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Fig. 1. Schematic diagram of doubly-resonant OPO struc-

ture.
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Fig. 2. Experimental setup for the production of both HGypy and HGjyp mode squeezed light. QWP, quarter-wave plate; HWP, half-

wave plate; PBS, polarizing beam splitter; SG, signal generator; LPF, low-pass filter; PZT, piezo-electric transducer; DBS, dichroic

beam splitter; BS, beam splitter; SHG, second harmonic generation; MC, mode converter; OPO, optical parametric oscillator; SA,

spectrum analyzer; BHD, balance homodyne detection.
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Fig. 3. (a) The intensity profile of HGyy mode; (b) the purity fitting result of HGyp mode; (c) the transmitted light intensity of
HGy¢ mode varies with the OPO cavity length, the transmission peaks of 0 and 1 free spectral range (FSR) correspond to the HGag
mode.
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Fig. 4. The noise power spectra of squeezed states for the HGgp and HGjo modes: (a) The measured squeezing level of the HGgg
mode, along with the respective anti-squeezing level; (b) the measured squeezing level of the HGjp mode, along with the respective
anti-squeezing level; curve i represents the shot noise limit (SNL); curve ii shows the quantum noise level of the squeezed light

versus the phase scan of the local oscillator; curve iii indicates the electronic noise; the spectrum analyzer was set with a resolution

bandwidth (RBW) of 300 kHz, video bandwidth (VBW) of 2 kHz, and the analysis frequency of 3 MHz.

(—12.15+£0.12) dB (A EHIMACE). Mk i h
LM | (IR T ORI A E (18.10 £0.10) dB.
HGoo B I B EN 43 mW.

51 mW B HGyo B2 20 W G #42 OPO, 774
HGyo 85 X 45 785 06 37 W 75 T 32 3% 4n &1 4(b) Jir
/. 2R (i) 4 SNL. £k ii —Fr HG B 48
BICI I i gE KF BEAS HO R AL T il Y 284
S5, BN HG o BB RAREEA (—9.10 +
0.24) dB, XJ )i 19 2 Hs 4 BE Ry (13.70 +£0.25) dB.
OPO LBkt 1Y HG o BEEAH K- (—12.15 +
0.24) dB(AE BRI AAR). M2k iii o i 527 1
AR T ECR M A L AE (17.20 4 0.10) dB. 525645
TR, Iz T EOR T LU B AR ST DR 755K

TEA TG JEHRM AR LT, e S Ik 45 L bR
i H B HG o B2 R 40 56 1 R 46 7K F 5 HGo 1258
FE4i6—3, ¥ikF) (—12.154+0.24) dB. HG 1
3N HG o 158 30 45 45 1 B M B80OR R IR N tinea =
Ndet * The - Mg - XF T HGoo WS, TR nger RIS
R MR IEE mng 2359114 (98.0 £ 0.2)% , (99.0 +
0.1)% i1 (98.3 £ 0.2)% . ¥ T HG o #X, B Fa%
Naet ~ TEHELFR ne AT P57 WL BE g 53514 (98.0 +
0.2)%, (99.0 4 0.1)% F1 (98.1 + 0.2)% . MFFHYAH
I HG o B2 FNE 56 HG o 12X 2 18] (19 3 1T Il
FEA (98.1 £ 0.2)% , X B2 7 XA B R B HGo
B 4 A e B AR A S B i S AL
I B SN 7 PR 9 (RBW)24 300 kHz,

224202-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 % 3R Acta Phys. Sin. Vol. 74, No. 22 (2025)

224202

M 98 (VBW) 2 2 kHz, 5384 3 MHz.

HG o BT 48 6 1 FR 486 IR T 46 7K - Bifi HGo
BT TR AL RN AL 5 s, HhAkbr A
— AN )R, R A AR A I SNSRI DR R
FRAEM 0 3] 51.0 mW, HH 6.2 mW, 15.1 mW,
24.0 mW, 32.6 mW, 42.0 mW, 51.0 mW %A
AR ESG 9N (—4.104+0.26) dB Al (4.20 +
0.31) dB, (—6.05+0.19) dB #1 (7.00 £0.19) dB,
(—7.34+0.25) dB #l (8.70+0.27) dB, (—8.25 +
0.32) dB 1 (10.30 £0.32) dB, (—8.80 +0.17) dB
M (12.38 +0.23)dB, (—9.10 £ 0.24 ) dB F1(13.70 +
0.25) dB. HGo X 28T B {54 81.0 mW.
eV NEIE R I B S Op AR iy N da s i) A S
2L 4R i AR ii 490 38 I R 4 R 4 W s
EAR P HEE L. X TF HG £155, OPO 13k i%
A 98.0%. £ OPO W N 1080 nm Ab 414 i
#E Ly = (0.30 £0.02)% , 104 PPKTP {4 1 i
MEETHAE. OPO ) M2 BN T = (15.0 +
0.5)% (7€ 1080 nm Ab). 775 JEHE IR 3 Rk 1% 20
RRMET, HI 5L EATTE.

15+

10 +

Relative noise power/dB

Pump power/mW

5 HGo #8820 H 45 RS He 2 BE B8 5 1 ) 258 11 72 b 45
W, FIR AR A LB A RS

Fig. 5. The pump power dependence of squeezed and anti-
squeezed levels for HGjp mode, the experimental result is

normalized to the vacuum state.
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Experimental generation of 9.1 dB HG,, mode squeezed light
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Abstract

The high-order Hermite-Gaussian (HG) mode squeezed light, as one of the important quantum sources, has
significant application in quantum precision measurement and quantum imaging. The enhancement of spatial
measurement precision largely depends on the squeezing level of high-order HG-mode quantum states. However,
the squeezing level of high-order HG modes is primarily limited by the external pump power in the optical
parametric oscillator (OPO) cavity. As is well known, the OPO with dual resonance for both squeezed light and
pump light can lower external pump power. The generation of HG;; mode squeezed light differs from that of
HG, mode squeezed light, with an additional Gouy phase shift introduced between the HG,, pump mode and
HG,; down-conversion mode within the OPO cavity. In this work, we conduct theoretical analysis and
experimental generation of HG, mode squeezed light at lower external pump power by using a doubly-resonant
OPO based on a wedged periodically poled KTiOPO4 (PPKTP) crystal. By precisely controlling both the
propagation length of the optical field and temperature in the wedged PPKTP crystal, we simultaneously
compensate for the Gouy phase shift between the HGyy and HG;;, modes and the astigmatism induced by the
frequency-dependent refractive index. This configuration allows for dual resonance of the HGyy, pump mode and
the HG;, squeezed mode, while operating under the condition close to optimal phase matching. Increasing the
reflectivity of the input coupler of OPO cavity enhances the intra-cavity circulating power of the pump light,
thereby reducing the required external pump power. Here, the bow-tie-shaped OPO cavity consists of two plane
mirrors and two concave mirrors with a curvature radius of 50 mm. The wedged PPKTP is placed in the
smallest beam waist of the cavity. The mode converter is employed to generate high-purity HG,, pump mode
with a measured purity of 98.0%. The mode-matching effciency of 93.0% is achieved between the high-purity
HG,, pump mode and the OPO cavity. The homodyne visibility of the HG,;, mode is 98.1%. We experimentally
demonstrate the generation of 9.10 dB HG;;, mode squeezed light by using a doubly-resonant OPO with only
51 mW of HG,, pump mode, and simultaneously achieve 9.20 dB of squeezing in the HG(;, mode with 27 mW of
HGgy pump mode. The inferred squeezing levels of both HG;; mode and HGy, mode squeezed light both reach
up to 12.15 dB. The quantum technology has solved the pump power limitations in optical parametric
oscillators, generating high-order HG mode states with high squeezing level and providing an effective method

for enhancing spatial measurement precision.
Keywords: high-order Hermite-Gaussian mode, squeezed state, optical parametric oscillator, double resonance
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