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BricokoaddekTuBHasI MmapaMeTpuieckasl TeHeparisi TeparepleBbiX BOJIH Pa3HOCTHOI 4YacTOTHI B HEJIMHEWHBIX KPHUCTAJIAX
6buta TostydeHa eute B 1990-x, Ha 3ape reprnoaa OCBOSHMs TepareplieBoro AMana3oHa 4acToT, a B HACTOsILee BpeMsl aKTUBHO
MPUMEHSIETCSI MHOTMHU TPYTIIIAMU, HalleICHHBIMA Ha CO3/IaHUE MOIIHBIX NCTOYHUKOB TEPArepiieBbIX UMITYJILCOB C BHICOKMM
koaddunmenTom ycunenus [1]. Ho nuirs HeMHOTHE MCCIenoBaTeu OTAAIOT ceGe OTYET B TOM, UTO TeparepleBblil (OTOH
U OTITUYECKUI CUTHATBHBIN (DOTOH CTOKCOBOI YaCTOTHI, €CJIM OHU UCITYILIEHBI ITPY OMHOM U TOH Xe Ja3epHOil HaKauKe reHepa-
TOpa M B OTCYTCTBUE KAKOTO-T100 JOMOJTHUTEIHHOTO BHEIIHETO 3aTPABOYHOTO U3NTyUYeHUsT, (POPMUPYIOT TaK HAa3bIBAEMbIE ITyd-
KU-OJM3HELIbl, KOTOPBIE BMECTe 00pa3yIoT 3alyTaHHOe KBAHTOBOE COCTOSIHME OMTUKO-TeparepiieBoro nois. Crenubudecke
KBaHTOBBIE CBOIICTBA TaKMX MOJel Haubosee OTYETIMBO MPOSIBIISIIOTCS B CIydae pexkuma ¢ HU3KUM Ko3GbdULIMEeHTOM mapaMe-
TPUYECKOTO YCUJICHUsI B HEJIMHEIHOI cpelie, KOorna Mmpolece reHepaluu npeodpasyercsl B CIIOHTAHHOE TapaMeTpUyeckoe pac-
cestHue (CITP) uznyyeHMst HaKauyku, a HEYNpyro paccestHHble (DOTOHBI 00pa3yloT KOppeaupoBaHHbIe «OU(OTOHHBIe» Maphl [2].
ITapel B3auMHO cBsI3aHHBIX (hoTOHOB reHepupyiorcst npu CIIP B mIMpoKoM CHeKTpaJbHOM AMana3oHe BILIOTH A0 YacTOTBI
Hakauky. Hanbosiee N3BeCTHBIMU SIBJISIIOTCS ITOJIHOCTBIO ONTUYECKUE OU(OTOHBI, U3JTyyaeMble Ha CPABHUMBIX YaCTOTAX B ONTHU-
yeckoM auariazoHe. HaunHas ¢ muonepckux pa6ot rpynmsl . H. Kibiuko n A.H. [Tenuna 8 MI'Y um. M. B. JlomoHocoBa
T10 CIIEKTPOCKOITMU U KBaHTOBOU hoTomerpuu Ha ocHoBe CIIP [3, 4] 1 o HacTosiiiee BpeMsi onTu4ecKre 61ubOTOHBI IIMPOKO
HCITONIB3YIOTCS B PA3TMYHBIX KBAHTOBO-ONTUYECKUX TEXHOJIOTHUSIX, TAKMX KaK KBAHTOBAsSI KOMMYHUKAIIUS, BBIYUCIIEHUST, METPO-
JIOTHSI, KBAHTOBAasI KOTEPEHTHAsT TOMOTpadusi U MOCTpOeHUe M300pakeHMit B (haHTOMHBIX Jiydax [5]. OnTuKo-TeparepleBbie
61GbOTOHBI, KOTOPbIE TEHEPUPYIOTCS B CHIILHO YaCTOTHO-HEBBIpOXIeHHOM pexxuMe CIIP 1 cocTosIT U3 0OJHOTO ONTUYECKOTO
¢oroHa ¢ yacToToit, 6;1M3KOI K YaCTOTE JIa3epHOI HaKauKu, U OJHOTO TeparepleBoro (hOTOHa C YacTOTOM, IPUMEPHO Ha 1Ba
MopsiIKa MEHbIIeH, Tak)Ke HAYMHAIOT BBI3bIBATh 3HAUMTEIbHBIN MHTepec. HenaBHO ObLIM MPOBENeHBI TIEpBbIe MCCIEeI0BAHUS,
HalleJIeHHbIe Ha PacIpoCTpaHeHHe ONTUYECKMX KBAHTOBBIX TEXHOJIOTMI Ha TeparepLeBblil Auana3oH. Bo3MoxHoe mpuMeHe-
HHE crelndryecKux KBAaHTOBBIX CBOMCTB ONTHKO-TeparepLeBblx 0M(MOTOHOB U3y4yaioch MPUMEHUTEIBHO K 3aayaM Teparep-
LIEBOI CMEKTPOCKOIMU, 30HINpOBaHUS U (poTtoMeTpun [6—8]. PazButne 6e33TaJOHHON KaJIuOPOBKU KBAHTOBOW 3(hGheKTHB-
HOCTHU JI€TEKTOPOB U3JIyYEHUs] TeparepLeBbIX YACTOT MOXKET CTaTh B OyIyllleM OIHUM U3 CaMbIX BOCTPEOOBAHHbBIX U aKTYaJIbHBIX
HaIpaBJeHUIl, KOTOpbIE MPUBEIYT K CO3[aHMUIO METOAOB U3MEPEHMS AOCOMIOTHBIX BEJIMUMH CHEKTPATbHON UyBCTBUTEIBHOCTH
TeparepiieBbIX MPUEMHUKOB 63 CpaBHEHUs C 3apaHee MPOKATMOPOBAHHBIM peepPEeHCHBIM IETEKTOPOM U 0€3 UCTIOTb30BAHUST
3TAJIOHHOTO MCTOYHMKA TEePareprieBoro M3JIy9eHus ¢ M3BECTHOM CIIEKTPAIbHOM SIPKOCTBI0. MBI MCCTIeyeM YCIOBUS TTPUMEHE-
Husl uneii 6e3ataionHoi CITP-kanmmOpoBKY Ha TpUMepe U3MEPEHMSI TOKOBOTO OTKITMKA CBEPXITPOBOIHUKOBOTO TEParepiieBoro
6omometpa. [lepBbie M3MepeHNUsT KOPPEISIIMOHHBIX TAPAMETPOB ONITUKO-TEPATePIIeBBIX MOJIEH, HEOOXOMUMBIE ST PeaTu3aliuu
0e33TATOHHBIX U3MEPEHUI, ObLTN OCYILIECTBICHHI B Hallleil paboTe.

Karoueswie croga: mepaeepu; onmuko-mepazepyegulii OugomoHn; cnoHmaHnHoe napamempuiecKoe paccesiHue; KeaHmosaas Ippex-
MUBHOCMb; C8EPXNPOBOOHUKO0BYLIL Mepaeepyeablii 6010Memp.

Highly efficient parametric generation of difference-frequency terahertz waves in nonlinear crystals was obtained as early as in
the 1990s. Both at the dawn of the period of mastering the terahertz frequency range and at present, it has actively been used
by many teams aimed at creating powerful sources of terahertz pulses with a high gain [1]. But only a few researchers are aware
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that a terahertz photon and an optical signal photon of the Stokes frequency, if they are emitted with the same laser pumping
of the generator and in the absence of any additional external seed radiation, form the so-called “twin beams”, which together
form an entangled quantum state of the optical terahertz field. The specific quantum properties of such fields are most clearly
manifested in the case of a regime with a low parametric gain in a nonlinear medium, when the generation process is converted
into spontaneous parametric down conversion (SPDC) of pump radiation, and inelastically scattered photons form correlated
“biphoton” pairs [2]. Pairs of mutually coupled photons are generated during SPDC in a wide spectral range up to the pump
frequency. The best known are all-optical biphotons emitted at comparable frequencies in the optical range. Starting with the
pioneer works of D. N. Klyshko and A.N. Penin’s group at Lomonosov Moscow State University on SPDC-based spectroscopy
and quantum photometry [3, 4] and at the present time, optical biphotons have been widely used in various quantum opti-
cal technologies — such as quantum communication, computing, metrology, quantum coherence tomography and ghost [5].
Optical-terahertz biphotons, which are generated in a strongly frequency-nondegenerate SPDC regime and consist of one opti-
cal photon with a frequency close to the laser pumping frequency, and one terahertz photon with a frequency approximately
two orders of magnitude lower, also begin to attract considerable interest. Recently, the first studies aimed at extending optical
quantum technologies to the terahertz range have been carried out. The possible applications of the specific quantum properties
of optical-terahertz biphotons have been studied in relation to the problems of terahertz spectroscopy, sensing, and photom-
etry [6—8]. In the future the development of standard-free calibration of the quantum efficiency of terahertz frequency radiation
detectors may become one of the most popular and relevant areas aimed at creating methods for measuring the absolute values
of the spectral responsivity of terahertz receivers without comparison with a pre-calibrated reference detector and without using
a reference source of terahertz radiation with a known spectral brightness. We are studying the conditions for applying the ideas
of standard-free SPDC calibration using the example of measuring the current response of a superconducting terahertz hot
electron bolometer (HEB). The first measurements of the correlation parameters of optical-terahertz fields, necessary for the
implementation of standard-free measurements, were carried out in our work.

Keywords: terahertz; optical-terahertz biphoton; spontaneous parametric down-conversion; quantum efficiency; superconductor

terahertz hot electron bolometer.

HccnenoBaHbl ONTUMaJIbHbIE TeMIIEpaTypHbIe, CIEKTPaJbHbIE
U Ipyrue 3KCrepuMeHTalbHbIE YCIOBUS ISl TeHEepalluy ONITUKO-
TeparepueBbiX 6U(POTOHOB ¢ MAKCMMAaJIbHO BO3MOXHBIMU 3HAUE -
HUSIMU TTapaMEeTPOB KOPPEISIIUN — KOPPEISIIIUOHHON OYyHKIIUN
BTOpOro mopsaka g? mpu HU3KoM Koadduunente ycunenus [9],
koadunrenTa nogaBieHus1 GOTOHHOTO IIyMa WUJIW KOBapua-
U1 GOTOTOKOB ITPU BHICOKOM MapaMeTpuueckoM ycuiaeHuu [10].
B HacTosi11ee BpeMst OTCYTCTBYIOT KOMMepUYeCKKe ONHO(POTOHHbIE
TeparepueBble 1eTEeKTOPbI, UYTO AejaeT HEBO3MOXHBIM UCIOJIb30-
BaHUE TUITOBBIX KBAHTOBO-ONTUYECKUX CXEM JJIsI MPSIMOTO OOHa-
pyXeHus coBrnaaeHuit potoHoB. Hamu pazpaboTaHbl HOBbIE MO~
XOZ bl 1J1s1 0OOHApYXeHUs1 OM(POTOHHBIX KOPPEISILIUil, OCHOBAHHBIE
Ha aHaJIM3€ COBMECTHBIX CTATUCTUYECKUX pacnpeneseHni aHa1o-
TrOBBIX MMOKAa3aHU I ONITUYECKOTO JETEKTOPa B CUTHAJIbHOM KaHaJle
U TeparepieBoro NeTeKTopa B X0JI0CTOM KaHase yctaHoBku CIIP.
H3mepeHne mapamMeTpoB KOPPEJSIIIMY UMeeT KJIIoUeBOe 3HAUCHHE
MpU MPUMEHEHU U ONMTUKO-TeparepleBbiXx 0uhOTOHOB B Teparep-
11€BOIi KBAHTOBOU BU3yalM3allUU C TIOMOIIBIO OMHOTUKCEIbHBIX
TeparepleBbIX TPUEMHUKOB, MOCTPOCHUU ONHO(DOTOHHBIX Tepa-
repleBbIX UCTOYHUKOB, KaTUOPOBKE CIIEKTPaJIbHON YYBCTBUTEIb-
HOCTH TeparepLeBbIX 1eTeKTOPOB 0e3 NPUBS3KHU K 3TAJIOHY U APY-
IMX MepCcrneKTUBHBIX 3afadyax. Hama tekyuas paboTa nocssiiieHa
HU3YyYEHUIO U aOCOJIOTHOMY U3MEPEHUI0 KBAHTOBOI 9¢hGEeKTUBHO-
CTH aHAJOTOBBIX CBEPXIIPOBOASILINX TeparepUueBblX 00JOMETPOB.
IIpoaHanu3npoBaHbl SKCIIEPUMEHTAIbHbIE MOIXOAbBl, OCHOBAH-
HbIe Ha cxeme TeHepanuu CITP ¢ HeTMHeITHBIM KPUCTAJIJIOM, TTIOMEe-
LIIEHHBIM B T'eJIMEBBIN KPUOCTAT BMECTE C U3MEPUTEIILHOM STUeH KO
6osioMeTpa, 1 OMHOMDOTOHHBIM JETEKTOPOM B OTITUYECKOM KaHale
neteKTupoBaHusl. [lonydeHHBIE pe3yIbTaThl AKTyaJbHBI B TIPUJIO-
XKEHU X KBAHTOBBIX TeXHOI0TUit Ha ocHoBe CI1P u B 1pyrux Hu3Ko-
YAaCTOTHBIX CIIEKTPATbHBIX AUATa30HAX — TaM, Ille 0 KaKUM-IT00
MpUYMHAM 3aTPYyIHEHO UCTOIb30BaHUE OMHOGMOTOHHBIX IETEKTO-
POB XOTsI ObI B OTHOM KaHaJie KBAaHTOBO-KOPPEIUPOBaHHOI0 61 o-

TOHHOTO ITOJIA.

Dma paboma 6GvLaa evinoanena npu nodoepicke
Poccuiickoeo nayunoeo ponoa, epanm No 22-12-00055.
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In this work, we study optimal temperature,
spectral, and other experimental conditions

for the generation of optical-terahertz bipho-
tons with the best possible values of the cor-
relation parameters — the second-order cor-
relation function g? at a low reduction fac-
tor [9], the photon noise reduction factor,
or photocurrent covariance at high paramet-
ric gain [10]. At present, single-photon tera-
hertz detectors are not widely available, which
makes it impossible to use common quantum
optical circuits for direct detection of pho-
ton coincidences. We have discovered new
approaches for detecting biphoton correlation

properties based on the analysis of statistical
distributions of the analog-type readings of an
optical detector placed in the signal chan-
nel and of a terahertz detector placed in the
idler channel of the SPDC set-up. The mea-
surement of correlation parameters is of key
importance if optical-terahertz biphotons are
considered to be applied in quantum terahertz
ghost imaging with single-pixel terahertz
receivers, in creating the single-photon tera-
hertz sources, in measuring the spectral sensi-
tivity of terahertz detectors without reference
terahertz sources or detectors, and in other
promising tasks. Our current work is devoted
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to the measurement of quantum efficiency
of a superconducting terahertz HEB. Exper-
imental approaches based on the SPDC
experimental scheme with a nonlinear crys-
tal, being placed in a helium cryostat together
with a bolometer detecting cell, and with
a single-photon detector placed in the opti-
cal detection channel, have been analyzed.
The results obtained are relevant to applica-
tions of SPDC-based quantum technologies
in other low-frequency spectral ranges also,
where, for some reason, it is difficult to use
single-photon detectors in at least one chan-

nel of a quantum-correlated biphoton field.






