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JGHLEEIT - 308 AL A R AR
LRSI A K

B RAVZ ARG AE RGPS GHEARFRELTERIZER, Jb% 100070

E: WALE D (braincomputer interface, BCI) RLA —R LR R, BRET —HH MY ZHF ALY
Be . I HEAA S WFEALF IR FE. BC 89S LA T R KI5 sh3r - R 1 6942 B, T A%
AF WAZER LN, ST IERE, 1EA —TRABE LI T, BCI MR LR ETAREHFT L
ey N, LR RERZYraALtikg, BiRTFEARGENER, 5 TAZIMHmZE, BCl RMUE—IR FE a4
B TR, £ RAGTRT EBREREF R ZIN, MEIAYZHAE 2R T KTk, MIGRAMF I BEA
WmR A9 Kk, BCI A AP ZsMHRAE T sTHT R A 89 TR, 23 KA KR, RAUH B T AL ZIRA LI R K i 2
B, BARRERALEFRE TRA NG LI, BCl W AARESF, CEHERRTERXOTE Figi
ER ARG TN, BRER 93F, ZFLRNHAALE REANREEFEN T E,

EEHA: AL T AP 2N A ZIRE ARE S, B Rk

Brain-Computer Interface: A Revolutionary Technology Expanding the
Frontiers of the Human Brain and the Future of Neurosurgery

Zhao Jizong
National Clinical Research Center for Neurological Diseases, Beijing Tiantan Hospital, Capital Medical
University, Beijing 100070 China

The brain computer interface (BCI) is not merely an advanced technology but also represents a
profound revolution spanning neuroscience, artificial intelligence, computer science, philosophy, and sociolo
gy. The core value of BCI lies in its ability to break through the informational barriers between the brain and the
external world, endowing humans with novel capabilities for information interaction and propelling the evolution
of an intelligent society. As a disruptive technological innovation, BCI fundamentally alters the way humans
interact with the world, and its applications will profoundly influence our understanding of cognition, conscious
ness, and even selfexistence. For neurosurgery, BCI is not only a revolutionary therapeutic tool but also an op
portunity to reshape traditional medical paradigms. From repairing neural damage to modulating brain functions,
from enhancing human intelligence to shaping the future of humanmachine integration, BCI offers unprecedented
possibilities for neurosurgery. The development of this technology not only aids in a deeper understanding
ofbrain functions but also provides robust support for future intelligent healthcare. The impact of BCI extends far
beyond medicine, influencing the transformation of future computing paradigms, the proliferation of intelligence
augmentation, the scrutiny of social ethics, the deployment of national strategies, the dynamics of economic de
velopment, and the safeguarding of national security.

brain computerinterface;neurosurgery;neuromodulation;futuremedicine;nationalstrategy
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135|F

B ASSCIAREAE DR, 13 By SN AR B A28 B ksl
PRSI E 182, MERFIVIBE S RISCE, 2GRV EN A BB
W, B—REREA T RRIFERER 4K T4 I8 Kk,
MKALEE R B, IFR S E R TH AT — Mgl
TT—— RIS RN ERERS, ERVEE O, Gl
IZHIME 7% BCI ( braincomputer interface) #1 BMI ( brain
ma chine interface), & GBI KNS MBS (a0t
FAL MU, RS ) ZRINERBER 8, SHEFHEAl
MR, ATEMESHEN AREREME (WHRH ),
M5 & MIEA S i, SRIETHEERA P . AR ARIE 8L,
ASZRA “BCT” #8AUMHLRE A,

BCI MR BANEMZE 20 tHed 60 R RIS, &HYIH
HIEIDFARIE AN A EE P . BEERRR RWTHE,
HE 20 4 90 FRETFEE (electro- encephalogram,
EEG) 4FR AKX BCL AYHER, HW O SR E K, Rl 21E
BRI AU, BUS T — BN AR, HEA 21 e,
B Neuralink SR TSR A BCL BRMIn AR IR
[71, BCI AN T KA KB R, SItFN, EX ¢
At 5250 B oY B RRHR B T s T axX — U R A ),
TEITE RERVEEIA SRR 58 S Y BT VE R,

BCI USSR T- BB RIBORI SR, FEX REIER
R ZES 1 KRB 2Z S, & BBNSHEE BCI
TENER SIS OTU . —, 8 S BOR SRS, 7
RIEAREEREH S HIEESHIAL, BCI WEIZ#m, R
RTFHEBNE Wb, B8, K5t BREZE%E
B AT AR,

2 PitiEONEX 553

BCI /2 — M@ id SR BRI FE 75 5, 1 IX 7530 Med J
PUMCH, 2025, 16(2)

AN EIEHIE SRR, FiEdE5RE, W,
FH 3 DB, S RINAEYS ST EN e KA TiIdEE
PHHTEERM S ES Y, BCI RMX AT THEHEE., HHEH
98, IEREMSTRIT ZRRE R GUUUN, 1RO ASR BE AU R
DR Z —,  BCI HIR A BRI R AU, HTEE REIG 3R,
INEIE il REAUE SR U AT 11 7R A/ N

HIERCRBIRAME, BCI AT il N =2£ : 4f=2 A BCI
ISR Z 7T R E RIS S, 40 EEG. DhREfiIt
PRI LA ( nearinfrared spectroscopy, NIRS) &, X
Ff(k, (EESHEERE, & FT 8 aRIR &I H IR E I 2%
U ; 2 AT BCT 18IS 7E FEARAE ARE I B SN R B 2 (5 5,
BIRNEREL R, EFHEFA, RENEIATRE EAm H 77
Bk ik ; AN BCI MBS AR Bk ERAE A KN ZZE e
FEIREE, IRAt&RES, EA TR Sa, BT

KR, s A a A e R % v,

B i >¢ T BCI W RIE 7™ & 2 & LR LR (D)
Neuralink #J# /it A (https:/ / neuralink com/ ): B Elon
Musk FHT Neuralink AFIFFE T —#K @M A /NTFARIEN
WA “Link”, W&, HAEM 1024 MivNER (B 1A),
Dy R AT RERE IR RTINS B, 1% R A ROR I AR ZZ [ 51 738
TENFE R R E OB (I8 TEIa3) B s = At 5 K2 D REAE
K X ), DB oLk 7T RO A E SE RN £, X
(SRS “IzEiEE” Y, (2) Neurable iy BCI #3587
HAL (https://wwwneurablecom/): BEALELE T 2T HkE
AR, REMHIERINESN 55, RIS S BRSNS
T EEM AEDRAS (B 1B). XL KERE R TE B,
* BT RS, ETMEAER Y, EEHTE “Enten”
A e 3 B BHE #T S5 5 S BEER, A S H &R
TR B, AR T — AR A A BB AN AR 7 ) 42
HITHE, BEZH MAR R,
Y FE Al BT 25 ] (https: / / precisionneuro io /) : Precision
Neuroscience ‘A &5 T A B AT FEA XS FFE T —Ff
T BCL AWK, H“ BELERERED (layer 7
cortical interface) B2—F{X WAL 1 /5 HIRE ERIEHE
TR TR, FIMG S U T 7T RN B B ARG L (&
1C), ZVERRE &R 1024 1 MM, B 1 cm?2 NHEH,
RN T ZRMEAMR R, T ESMRL R A AR BRI R 47
PR, BEEEA R, IR S KINENA R RIF3#EE
M, BRI R AIHSREG M . (4) Synchron M B A
28 (https: / / synchron com /) : Synchron £ #i#E#fkiE N,
BRI ERIREE, R&ME Tias) FENIE (B 1D), X
T OIE AR T MFAR, BEESZ2MRER M, H
B F40% Stentrode EZ IRV TT, AT LM &H
HE(EE,

FRBLERAC R T T BRIERISCAZZ ., Wi 55, ™

(3) Precision Neuroscience

A1 AL A% e T
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ERpE TR T —Me e, SMERE R R F
[9] . (5) Inbrain Neuroelectronics B A& (https: //
inbrainneuroelectronicscom /) : Inbrain AFERIZET, B
AT T ASE S A, B 2Wa R ENAEHEE
PERIRRE M, BT 1% i ORI R E 2 S BT 7 i B e
EZERMN AR EEMRE (Food and Drug Administration,
FDA) ARz ISO 13485 Fritk, AR5 AN EE TS 51,
AT #HATHREIE, BESRERBEES RS (B 1E).
Inbrain &I 2025 F#HTEH R MK, XA R KA D
EEREHAT, A TR ARG A A . (6
) Blackrock Neurotech FJ Mesh Lace %4 % £ [F %] (
https:/ / blackrockneurotech com/ ): Blackrock Neurotech
H 2004 FEFRAKNIR, 515 HEEEKE fvd, RIRzs)
AE T R A sty REE DI, &I E “ Neuralace”
JIWRIG A, RIS & Riva a5 4, EERFREAASCRE 10 000
L@l S5 RE, B eEdEE RS, B/D T RERNAR E,
m TAEYHEAE (B 1F) . ZERIEEERT B, RKA]
AE N FH T AL B R HL AR50 187,

3 RMEEOEREIMINRKE M A

BCI HEAMNMILAL 7 RIN G SN R EB) 77 X, Eow
LY R T E A AR HBE B — MR RTR YT 5
B, SUONFARER, Wik Z2FEEE 7T RS at TR,
RARHIARTE T EETRIAS (£ 1) o BCI KL, FREEA
K CHANUBSBEIFFITHIN A, NEsMRIEAE R4 T
TR, RN NFERREITR T 2896 T IER,

3.1 HhBhpheeY)REdE 1

3. 1.1 izahfEm S

BE%E BCI foRIKRfE, FEDREEENDR T E A8,
BCI J&1d SN A KN TE NG S, FHRHE(LON AT TS
2, SEUASNER S & B HI, WA B ETTRE TR, Wt
% SRR L2 B VR R Al BCL M AR B RE R INIZ 35
2, FHRHEEOVEREREUES, S, IREiss5

BE, NUIRE T RINFESRIEIRRE S, Tledt THEEHESL)
BEMRE, $RO4ET KNS BIAMAERERE Y . TR EaE,

BCI HERIEI BRI KIIZshES, SaD 68 M B #l 3 (
functional electrical stimulation, FES), &E 1% 52 At & % 6
RO SR, WTseB MEEE BT ™ . B Walk
Again Project T HFAR T R FEET BCI HoR, @IS idxkE
RIS, IR HBEIFREEN T, ZTEE
I EEG =NS8R, SE kot KimS RAPisL, 2B
TR BB B REER, IEIE T IREMERD
AIZEME,  BCI BORHIN A BEGE R TG RERITIE, 125
TIAITRCER, IS MEC R RS DI REIR ., IRIEF
TERENE ERE ",

3. 1.2 IBE RS

BCI 4Bt REE B IVIE S i 2 — T = E

BIHEOR, W RAMPERSE, EE50H, V8 FS%E 298
R, HizlBbrEsd i K 55 S48 SSIIEiE s
R, FHRHEESHANIRE] (ESNE (WS FEE
), NI B RIBEEH

2B S UIRERRRS H K 1@ AE 1, BB EIATE 1 6l 67
% WL 4 N 2R 0 A1 2B T R IR S B 2 Bl N 128 AR B
Fl, BT IEFKAETTIE NI E SR ZE LS B SR, L
BT 62 1 / min AYSCARERR (125 000 1APEFEIRZN 23- 8%,
50 FAREFAR R 9- 19%)" . REFKECBAZHANITE 1 51
47 BT A BEEOLIZ N 2 BRETE 253 MEAR, @i
12 SIS 2 S5 S 2R es, SKEL 78 1A /min BY SCAH
H (1024 FRFEFNRE 25 5%), FFP AR ARIEE 5 ERIL
HHEEsIE, HZESHERSE #7119 \AE FEFHIRR
N 8 2%, HIBdE T SRS 05, B TiamgE
U BEE S EIER AR, FIAE AT ARSI
TR ENPOEEN RS RS, S 142 MEAET, RS
WREH 71%, BHIE <100 ms, ZIFARZEE TIIELZE 1 (418
) FIFEE (47 ) FE ZeBki% (https:// news sciencenet ¢cn /
htmlnews / 2025/ 1 / 536985 shtm ) , _EIRFFFTEIERFE
AREER (RARKEN / ZERM 1057 ) 535 5Bz 1 R H
REWEMRMED TR, h RIBEERM T 3 RBIRZI AT RE,
FRE (i & TRRMImPR N G H TR —,

3. 2 RS ety

FHEIMNELFAR, Rl 2 e Es e, iz ke

FARZIAHE S, T lm & el B A3 5 I DO 6E X, WRR
BEINAL IBEIFIDIREAZ A E APk & Eamms milly
5 BEE R MR REIRA, (BTE SEIN RS RIS 7T AR R
BCI FiREGEGHLE (E5 MM, JARFINE Il 5 Dy RE (RIF ok
T R, EdIFRASCEEATTR, LR ANN IS
31, NN TTIREREIE, REEEEBISMELE AR 1IN GIE 51,
BE. BOLE XX, 3188 BFEAERE, B, tH
TE2 ZIRERTFA (W IRRT ) | Sk FEARIS FBORRES TR
BESCE R, FEBNEABTEEMX, MRVIERMEIFE &
RIRE R EEDEE M, BCT HARMRMUBEIEAR  ABH R 1
DIeE, ERETEARG M ERFFE D) REVK E HERE, NEREIETT
REFEREFIVIES. BCL F5I A NSRRI K THIFTAR
BHIREHESE Fr, BT T FERZ WM B, #HEMEIET
YNEIEE=0/ S =

3. 3 Jiik S WO AR RS T T

3.3.1 I AmAIE T iz

AR YA 2R A I 1) KBRS 8 DX S N FEAR HEAT LRI,
CEIE SRR 18T HEUS BE AR,  BCI 1@ S faill, FFPR
IR IET T, BEFUE TS T ENRRME.  EiReRR

003 Science Promotion and Communication Frontiers
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BT, BCI HARMERIR S8EEHIEL ( deep brain stimulation,
DBS) Z#URYEE &L WEES HaE%, (%4 DBS @i
AR R X R IR, BREEAEE, BCI# K
W5 ANFIIRRST, SR B 3 (21 ~ 26 Hz) &3, 33
VEREHMSE A TR ™ o XML RKIR S TIRITRUR,
FRDTRIER, WashdE FESENE, BCl B S N
KINEIES), dE0 SRR RS, LIRSS
VAL, MM IETH T IR R M,

3.3. 2 BURBIREE R

TEBURIEITH, BCl SEMERIIRGE &M

HIIR ARG A RS E I B S, RGBSR AR 8 shiEs
FIM S5, By IEBIR AR, 2088 - B SH KPR,
ZFRGRENSTE RO A ERT TN R IR FEIE 30, HEAT M7,
RO KB R PO, 2021 4F, WL AFEE L E S
BERDIEAN T FRE B ER N E D HI SRR, A T
BN, ZARGUEIIE AR ER LR REME 55, FARXE (
QN3 RREEINES ) ATIER SR & A RTHY S B TEEAR R, JRAE
RAERTECR MERTRN T2 A8 e B, A RUm SR 2 1F, KB
T BCI T NHIPBIAMEARIE, BCI HRIENEAERR ML T
FEMNBEFELEE, FHIEAELFERZINGT R K, Bk
MR TE SN EHE, ARG EE MIRTIRE, isrr 7y
%

4 RNZOEREZARERPNERERE

4.1 BPRUHEERAE 5 I I 50

FI/RIIEEIR (Alzheimer.s disease, AD) S5t

ZIRAT BRI DR A B A E AU, ER A
Ve B —ERER, ByTRER, BCL £0K, TUHZ MM & VE
EESRNE S, N AD IGITHR T 2mHE. BCL B IR
RGURB YA KR DI ARG 3], REAS ST e 00 AR FEL 3R
RAEKINE ST T, MIUBEEERIEHE, TREIKE
IO TIRE,  BlaN, WG SR, KR thETT 2 (A
BIEERE, (EHEDIORTRRRE RS, M TIREINAIZE P,
BTN sh PS50 3R BH, RIEGE SRR E XA A ik &
EOMBAZIN BE, BRIET BCI fEVREIRIZAmEMES P, RE
BCIL 7£ AD &7 HVATSS R, EMHEPka. & %, WAk
T AR 5 AR X, B ROR R i,  Hik,
BT T REE N ZE &, BRIIET TR,

4. 2 BRSNS R

BIRER, THEEEYRSHMEIRRSEZENEGT, —
B MRSk, SARBENKIK H—EWNHETE
B, ABEGIEAL A7 M DUERIE L HEIRKE, SEEREEE
JIHER R, EEGBCI £ RIEI R ER AT IS, GEWESL
I IR RS B RIS, EE BRI B E B LER E I
%, & ZEBERHERNET EEGBCI Bh A Bl — g &

FH RS —ERIAFIRES], X AEYIRSHIZ W 16Tt T
FAEWIRIE P LR RIZEGEAIE 52— 45 & sl
5 EEGBCI £R, BUS T RZE ImRAR, S MRilksEs
TEIET ERUHTE SRR, HEIRERS RIS+
WOPRE THOER Y, BCI BRANASIAIIESNYN, TEGI I
VAR TGS EE ). BT RN E(ES, BCI AITECHE
IS ZI 38 3o F RO E A OGN X, (R s mss ik E ., PR
TR TIEITREE, I 4 T IaT A,

4.3 FiphBSmmGY Y 258

& BCI 5 AT %28E (artificial intelligence, AI)

FERIIZE S, FBERIAIT IR T80, BCI REASIE 15k
IS B E KNS S, RIS, INAIR VERHE, 1R
DRI T 2. IIHRE B KN 522 BIRATR G AN = 45
B/ ATEs BCL i, 8 1T IR AHMKIE, Al BITREYS
SRARBEE, £ NIERIET R, MBEBIRAGET IR
ER R M, DR ZSIRITER .,  BCI 8 £ A I E A
HREXRIEON R E A X A TS 1A, AT SEIF i 28 = 4dE, 1
RIS, NI SLBURE T, =& 167 FRE IR 2
PIHRHR, BTSN ERIS AL B B S, MEIET 7T R
R < — 71007, W R BERDELEE R, AN, AT HORIE
REAR ARG A XU, $R AL R EITF, s EE RIS IR,

5 HaiEM 5Pk

BCI HARAE BT #1 52 SUHYE ) O B2, EAESLRR
N A E Im— R APk, TR — P R RS, BRSO
FUCHESHZ, A REHESH BCI HRTE MEAERGTRIBT R 2
IVASEIS

5.1 [H5 RERRIINE SREME

fEE5REZ BCI £AF&Hx), BEEIMARSIERE

FIVATTAR. KR A BCIL i@ EEG 2 NIRS Hailllk fx
15BN, RMETLERLEER, EEREHR R, #AESRE
FERNF, A shiEHIFRR 2 E TS RRIEEM, MIZT,
AR BCI Al E SN E NES, [EEEFARXER, 3L
WEEMFRE, Fit, OPEEIFRRARSEAR BCI #L
TR, AT AR RS ERE M Im Y B AR

5.2 KWfE SR 5 a8

K= 5 @S2 BCL BORMRZOOERL,  KINTEZ)

2%, Wiz, B, B WHEFZ MR, M AL
EEIFNRE LS EIE B ERTERE, (BAESLh M7y
AL R, FEBIRAEE AR T Mk SR ™,
i, $RFHRRS AR TERS RS2 BCT HoRM A FIIfR
A Y B,

5.3 {EPL 5 BARAN)

BCI HARATRER A SRR NAETS SN, #5RE

R, BEFCIZESUREE, M EERE |

004 | Science Promotion and Communication Frontiers
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AR ABSRA. FREEREI 2 &k (G, 2 BCI HilEHY
HEPK, BCI RSIFEHE™ MMIVEIRFRINECR, BiLEdE
ittEE, BokEili A, F N, BCI BORAVECTRE EMLEI T,
DURESRIE A R ARE S AUETE AL,

5.4 JRASA] Rtk

BCT SRR A =, IR T HAEE

ST E USRI o TUERIE I AER MM, BCI
Ay A RO BT I BRI, OV BCT £k BN FHEZE
EH, BERMAEXREZ, FRUTLERSA MRS, TFEEE
W BUR BB, FREAE IR 12, 4850 BCI 198 M.

5.5 IGREIES e

RUE BCI SORTESRR =078 RN 787, (540

PR AL SERRIGIRIAYT, FHEERIGST RERAYATSE £/
ZetEhmEimpki. A RIERIRRAHE AR RER BCI
MNEDBRARL, ([ERZ KRR Z 2R sE 0 8dE, B,
HERIEPREIE, #N25—A BCL SORPRUERIIR(FIRE, i)
BCI [z R FARY Hi12.

6 Z5RiE

BCI 5 Al BIRERLE, EAESIHRERIERIGR B A5
490, TERCREM, Al BiENRIREE 171 7 &5 S MgEe
77, W DPAD (dissociativepri oritized analysis of dynamics)
EELHE AR 578, NeuroXess Arl@Ed AR BCI
R T FEREAURE A AR R 585 Z M B R AT
TRl MUE R ST EiE s, SESHIERMAEESR (W
EEG IRENYE ) WP RS HiAE EHEZE 95% DL b, IHPREZAH A,
BCIAI RACAEIBSHREE R, ES A M. RIS H B
LEJUREIS M, Al 3X51HY DBS 3 AUV B AR i TR A2
BEIK 30%, AEEAR BCI S5aHlE NIgREMAHEHEE
R R T 40%,

IR DB T m s R B, BERS| S 5HR
FBELRHAESAT U AR R ARG, # 40, %EE Neuralink
JEI FDA “ SSRMEET AR A IEINRIm R ; mPEER
BEVT R TSR &R EMIZAY bl =L EcE” =
S B, STEAESIRAE D RORRORIT R B, R
) 5T, SR RERR. SORARERIE. AT SRl WLt
Ho AKX, WWTENARED (PR + Segifes ), KN
AT BRI BE2A R A SR 20538 35, BCIAT RS NMUKEE
MZAMZTTIER, B R DU 0" BREE SR,
BEEFRIETE B SBOREH, X—HAREE 10 FAMNEREIER
FUAL R, D9 AR IE 5E 5 D RERS S8 T e 2T AT BE.
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Research on the Development of 6G Intelligent Reconfigurable Surface

Technology Oriented Based on Patent Analysis

Ma Yufang
Patent Examination Cooperation (Tianjin) Center, Patent Office of the National Intellectual Property
Administration, Tianjin 300300 China

Reconfigurable Intelligent Surface (RIS)' as one of the potential key technologies for 5G-Advanced

and 6G' boasts ad- vantages such as quasi-passivity' continuous aperture' ease of deployment' low power
consumption' software programmability’ broad- band response' and low thermal noise. It has the capability to
reshape the electromagnetic environment and enable a variety of func- tions. This study conducts a statistical
analysis on the trends in application volume' regional distribution' and key players in technolog- ical innovation
related to 6G intelligent surface technology patents. Furthermore' it examines the technological evolution paths of
three main branches: RIS device' beamforming' channel estimation' and Integrated Sensing and Communication
(ISAC). By relying on these patent technology evolution paths' the study uncovers the latest development trends
and research hotspots in 6G intelligent surface technology. Through tracking and analyzing global patents
focused on 6G intelligent surfaces' the technical information embedded in these patents is fully explored'
highlighting the leading role of patent information in domestic technological development.

mRIS for 6G; RIS device; beamforming; channel estimation; ISAC
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Design and Implementation of an Automated Measurement and Control
System for Superconducting Quantum Chips

Fan Zhigiang, Wang Weilong, Yue Feng, Wang Lixin, Yang Mengdi
Information Engineering University, Zhengzhou 450001, Henan Province China

As the scale of quantum bits expands, manual calibration of quantum bits becomes costly and
inefficient. Therefore, the automation of quantum measurement and control is imperative. A frame work
for automated quantum measurement and control is constructed in this work, including 3 modules such as
measurement and control experiment, data processing and decision judgment, and 4 databases such as
measurement and control experiment library, data processing function library, measurement and control
experience library and measurement and control database. The automated calibration of single-qubit properties is
completed based on this framework. The calibration of readout gates and single-qubit gates for 24 quantum bits
is accomplished in a total of 2.7 h, averaging 6.75 min per qubit. An average single-qubit gate fidelity of 99.28%
and a readout fidelity of 78.6% is achieved.

quantum computing; quantum measurement and control; quantum gate characterization; automation;
-

quantum measurement and control system
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ThRE, LREWS B ZhHEAT BRI TRISRAE . fjm, fRT1HIT
R I RE(LKT, DR RGURSHIRBIBE AR SR
M, BIANET DURZR 5 | R 2 S ERoR S AR GTRY B RN
fefe, DERSARGHIE REL K TAIAIEMEE, AR B

BTFUESA R ENEEMA, 88k, TFEZETY
B B st EHL HENRESE S D IR AR, HE
#E 3 B BB T IEHRORR R R,
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FIF CRISPR/Cas9 £ ridhifi
Bt iR 2N CY S 3L

OEH N EETERINELT IR M
1 PEMAFRBHHALEELELERT , BT, 810001; 2 %—;‘&W?@k%é%ii“%ﬂb T, 810016;
3P EHMFEGIZREDFLAN, FiELEHS TEFEELEE, &7, 810001;
4 P EAFR AT, LR, 100049% X B BIEEH

;'
I;
L

WE AT FRARESECY SARMNBEAEARKL T AALFTZE RN F 0, £IAZE FE T CRISPR/ Cas9
A B m AR &, M e 5 CRISPR /Cas9 A B %3 H 4K p35S—-H-CY S, 4| A i‘d’rﬁﬁﬁ%éﬁm%%mﬂi% KIF CY
S WMFE R TR, BTN FAe RT-qPCR #3 CY S R R HRA R, oATRle b F5 R ERA ER LN ,3 4K
ThRMAERAEEZAETARRE, RERXA QIEAIAIEN BAEH, L Fels b 1 TRE ARobs el 54
A ¥edi 2 R F A 2 ABARM A RARE LR E RT-qPCR &R AW, R E KMk 2 F CY S A Heg4ast
fm‘i'%iéji%ﬁ&%%iﬁﬂﬂ?@mm)ﬁ%izﬂﬁrb CY S—1.CY S—2 = CY S—3 & #htk A ¥ CY S A W%
KFAEH A A 0.31.0.45 7Fw 034,80 CY S AR EBERD T HEEAA AL AEHw, m T TIRBEEF I
HELZTHAARRREGRS, L F,CY S—1 '”*"ﬁﬁi#%% PREELSEATAE AN 1345, 2 XS THARBYE
(P<0.05), LA CY S A HEAHpH tF %é’a/\ﬁx LR G AT R AL RAR A AAT BT CRISPR/Cas9 K H %
HEARM CY S AR 2 ANl BT S5, RN ZIK, ARE—FHR CYS AR BT T2
EOEZE B Y

FE2F M, CY S; CRISPR/Cas9; & F %4, = E 1k

Site-specific editing of the cysteine transferase (CYS) gene in tobacco using the
CRISPR/Cas9 technology

Bao Xuemei 1, 2, 4, Li Yun 3, Cao Dong 3, Liu Baolong 3, Wang Honglun 1*, Zong Yuan 3*

1 Key Laboratory of Tibetan Medicine Research, Chinese Academy of Sciences, Xining 810001, China;

2 College of Education, Qinghai Normal University, Xining 810016, China;

3 Qinghai Key Laboratory of Crop Molecular Breeding, Northwest Institute of Plateau Biology, Chinese
Academy of Sciences, Xining 810001, China;

4 University of Chinese Academy of Sciences, Beijing 100049, China * Corresponding authors,

m In order to study the effects of cysteine transferase (CYS) gene on the growth, development and antho-
cyanin synthesis in tobacco, we established CRISPR/Cas9 gene editing system in tobacco and constructed
a double target CRISPR/Cas9 gene editing vector P35S-H-CYS. CYS tobacco mutant lines were obtained by
Agrobacterium- mediated genetic system, the CYS gene knockout effect was tested by base sequencing and RT-
gPCR, the mutation types of target genes were analyzed. Sequencing results showed that 3 mutant lines had
gene mutations at target sites, including base insertion and base replacement. Target site 1 could bind to target

017 | Science Promotion and Communication Frontiers
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site more effectively, and target site 2 produced two bases mutations, both synonymous mutations of amino acids. RT-

gPCR results showed that the relative expression level of CYS gene in mutants were significantly lower than the wild
type tobacco (P< 0.01). Compared to wild type, the multiple of gene transcription levels were 0.31, 0.45 and 0.34. The
knockout of CYS gene had no significant effect on tobacco plant height and leaf shape, but the anthocyanin content in
the mutant tobacco were increased in different degrees. The content of anthocyanin in CYS-1 mutant was 1.3-fold,
which was significantly higher than that of wild type (P<0.05). These results indicated that CY S gene can inhibit antho-
cyanin synthesis, which was consistent with the previous transcriptome analysis results. In this study, CRISPR/ Cas9

gene editing technology was used to design two target sites for targeted editing of CYS gene. Using tobacco as the

transformation receptor provided an important material basis for further study of the function of CYS.

m Tobacco; CYS; CRISPR/Cas9; Gene editing; Mutant

15|

& M) A2 (Lycium ruthenicum Murray) 24 #fi &} (So-
lanaceae) #fCE (LyciumL.) Z4EAEER, 2 E “2 g8FA”
HEER ORI, LARMOERREES, B FEAFTREES
ARGk EE T HEEAEZEERA (Wang et al., 2018), HEAH
MESEER, EF, BE FREMEMESEHS (Zhang et al,
2019), HAEAIC BT REW GRS ENIMEE LIE,
AT MYB, bHLH 1 WD40 i@ ¥ MBW & &E™ 45
M ER Y FRIRREIEAE T 2NAE S K (He et al., 2020; Wen
etal., 2021),

AW ATHIM BRI R g T 585 RE M AEHEXH
R2R3-MYB #5% K FHHK LrA N2, FE4F LrA N2 R T T
AETRUE, LrA N2 MR HEE EERT, HEES5EDE
F+E (Zongetal.,2019b), B LrAN2 SRR RN & 5547
JHE ‘Samsun’ 17 T AN (Zong et al., 2019a), 4
HRARAE, P MERBRERE (CY S) HRAaMEFRIAE NEART
o WRIHNHE CY S BRFHT M, I TAEDE BE0HT,
73 CY S ERIEEMFHRESE MR (B FI8%, 2021), HAT,
B CY S BEARVAEMIIREM RIRAF, FEHE P
e,

MR E QN s E AR R EEEE NEM, H
FES5 THYMFUEE DR, B 2 SR EN
RE, FATHFIRE (ERARSE, 2021), HSS5EYNEMNE
IR, T2, R RS (PEBRSE, 2021), McLellan
£ (2009) KRB ISR R H B HYRIKTERImE ST B 72
T N, AR, B TR A B MBUR. NtCP1 5H
= EE XA SRR & i B A = ERAE L M, 2 AtSAGL2
AR E H, SAERERM RIS, A RME M = 1
B TARICER (Beyene et al., 2006), BRI T AAH S 2E 42
NEWSN, FEEME I, R T 25 EH =200
FIREAES, WHEH CaCp (Xiao et al., 2014), 7KFg OsSAG39

(Liu etal.,2010). H#& SAG12(AhlawatandLiu,2021) &,

CRISPR/Cas9 F 42 4 B FI o 4H B & b 14 i

B b5 R g, R H 2 S R R A (Bortesi
and Fischer, 2015), H A% 7% B &1 £ 8 & 52 [ = 7 1) 23 B%
(Jineketal.,2012), HHEGMEAR, SRR ZE HMWES
L3, A ZN AT &RME T, HE 2 —REaaEs
YR EZENEGEY, CRISPR- Cas9 FE[NZmiEH A/ &L
RIHRE MZmE R HASE T 2N BE% (2021) #
FH CRISPR/ Cas9 ERHIsHEIAEMRIR TEM K326™
2 MR & R 2R 5 D ERA, CRISPR/Cas9 K GES =
ROE AR BRI O TERL IR, RIS IR 5, 5K <% (2020)
I CRISPR/Cas9 #REMZIE T ma UEM A 8306
H CPS2 [, i CPS2 28 Z&fK, It4h, CRISPR/Cas9 K
FEJH B AR IE I E (M) ZREEAZ AL R atp2 (X EEHESE [ 2020), 5- B
R Bt S8 /K B B O R 53 A B8 NtDXR( B /N5 58 ,2019). NtPDS
1 Nt- PDR6 (Gao et al., 2015) 2 NEREBHTEMRELE, H
CRISPR/Cas9 SIRTEME LI RERF 7SR FHBEE T il

AN CRISPR/Cas9 BFImiEHAR, X MEATHI
FESRIME ISR EEFEEE (CY S) BN, & 1t 2 MEALAMITE
s, DURBE AR, K15 THE CY SR, N CY S
FERAEME R DI RE RGBS B BT AR A S E A,

2ER51ie

2.1 NtCYS MR [H gl 84 iy it fe ¥eft

PASE R ARV R ' PR £2 4 /Y pYL- CRISPR/Cas9-
MH ERXgmEEANELR, KFiitH NtCYS ZH g H i <7
FIFifEE] sgRNA L, ZWiE ZARFORIF (LRI DHSa &
SN, PREXE SRR TEYE PCR, ALY 500 bp,
FYE T R/, IREEPR M R e R A TR, 3R1S NtCYS /9
A RYgRE #UK p35S-H-CY S, W ZE KPR 7t = RATF
LBA4404, EivE PCR EEMIMERTEfE, MEEE R,
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I
> * - g a }
J . @ * 2 f ‘;.\.ﬂ - - -
"05 &l " g > f g W= -
%,#’5 I ) f ' ’ ” o ‘ ‘.
% ; Y
d . * "‘f ".
.7 2cm 2cm ~ > 2 cm “‘ 2cm
v
I I 1 v

CYS-1

2.2 NtCYS &K i B A S AL I R BOR B UE S R 2 A
A

MM RATE AN SRR, HIHFRERRIR 2 d (
1A-D), FEASMUEIEFRESESE 7 d (B 1A-1), MERTUES s
FRESEIR 14 d (B LA-ILD), )4 eife NAMRRS SRR E AR
1IA-IV), EMVSHRE. B DASREEARIRA gDNA Jyfiifi, (&
F51% CY S-F. CY S-R #71 CYS F:[A, HASH] 3 #REEMEH,
@ CYS-1. CY S-2. CY S-3, 3 ¥REHME R 587 4= AR SAH X
te, #k &, MHRERM ERIAEZSR (E 1B).

NIRUE CY S BEWAINGRE, *NREARERF FIBATY
S FF AT 2 Ar. B ER P A ELESE R B R (&1 2), CYS-1.

CYS-2

CYS-3

A1 DNEREE G, 7R 2 bk 2 DRI (G By
C, AEH#h G), CY S-2, CY S-3 fE#pT 1. #E& 2 L AT
BREES i (G Bl A, G BN C, A Bl G), RERF 7
WA RER (E 3), CYS-1 EFEHEHELF (ATG) /& 33 Al
34 MREZ BN G, WEFYIR AR RABEIZE N
1E 71 DREFRRCEIFEA LR, CY S-2, CY S-3 76§l 1 4,
R & A B FE 1 (G B 8146Molecular Plant Breeding 7 A),
BERERE V(AR ) 2N ( RaER), EES2 4, 2
DA A E R, A, CYS-2 5 CYS-3 £ 275bp 4k
AR ELZEAE, CYS-2 49 5 C (MR ), CY S-34mAi% S (£
IR), [EME RS SEERIEEER.

CYS-2. CYS-3 WM M AbE % E4kE, CY S-1 76805 1 &b 2.3 e KRG RIE
——————————————————————————— CCT GETETCCCTCCCCC ———————— e m e e
CYS ATGAGTTACTACAATCAACAACAACCCCCT GGETGETCCCTCCCCCGCAAGGATATCCACCGGAAGGTTACCCTAAGGACGCATACCCACCACCGGGG 100
CYS-1 ATGAGTTACTACAATCAACAACAACCCOC GOTETCCCTCCCCCGCAAGCATATCCACCOGAAGGCTACCCAAAGGACOCATACCCACCACCORGE 100
CYS-2 ATGAGTTACTACAATCAACAACAACCCCCT GGETGTCCCTCCCCCGCAAGGATATCCACCGGAAGGCTACCCARAGGACGCATACCCACCACCGGGE 100
CYS-3 ATGAGTTACTACAATCAACAACAACCCCCT GETGTCCCTCCCCCGCAAGGATATCCACCEGAAGGCTACCCARAGGACGCATACCCACCACCGGGG 100
Ei=n
Target 1
CYS TACCCACAACAGGGTTACCCACCACAGGEGTAC CCTCAACAAGGTTACCCTCCTCAAGGGTACCCTCCCCAGTATGGTGCTCCACCCCCTCAACARCAAC 200
CYS-1 TACCCACAACAGGGETACCCACCACAGGEETACCCTCAACAAGGTTACCCTCCTCAAGGETACCCTCCCCAATATGETGCTCCACCCCCTCAACAACAAC 200
CYS-2 TACCCACAACAGGGGTACCCACCACAGGEGTACCCTCAACAAGGTTACCCTCCTCAAGGGTACCCTCCCCAATATGOTGCTCCACCCCCTCAACARACAAC 200
CYS-3 TACCCACAACAGGGGTACCCACCACAGGGGTACCCTCAACAAGGTTACCCTCCTCAAGGGTACCCTCCCCAATATGETGCTCCACCCCCTCAMCARACARC 200
CYS AGCAACAATCTGGTAGCACTGECTICATGGAAGGATGTITGRCTGL '_J. 3 TGCTOTTGCTETCTCCTAGATGCATGCTICTGA 283
CYS-1 AGCAACAATCTGETAGCTCTGGCTTTATGGAAGGATGTTIGEUTGCA AT GCTETTGCTGTCTCCTAGATGCATGCTICTGA 283
CYS-2 AGCAACAATCTGGETAGCTCTGGCTI TATGGAAGGATGT T TGGCTGC A AT GCTGT TGO TGTCTCCTAGATGCATGCTICTGA 283
CYS-3 AGCAACAATCTGGETAGCTCTGECT I TATGGAAGGATGTITGECTECA AT GCTCTTGCTGTCTCCTAGATGCAAGCTICTGA 283
————————————————————————————————————————————— C IETGGTGCTCCACCCCC———————————————— -—
g2
Target 2

019/ Science Promotion and Communication Frontiers



international
N, Sremee s rechnology <®>
St Feesason

PEEmRRREHRS FTMEXIET

CHINA INTERNATIONAL ASSOCIATION FOR PROMOTION OF SCIENCE AND TECHNOLOGY SELECTED ACADEMIC PAPERS

AV BRR$SHATEREE

Figure 2 Base sequence analysis

CYS  MSYYNQQOPHAeVPPPQGYPPEGYPRDAYPPPGYPQOGYPPQGYPQQGYP 50
CYS-1 MSYYNQQOPHIWCPSPARISTGRLPEGRIPTIGVPIIGVETIGVPSIRLE 50
CYS-2 MSYYNQQOPHIGVPPPQGYPPEGYPEDAYPPPGYPQQGYPPQGYPQQGYP 50
CYS-3 MSYYNQQQPHIGVPPPQGYPPEGYPKDAYPPPGYPQQGYPPQGYPQQGYP 50

CYS-1 [EERVPSPIWCSIPSITIATIW ~—---=-====-======--~ 75
CYS—2 PQ--GYPOOGYEAPPPOQOO00SESTGFMEGCLAALCCCCLLD. 94
CYS-3 PQ--GYPQOGYGAPPPOOQOQOSESTGFMEGCLAALCCCCLLD. 94

CYS PQ——GYPQQGYGAPPPQQQQQQSGSTGFMEGCLAALCCCCLLD% 94

HEIE CY S RS EZEMERBEGHX, K HEA
(WT) 52825 (K (CYS-1,CYS-2,CYS-3) M fEH =& &t
1T TIE, R ER, CY S-1. CY S-2 #1 CY S-3 82k R
HIEEES RS TEHARE &, H, CY S 1{EFEEER
FEETEEA (P<0.05), BFAAMREATZSEM 1.3 5 (
4),

2.4 RT-qPCR

RIS R ATHA RS2 CY S ZERFF, D NtA ctin
NS EE, WEAER (WT) FIZ825(K (CY S-1, CY S-2 F1 CY
S-3) MAE R CY S EFMIMEA FRIZEM 17 RT-qPCR &, ),
DB AR SN XHHE, CY S-1. CY S-2 il CY S-3 Z¥ZS{AKR R
M1 CY S B REESRAKEAE RS H109 0.31, 0.45 #1 0.34, @
i FEAR (WT) (P<0.01),

1.5 ZREEM R EEERBEBE T CYS FFHI & ERE
HA CYS-1. CYS-2 A1 CYS-3 &EMLFHIF AN SOPMA fF£:4K
PEREAT 2 “549 5347, CYS-1. CYS-2 F1 CYS-3 L5 &=
B S CYS BARAER, HH, CYS-1HBEMBEEFH
FEMRBIFREMKL, BFEE - RENE ERANE, EFE
G A TG i (87.32%) F1 FEfHEE (12.68%), 1 CYS-
2 5 CYS-3 MREIRTE ZEARMAH sk, FHEEMA N
a- BEHE (20.43%). TGN (68.82%). IE(HEE (4.3%) LA B-
AR (6.45%), H TMHMM-2.0 TELRERE3 47 CYS, CYS-1.
CYS-2 #1 CYS-3 TEHMESEX, FRER, BT HEERNEE
12 hE4E (Number of predicted TMHs) ¥4 0, #1257,
X 4 FhE QRIS RSNEA TR, REHESEX,

£ 0.15
59
&)
.5 0104 :
2
Z §
&0 g i
&£ 00s
g
& 8
R :g 0.00 T T T 1
R WT CYs-1 CYs-2 CYs-3
PER
Line

33t

MRHE L rA N2 I RIRE AR 554 RN St R
ZERFERMFRIE, DU TR LrAN2 13 38 KW 5874 RUR 5 2%
FERREEN, DEAAIRE NS, 18 39 N RNEERE A,
CL16576.Contig3_All £ X NE &5 &2, log2FoldChange
9 6.02, FIH NCBI, X CL16576.Contig3_All 317 [7] J Lt
X, CL16-576.Contig3_All (CYS) &£ [KI2h bt &= iR & 1 B [7) iR
7o LrA N2 M FIKEK G E 2 505 R & AU A
HSHEGE, Yoy BEERK, T CY S MEAREE, Hit, &
W53 K F CRISPR/Cas9 R FA, *F CY S FLA#HATE
HgmiE, DAUtHIr CY S BAZ Molecular Plant Breeding &%
MHER AR EHEE RN E A~ TH%, CRISPR/
Cas9 HRNIaiEHRAR & BIFE, 2021), SLIGATH TA K
HALE 2R SAEY R ERIE, SR8 FEHEH B A9 E R 7 A
FRe NT FERERAT ; KIHFF RS0 DHSa FIAR AT 3.2
SgRNA &I R #7885 78 CRISPR/Cas9 4miB{Any
HERA REHCFEERNE S RE 1 NEE, 21D DNA
AN EA 2 DMUERAENGEN RS, TR AT RERAERK
(Brooks et al., 2014; Srivastava et al., 2017; 5k#%% , 2020),
PR = bR B B AR — R 2 TG I B s ) B (R Gt 75 0% (5K
%% | 2020), Watanabe % (2017) M| CRISPR/Cas9 H:E4w
A WS EEE -4- 1R -B (DFR-B) HTH A%mEE, DA
AR ZIR, SEREM 75% ST HAE, EFE
&8 T%, CRISPR/Cas9 N SUEFR NtMY B4a T1ET NtPA
L. NtC4H. Nt4CL. NtCHS. NtCHI. NtF3H M AR
FIR, BRTHERSTRS®, WEERIELZY (Luo et al.,
2020), A, ARWFEFIH CRISPR/Cas9 HkRgmiHi R TER T
X CY S FREBR, &HEGSIAEERN A KMIET RN
BV E RIS, SRR, ARFFRILIKE 3 DR, X
3 NRARRRRAY S T BN Gm R, 55— DR ISR AR AIR N
100%, ZEABKIUPE R EAE A, TEE#SE T CYS-1 %848
REFRIEERL T (ATG) J5 33 71 34 MREZEFEA “G7, B
AR AR R EEIZE LT 71 DEEMR BT (-,
i CY S-2. CY S-3 7Rl 1 S#EA 2 AR TRESH, 2
H1F1E 2 DEEMES., RT-qPCR &R £, CYS-1. CYS-2,
CY S-3 RAMKKEZRF CY S BEAN KREEHEEHRTHER
(WT), X5 CRISPR/Cas9 Milimbi CYS BRI RE—2, %
AR, BTN AL, AT RASEEIN 1 BRI A
Bro I, CY S ERYmIRSG, S840 A S ¥ AR TUHE EAE X L, MRsi.
rHE R

FAREBHAZAEY, METEEEFEETRS2RFET
MESE IS, NEZE CYS-1 RAMMEF, W, ¥E
T PCR IEI =¥ vu BRI 2 2 AR

EEESERESTHAER (P<0.05), &E LrA N2 1T 58
IREEHEME A AR EE R ERRIXEN, #125 ik, CY S

020 | Science Promotion and Communication Frontiers
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ERBAREXATHIEE LT RETE MR

CRISPR/Cas9 FIAF(RAIME : RADYIAE 35S5-H, &
RIfAZ - 8 =% PCR REING=) 1.5 uL, ABTFREIRMIT R
IET CY S ZEMHEAET RIEW SRS EA —E/H
TEH, X 9BEHM T LrA N2 EERREE R EF SR
=20

4 M5 HEE

4.1 REHORE

AWFF LA ‘Samsun’ M E IR KA R, CYS B A F
B AR BARTHA R 9 RS (P HEIRE  HRZAY
Bl 1LBA4404 W9 B &= TAY T2 ( Rl ) i B R/AF ;Bsal
PR il 14 A U] B§. T4 DNA % £ B8, PrimeSTARR Max DNA
Polymerase RO45A M H E4Y (KiE) BRAF. #HAK
PYLCRISPR/Cas9 H*E F A b A G IR Rl ZH 250,

FRAR L SRA N FEEE, &6 ATRaTNTR, %2
IR EEEL A CY S, ERELRMF CRI- SPR-P 2.0 (http://
crispr.hzau.edu.cn/CRISPR2/) L IH4E fS#23L5 4, ARWFEAH
FRMETES I EETA YT ( HF) BOERATE .

kil K ME S E R AESLS | RESE 10 umol/
L, RMWNEZEN 1 uL E5%. 1 ul &MY, i ddH20 = 10
uL, M AR 90 ° C 30 s, HARRED, RIS AL A B,

gRNA RIAEGIE  RABYIAENTT, BF MES
FrEOEAN Atu3d HHEIEIR B, RMAKZ (10 pL): Atu3 1 pl (20
ng), BAJEHELSY 1 ul, T4 DNA ZE#E§ 0.3 uL, T4
DNA %828 Buffer 0.3 uL, Bsal R#IPEANIEE 0.3 ul, Bsal
FRHIMENYIEE Buffer 1 pL, ddH20 #= 10 L, KWVFERF :37
°C 5 min, 20 °C 5min, M7 5 MER, EEGLZEY (1ul)
VERIGS: IG5, 28 —% PCR ¥ #41%E4% L5149 (U-F) 1
T #5517 (gRNA-R) {E25 PCR 51#. 45— PCR ;= ¥fike
10 f%, HIEMAS!® B, BL M B2'. BL ##1T%8 2 #& PCR ¥ 1%,
1% BRASKE RS FEIK (150 V, 30 min) 461l PCR 7F=4, It
FFEM,

PR 35S8-H Rz 0.5 ul, Bsal BRil14EAIEE 0.5 ul, Bsal
FR#IMENYIES Buffer 1.5 ul, ddH20 #~2 14.5 ul, 37 ° C &#
7 10 min f&, FI0 T4 DNA #E#E§ 0.5 uL, T4 DNA E#EE
Buffer 0.8 ul., &RMNZFH 37°C2 min, 10° C3 min, 20°C5
min, F£ 15 MER,

HACKIGITE kR e st s KpirERsz
A4 DH5a, 7E LB EffAHiiEREFRE (100 mg/L FRER) -
Wi, 37 °CIEFR 12~18 h, #kEX #5f%, fH CY S-bF. CY
S-dR 5 ¥ THYE PCR % &, BHME R wBE IR A TAY TR (1
1) B E IR B, I ERERI AT 37 °C, 200 r/min
ZMFT PR 12~18 h, fFXAR TIANprep Mini Plasmid Kit &
B/ MEAFIE (O #DP103-02) 25k, 5.

4.2 AR ARG A SRR R 5

B EHRIE TR p35S-H-CY S, KA HMES ANARE K&
FFEE IR SZ AU LBA4404, 7TES B HIME (100 mg/L RARER
100 mg/L F&F ) B9 LB EMREEFRE BT 28° C 559 48h J5#k
Bt i, M5 CYS-F, CYS-RMETEH PCR %7E, #k
BPHME R PR & B PR LB R REF T 28 ° C,
200 r/min Z5fF FHEE 48 h 245, OD {0 0.8 B, KA
BT EDR (£ 4416 (Horsch et al., 1985), 557 &2 (10
mg/L) FitE, KA DNAsecure Plant Kit #EEYIZ FH DNA
FEBOAFE (B O ) $8E TO REFRRMHE M F DNA, F)
FA51% CY S-F. CY S-R ¥{T PCR ¥ B iffEtEk, e fHIEE
R, PCR RMARFRA 50 pul, A DNA #ifk 2 uL, 2Xsantaq
PCR Mix 25 uL, 51#)% 1 uL, ddH20 21 uL.PCR & NAZRF 194
° C MiAE % 5min;94° C Z £ 30s, 58° C iR’k 30s, 72° C #EfH
1min72 ° C &4E(#H 10 min, 30 PMEFR.

4.3 JH%E CYS SRR I

FIFH5¥ CYS-F. CYS-R ¥ 1 CYS R F4], PCR F=¥HL
OE, ZEREE| pEasyBlunt FFEEIK, (L AHITE DHSq,
37 °CH57% 12~18 h 5, #HTH ¥ PCR Y&, HEEATAE
YL (i) AR ARBETIF. FA AlignX #AFx 5T
W73 CY S 2F E R FHIFATLL N 047, IEHTREZERS
It

4.4 46 H T RE

FRENZY 0.3 g ¥FAE A SR (RIHEREr, A 0.1% HCL 7K
IR, B FHEER 24 h, 7F 530, 657 nm ANMIE R BUA
R SEE(E (AS30, A657), RIEAT Q= (A530-0.25X A657)/
M (Q RRIEFEESE , M RRIREUA,

5 &RiE

K FH KRR RNAprep Pure Z 88 2 B M%) 5 RNA 42 HUA
FlE (BOAER | Cat.#DP441) X ¥ AR E (WT) FlZEZE (K
(CYS-1, CYS-2 #1 CYS-3) By /= RNA #ATHEEY, IR B il X
Nanodro APV RNA (REEM &, 1.0% BEAERE &K (150
V, 30 min) AR 2 RNA #IFi&, /4 PrimerScriptTM
RT Master Mix (Perfect Real Time) (TaKaRa, Code
No.RRO36A) ¥ £ RFEEM L RNA R #5558 cDNA, H#
B 100 f31E MMMk, e+ NtActin fE AN S E K, CYS-F.
CYS-R 1EN#E R PCR 514, DAEFAERUHE NI, #1T
RT-qPCR £, CYS E K HIMHX Rk & R H 2-AACt LA
(Jiang et al., 2020), 3 RAEW¥EL,
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Theoretical Research on Encryption Methods Based on Quantum Computing
and Quantum-Resistant Attack Algorithm
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-

I\oEir-li@ This paper explores the impact of quantum computing on modern information security technologies,

especially the threat to traditional encryption methods. The parallel processing capability of quantum computing
and Shor algorithm make traditional encryption methods face the risk of being cracked. To address this challenge,
this paper introduces novel cryptographic methods based on quantum computing, including quantum walking (QW)
and quantum entanglement based cryptographic schemes, as well as quantum attack-resistant cryptographic
algorithms (PQC). The computing principles, advantages and disadvantages of NTRUEncrypt and Lattice-based
encryption algorithms are discussed in detail, and the application and prospect of these new encryption methods

in information security are analyzed.

quantum computing; Quantum encryption; Anti-quantum attack algorithm; Information security
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1515

IERARIMAGE R L 2NER, [TIZNATHEER. 7
EFNEE S, MEHTRENINETT, SR HHENSH I,
BSIETT RN RSA F1 AES HilnAE AIFTARE BIBURX K. &=
FUHEBIFFATAFERE IR Shor BIEEISIX LS T51E FIRETE
EFirENETAE -G Y Hit, RRETEFITE
IIVER 75 TR R MRS AR R ) EE A

2 EFIHENESRE

EFHEFHEF R (Qubits) #ATIHE, SESILAA
[, BT RN T2 NI, XESETFITER A5
REGFATEBRE S, BFIFERNDEZRE—SN M2H2%E,
HEHEES RV 2 A B TR A MR E R, &F5E
Shor HEHM Grover SUAIERATXLERE, fE B EEET I
AR, FNOESE TR RS AN R K
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RIS

(1) BhEM & FE2INFEEEEFHDENR S — B
R T B ¥ RG] RINA T 2 N IRESHRHE, XS54y
FHR e nm, EfuyHEs, —MNRGHELT
WE IR, BERFHFEF, —PETFRGFUANLTZ
DRSBTS, BFEINEEARFE T IR T 2 MRS
HE, MANOGR 0 2 1 BB —IRE, X—FEESEEFIT &
HLAT AR AL B R B8, TR s i EReR, flan, — P n
MR R RG] PIRINERIR 2+n MRES.

(2) Mza P

BTAMERIEN NS M ETROUEMEIEME, BIE &
ITHERRTRIZ, MRARIMESGEARNEFS, XFYUES Tk
&MY 2R AR, BTFAMUERTR TN IEZINET iz
FIFFFER) — AR R, (ERHAP— PETFHRRIR S
37 HFE IR E HAt 2 g LR IR, it el AR E
2L, X—RERAREOE SR E RGN B, 2E
FINE ROR A B ZE

3ETFEFIHRIMESZ

BTFUHEETREFUNBINSHMES, EBEHTIT &
FOARLRAE PR 2RI S8 KA THBLRE 1. N T IERI X L2
M, ATDABTEZ T S L TRRSCIR R 260, 7E INE LT
H5HE, \BFUEA DEREEEEAERBELT, MInER
ETHIENTERNE THE, ERGINETH, ETIHHERA
DUF A & 717 (Quantum Walks) HYHEZeIE IR BRI A
BinE, HiEghEEEEENTeE Y EFH %77,
BTINESE T BT EEMESRRSVRINE L, XIS E
HAT DASEINEE = 2 1 3 B 0 R A P

4 BEFETFAUERNMER X

BETFMHEESTT DA TR EME A INE TR, BdET
gUgE, W5 AT DA E— NG, Y — T EHE T LR T
MER, B—HNET RS SN E, XFRE MR L
AT &SR T INEBEN, FfEEEREn e
BaAltE, FEMTTE, FEEMH A Ekert(E91) 1Y, Ekert #Hid e
Artur Ekert 7€ 1991 G4 H, A& 72U I /RN 2R
IE Y B2, WA, Alice 1 Bob # =—X2 A
KT, AR EMA TR, BT MUESIRE, WELSE A
TFAERI, IXFROCHO F FA RS = R, § MTENT M
PREMZEASHI SRR, M TR P

5 MEFRENMERZX
NTRMBRTUHENEE, FREIHIH T 2T
WAL (PQC). X HEEEET RN, W

& AR 22 20 B 2 WAL, B R AR B T Bk a g s
NTRUEncrypt #1 Lattice-based % 77 i & H F %0 SR
B F, XLETTIEF RS RS M E g 2, JFEER
it BN E R T AR P,

5.1 NTRUEncrypt

NTRUEncrypt 2 —METEHEICHANHMERZE, H%E
BRI T EM LB A E R EEYE, NTRUEncrypt B4
HWEAES, BHABBEREM S, BEHIMMMTERNE 7
FLIRREB X — A,

NTRUEncrypt SiERHE T 2 TSNS, Hix
RN Z AT EZ AR IZE, XFEE AT DI ROHEE 4t
LRV,

Z I NTRUEncrypt i —N2 AR R, HFH 2
T AR B — D HEEY .

LB 2RISR A TINEMRESRE, XMzE 72
BT —FRIENE, ST U IS I,

NTRUEncrypt fIEFEER BRI R © (1) BHHAER

HFEW AN £ F0 g, A £ EAMIT p 1 fq;
Hip*f=1modp# fq*f=1modq;

HWHEAA h =fq g mod g;

NEHAh, B (, fp);

(2) Mk

WE— DRV NZ I v (ENBENUERE T ; BISCOEE m
R — NI

HHEZH X e=r*h+mmod q;

(3) R IL

HHE a=f*emodq;

B a RECREIE [-q/2, q/2]EERN, 85 a° ; HHEHA
X m=fp *a’ modp; FHEFEDEH— DA A SEEERE
2 A

LWE &%

B EESHN=5 q=32, p=3; F_H EiFxL
TR f=1+x+ x2 - x3, g=1-x- x2+ x4;

F=H  HE RN h=1q*gmod q;

FVUL  EERENZ I r=1-x+ x2; BHD  HBHEE m
=1+x;

EARL MEFEe=r*h+mmodq; HELH +H
a=f*emodq, AEMERFE] m=fp *amod p;

5.2 Lattice-based

DA HT RS B0 BOIN 8 B A P R &2 A MR AR
Btz e, H IR R B EAE R B UR IR R (SIS) FI% SR %=
[A] & (LWE), JX%E[FRIAE &1 LA LA ARE DA IR, [RIH #¢
KB ETFREHNERTT .

LWE I SEER BARRARAN T ¢

(1) BHHAER
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EBE—NBENAERE A € Zn x m; IEF—PREIAE s €
7n YENRLAER ; q IFE A b= ATs+emodq, HF e BE— /MR
ZAE ;

(9N e v

F—F: BHSH q=257, n=4, m=6;
3415 6 2

. R {1 3 5 7 2 4

B EBERENIIERE A= 6 5 43 21
7 25 4 1 3

B= ERAHREs= (

FIH: HHEAH b= ATs+emod q, HeR/MREE
B
2
3
BEL: M= | |
5
6
1
0
A G E m= (1)
1
0

F NS ¢ = Ar + m mod g;
F)\F HH m’ =c-brmodq, AEBIE p SEIFAX ;

6 EFMEBEZNLLRS B

6.1 NTRUEncrypt M8k m s

NTRUEncrypt £ F#EICHE 2%, BEHFKNE 7t
B OWEHRIRE S, MBS AL, 40 RSA F1 ECC,
NTRUEncrypt fEINAREHE FHRIME G, THERARXR
SRR E L FENEM X FEEIHD T HIAR - 454,
RES TEAR A BRI T BB R IR AE N SERR & A1 IR = 4 R,

NTRUEncrypt X & Fit B % & EE BZF I FiE, E5m
EERE R TITENERT AT RELR1FAESS, E NTRUEncrypt H
FHEFENEN, EFEI0 ERESIKEER F I8N Shor &
Bk, XS NTRUEncrypt SCHRSRGTE TINS5
WE 2 —, AN, NTRUEncrypt B8R/ NMEE/N, FEE
FZ R (W RE R &5 ) JER LA, X
—H T T HMANE 7,

SR, NTRUEncrypt W/EfE —Leilt s, HECE RN
S5k, RISk AT RE EL Bt Bk APk, X R
2R TTRE S ETE SR F R IR, MRS 24
", 4N, NTRUEncrypt S&Z 2| EREF, XREH T HAE
RLEN AR E A, RE ST RERKHE, B 8RN
&R BTy ] RESE N — SE 51 & & 1% %

6.2 Lattice-based M&FILNIILHR

Lattice-based NN 5 i 19 2 42 1 [RIAE 5L T4 (A1 RILAY 1 B
F2RME, REMSHNAE TS, JLEE LWE MR EIEESE
R RBIE SR, THEIESTERFZRIMS R, 0
RAREEYEEN, EFAHMEED, 1 RSA fl ECC,
F T RER AT B EON R B, XL R ERT DUEIT Shor H ik
ERFITEN LA, SR, A& RSN &AM (SVP)
MR ZE S A (LWE) $OAATEE T HEN DM DgER, X
§i15 lattice-based B EIEEA K& T I HE HLHIE T EER
Fee

B4k, Lattice-based MMEHEEER SENHEICZ Y, B
N Z 2B ETRNEEERIZ, XERERRIXLE i
EEIBERINE T BN AR, X R IX e HIE $2
BRI LRI, FE AL AN AR A T E B S 1,
Lattice-based MHEERA RIGHER ZIIGREM, EATARMY AT
DAFESGEWINEMSS, TrIDATEERNNA, 11 E2
FASHIE, XM VRS EPUTIHE IO TR AR, M
= HEMBIRREA R EaEE N AT

SR, Lattice-based NN EEMEIm—EHkY, HEEL
S ZMEFCR R, REEEE XS ER B &MIE, H
PRSI, NMEEBEFEGMRARRSGS, SHMEN A%
R EINETIRE— MR R, TR A FmE G
BN DA 2 e ME R RE, AN, Lattice-based BIEM 2548
MBS AR MR — MR, SESENAHEINEE FAEL,
Lattice-based BEIAFA TR H R EHME CFMHES [, X
TEBE PRS2 BRI PR A AT RE A — AL,

6.3 T R AT BRI BRI AL

EFEFTENINEEARS BENREUS, B2 7
A, = FATENBEAFEREF AR, IR #ER
FEARAT e f2 EHE, (HEEAEN B ERE T HAEE KA T,
TR REA, & 71778 0T DA B X DR AR 25 2 50, i Y
BN, AN, EHENINEFIFERBE T EN iR
H—th, METRFATENINE T EEIEE T+ BV,
HARIR AL RIRE, B FTEREIESE T BHKIRER,
AL EARIIRE, SEFENPEAZ S, BT TENdELkE
R LA AR OISR N 5% A HEdERSRA, B8
TR B A 2 2 BN N

PRI, IXFhERESLBRN R E— L B E R, o
5, BETFTENERERNSEIME RERS, FELEHNE 7
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BREFAIFORSCRE, X6 MR R KEE Y TR m Y 23K,
b, ELMEFITEMNE, FESRENE FIBERM 2FHE
SCESRNET, XN RN EE S, BFTE BEENE
MR RE S BCEBRIT B A IR IRTEFER, JTHEEE KRR A
o, ATRERR BUR B A Y RN I,

6.4 Ekert(E91) thistfi

E91 #h ) —" BEM AR EF A THESRE, X2
k& Alice 1 Bob AJ DUEIS I & 2 284Sk >R AR sl AL =10 5%
B, MANEBERBARS, XMFRER G E Eve Tk
EREEIIEN TR E R & T, FAEMNET W
WELHS AT 5 | \PLBhIHF B HOIRES, MR EE S T
Ho JBILIE Bell RZZL, Alice 1 Bob AJ DA INZ] (i &
GWTHITA, W Bell NEXBAEIR, NHAEE Grs, %
AR 2 MASE] T ARIE,

B2, E91 MY AYSEIIE i —LeRoR PR AR RN 4
MPETSAESE R E 251, UHEHZEFEES I =RIER 5
EH, BEEMRRERHA, ERAETT YIREHEREZE W
MR 2E, E(brEE b iR EEEE A S g, X RA
E91 $SC T g RH e B B,

E91 MhNAERER NG R Z 2T thiFEEE, °F b
AR, EERRFEEAEREIT, EO1 WM AT DUE AR IIE] 25
WriTh, RSN KRR 0.5 B, BT Al REIRENZY 50% 1
B, (EER USRS 2 1O BRIk > 4k B9 X B
BEREES, IREFRE T —FAERENIR TR, B1E &
AR ZEFEARIEL Bell NEARIIERIGHITEREL, Zi
SEAMIFIAEREIAER, ] DAMERHARIS R FER fH Alice 3¢
Bob AT,

T4ERIE

BT R R A RGN E AL T iRk bk, 2
WIHT RN T AR R RIZ L T 2. AR T Bt Bxb
RGINETTERZ, FEoh T LRMET &F ISR R
Tith. REBTFINELAMAT ZBYIH, BEHTHR FZeltt
AR TR RE I N ARRIE B L 22 4 THI7T A, BEERE
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WAL AR ] PR R R B A R GEEA IR

g{/‘%‘zil.Z’ E‘R?‘%MZ, HH’M&H}] 1, 2%
= (

1. H A R FHR AR AT HIE R 10008
2. HAFEBKETHINELE AR T EERESE %‘ﬁék%—*}bﬁkli}’_n‘\ ), jb T X 100084

WE [ A6y | AR TEERE 7 ERAARRGR L RERPAG EZRZ2 MARARRELE O
T M, Eﬁﬁi&ﬁiﬁv?fi%” BT R RE PAERGEE A A, T E AR B R TR TR E QR M
Fo AT T 2R [ Fk | @R T REEAMALIIK B FHEZERFORREL, RABRATEERAR
T**ﬁé’mm\%% EM R AR AR R B AR T S AT AR AT AT AR P @G e R, R R R AT T R
B[ 4 | B KGR T S TRARTRE R foln 2 FARTRRG A LAEXL TR A SR TG
R A7 B RE AR 0 R BT ARG, R R ARUR 69 5 AL IER F G ISR L

KA. TR T 2 B A F AR AT AR R Ak R4 RIR AT B 5 R AR A 31K

Review of the Magnet System for Magnetically Confined Controlled Nuclear
Fusion Devices

Zhang Jialong "?, Song Peng "?, Qu Timing "*

1. Department of Mechanical Engineering, Tsinghua University, Haidian District, Beijing 100084, China;

2. State Key Laboratory of Clean and Efficient Turbine Power Equipment (Department of Mechanical
Engineering, Tsinghua University), Haidian District, Beijing 100084, China

M[Objectives] Magnetic confinement fusion is regarded as a critical solution to future global energy

challenges. As the central component of magnetic confinement fusion devices, magnets play a crucial role in
generating and sustaining plasma stability. A review of the magnetic system structures and specifications in
representative magnetic confinement fusion devices worldwide was provided. [Methods] The technological
evolution of fusion magnets was reviewed, from copper-basedto low-temperature superconducting, and finally to
high- temperature superconducting magnets. The structure and performance parameters of magnetic systems
in various typical fusion devices were summarized systematically. Additionally, the technical challenges in
magnet development were explored and an outlook on future development trend was offered. [Conclusions]
Advances in magnet technology are vital for enhancing the performance of fusion devices and accelerating
the commercialization of fusion energy. With the increasing application of high-temperature superconducting
materials and continuous optimization of magnet designs, the practical realization of fusion energy is becoming
increasingly feasible.

mmagnetic confinement controlled nuclear; high-temperature superconducting material; new energy;

fusion energy resource; magnetic confinement fusion; Tokamak; fusion magnet; superconductor

13| #Roy M, MR AKRT FFRA ARG d, it 8006 #F B %R
REE RIS 5 R N 4% i‘ﬁﬁ’]iaf%ﬁﬁ, HpE R B AR, IR, E«EE TR H P,
A HE LS HFLBOE AN & *’Qqﬂﬁﬁfiﬁ}w@%%éﬂﬁk NI ESEL S S VN WEEER Y S OR e ah =i n = K (gt 73 = AL HESSPN
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NRRRESR, WIRRE BRI R ETHE O T RERAY
ERFER, W I, 7EE. &0 AIIFEIEERRIRC A
AL PTG E PR —

T RN BETRE R G A AR, V2 EERE I TR
REBETRGSRIRR SR, DAX 8B, RIHBEV AR AT EL
REVR DARAZ RO RETR EORRENSTE —EIE & R MBRETRaNL, |
W E FEMANMAERR, FHABEM R ARIAL X T Al SRR
BEIRA AR SR P, MREE L R B0 TR RMTIR A, AT4%
ERAREIRIE N — RS, S ROF BER 2 T AL s R
HENT AT FLEF, OB ARRAE T B AR R AR TR 7] -
B ERE Y,

2 B RIZRE

BRSO RS, HOSAER] DRI MRy, 1EMN I 551
T, BEFZrnRzasse, RAERGE BE, JFHERRERR
A AE [5]o FESKTA L Has B AT ARSI R T 29 R 20 LT R
ML SRS D20 3 Rl B, HA B R S R HH
FREMERI R S A Z AL, BN NIRRT Z,
PAR RSB AT REMERE SR ARRE TRAIL A R AT AR 7T 3

WAL RT3 2802 — MR ISR 370 0 L BT . R BETTIS 30
ZIRMRATEN, FEl7T, FHE KTFRERCEZINERT
PRAET Wk £, BSimEigieizs), RhitusTEE
Wit B EIZS), eSS TR RN ESE 39 B
ARG R T R BRI FEEME. ( BBAEREREY, X
3 P E Y BT ORFIL TS S 77 2R L AL 1Y
IBENZIHR, FF RS B EUS TR AR ER R,

2.1 B RS X ST ) SRR e ia sl Rt HURE

FHEERTEHE XIS, AR LR
O, EBHEA—MITRRARARS, B AP REEEY, Wik
IS AR o B, DASKEUR TS, BRAIZEE A1
FAOLan 1 FR. ST, SERRIMEEEE A AR S B EEE
ERRIIRLT, TIRRAIZLRTT AR 73 B BRLFE DA
WA AR S A, MTIEBRZI R, 51k 2umiik, EhF24R 1
HARRGEEZERN. EHTHERERS B(FETERE S
EAz) Em, FEFHREESMEEAEMNS, £ X
JUA-EErR, SCT RSO TARAEAEE U7,

3]

B1 mEMNsEE

2.2 iR

{f 283 R A Spitzer[11] F 1958 £#H, =R

THRVIAE EENES FREE > —, ZEE BRER
IR, H—RYNEEIRAASIT, ET T2E0NIR sk
SR BR IR R R T SR R RR R AL, R AN R BE SR
e At 1 DA R A 3 AN P 50 1 5 R R (R A 5
B2, g%, @A (poloidal field, PF) SR (toroidal
field, TF) BINER—NTEREESTEINE 4R = IS,
S ELPAIE T BB BB, anEl 2 Frm. SRIM, (ESE
FRIFA R, (7 EaRNEFREBSEEN TN TEEEEREZE K,
XA T #IH Ak R EEREE

2.3 ¥R

FEED Y B TR RN Z, WERKRE A REST
FIEIZERA R E, HARR Tokamak HEIESIA “IRE.
HEE, W 4B 0ESKER, HRTTEREE R 5T YT E
AT 20 e 50 FRERH, SHESREL, FERDE EFRME
H— &Yk E E mHEAIm A, AT ERFERIRmA R
Wiz, RUEES, HADRELk & ) W In #4 (central solenoid/
ohmic heating, CS/ OH) £k m 2k HEB I & & K= E IR
TR, IR = A AR A7 7 B S AR &, TER
LIRS TR, FHEEREAE &0, s, H
TR BN A LB S R ER X FE S TR R R
ST, IHRIFFEE FRIR SREN, M FEIEEM,

TERELIR AT ISR T EE S, FEARM WA S5
HEROAER, HnE S5 X TENEENERE S
RYEEEELN, EHLARABZEZNIRLRER, #IR
ARG WA R — TR A X EEWIES, AL e
LG RIRASEE E RN, BT R (KRS IR R TIRERM
BUIR, 987 T MBI SRR T A R IERBE K,

3R RIS RMARSR

3.1 T-3FE RS hidE

1968 4, RIS 7T B BALE#T EE AR AL & HFHY 88 = Az SR
WEFRSW b, TR TETHEM AN T-3 £ RS mEErSE
BRI E. HE DL RN (RS 7 EES R E S R, SR
TER R, £E. HRMEERBIENNRZERSS IR
5%, i T SR A THER SR B BT s oI,

3.2 3¢[H TFTR 28

HE DB AR50 S W HE (Tokamak fusiontest reactor,
TFTR) W HF 1974 FHEEFE FRELR RS, K% 3.14 2
ETT, TEEMETEEE T (AP 3T (Princeton Plasma Physics
Laboratory, PPPL) JF/E&iE, #ERIT 10 £, TFTR F 1982
12 AEREYIFESFE TR, T 1983 FEFA THERE
TR K B T ARBE BT SR [A Rt 285 P

TFTR HIMEIR R G35 R FK S I S SR EE, HIRmA
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SR TR
B2 fiESTLBEmE

iR E 20 NMATELLE E RS SIS WAk, & 4 fr.
MNERNEEE S T 457 m WO SHA, FHSH R mECH
A4 IRt [, LTI, BefSRE 73.3 KA #Y
B, FEZSE TIRALAE~4E 5.2 TIIRERE 7 1, RN,
HRAEERE 0.762 mm WHETIEE EERE, MR
FIRMBENES, HSR RHIRME T/KRIEE, RERHR SRR
R R HITE 65.56 ° C LAY 7,

TFTR W& Ap AR 4 Az LBk, 5 8id 860
MK SR, SEY 80t ANRZES A H IR, RIEMHK
(ohmic heating, OH) £k =% H T r=AEM%ERFFE FILH
it ; it (equilibrium field, EF) ZiBE M T 55 TIR4ER
12 11 B B 1 K B8 i s KFE 15 (horizontalfield, HF)
LEBEETREEEMTEZSRS N ; A2 (variable
curvature, VC) & TEH THHISE FREEER ™, &
B AN AL, LS, SSELT MW FIRE R AR B4
FRDA Rzl 21 R,

TFTR F 1997 4 4 AT TRE—1Ra(T ™Y, HAREHR
SERC T T 8 JT IR AL, MY RS T R TE R
FEHOREMR, BRIE 7B R R ZIERNE, NE
AR FRBF TR AL T HORE S,

3.3 BRI S

MR B A 2R (joint Furopean torus, JET) j&— &% 1
G [E R BN AR ORI L R A N, HE, RN = E A
BEsER P, FESUNE 5 T Re ZIERET 1970 48,
T 1983 AN HIEAT, MU= AEE TR, £ 1997 4, JET X
AR BREHRE &1 01E T e in B i 5 S pg i e
S, PPAET 16 MW RURAEDNER, FIRTEANT 24 MW K #4EEX
IRV, REENZE Q (HIATE 0.6777,

JET R &R E 32 1 D BILEHLE~ 4, Xk
BRI SRS, HET &8 By Sl s i A i P,
A D BB 2 D EtkBEA G TR, SEES 12 MES
&, AR £ 67 kA H7, HEEE PR 4 3.45 T #Y
RGP AN, AR ERELE T 2 N mA R E R

RHIEE, SENTE MESEATT RAEE, 5K M
A, WA T SRS RS, LB o2 i B AR BR R G 2k
B, I TR S W R TR R P

JET WeAa kiR & T 4 FhTULkmE ™)) iR JBIhEERT (&
PR BR GBI L B R 48 B8 AR T A 2R 18, BRIBHINFA LR BE 8
DNERN 2 m FHSILE HAL, T 16 m &R
8, BB 13 T WAL, A TR FRER, ¥
A BN ET TF #ARGEH E, RAERAIEL 14 m, BE&
40 KA JEIAES), AIEEBEEE THE RSB HITS ™,
FIIRAIZLE S, B AR AA LB K SR, IFE
TEIRE M HG IR IR AR R et se sk 27

JET B2RNE NI &R IME 2 —, th 2@ERER
MR EE S, HIEHRN 20 o N FERFERSIEF
50 5 ERIVZIE A W HE (international thermonuclear
experimental reactor, ITER) Z [RIHIHFZ, A ITER AUREEEL
Wi T2 BHEL,

3.4 HA JT-60 3¢ #

JT-60(Japan Torus-60) SRk JET, £EAT TFTR 554,
BOENH A =ZAIE RS, HFEEEW 20 7T LHEE R
TG 12, JT-60 F 1978 4F 4 ATFELIRER TIE, Hix
K 1985 4F 4 A5 DIsER, SELREREZ 2 300 {ZH T P,
FESUE 6 FiRe

JT-60 FRIFIIZMEIARE 18 MR, XLk B SHETITE
FEEAHOOZE 3.32 m AMEE, BERS ALY 4.5 T NIRRT
AN TE £RPEH 2 et LB, FIEE 36 MKISSHE,
FFARYER A 175 5 R A ARFERIAS AL, ST A O R &5 7 X8
KAEMR 0.2% WICEHA (oxygen-free copper, OFC), #@h1L
N 40%, TSR A OFERIAR R 0 DXBECR A I L3y 20%
H OFC, —HETHIE FEAUERIT M AT, HETE
SRAERGME WsEA M AN, S SIRAIEER T B A KISIE 1,
REMSH RO 4RSS H, HHRIRT—8

JT-60 FURRIFAWLAR S 5 MORFEZRBIRILREIAR, YRAS
TF kBRI SEME, IF& 8 B& ARIDIRE, B &kESE
BT RN GHRTA R, SRTESHM SR, HaE
TERZ] 5 mm ERIEGAM R, SRS EIN 8 157 15 H JH ]
BIRE NI SR, SEEN ELR R R A R 2 Y,

HE 2018 4F, JT-60 AR FFERA =B DILFEFE
IR R AT RS ™, Hii 55 R R R AL HHE
AT RA ARl SR 1Y, B RTE BRI IO R
BAK) BEILR DR E JT-60SA, HHAMMRERKS 278,
FH T — B ASH5T [36],

3.5 3[E Alcator C-Mod %% H

Alcator C-Mod /2 Alcator RANAVE =FEFE R E miEE
B e — G BB RO, Y EE SREIIRHLA R
WA E 44, Alcator C-Mod %6 BRIMES T 1985 F IR H,
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JEAZEREIR IR W, HEEREE T 2T (Massachusetts
Institute of Technology, MIT) % & T (ARl % 584 H 0
BRI, FFT 1992 ESLILE kR Y,

Alcator C-Mod HIRAIIZZE S A S 120 [ SRS,
W SIHEZI R 20 RF5T, FrE 84K Alcator MK A7 4k E
RAEE 3D OH LkEIDA K 5 X PF ek, FH Tt
K&, T MISE TRRIEH] B Y, B EF4 LR 22
TEAN BRIEAT LS LA, HARF PF £kBIX (EF1. EF2, EF3
1 EFC) ¥ 454E TF WA A=A RS E, 7F°RA Nomex
FIFREM PRI T IR E L S SR ) 4%k, T HREZHERSER
5 Lk e R R U0, NIk el B OH 1., OH2L I
OH2U = #HdHnk, YRR HESSHITE TF LB R
, OHI1 FEKEFAIEM, m OH2U #1 OH2L N4 HIZ-AE
PR B OREE 1/4 &b, yRRE e B BB, FFERINMR
FIALIEI A S, AIARE R = 50 kA B 1S,

Alcator C-Mod ARFBEHANAN (1992—2016 4 ), & L5 T
I 35 000 (REFEE FIRRLH, Bahnl 5 FRiKE] 80%, FREF
BRI HB A B R S 3 TR E )yt Red s B9,

3.6 HEDAA B E

VERFRET [ T M BRI DI FE AR

HER IRV, Tk 585 B (B LAY BT
B ) BEESZDASR, Fefaita T 20 ZRNEZE By SR AR o 2
B, HaEhENGS—S5% E (HL-1, 1984), EFm&E
W—5%E (HL- 1M, 1995). FEAGiSE -5 A E (HL-24A,
2002) AR FREFR SR = S48 (HL-3, 2020) % P,

HL-3( AIFR HL-2M) 3 EER HL-2A MBOE T E
Y BREE BRI A TR R LRI B,
WE 8 FiR, Z3E BB R G R AR SR /KIS LR BB SeI T AL,
Hr, TF &EH 20 NEA D U B LRSS L BB R
AR Y, RATTIREIGEH, AERE S 191 kA B, X8~

EANCIEZRE

WA 24 B )

|
Vs T 2
e

B3 EREREESSE

Wl 2 1

EMEARIAAZ N 3.0 T, B0 TF LEBEANSES T 7 [MSE,
Bl L OB, EHEE SR IMTE SR 3 BYAHAL,
YIS ELAR & SRS AN T e 7% M 2 BBl H B9 A [R50
THEI N E B IR LT ARG RN — R, RF 5B 8] FH AT iR
S TERE U0, BHIE, HRAWEETE, ERE SR
FATH U B, HEeEmE R AH A, TR HIKEE,
ET IHRERHEG TF LB TEEIRT 90° c'oY,

HL-3 B EHEE RS H 8 4> CS LKEFI 8 X RA#r
PT kB4R, ¥IRET TF LB S5H ==/ W, Hi PF1—
PF4 LR HINE, B K—DEIREME (Fi CS LB
] ); PF5—PF8 £kl 7 TH & KIRIMN, R A Z M A X el
¥, SLBMBCH 26 3% 28 AL, FHHE 2~3 ke |
M, CS L 2 MTLEHR, SILE 48 [M Sk, 2 4 CS
LR B B A IRE R e SR I AE TF & Bl OV, Sl &%
220 kA i, CS LM PF £k & H T2 14Vs MR AR
WiEZ k& [16],

HL-3 & F 2023 FEREH 7TEZFERERN 1 MA W
BLARERIZIT, BT ERL SRR EBENBTER Y,
HAE 2024 R E R EFREC GRS A E OB SLEL T — RSk
et a2, NIRRT EN s TRE I BER &%

V(52
%X[ ]o

4 RBRESHEEREARS

4.1 T-7 fe ko5

1979 4, FRBEE TR FE S RBESE RS T-7
HE D OHBSWARRSI AR, R E I
BATHRME T BB SN, BSHATMEE AR m AR
Wiis, WERETERKEENZIT N TEREHES), ARE KRR
BT, RARIEFARDRERNERESRERH L, H—Phn
TR NN TR HIIR R,

4.2 FEIFR AR I

R #4 #% B8 4% 52 56 HE (internationalthermonuclear
experimental reactor, ITER) &—W EFR&IETH, fH&FH
EAEIRIN, HERAT 2006 FEXNFEN, HEMES, £ |
TERI 7 75 R RBEA BRBD S e, B RIT 150 1Z80T ™Y,
ZINE WIS — AT B RERGHIHE R S mBRARSLIeHE, AR
RATNFIEF) 500 MW, RER M2 107, ITER MLtz
WITHAET 2013 €, FEit&ITF 2025 @R EXTHRES
TR 56 ©, miRYE ITER B E2EHRIE R, ITER
REEEHR, HXIT 2033 FRMEFE FIRER, HE
2034 FETFHETT R SEEEwTITEEN 7

ITER HRIEBIELESWIARS, WITEENR "4 15 MA &
BFREm R 11.8 T EE#, TF £&kES CS LEE SR
B NEA Nb3Sn #BEIK, HRLENIFEH NbTi @B8SK, 2 %
SR EEENHE M T 1K (cable-in-conduit conductors,
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CICC) 451y, RAZRMELMESRAEF IR HIZIEE F B, i
T 4.5 K BIRFESLINAE B, TF LBL4h 7 MtLiEH
B, DGR NEEE & — D 316LN ANEEIH FREY D Al
FRIEAR,  ARETFOIAN 76 S 40~ B A O DUEBC SR SE
SR EiEI S22 Kapton- BISLF Rl Rm4n 4k, HHIE
LRI Ol B AR R L P, B SHRERIRE
WA A2 R DI L 2 T 4 &k, FHE T 316LN A
PFAR A TR A REIARZH S B,

ITER HY PF ZREIE I MR alig 832284 36T TF Z[E
FelRz b PV, g YRR T N ST SR, R
AR 1 SARELE DS E A BT R O, Sk
MEELERIMI, BEBERCTA=E, & A mbiFE, &
P CS B/ 6 Mz LRA B TEESMAL, FE
SERYRFETE TF BT, FEHENE T8 shE e Lz
i1, PSR IO Pt ek 7Nt SR H 2, RIRSIIEH, BE
B ARE 40~45 KA . FTANRASLENBES 45755 H
2 ERE R DU BRI MR, ZEWREHE
EMRTT T SR ELE ST BB R S

ITER RFTE EFRMZRTHANTLRENE, & WA
ok NREIRRREIRHVELRA, 18 Ao /ST sETR A AR B
ERLAIEA,

4.3 PEERAE TR R E

FRESRAE TR R W HE (China fusion engineering test
reactor, CFETR) ZIEH Ei&I MHIFHREEEIREERE KR
RETRE, SERIE REBHIRITHE, HARKR AR HL
ISR AR, HMESITET 2014 5 ), 9ER T
2017—2020 4EfH CFETR &ITHFAIFE 7, i+ %IF 2035 £l
SERUER, T 2050 FHF IR,

CFETR R &SRR, FrG&E SR RAZNHE
ik, NERE S LR A EE, BT EIRAEREIR T
AT WA, ZEEITRIGES =4 13.78 MA WEE K B
i, HAREE 6.5 T FbiE7 MY, 16 A TF LR A D BifE
Sk NIRRT, B 6 DIRERFD 1 SAELsL BTl E 0, H
H TF ZRE SRR AT A58 K/NKI53 T 3 DR, I XIER
HARFMSEM &, HK2&S2 7 5% B NbTi &Y, ITER
2 Nb3Sn PAK =1 RE Nb3Sn @SR TEMA], &17X FIZkE
[FIIE I BRI AR SR S AR B, SRZH %L (RIE I RE J1 T ATk
95.6 kA/ [ 7, LS T 1 2008 4 6 A=A H T
{8

KSTAR A& 2ESWAARS, ©E 16 MIAMA D BlLklE
14 AR, BEMEF=AE 2 MA IEES TIRER, HES
BT ARFIOLEEE 3.5 T I HRES Y, TF LENES4HH 8
DEPtE R A, ¥SRA Nb3Sn & CICC SR%HI, ~E&MW
B 3k, FFET 4.5 K Bl ABEFIRE LI GIRAE 27 7,
EShEZ b, B FEHZ EEESE DRREMN S- HEAA,

NFERGHARMETUE, NERE/RTRRNSELZZE,

DNGHREPTET 316LN NHEWEREM AL E R A,
FHRAPEM A TRGEC G ERAR, o, HiEdRA
B|FRURHATTRE, KRAVES BIRANRRE, P RET
LR IR S AR E e 7,

KSTAR WA ARG H 4 X CS Lk A 3 XISMER PF
LB, REUEFEAIE 4R 2 MA IS B TR X 20 s
CSZkPE DR AR 1 X4MER PF £kRK A Nb3Sn U CICC 5 1k,
T4z 2 X PF £RENIGEA NDTi f9ZY CICC Sk, FrELkES
ETAMGRTE, FBESINAY BREHELSSINREZ
53 T,

KSTAR RN EIREM 2B SRS, ER A TZENE
ITHREFRE SRS ENIS (TSE A EAR LR
O TERTTER, 7E KPR S B TR 2R LR IR R A
i, ARBEESERERMREY ITER TUEHEEE A8
B ",

5 45ie

1) FEREEER 20 D 50 FRIBH LR, £ 7 M
EMAZINEESWE, B2SEE SHANERALR, &
I HAEARRBERARR FUSAYSRARIE N FATEIR AT RE, BAARTIR
HIRWTEE 22, BERT THCR SR BVEREH 15 B 7 (A
KIPFUERE, REH—RIE RS RBAE 2E mAdirEk
feTTIA% R,

2) LA B RS E VARV E M RN TR WA E, £
IR SR DU S ERIE TZER0 5T, RWHERoR e 5
PERESRR, RERIE), ORI, TR & B AL B fi & S a0
BIFTHOR TR, T —RERLR BRI R (#T
T2 HIRRRTT SEATRT REE

3) WAL T I N BIRBERE T L) WAl IR
BRI IERE, o TREBE MR SRS, EiEES
RS, ARIRISH], 2K BARIFIEN I — RPINE R P48 TR AR
AR ZR GO, RGBT R T HEbk.

4) Ik, BEBUNRAAE RAIERWIT R F28 7 Ak g
fefifm, RRHRBAREL RN IS5 MR, a7
EERVEE ABUWAES) R AERAR L RS TR R, #&
RARRE TR AL R, BEEERR A TERRIL 558
FORBIRII SR, #ZBRARRETRIITT Z WG B2 ML 5L B
TG A SEBRRL T B

SR

M #F, TERR, G0, F #RERTFLHEER 4
AR, 2020, 35(11):2803— 2820.

YANG Y, YUHY, LU G, et allnterview on the unprecedented changes of
energy geopolitics and national energy security[J]. Journal of Natural Resources,
2020, 35(11):2803—2820.
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