUS, TOe obmasi 1moaoca MpoIyCKaHUs OIlpeensieTcst
WHBEPCHeN AJUTeNTbHOCTH HMIIyabca). Hampumep,
IJISL OTIITUYECKOT0 MMITyJIbCa C AJIATeIbHOCTHIO 100
beMTOCeKyH[, Pe3yabTHUPYIOIMKE HMIIYIbC H3Jyde-
HUS MMeeT YaCTOTHBIe COCTABJISAIONIKE, BBIXOASIIKE
3a npepessl 10 TII.

B kpucTa/iax C BBICOKMMH 3HAYEHHSIMH 3J1e-
MEHTOB TeH30pa HeJTHHEeHHOW BOCIIPUHUMYHUBOCTH
BTOpPOro mopsiika X%, MrHOBeHHOe 3HaueHue Helu-
HEeMHOM IOJSIPU3aLIMK MOKHO ITPEeICTABUTD B C/IeNly-
IOIIeM BUE:

PNL(t, 1) =x@E(t, D E(t, 1),
roe E(t,1) - MrHOBeHHasl BeJIMYHHA 3/I€KTPHUYIECKOro
I10J151 1a3€PHOr0 UMITY/IbCa.

B 3aBHCMMOCTH OT AHUCIIEPCHOHHBIX CBOWCTB
3JIeKTPOOIITHUYECKOro KpucTaaiaa usnydenue TIn-
BOJIH MOXeT IIPOMCXOAUTh 3a CYET Pa3THuYHBIX
MexXaHH3MOB.

EC/IM CKOPOCTb HMCTOYHHKA (HeJTHHeHWHas IOJIs-
pu3sanus B HeJMHEHHOM KpHCTajje) COBIAZaeT
¢ daszoBoil ckopocThio TTL-BOJHBI Ha OIpeJe/ieH-
HOM 4YacTOTe, TO peanr3yeTcss MeXaHH3M IIOIIyTHOIr0

Chin)

Laser Pulse Nonlinear Polarization Pulse

EQ Medium

Puc. 3. Onmuuyeckoe 8binpsimaeHue
Fig. 3. Optical rectification

achieved by a laser pulse. Laser pulse generates a
lower-frequency nonlinear polarization wave that
propagates with phase velocity V equal to the group
velocity of the optical pulse (Fig. 3). Nonlinear
polarization wave radiates own optical field at
aforementioned frequency.

For laser beams with approximately constant
or slowly varying optical power, the quasi-DC
(low frequency) nonlinear polarization is usually
negligible. In case of ultra-short pulses, however,
the strength of the quasi-DC component rises and
falls off rapidly, and that leads to emission of an
electromagnetic single-cycle pulse with a wide
frequency spectrum, ranging roughly from zero
frequency to some maximum value, where the overall
bandwidth is essentially determined by the inverse
of the pulse duration. For an optical pulse with
a duration of 100 femtoseconds, for example, the
resulting radiation pulse has frequency components
going beyond 10 THz.

In crystals with significant second-order nonlinear
susceptibility tensor components ¥\, instantaneous
nonlinear polarization value is given by:

PNL(t, 1) =X @ E(t, DE(t, 1),

where E(t,r) is the instantaneous electrical field
strength of the laser pulse.

Depending on dispersive properties of the electro-
optical crystal, THz wave generation can occur by a
variety of mechanisms.

When the velocity of the source (i.e. nonlinear
polarization in a nonlinear crystal) coincides with
phase velocity of a THz wave at specific frequency,
collinear phase matching occurs (see Fig.4 a). When
the source propagates faster than the THz wave,
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CUHXPOHH3Ma (puc. 4a). ECIM HUCTOYHHUK JBHKETCS
CO CKOPOCTBIO, OO/MBLIEN 4YeM CKOPOCTh TTI-BOHBI,
TO MOXKET Peajl30BbIBAThCS JPYIrOH MeXaHH3M CHH-
XPOHU30BAHHOIO BO30y>KIeHHs: BONTHA, PACIPOCTpa-
HAWOIAsACS I0f yIIoM O K CKOPOCTH HCTOYHHKA V,
TaKKe HaXOOHTCA B dpase C HCTOUHHMKOM - SIBJIeHHe
YepPeHKOBCKOI0 CHHXPOHHU3Ma (puc. 4 b).

[Ipu  QoxkycHpOBaHHM JIa3epDHOTO MMIIyIbCa
[0 TIOTIePEeYHOro pasmepa MOpsJKa HJIH MeHblIe
OnuHbl TIL-BOJIHBI CTAaHOBUTCS 3PPeKTHBHBIM
YEPEeHKOBCKHUHM MeXaHM3M FeHepalliuu - CHHXPOHU-
30BaHHOe B036yxxJeHHe TI1-BOJH, PacIIpOCTPaHSIO-
LM XCS TI0/ YTJIOM K JIa3€PHOMY J1y4y U 06pa3yromux
YePeHKOBCKUM KOHYC [2].

lenepupyemoe HMTC-1 wumnynscHoe Tlu-
HU3/1yYeHHUSI PErucTPUPYeTCS MeTOLOM 3JIeKTPOOIl-
TUYeCKOro CTpobrpoBaHus, npu nomouiu DO[-BUK.
DNIeKTPOONTHYecKkoe CTPoOHpOBaHHE OCHOBBIBAETCS
Ha 3ddexre IIoKKeabCa, KOTOPHIM 3aK/II0YaeTCs
B H3MEHEHHUHU I[I0Ka3aTessi IIPeIOMJIEHUSI Cpebl
B ONTHYECKOM [Halla30He B IPUCYTCTBUU BHeII-
HEro 3/1eKTPUYeCKOro mojs (B JaHHOM CJlydae I0Js
TFu-HMHynbca). B MeToge 3J1eKTPOOITHYECKOIO
crpobupoBaHus mose TIL-MMIyabCa H3MeHseT
OPUEHTALIMIO 3JIIMIICOMJA II0Ka3aTesel IIPeIoM-
JIEHHUS 3JIeKTPOONTHYECKOT0 KpHCTala (KpUCTAJI
CTAHOBHUTCA [BYIydeIrpeJoMIsSIOWKUM). IIpu mpo-
XOKOEHUU 4Yepes 3JIeKTPOONTHUUYEeCKHUH KPHUCTAII
(B 20[1-BUK Hcmonp3yeTcss KpUCTawI ZnTe) TUHEHHO
MIOJISPHU30BAHHOTO  30HAMPYIOIIEr0 HMMIIyJbCa
CcoBMeCTHO ¢ TIL-MMIIyJIbCOM, IIOJASIPU3ALIUs 30H-
AUPYIOMIEr0 MMITYJIbCa CTAHOBUTCS 3/IIMIITHYECKOMN
B pe3yjbTaTe pa3jIM4HOro Habera ¢as ansg o6BIK-
HOBEHHOM M HeOOBIKHOBEHHOM BOJHBI. BeluumHa
3/UIMITUYHOCTH (IIPOIOPLIMOHAIbHAS BEIHYUHE
Tru-monsi) MoxkeT GBITH 3aperHCTPHUPOBAHA C IIOMO-
b0 TIIOJISPHU3ALIMOHHOrO aHajau3artopa. B 30[-
BUK B Ka4ecTBe MMOJISPH3ALMOHHOIO aHa/JIMU3aTopa
HCIIO/Ib3YeTCS YeTBePTh BOJIHOBAS IJACTHHKA
U mpusMa BostacToHa. [lajiee gBa IIydyKa pa3sHBIX
[OJIIpU3aLMK, II0Jy4deHHble C IIOMOIIBIO IIOTSPH-
3aJMOHHOTO aHa/IM3aTopa, OEeTeKTHPYIOTCS OBYMS
doropuogamu (puc. 5). Peructpanusi pasHOCTHOTO
CHTHAaJla C [HOMOB II03BOJISET IIOLABUTb IIYMBI
nasepa. [ljis yBeJIMYeHHU I YyBCTBUTEIbHOCTH CXeMBI
MY4YOK HAKAYKH MOIY/IMPYETCS C IIOMOLIBIO MeXaHHU-
YeCKOTO ITPePhIBATENS, U C IIOMOIIBIO CHHXPOHHOIO
ycunurens, BcTpoeHHoro B J0/-BHUK, meTexTupy-
ercs BbI3BaHHasA TTL-MMITYJIbCOM MOIY/ISLIHS I10JISI-
pH3alMU Npo6HOro myyxKa.

Kak Bblme OBIJIO CKa3aHO, A/ MOJNy4YeHUS
YEePEeHKOBCKOI0 KOHYyCa TeparepueBbIX BOJIH OIITH-
YeCKHMH MMIIY/IbC [A0/KeH QOKYCHPOBAaThCS Ha
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Laser Pulse

Laser Pulse

a) 6)

Puc. 4. MexaHu3mbl 2eHepayuu Tl Y-60AH: a — nonymHblLi
CUHXpOHU3M; b — uepeHKo8cKul CUHXPOHU3M

Fig. 4. Mechanisms of THz wave generation: a - collinear
matching, b - Cherenkov matching

another case of phase-matched excitation can occur.
The wave propagating at angle 6 to the source velocity
vector V is also phase-matched to the source. It is
known as Cherenkov phase matching (see Fig.4 b).

When the laser beam is focused to a crosswise
size about or less than THz wave length, Cherenkov
generation becomes efficient. Phase-matched THz
waves are generated that propagate at an angle to the
laser beam and form the Cherenkov cone [2].

The THz radiation pulses generated by the PTS-1are
detected by means of electro-optical sampling using a
NIR EOD. The electro-optical sampling utilizes the
Pockels effect, change of the optical refractive index
of the medium induced by an external electric field
(in this case, the field of the THz pulse). In the
electro-optical sampling method, the field of the THz
pulse changes the orientation of the refractive index
ellipsoid of the electro-optical crystal (the crystal
becomes birefringent). The NIR EOD uses ZnTe electro-
optical crystal. When a linearly polarized probe pulse
propagates through the crystal along with THz pulse,
is becomes elliptically polarized due to the phase
difference between ordinary and extraordinary wave.
The ellipticity is proportional to the THz field strength
and can be detected with a polarization analyzer. The
NIR EOD uses a quarter-wave plate and Wollaston
prism as a polarization analyzer. Downstream of the

Laser Quarter-Wave PD1 q
Pulse Plate m
RS D N SN € E—
7 = -
THz pulse ZnTe Wollaston Prism PD2 /j

Puc. 5. MpuHyunuaneHas cxema 30/
Fig. 5. General layout of the EOD
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BeJIMUYMHY MOPSJKa UM MeHblIe JJIHHBI Teparep-
LIeBOM BOJIHBI. [IIsI 9TOM Lie/Id, HM3/ydyeHHe ja3epa
HaKauyku (CpefHssT BBIXOJHAS MOLIHOCTHL 3,14 BT,
LeHTpaabHad [OAKWHA BOJHBL 1049 HM, OTHUTENb-
HOCTh uMMITynbca ~100 ¢c, 4acToTa IMOBTOPEHHUS
69 MT1) 6p110 chorycHpoBaHo B 10x10x1 MM 1%
MgO : LINbO; mI0CKO-BBIIIYK/IOM JHMH30M C $OKYyC-
HBIM paccTosHHeM 75 MM (puc. 6). ®a30BEIM CHUH-
XPOHM3M [JOCTHUIALTCSA MEXKIY ABHIKYIIHUMCS ONTH-
YeCKMM HMMIIYyJIbCOM K IIJIOCKOM TeparepleBoHt
BOJIHOM, PacIpOCTpPaHsIoMmeNcs oy yriom 0 (40,5°)
K J1a3epHOMY Iy4ky. YTo6sl mpeofoneTs 3dexT
BO3HUKHOBEHHUS II0JTHOIO BHYTPEHHEIO OTpaske-
Hust TlCu-BonH B Kpuctaaiae LiNDbO,, mcmonb3oBa-
nace mpusMa u3 HRFZ-Si [3]. Yrobel mpeononets
BbICOKOe T1oriomeHue TI-u3ydeHUS B LiNbO3,
Ja3epHBIN J1y4 HAKAa4uK{ OblJI BBIPOBHEH Ilapaj-
nenpHO U B61M3U rpaHubl LINDO;-Si.
FeHepupyeMoe B CIEKTPOMETpe H3Iy4YeHHUe
PerucTpUpoOBasoOCh ABYMsS CIocObaMH: MeTOHOM
371eKTPOOIITUYECKOTO CTPO6MPOBAHUS MU METOLOM
JeTeKTHUPOBaHUS C IIOMOINBIO AeTekTopa loses.
BonHoBasi ¢opma reHepupyemoro TIL-uMITynbCa,
[oJy4eHHass METOJOM 3JIeKTPHUYeCKOro CTpobu-
poBaHHUs, INpUBedeHa Ha puc. 7a. Cmexrtp TIL-
MMITy/bCa, MPeACTaBASIOMUN cobor mpeobpaso-
BaHHe Qypbe OT BOIHOBOM GopMbl TTI-MMIIyIbCa,
IIpeacTaB/IeH Ha PHUC. 7b. CpenHsig MowmHOCTh TI'LI-
u3nydeHus Oblla M3MepeHa C IOMOIIbI0 Kanubpo-
BaHHOTro Jerektopa [lomes. [llig Takoro u3mepe-
HHUS B IY4YOK HAKAauKH ITOMeEIAsCsi ONTHYEeCKHUM
npepsiBaTenb (4acToTa MOAYASLHMH COCTaBJsIa
20 T1y). Ytober 3abmokupoBaTh a060e HeXenaTesb-
HOoe H3JlydyeHHe (HaIlpUMep Jla3epHOe H3jlydyeHHe
HaKauKM), Ha BXOJHOM amlepType JeTekTopa l[ones

YD fs-laser
45 nj@100 fs
1049 nm 69 MHz

Puc. 6. Cxema 2eHepayuu u demekmuposaHus T uy-usay4eHus
Fig. 6. THz radiation generation and detection setup

polarization analyzer, the two differently polarized
beams are detected using two photodiodes (Fig.5).
Detection of difference signal from two diodes allows
to suppress laser noise. To increase the sensitivity of
the setup, the pumping beam is modulated with a
mechanical chopper. A lock-in amplifier built into the
NIR EOD helps to detect polarization modulation of
the probe beam induced by the THz pulse.

As it was already mentioned, to obtain Cherenkov
cone of terahertz waves, optical pulse has to be focused
to a crosswise size about or less than THz wave length.
To achieve this, the radiation from the pumping laser
(average output power 3.14 W, center wavelength 1049
nm, pulse duration ~100 fs, repetition rate 69 MHz)
was focused into 10 x10 x1 mm 1% MgO: LiNbO; crystal
using a plano-convex lens with focal length 75 mm
(Fig.6). Phase matching is achieved between moving
optical pulse and flat terahertz wave propagating
at angle 6 (40.5°) to the laser beam. To avoid total
internal reflection of THz waves in the LiNbO; crystal,
a HRFZ-Si prism was used [3]. To overcome high
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Fig. 7. The radiation produced in the spectrometer: a — THz pulse waveform; b - THz pulse spectrum

6b11 ycTaHOBIEH QHIBTP HH3KHX dYacToT (OHY)
C 4YacToTon cpesa 10,9 Tro. Amnnurtyga TIo-
CHIHaJla, M3MepeHHas Ha BBIXOLHOU IIOBEPXHOCTHU
KpeMHHEeBOM IIPU3MBI, cOCTaBHUIa 5,15 B.YyBCTBU-
TEeJIBHOCTh [OeTeKTopa lones IIpyU YacToTe MOAY-
nauuu 20 T'u coctaBnsger 24,5 kB/Bt. MBbBI olle-
HHUJIY CPEIHIO MOILIHOCTD U3/IyYeHU s, IPUHUMAS
BO BHHUMaHHe noTepu B ®HY (T, ,;=70%). OueHKa
MoKasaja, 4YTo CpeAHss MOWHOCTh TT-U31ydeHuU,
reHepupyemoro B UTC-1, mocTUria 3Ha4eHUS OKOJIO
300 MKBT.

B MaHHOM CTaTbhe MBI Ipe/ICTaBU/IX KOMMEPYeCKHU
OOCTYmHBIM TIL-CIIEKTPOCKOIIMYECKUN KOMIIJIEKC
HTC-1 co cpesHel BBIXOLHOM MOIIHOCTHIO 300 MKBT
u Ko3pdUIIMeHTOM Npeobpa3oBaHHUs OMTUYECKOTO
CHUIHa/Ia B TeparepleBbll 1074, UTC-1 umeasbHO IIOA-
XOAHUT [I/I1 HAy4YHBIX UCCIeI0OBaHUM, b1aromaps pac-
[IPOCTPAHEHHMIO H3/IyuYeHHUs B CBOOOZHOM IIPOCTpPaH-
cTBe, 06/lafaHUIO JOCTATOYHO THMOKOM OITHUYECKOM
CXeMOU M HAJIMYMI0 MHOTOQYHKILMOHAIBHOIO IIPO-
IrpaMMHOro obecrie4eHus.

Paspabomka bbiaa noddepskana Pondom codeiicmeus uxHoga-
uuam (FASIE), konmpakm N2 12234p/ 23287.
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absorption of THz radiation within LiNbO, crystal,
the pumping laser beam was aligned parallel and in
close proximity to the LiNbO,-Si interface.

The radiation produced in the spectrometer
was detected by two different means, by electro-
optical sampling and with a Golay cell. Waveform
of the generated THz pulse, as measured by electro-
optical sampling, is shown in Fig.7a. THz pulse
spectrum obtained by Fourier transformation of
the THz pulse waveform is shown in Fig.7b. Average
THz radiation power was measured by means of a
calibrated Golay cell. For this purpose, the pumping
beam was modulated by an mechanical chopper
(modulation frequency was 20 Hz). To suppress
any unwanted radiation (such as pumping laser
light), the entrance aperture of the Colay detector
was equipped with a low-pass filter (LPF) with
cutoff frequency 10.9 THz. THz signal amplitude
measured at the output surface of the silicon
prism was 5.15 V.Golay cell sensitivity at 20 Hz
modulation frequency is 24.5 kV/W. Taking into
account the LPF losses (T p = 70%), we've achieved
~300 pW average THz radiation power generated by
the PTS-1.

In this paper we have presented a commercial
off-the-shelf THz spectroscopy set PTS-1 with average
output power 300 pW and optical to THz conversion
ratio 10, PTS-1 is ideal for scientific research
applications due to radiation propagating through
free space, flexible optical train and multipurpose
software.
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