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Power Frequency Electric Field Measurement Based on Rydberg Atoms
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Abstract: Rydberg atoms are highly excited atoms with a large principal quantum number n. Rydberg atoms are very
sensitive to external electric fields due to their large polarizability. As the atomic energy level shift is directly related to
the electric field, Rydberg atoms can be used to accurately measure the strength and frequency of external electric field. In
this paper, the preparation of 20S12 Rydberg state of cesium atoms at room temperature is realized by two-photon excita-
tion, and the measurement of electric field at industrial frequency is realized based on electromagnetically induced
transparency (EIT) spectroscopy of Rydberg atoms. In the experiment, the relationship between the amplitude and fre-
quency of the power frequency electric field and the frequency shift of the EIT is studied, and the measurements of the
strength and frequency of the power frequency electric field are realized. Meanwhile, the frequency shift of the EIT spec-
trum is the key to measuring the characteristics of the electric field. We adopt the electro-optic modulator to modulate the
phase of the probe light. The frequency interval between the side band peak generated on both sides of the EIT spectrum
and the main peak is strictly equal to the frequency of the radio frequency source of the electro-optic modulator. This fre-
quency acts as a calibration criteria to enable accurate measurement of the EIT spectral frequency shift. We design a micro
all-fiber structure sensor, which can realize the remote measurement of electric field. The research scheme in this paper
has important reference value for the traceable and accurate measurement and engineering application of outdoor
high-voltage power frequency electric field, and it is suitable for the measurement requirements of new power system
construction.
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frequency electric field with different frequencies

4 450~600 nm AL, 4 GRIN %45 2 7R
AIEES 852 nm WHES, ANFHIRFIEMNS
—¥ii. AR EIT 55, GRIN i&#i 2 FIRHE4 5
—HR 780~970 nm [F564F, ¥4 852 nm UL %0k
AN ES ek AU E

ZEAERE, 4R 852 nm YA AL 4 5 GRIN
FhE 1 RIS, Dl oK PR R o
GRIN i#E5E 1 (0%, HIRIH%EE 515 nm BOE LA
852 nm PO A5 GRIN iE4% 2 2 (8] (1) [R] #E



IR, B, NIk, & T HEEEE TR TAHE IR 649
- . ur R 1 ORLFREA S 852 nm HE AR IR AE
LA Table 1  Fiber coupler 852 nm coupling efficiency
. 3¢ measurement data
§ Po/mW 10 9 8 7 6
B s0r P/mW 5.8 49 43 39 33
"L;ﬂ n8s2/% 58 54 54 56 55
R
B 45

TEMIFNE, ZENAHIpE RS EARE

ol A GBI . RAEASMAT, EIT SiMERRE(ED EIT

7SV - — 5T IR YR ) AR 2 52 B 52 (1% 2 (R i B AR
EEJ;J&%EEE%/HZ S f= 2 1 BR B ) ~ A5 NI

BRI Z B2, (H RS AW AL (EIT 15 5 R AL

L I - U 2052 SRS B ST T LA SR AR

0 T A 28 R FH AR R IR S 1 7 A S B 2 8 o

EIT#i#/MHz
N
=
T

20r

0 5(I)0 IOIOO 15I00 20I00 2500
T 5158 7 4/ (V-m )
(b) R T 45835 90 7 1 P T BEITA 85

K6 A0 R 37 (505 A 53 P58 PO 0 e 4

Fig.6 Measurement results of frequency and strength of

power frequency electric field

RTSE
e T

7

B BT E

GRIN E$72

GRIN iE$31

S SIRAR 2T AL R RS

Fig.7 Electric field sensor with all-fiber optic structure

PLR A GRIN &4 2 (B FIBE S, {F 852 nm B[
SRR RE GRIN iE45 2. ® 1 AiZLerfE
JREE 852 nm UL IR G AR B 25 , Poo 852 nm
IS GRIN 3% 1 06203, PNy 852 nm [ H 5T
GRIN %5 2 BIJEINER, 1, AOCEFALIEES 852 nm
BOGHRR G 2R, @R DL L4 548 852 nm
BOGH T BRE AR N 55.4%. 4P GRIN iB4
(AT BB i A P AR TR R SR A 7KK GRIN 32 45 7]
SETE SR A S P i

VA T ER DA S (KT O, IR K6 AT LA
TRBE O AR BE HIR S AN B2 TR BE A, AT
B AT 2 ) LA 2 ) BRI A AN B R 5
KA, TR R P ) e A R LA AR R R
FMts, Rz RAL I Es B i R A S ek o
R EEAAN R B AL U
R, MR 1 2 T4 JR 1 AR R A L
B R LA & S S AR IR R B AT o

4 ZEig

1) SR8 A E S A G IR ) 355 852 nm 0kt
HBLIEE], £E EIT Pl th LA AN i, X g A~id
P BT e FR 0 8] B ™ i 55 1 1 1145 5 00
A, ALRE TR AR 5 B P IS T8 Al A0 A 50 J AT X A
A Hdfe

2) AR FRABCINE B RIS EIT 5%
5, BAL T HIZ5REE A EIT S50R 1 2 MK OC R
AU T 7 (I e T B L 9 S EIT 43
B R R E ] 1 TRy . ikl EIT ik
D 1 AN RSP, A0 F b R, AR A iR 22
K 0.2%. 1275 SN TAAEIZ MR- AL 7 —FiHr
R & F-Beo

3) Bk fE 7 AL S R IS
PO AL RS 852 nm WOG KPR A BE N
55.4%. I HizERERALEEAN RmERNL
GBI 5, X 28 A i s T EL 37 8 R 0K B
B TENMAAGEZESENE, EHTHRGET)
ARG R ER, JiA B UL B far e R 1
223 18] AR 56 P AR I



650

i LR AR

2023, 49(2)

(1

(2]

B3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(1]

[12]

[13]

[14]

[15]
[16]

(17]

(18]

S22 #k References

FTENR, BRIESE, B, 45 MR LGBTREIR v BRI AL ) R
GHEZRWEAL[T]. PR TRERNSE, 2021, 23(6): 61-69.

SHU Yinbiao, CHEN Guoping, HE Jingbo, et al. Building a new elec-
tric power system based on new energy sources[J]. Strategic Study of
CAE, 2021, 23(6): 61-69.

HAEE, AFE. WRR”H AR TRREIECA E AR R B RS BT
R SCEEROR SHER0]. TAERESHEAR, 2022, 54(1): 47-59.
XIAO Xianyong, ZHENG Zixuan. New power systems dominated by
renewable energy towards the goal of emission peak & carbon neutral-
ity: contribution, key techniques, and challenges[J]. Advanced
Engineering Sciences, 2022, 54(1): 47-59.

MISAKIAN M, FULCOMER P M. Measurement of nonuniform
power frequency electric fields[J]. IEEE Transactions on Electrical
Insulation, 1983, 18(6): 657-661.

EENL MR, & g, & AR BGEEE S THdY
KAl g st e []. ML SRS, 2010, 29(9): 21-23, 26.
WANG Jingang, LIN Wei, LI Jian, et al. Study on capacitive alternat-
ing electric field sensor and detecting test on power frequency electric
field[J]. Transducer and Microsystem Technologies, 2010, 29(9):
21-23, 26.

B, BB, BRAR, O S g R 8
(. BF5ME A5, 2004, 26(4): 651-654.

BAI Qiang, XIA Shanhong, CHEN Shaofeng, et al. A novel fieldmill
used as space electric field sensor and its application[J]. Journal of
Electronics and Information Technology, 2004, 26(4): 651-654.
ALFERNESS R C. Waveguide electrooptic modulators[J]. IEEE
Transactions on Microwave Theory and Techniques, 1982, 30(8):
1121-1137.

BULMER C H, BURNS W K, HISER S C. Pyroelectric effects in
LiNbO; channel-waveguide devices[J]. Applied Physics Letters, 1986,
48(16): 1036-1038.

HIDAKA K, KOUNO T, HAYASHI I. Simultaneous measurement of
two orthogonal components of electric field using a Pockels device[J].
Review of Scientific Instruments, 1989, 60(7): 1252-1257.

FISRAD, AOLAE, BR OB A BB ET R i = 4R I 1R R[], B
WOt 5RO, 2012, 24(12): 2930-2934.

SI Rongren, SHI Lihua, CHEN Rui, et al. Three-dimensional elec-
tric-field sensor for spherical fiber transmission[J]. High Power Laser
and Particle Beams, 2012, 24(12): 2930-2934.

TRAONE, ERE, 7 f. BTG R BRI TR I &
WAL, BOGSh 2R g, 2016, 53(2): 020603.

ZHANG Xuhui, WANG Lutang, FANG Nian. Study on power fre-
quency electric-field measurements based on fiber Bragg grating
sensing technology[J]. Laser & Optoelectronics Progress, 2016, 53(2):
020603.

ALFERNESS R C. Waveguide electrooptic modulators[J]. IEEE
Transactions on Microwave Theory and Techniques, 1982, 30(8):
1121-1137.

HIDAKA K, KOUNO T, HAYASHI I. Simultaneous measurement of
two orthogonal components of electric field using a Pockels device[J].
Review of Scientific Instruments, 1989, 60(7): 1252-1257.

BULMER C H, BURNS W K, HISER S C. Pyroelectric effects in
LINBO3 channel-waveguide devices[J]. Applied Physics Letters, 1986,
48(16): 1036-1038.

MAENO T, NONAKA Y, TAKADA T. Determination of electric field
distribution in oil using the Kerr-effect technique after application of
DC voltage[J]. IEEE Transactions on Electrical Insulation, 1990, 25(3):
475-480.

GALLAGHER T F. Rydberg atoms[J]. Physics Today, 1995, 48(9): 92.
FPMEL, AT, KRS URT & AR RS R R[], WEE
R, 1989, 38(10): 1717-1722.

HE Xinghong, LI Baiwen, ZHANG Chengxiu. Polarizabilities of high
Rydberg alkali atoms[J]. Acta Physica Sinica, 1989, 38(10):
1717-1722.

MARANGOS J P. Electromagnetically induced transparency[J]. Jour-
nal of Modern Optics, 1998, 45(3): 471-503.

HOLLOWAY C L, GORDON J A, JEFFERTS S, et al. Broadband

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

Rydberg  atom-based electric-field probe for  Sl-traceable,
self-calibrated measurements[J]. IEEE Transactions on Antennas and
Propagation, 2014, 62(12): 6169-6182.

SEDLACEK J A, SCHWETTMANN A, KUBLER H, et al. Micro-
wave electrometry with Rydberg atoms in a vapour cell using bright
atomic resonances[J]. Nature Physics, 2012, 8(11): 819-824.

FAN H Q, KUMAR S, SEDLACEK J, et al. Atom based RF electric
field sensing[J]. Journal of Physics B: Atomic, Molecular, and Optical
Physics, 2015, 48(20): 202001.

SEDLACEK J A, SCHWETTMANN A, KUBLER H, et al. At-
om-based vector microwave electrometry using rubidium Rydberg
atoms in a vapor cell[J]. Physical Review Letters, 2013, 111(6):
063001.

GORDON J A, HOLLOWAY C L, SCHWARZKOPF A, et al. Milli-
meter wave detection via Autler-Townes splitting in rubidium Rydberg
atoms[J]. Applied Physics Letters, 2014, 105(2): 024104.

BARREDO D, KUBLER H, DASCHNER R, et al. Electrical readout
for coherent phenomena involving Rydberg atoms in thermal vapor
cells[J]. Physical Review Letters, 2013, 110(12): 123002.

JINGM Y, HU Y, ZHANG L J, et al. Atomic superheterodyne receiver
based on microwave-dressed Rydberg spectroscopy[J]. Nature Physics,
2020, 16(9): 911-915.

TN A R, sk 4F, S SETOREISHR R I
LA IED]. STk, 2021, 50(6): 0602001.

ZHANG Chungang, LI Wei, ZHANG Hao, et al. Power frequency
electric field measurement based on electromagnetic induced trans-
parent spectrum under radio frequency field[J]. Acta Photonica Sinica,
2021, 50(6): 0602001.

4 AR, TN KIEA, . T BT AC-Stark ORI
TARE M. Ot 56 T3k, 2021, 58(17): 1702002.
LI Wei, ZHANG Chungang, ZHANG Linjie, et al. Power-frequency
electric field measurement based on AC-Stark effect of Rydberg at-
oms[J]. Laser & Optoelectronics Progress, 2021, 58(17): 1702002.
VITEAU M, RADOGOSTOWICZ J, BASON M G, et al. Rydberg
spectroscopy of a Rb MOT in the presence of applied or ion created
electric fields[J]. Optics Express, 2011, 19(7): 6007-6019.

SAKAI T. Surface electrical resistivity of aluminum oxide ceramics in
cesium vapor[J]. Japanese Journal of Applied Physics, 1977, 16(5):
859-860.

BOUCHIAT M A, GUENA J, JACQUIER, et al. Electrical conductiv-
ity of glass and sapphire cells exposed to dry cesium vapor[J]. Applied
Physics B, 1999, 68(6): 1109-1116.

BETHE H A, SALPETER E E. Quantum mechanics of one- and
two-electron atoms[M]. New York, USA: Plenum Publishing Corpora-
tion, 1977.

UL
1997—, 55, wit:
MR T 2> 76 R T T AT 7 AR

E-mail: cuishuaiwei09@163.com

IERAIECRISES)

1983—, 55, Hit, #ux, W
FENFEA ST 7 HORE I AR ] &R
SRR 2 77 T R ER S R SE IR AT 4T

E-mail: jzh@sxu.edu.cn

JI Zhonghua
Ph.D., Professor

Corresponding author

WA 2022-09-08  f&[EI ] 2022-11-04

i DA




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


