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MMnNynbCHbIA Teparepuesbli cnekTpometp MTC-1 -
npubop AnA TeparepueBoil CNEKTPOCKONWUU BO
BpemMeHHon o6nactu (Terahertz Time-Domain
Spectroscopy). ina reHepauuu Tru-u3nyueHus

B UTC-1 ucnonb3yeTcs MeTos ONTUYECKOro
BbINPAMNEHUA GPeMTOCeKYHAHbBIX UMMYNbCOB
(optical rectification). CpeaHsas BoixogHas
MOLWHOCTb reHepupyemoro TIu-usnyvyeHuns

300 MkBT, K03¢dPMUMeHT Nnpeobpa3zoBaHusa CUTHana
13 onTu4eckoro B Tru-ananasox 1074, NMpubop
o6napaer 4oCTaToO4YHO rM6KOM ONTUYECKOW CXEMON,
uMeeT MHOrodyHKLMOHaNnbHOe NporpaMmmMHoe
obecneyeHue. B cTaTbe NPUBEAEHDI PE3YIbTaTbl
UCNBITAHUNA.

CTBY CTajlll [OOCTYIHBl KOMMepUecKHe Tepa-

repleskie (TT') cUCTeMbl CIIEKTPOCKOITHHU BO
BpeMeHHoH obnactu (THz-TDS). 3TH CHCTEMBI OT/IU-
YawTCs Mexay cobod BapHaHTAMH KOMIIOHOBKH
U Pa3NUYHBIMH I1apaMeTpaMH, HO UX BceX obbenu-
HseT OTHOCHTE/NIbHO HebOoJbIIOH ypOBeHb CpegHen
BBIXOJHON MOIIHOCTH TIL-H31yYeHHS.

B 2013 rogy B xomnauuu "THUJIEKC" 6buto mpu-
HATO pelieHMe 0 Havajae paspaborku cobCcTBeH-
Horo Tlru-criekTpoMerpa. Hamu 6blna cocTaBieHa
M I0flaHA 3asBKAa Ha KOHKYpPC, 0ObsiBIeHHBIA POH-
IOM CONEHCTBUsS MHHOBAlLIMSIM. 3asgBKa Oblza TI0f-
AepkaHa, U B OoKkTsAbpe 2013 roma Mbl Havyaad pas-
paborky HMmmnynscHoro TIu-Criekrpomerpa HTC-L.
B kadecTBe KOHCY/IbTAHTOB M HAIIUX IapPTHEPOB
BBHICTYIIM/IM COTPYAHHUKH JlabopaTopuu 3KCTpeMans
HBIX CBETOBBIX IloJIed HHKeropoackoro rocypaap-
CTBEHHOro yHuBepcuTera um. H, M. JlobaueBckoro.
[ocne psapa ob6CyRAeHHH OBUIO MPHHSTO pelIeHUE,
9To Aang redHepauuu Tru-usnydenus B MTC1 bynet
UCII0/1B30BaThCsl 3PPEKT ONTHYECKOTO BBIIIPAM-
neHusl QeMTOCeKYHJHBIX J/a3epHBIX HMIIYIb-
COB B YC/IOBUAX YEPEHKOBCKOTO (a30BOro CHHXPO-
Hu3Ma [l]. Brarogaps HCMoONb30BaHHI MOIIHOTO
Jazepa HaKaykW W BHILNIEONHCAHHOIO METOfAA reHe-
palivy IUIAHKPOBAJIOCh MTONYyYUTh BRICOKUN KO3 U-
IIUEHT Ipeobpa3soBaHUs ONTUYECKOTO H3/NTydeHHS
B TeparepLeBoe, 4TO B CBOK oOdepedb I03BOTHUIIO

3 a MocneIHNe HECKOIBKO JIeT HayyHOMY coobie-
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 PULSED TERAHERTZ

SPECTROMETER PTS-1

I.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 107%. 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
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-1 in
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-

DOI:10.22184/1993-7296.2018.72.4.398.404



LELEETEEEE e et CLCLEELEEEEE e r et ELEETTEEEEEEEE R e e e e e b
N OPTOELECTRONIC DEVICES & SYSTEMS
RN NN NN NN AN AN RN RN R RA R AN

6b1 HOBUTBCS BBLICOKOrO YPOBHS CpefHEH MOMHOCTH
Tlu-usnydenus.

B ampene 2015 roga Mbl YCHEIIHO CIIPABHIIKMCH
C [OCTaB/IEHHBIMH 3aJla4aMH U paspaboranu MakeT-
HbIH 06pasel TTL-CrIEKTPOMETpa, B KOTOPOM YAa/10Ch
peayilM30BaTh BCe K/IOYEBble XapaKTepUCTHKH. Crie-
JIyIoIIlMe JIBa Io/la YIITH Ha MOJT0TOBKY K CRPHHAHOMY
[IPOM3BOJCTBY CHUCTEMBI, a TakXe Ha pa3paborky
nporpammHoro obecriedenus (IO) ang yrnpasnieHus
BCeM KoMILTekcoMm. B uTore B KoHLe 2017 roma Bce
paboTel Mo pa3paboTke M MOATOTOBKE K CEPUHHOMY
[IPOM3BOACTBY CIIEKTpOMeTpa ObIIM 3aBepuieHsl,
¥ MBI TIPeCTaBUIN IEPBBIH KOMMEPUeCKH HOCTYII-
HbI¥ o6pasen UTC-1.

HMOynbcHBIH TeparepueBbld CIIeKTPOMETpP Mpo-
u3soacTBa 000 "TUAEKC" - 3T0 KOMIIZIEKCHOE pellle-
HHe [ IHPOKOIOJIOCHOH TeparepleBoH CIIeKTpo-
CKOIIHM BO BpeMeHHOH obnactu. B coctas UTC-]
BXOAHUT (pHcC. 1):

*  TBepAOTeNbHBIA GEeMTOCeKYHAHbIH 1a3ep;

*  3/IeKTPOONTHYecKHM  fgeTexTop  (30[)

UMIyAbCHOTO TTI-u3ayYeHu s,

. BCeé OIlToMexaHH4YeCKHe KOMIIOHEHTHI
onTH4eckoro U TT'I-myTH;

*  JIMHHSA 3aJePXKKH;

- YIIPaBAsAKOIOIHE 3JIeKTPOHHEBIE broku onTHue-
CKOH JIMHHH 3a[epXKKH, ONTHKO-MeXaHuue-
CKOTO MOAY/ISTOPA U J1a3epa;

+ TIIK c ycranoBneHHBIM [10 TydexLN.

[IppHUMOHaNbHAS onTH4Yeckas cxema HTC1
npejcTaBleHa Ha puc. 2. H3nyuyenue urTepbue-
BOIO TBEepAOTe/NbHOr0 (eMTOCeKyHJHOro Ja3epa
TeMa-1050/100, rmpou3BeJleHHOT0 HAUIMMHM IapTHe-
pamu 00O "ABecta’, pasjensercs

pigie:s

Puc. 1. mnyabcHbll 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.
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 [IBa TydYKa: My40K HAKAYKH

H  3oHAupywomwHN (npobHbIH) Ml M2
my4ok. bBosee MOLIHBIF MYYOK { g
HaKa4yKH MCOONb3yeTcs [jis reHe- ,

pauuu TTu-uMmnynbca. leHepauus Ybf;;:?ser = ’ T \m
NPOHUCXOAHUT TPU BO3JEHCTBUHU EOD e i ‘

J1a3epHOT0 MMITy/IbCa HAKAaYKK Ha 69 MHz 1 | !
kpuctamn 1% MgO:LiNbO;,. 3oH/1u- 1049 nm S | 4
PYIOIIHEL [Ty HOK HCTIONb3YeTCS 1181 S 5
JeTeKTHpoBaHHsS TIL-MMITyIbCa. : 6 iifllfg

B WTC1 pna pgeTekTHpPOBaHUSA |
Tlru-u3nyyeHUs HUCHONB3yeTCH LINDO, M3
3/IeKTPOONTHYECKU U netex- OAP Sample

Ttop 20[-BHUK 1npou3BOoACTBA

000 "THUNEKC". [eTeKkTHpOBa- N r g

HHe MPOMCXOAMUT 3a CUeT H3Me- Mé Ms

HERWA MOLAPHIRNME SOMPYI0- Puc. 2. MpUHLUNUAAbHAS onmuyeckas cxema UTC-1

ero HMIynbca B INPUCYTCTBHH Fig. 2. General optical layout of the PTS-1

TIu-uMIyabca.
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ObmuM /1l BCeX MeXaHHU3MOB SIB/ISIETCS KOTe-
PEeHTHOCTh OINTHYEeCKHX MMIIYAbCOB (MMIIynbca
HaKa4ykKH M 30HJHPYIOIIero HMnyaeca) u TrL-
umMItyiabca. Ilom KOrepeHTHOCTBIO B JJAHHOM cCjly4ae
noHUMaeTcd CBA3b ¢aspl TTL-MMIyIbCa C MHTEH-
CHBHOCTBIO ONTHYECKOr0 HMMIIYAbCca. ITa CBA3b
MOCTOSIHHA BO BPEMEHHM H BBIJEPKHMBAETCS C BbICO-
KOM TOYHOCTBIO. PNyKTyallMH YacTOThbI [1OBTOPEHHS
Jla3epHBIX MMIIY/IbCOB HJ/IM MexaHHYecKHe BHOpa-
LUK OAMHAKOBH Kak ans TTu-ummynsca, Tak ¥ /s
HMIIYJbCA HAKAYKH, MO3ITOMY OHH He HapyllaloT
3TOM KOTePeHTHOCTH. MMIIyl1bC HAaKa4YKH M 30HIU-
PYOIIMHA HMIIYJIbC SABASIOTCS PEINIMKAMU OLHOrO
M TOTO K€ MMIIY/IbCa H I10TOMY TaKyke COXPaHSIOT
KorepeHTHOCTh. Takum obpasom, TI- u 30HAMpY-
IOIUH MMIIY/JAbChl OKa3blBAKTCA MPHUBA3AHBL APYT
K apyry o ¢ase. bmaromaps TakoH IIPUBSI3Ke, 30H-
AUPYIOIIHH HMITYJIbC B3aUMOOENCTBYeT B [eTeK-
TOpe C ONHHM M TeM JKe y4acTKoM TIL-HMIlyabca.
OnuTeNbHOCTh 30HAMPYIONIEr0 MMIIYJbCa COCTaB-
naeT 06BIYHO HOecATKH (GeMTOCEKYH/, YTO MHOIO
MeHbuie nepuopa TTu-umnynbca (eIMHHULIBL ITHKOCe-
KyHI). TIo3TOMY MOJKHO CUMTATh, YTO 30HAUPYIOLIHH
HMITYJIBC B3aHMOJEHCTBYET C HEeKOTOPhIM KBa3MIIO-
CTOSIHHBIM IT0JIeM. BHOCS BpeMEeHHYI0 3a/1ep3KKy 30H-
AUPYIOLIEr0 UMITY/IBCA 110 OTHOIIEHHIO K MMITYIbCY
HakKaykH (M CBSI3aHHOMY ¢ HUM Tl-ummymscy),
MOXHO moabupaTh OTHOCHTeNbHOE BpeMS IIpHU-
X04a B AETEKTOpP 30HAMpYIOLEro U TIL-UMIy/IbCOB
U JeTeKTHPOBaTh Pa3Hble Y4aCTKH HMITY/Ibca C Bpe-
MEHHBIM paspelleHHueM, COOTBETCTBYIOIIMM Belu-
YHHEe OTUTEeNbHOCTH 30HAMPYIOLLEerc HMIynabca. Cka-
HUPYsI UHTEPBAJI BDEMEHHBIX 3a/IepyKeK C [10MOIL b0
MeXaHHYeCKOM TMHHH 3a[IepPXKKH, MOXKHO [10/1y4aTh
Bo/tHOBY10 Qopmy TIL-umnynbca.

[TpeobpasoBanue Pypse 0T BOTHOBOM GOPMBI
TMO3BO/IsIeT MOAYy4YHTh cmekTp TIrL-umnynsca.
i Toro 4TobBl, Hamp¥Mmep, MOTYYUTH CIIEKTP MPO-
NycKaHHs HeKoToporo obpasua, Heo6XogHMMO BhITION-
HUTb PsAJl AEHCTBUU: CHa4da/lla HM3MEpPUTb CIEKTP
6e3 obpasua, 3arem I0Ny4YHUTb CIEeKTP € obpasmom,
aTI0c/ie 3TUX IPOLeAYP oAU Th OC/AeJHUH CIIeKTP
Ha nepBbid. TakMm 06pa3oM, Mbl [IOy4YUM CIEKTP
nponyckaHus obpasua.

Kak ysxe oTmeyanoch BbllIe, [/l FeHepaLHH
Tru-usnyyennsa B WMTC-l Gelio OPUHATO pemeHHe
UCTIONB30BaTh 3QQeKT OIMTHYECKOTro BHIIPSIMIICHHUS
$GeMTOCeKYH/IHBIX JIa3epHBIX HMIIY/IbCOB. DPPexT
ONTHYECKOrO0 BBHIIPAMIEHHSA COCTOHT B BO3HHK-
HOBEHMH B -CpeJleé TNPH IPOXOXKIEeHUH uepe3 Hee
MHTeHCHBHOIO OITHYECKOr0 HMILy/1bCa HeTHHEHHOH
[oNsApU3alLuK, TMOBTOpsiIOmen ¢dopmy orubariien
OITHYeCKOro UMITyJ/IbCa.
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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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Korma wm3nydeHHe PaclpoCTPAHSAETCA CKBO3b
ONITHYECKYIO Cpefly C HeJIMHEeNMHOW BOCIIPHHMYHBO-
CTHEO BTOpPOro mopsifka X', mossasmomascs B cpefe
H pacnpocTpaHAKIAACS BMECTe C H3/y4yeHHeM
HeTHHEeNHas NoAapyU3anud (3/1eKTpHYecKas Moaspu-
3alMsl Cpefibl, HaBelleHHas 3/IeKTPHYECKHM IoIeM
U3Ty4YeHus) UMeeT HeHy/leBoe 3Ha4YeHue, B To BpeMs
KaK IIPH Ma/IblX MHTeHCUBHOCTAX HU3/Ty4YeHHS HelH-
HeWMHas Mo/spH3alMs IPONOPLHOHANbHA HaNps-
JKEHHOCTH DJJIeKTpPHUUYeCcKoro II0714, He/IUHeHHbIe
BKJIaJbl CTAHOBSITCS Ba’KHBIMM MPH BBICOKHX ONTH-
YeCKHX MHTEHCHBHOCTAX, MOJYYEeHHBIX, HAIPUMED,
C TIOMOIIbIO JTa3ePHBIX MMITYIbCOB. JlazepHOe M3y~
YyeHHe TeHepUpyeT HeTUHEHHY O MO PU3ALHOHHY O
BONHY C Donee HM3KOM 4acTOTOHM, KOTOpas pacmpo-
cTpaHseTcs ¢ $a30BOM CKOPOCTHIO V, PABHOM TPYIINO-
BOH CKOPOCTH OIITHYECKOro uMmynsca (puc. 3). Henu-
HeMHas Monspyu3allMOHHAd BO/IHA M3/y4YaeT Apyroe
ONTHYeCKOe M0oJIe Ha 3TOH YacToTe.

[lis 71a3epHOro M3/My4eHMs C IOCTOSHHOM HIIH
cnabo MeHSIOMIENCS MOIIHOCTBIO BO3HHUKAamOMAs
KBA3UIOCTOSIHHAS (HHU3KOYaCTOTHAas) HeTMHEeHHas
nonsipusanms o6pIvYHO He HMeeT 3aMeTHOT0 addeKxTa.
OpfHaKo B cy4dae yJbTPaKOPOTKHUX MMITYJIbCOB CHiIA
KBA3UIIOCTOSHHON KOMIIOHEHTHI ObICTPO BO3pacTaer
M Tak e OBICTPO Majaer, 4TO MPHBOLHUT K H3Jyde-
HUIO 37IeKTPOMAarHMTHOTO HMMITy/lbCa C IIHPOKHUM
CIIeKTPOM 4acToT (MpHMEepHO B AMAlla30He OT HyJe-
BOH YaCTOTH! /10 HEKOTOPOTO MaKCHMaJIBHOTO 3Ha4e-
HHs, Tae obmas rnonoca MpoyCKaHUs OnpeensieTcs
MHBEpPCHel JUTUTEeNbHOCTH HMIy/bca). Hanpumep,
AJIsl ONTHYECKOro MMIIY/JbCa C JAJIMTENbHOCTBIO 100
(deMTOCEKYH/l Pe3ylIbTUPYIOMHH HMIIYJIbC HU3/Ty4e-
HHUS MMeeT 4acTOTHBIE COCTABIAOLINE, BBIXOAsLIHe
3a npepesnst 10 TTx.

B kpucramiax € BBICOKMMH 3HAYeHHSMH 3Jle-
MEHTOB TEH30pa HeJIMHEHHOH BOCIIPUUMYHBOCTH
BTOpOro mopsjka X'?, MrHOBeHHOe 3HA4YeHHUe Helu-
HEFHOMN TIONSPHU3aLMK MOXKHO TIPECTABUTE B C/IeAY-
I0llleM BHUIE:

PNL(t, 1) =y 2 E(t, DE(t, 1),

rae E(t,r) - MrHOBeHHAas BeIMHUHHA 3IEKTPHYECKOTO
T10/151 133ePHOI0 MMITY/IbCA.

B 3aBHCHMOCTH OT [MCIIEPCHOHHBIX CBOWCTB
3/IeKTPOONTUYECKOT0 KpHCTajia usnydeHwe TIn-
BOJIH MOXKET ITPOMCXOZWUTH 3a CHeT pasIHuHBIX
MeXaHH3MOB.

Ec/i¥ CKOPOCTh MCTOYHHKA (HelWHeHHas IO~
pusalis B HeJlHMHEHHOM KpHCTajje) coBmagaer
¢ dazosor ckopocTeo TIL-BOMHBEI Ha OIpene/eH- |
HOHM 4acToTe, TO pea/iM3yeTcss MeXaHW3M IOMNYyTHOro |

Laser Pulse Nonlinear Polarization Pulse

EQ Medium

Puc. 3. Onmuyeckoe sbinpsamieHue
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 x'?, instantaneous
nonlinear polarization value is given by:

PNL(t, 1) =xPE(t, 1) E(t, 1),

where E(t,1r) 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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CUHXpOoHH3MA (puc. 4a). EC/IM MCTOYHHUK IBHIKETCS
Co CKopocThlo, Oonblier yem ckopocTk TIII-BOMHBI,
TO MOXKET PeajH30BbIBAThCA JPYrOH MeXaHH3M CHH-
XPOHHM30BaHHOr0 BO30yKAeHHS: BOMTHA, PacHpocTpa-
HSIOMAACA o[ yr/ioM @ K CKOpPOCTH MCTOYHHKaA V,
TaK>Ke HaXoAMUTCAd B da3se ¢ MCTOUHUKOM — SIBIeHUE
4epeHKOBCKOro CUHXpoHHM3Ma (puc. 4 b).

Ilpy  GOKyCHpPOBAaHHM JIa3€pPHOTO MMIYIbCa
[0 MOIMepevyHOro pasmepa IOPAAKa HJIKM MeHbIle
nauHbB TTL-BOJAHBI CTAHOBUTCH 3PPeKTHUBHBIM
YEPEHKOBCKHM MEXaHM3M reHepalMy - CUHXPOHH-
30BaHHOe B030yxaeHue TIL-BOJIH, PACIIPOCTPaHSIO-
LM XCS MO, YIJIOM K JIa3ePHOMY 1y4y K 06pasyromux
YepeHKOBCKHH KOHYC [2].

FeHepupyemoe HTC-1 wummnynscHoe TIu-
HU31yYeHHS DPErHMCTPHPYeTCs MeTOHOM 3/eKTpoorl-
THYECKOro cTpobupoBaHus, npu nomomu 300-BHK.
JNIeKTPOONTHYECKOe CTPoOHpOoBaHHE OCHOBBIBACTCSH
Ha 3¢dekrTe TlokKenbca, KOTOPHIM 3aKJIYAETCH
B HW3MEHEHHH II0Ka3aTensd IIPeJIOM/IeHHS CpPefbl
B ONTHYECKOM JiHalla3oHe B I[PUCYTCTBHH BHELI-
HETrO0 3/IeKTPUYECKOro moss (B JAHHOM C/ly4dae Mons
Tru-umnynsca). B mMeTofe 31eKTPOOIITHYECKOTO
cTpobupoBanus mone TIU-UMIyabCa H3IMeHseT
OpPUEHTAlIMI 3JUIMIICOM/IAa TIOKa3aTesled IIpeioM-
TeHHSA 3/1eKTPOONTHYECKOr0 KPHCTa/Ia (KpHCTam
CTAHOBHUTCH JBYIy4Yerpejnomasomum). [Ipu mnpo-
XOXKIEHHH 4Yepe3 3/eKTPOONTHYECKUM KPUCTAI
(B 20I-BHK ucnons3yetcs KpucTawa ZnTe) THHEHNHO
NONAPHU30BAHHOIO  30HAMPYIONEro HMMIIyabca
COBMeCTHO ¢ TIL-HMMyabCcoOM, TMOASIPHU3alLlKks 30H-
JUPYIOMIET0 UMITY/IbCa CTAHOBUTCS IIUITUYECKON
B pesyibrare pasnu4Horo Habera ¢as mns o6HIK-
HOBEHHOM M HeOObIKHOBEHHOW BOJIHBL. Benu4uHa
3/UIMIITUYHOCTH ([IPONOPLIMOHANBHAS BEIHYHHE
Tru-nons) MoxeT GBITH 3apPerHCTPHPOBAHA C IIOMO-
PO TOMASPH3ALMOHHOTO aHanau3atopa. B 30[-
BUK B KauyecTBe MOMAPH3ALMOHHOIO aHaAM3aTopa
HCIIO/Nb3yeTCsl YeTBEPTh BOJHOBAafA I[IJIACTHHKA
U npusma BommacTtoHa. [lasmee [Ba ITydyKa pasHBIX
TMOMASPU3ALUHA, T0JyYeHHbIe C MOMOMIBI0 IONSAPH-
3aIJMOHHOIO aHaJaMu3aTopa, OETeKTHPYIOTCS IBYMS
doronmonamu (puc. 5). Peructpanidsi pa3HOCTHOLO
CUrHama C JHOJI0B I103BOJISIET II0JABHUTh IMIYMBI
nasepa. [laa yBelHYeHUA YYBCTBUTEBHOCTH CXEMBI
[IYy40K HAKAYKH MOAYIHPYeTCS C [OMOIIBI0 MeXaHH-
YeCKOro IpepsiBaTesis, U C MOMOIIbI0 CHHXPOHHOIO
ycHauTens, BCTpoeHHoro B J00-BHK, meTtekTtupy-
eTcs BbI3BaHHas TTL-HMIY/JIbCOM MOAYIALHS T10/15-
pu3anuu npobHoro myuxa.

Kak Bbime 6b1/10 CKasaHo, A/ II0My4YeHHUS
YEepeHKOBCKOr0 KOHYCa TeparepleBblX BOJAH OINTH-
YEeCKMM HMIYIbC NO/KeH (GOKycHpoBaThCs Ha
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Laser Pulse

Laser Pulse

a) 6)

Puc. 4. MexaHuzmebl 2zeHepaliull TTUY-80AH: @ = nonymHsiil
CUHXPOHU3M; b — 4epeHKoBCKUL 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-1 are
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
Pulse Plate
_,:"f.". P e |_|
| | s
THz pulse  ZnTe Wollaston Prism

Puc. 5. MpuHyunuaneHas cxema 30/
Fig. 5. General layout of the EOD




BeTMUYHMHY MOPSAKAa MM MeHblIe IIHHbl Teparep-
LIeBOH BOJIHBL. [l/1d 3TOH Lie/IW, M3IYyYeHHe ja3epa
HaKa4yku (cpeaHsasi BHIXOAHAd MOIIHOCTE 3,14 BT,
LleHTpa/ibHas [JIMHA BOAHBL 1049 HM, AMHUTENB
HOCTh MMIyabca ~100 ¢c, dacTtoTra MOBTOPEHHSA
69 MTIu) 6bi10 chokycHpoBaHo B 10x10x1 mm 1%
MgO : LINDO; mmocko-BbIITYK/I0H JTUH30H € QOKYC-
HBIM paccTossHHeM 75 MM (puc. 6). Pa30BbIA CHUH-
XPOHU3M [JOCTHTAETCS MEeXAY ABHXKYIIHMCS ONTH-
YeCKMM HMMITYIbCOM H IIJIOCKOH TeparepieBoH
BOJIHOM, pacIpocTpaHsiiomencs nox yriaom 0 (40,5°%)
K nmasepHoMy myuky. Yrobel npeoponeTs 3pdexT
BO3HMKHOBEHMSA TOJHOrO0 BHYTPEHHEIO OTpaxKe-
Hus Tlu-BonmH B KpucTasae LiNDO;, mcmonb3osa-
nace npusma u3 HRFZ-Si [3]. Yrobel npeomoners
BBICOKOe mornomenue Tru-usnydenus B LINDO;,
Nla3epHBIA J1y4 HaKauKH Obl1 BRIPOBHEH Mapai-
nenbHO U BOMM3K rpaHuLbl LINDO;-Si.
[eHepupyemMoe B CIIeKTPOMETpPe H3JIyYeHHE
perucTpypoBasoch AByMs crocobaMH: MeTOmOM
3/IeKTPOONTUYECKOro CTPo6HMpPOBAaHHUS H METOAOM
JeTeKTHPOBaHHMSA C I[OMOMIBIO feTekTopa [oses.
Bonuosas ¢opma redepupyemoro TIu-umimynbcea,
MoJiydeHHasi MeTOAOM 31eKTPUYEeCKoro cTpobu-
poBaHMA, NpHBeAeHa Ha puc. 7a. Cmextp TI1I-
HMITyTbca, TpeAcTaBasoomui coboir mpeobpaso-
BaHue Pypbe oT BonHOBOM ¢opmbl TI-mMmynbca,
npeacTasied Ha puc. 7b. CpenHss momHocTh T~
M3nydeHUs Obla M3MepeHa C MOMOILbI Kaaubpo-
BAHHOro JeTektopa [omesa. [1n18 Takoro uimepe-
HHUS B Iy4OK HAKAYKH T[OMEIAJCsl ONTHYeCKUH
npepbiBaTesb (4acToTa MOAYASLHUM COCTaBAAIA
20 T). Ytobel 3absokuporaTe nwoboe HekelaTelb
HOe HM3/y4YeHHe (HAampHUMep Jla3epHoe H3JydYeHHe
HaKa4yKH), Ha BXOJHOH amepType AeTekropa Lones
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Yb fs-laser I
45 nJ@100 fs pE=———— — T
1049 nm 69 MHz

Puc. 6. Cxema zeHepayuu U demekmuposanus TTu-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 10x10x1 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 (GHUIBTP HU3KHMX 4YacToT (OHY)
¢ yactoTonM cpesa 10,9 Truy. Amnaurysa Tluo-
CHMI'HaJ/la, H3MepeHHas Ha BbIXOAHOM MOBEPXHOCTH
KPeMHHEBOU TPHU3MBbl, cocTaBua 5,15 B. UyBcTBH-
TENBHOCTh JAeTekTopa lones mpu yacToTe MOAY-
nanuu 20 Ty cocraBasier 24,5 kB/BT. Mul ole-
HH/IK CPeJHIOI MOUHOCTh H3/IyYeHHUs, IPUHUMAS
BO BHHMaHHe moTepd B PHY (T pp=70%). OueHKa
[oKa3zana, YTo CpeAHAS MOWHOCTE TTL-U3ny4YeHH S,
reHepupyemoro B UTC-1, mocTurna sHa4eHM 1 OKOIO
300 mkBT.

B maHHOH cTaTbe Mbl IpeACTABU/IN KOMMePYeCKH
pocTyrnHbll TTL-CHeKTPOCKOMHYEeCKHH KOMILIeKC
WTC-1 co cpegHed BBIXOAHOH MOIIHOCTHIO 300 MKBT
H Ko3dpduuHeHTOM mnpeobpa3oBaHHA ONTHYECKOrO
curHana B TeparepueBsld 1074, MTC-1 upeanbHo mof-
XOAHWT /1 HAay4HbIX MCClIeJoBaHHH, biarogaps pac-
[IPOCTPAHEHHIO U3/IyYeHHs B CBOOOIHOM MPOCTpaH-
CTBe, 06/1aZlaHHI0 OCTATOYHO T'MOKOM ONTH4YeCKOH
CXeMOHM M HaJIW4YMI0 MHOrOQYHKILHOHAIBHOIO IPO-
rpaMmHoOro obecrieyeHHs.

Pazpabomka Beira noddepskana ®ondom codelicmaus uHHosa-
uusam (FASIE), konmparm N¢ 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 LiINbO,-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 Golay 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;pr = 70%), we've achieved
~300 uW 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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