[EnN

N

10

11

12

13

14

15

16

17

18

19

20
21
22
23
24

25

VU 32 7840 S PR 1 Jo L4 750 P, 8 ] O 5T

R EARFEF EWITEWy EFEH Ty
1) GAAb R s R SRR %R, fRE 071002)
2) (ALK B AR M B B, RS EH S T BHEAREE LR O,
{5 071002)
3) (AL KA DA R, fRE 071002)
wWE

A TAREAE BT — PP VDA s RS A S A B, B OREE R 7Y
L SRS B ANV I+ 7 R B A PEIE. 38 I SR 3 o 407 7 A %
BRSNS R VARSI A, R e s 1 8 AN e AR AL 3 Py A
PERIEATIN 2y el B, AORR MY DUILTE O HE SRR 5 B 18 e DY A i AN DY
HEZEAS TR dL K, DA A LE D AR e il DU+ R B A1 B
BE PO WA RMEBAER =S TE580,  FHRINPP RO, EA4E R
e,  LIRBEE TSR e SL P R R B TR A (R DGR O 25
RN+ m= SRR B R S el AT IR, R T e e T
AR TR, BR b, SRR RN k- DT, 4RIRLY
Mo e 1 SRIR LS, R4 T BRI L.
KA BRSO, R SR T

PACS: 52.50.Dg, 52.35.Mw, 47.54.-r, 52.80.Tn

E&: HRARRAIE S (% 5:12075075) LA g 5] b R R R 4T H (5 H 5
246Z7607G). [ Ab K 2ERAK R 4000 H (XZ3J202317) « [ db K 2440 75 75 AR B 613 A A
(QNTD202402) % Bl fty i,

T 1B{E1E 4 .E-mail: donglfhbu@163.com, liuch8989@163.com, pyy1616@163.com

%5 —{F ¥ E-mail: 947251929@qq.com



10

11

12

13

14

15

16

17

18

19

20

21

22

1 5%

PR e — M ZAFAE T H AR TR SE G S A R N AR B B4,
EARF T, REILR Z B, WMEhIR A WARER SR T = K4
W81 Btk 2 Ab, FEAR 2 SEU6 & 40 rh 1 B 0 WL 2 B & R A2 AE, n 3 ) DLy ot
MRS VERHERG WERY TR G KA TR R g 5 Hod A iR
475 (Dielectric Barrier Discharge, DBD) & 4t /1 OB B th T T i 6] . IRE&F
58 LA SR RS2 5 A, BN Z T I SGVE. DBD 2 — i WL AR 45
B AT A, T AL DBD R4, B AMHRRBENTEE R, (E5
& 3 A RE BT il 2 [, itk DBD 38 % A8 i sl bkt &
Wz, TR EORERR AL B B T R %, AR i,
V5 Qe AR LA R 46 B8 AR IR 2 A5 A 812, ok, 1 2 U I, DBD B
BT T A SUR A BZ N AT 7 DBD BT, Mk X 5 9R%
DG IX I B IR AE B AT, A AR R A A S5 8 1A A4 I T R D
(8190 ORIt J i, A5 B8 TR T AR A M B AR KR BB T 46 B Ak 5 ) (1 %o
FRVEFN it o 442022 AR 2 U AT, et 1A 1 45 B AR P 22 [ 7 1] 43 AT ) 7T
LASRAS 2 Foh HAT 7S [F) e i 45 4 10 56 B 00 7 i R D822 TR e 3148 HAT AN R %
RE XS FRPE R, X T HES) A5 B 7K 7 i A4 72 25 18] 3 15 45 QU A B 2 A
5 1B RGBT AL R BAE AT PR DBD 2B AT, TR T
KIL T FERPEEIZEA, an VU g s /NIRRT s B P R
SUBE IS0 R I, B R B T R B (R A A SRR IO R g,
AR ST AR SR VR ), RO 22 1 B H SRR 2 B, AT RE

2



10

11

12

13

14

15

16

17

18

19

20

21

22

Y A — S B B TRk, IR W OB AR TER, MREhERAS T AR,
n: 2023 4, Guo S NEE AL TR R E R IR BT RIROG TR A, RIS T &
HBA WYL TE AR IR BB, 2024 4F, Dong 46 NI 7E R i i 8 % A Uik
TEHEFBIFLR A BU3RAG T 2 MR BE IR, (AR5 e, Bk wt JE v e
LA R BAEAR /N B DI TBCR. ARPIT B, 24 2r/d (r DTSR IXEEAR, d T8
SRR NT 5 I, BOBZN BAGUT N2 BRG], JF HBCR XG5 Y
SRS B I 4 2 W) o R P RS Fl i A R A S 35 S 3490 R, R SR S e

3 240 A3 L DX SO SO OB XK R, A SR R E 1 E
ML, ik, ABHFREEAE DBD Bl A\ A WL AL A s A%, 5l
AVUAFEES gy, 16 OO SRR 1 DU34 Y s HE 2R 51 D I A0 DY S+ 5 i 2
IR, Xit— B3 7 RENASE, JEONEE O T RIARIE RS %

AT 0, DBD B P A R R AR DR b 32 8 v Ay (5 397, B e
HLT, AR TRAE B R T AR R A By /£ DBD JBCRH, SR SN 358
BT IS B o BRME, A 5 A TR R P AR KR A O 1 Y
W7 IR, SR AT TR R T i BE Fi . (2 F IR AR SF Y, BEE /i R
R T BE By B (1 22, BE BT ™ A2 1R P9 22 L) 070 000 25 BT R, el 1
7 R 5 A0 37 75 1A AR s, 080 R S R R B R B R RE A ) 95 T8 R B
B IR, AR HE T KR K AR AE RO, 227 o Je ST e B A P S e i, 4
R 5 A R AR BRIk BE R P AR I H I S AN S R 1), A B e A X
TR AL HEAE ], SEASAE AN AR AN, e R 37 9 P AL RE % 18 31 o o IR AT
FEAE ORI Rk, fEPATPAR DBD B E A, f TR AR A AN R A
Gy, BRI TG A PR R 2R 1E B R I S IS S5 A8 B K s I 384 AR AR



10

11

12

13

14

15

16

17

18

19

20

21

22

VU 322 78 A G A% A Jo PEL 424 T8 P 2 5 vl i i 3 TR O 1 ) 45 ) A I B~ ol 3] 52 300
FHIE BRI, 23 R IR, X5 U8 A S s 5] AHES ST A ok, At
FOAE T SRR VKA 7 RS TR I A S5 R BEAT T AR, AR S e DR 1R B
VLS5V e iyt

ARTAER A T — A DU A S p A% A B P TR e e . AR i B b O
SR 7 VYL TE RUHE ZE R 2 B B AN DY 3 T8+ i MR BB L o SR Ag R B
JitE, AR 7NN A R A SR DG A (PMT) A SRR AR L(ICCD)
Xof DY T R HE 22 8 27 B3k J R DY 320 7+ = 22 [0 B B I ) I 2 3 ) 2 EAT IR 5
0 FH 't T ASO6S &5 g B8 52 2% 1 DU T - 5 U B B TR T ) R A Dl 1 3R AT 1 AT A
I SR ERA TTRE, X DUTL T 5 w22 W 51 T F AN [ T80 R N 0] ) FEL A R AT T 5
FEXT PR T BB HEAT 1 8.
2 ERXE

K1 g T sSeiede Bon s B Hodr, K FUARIC L SR 48 HH PR AN VE R K I [ A T
RN R, R AMEAT N2 43 5 75.0 mm AT 65.0 mm, 25 38 i 40 5l 4 1.5
mm T BT R B KRR NER AR, ST S
#)y 50 kHz HIIETZAC i ML IR IESRE. PIK FAHS [F] — B A TRCE, (A5 7K H
PRI 52 [ B TR0 2.5 mm. fEA 52 A8 E —HLE 2.5 mm 1P %
AFERIEG, FHALEBCR AR I N AR &) A A B2 9 AN 6 mm,
[FJR% 5 mm FIIETT TR AL, HoAr BB ME WA 5T, T80 22 78 0 G S () FLIR o 7
Az, PR TR EE B TP AL IR S5 B A R 22 R ER R, BV TBOH 22 ) B AR
A E E TR E RN E N, ARSEE TAEA K FEAE 7.5-20 kPa Ji ]
PHEAT. S5 FEUS AL (Canon Power Shot G16)ic 3% Bt B (s AL I8 . @it {5

4



10

11

12

13

14

15

FH v HE R 4R 3k (Tektronix P6015A 1000x) AT HE i #R 3k (Tektronix TCP 0030a) 47 7l
0 R T MTRLIAL, A PO FLE S B (PMIT: RCAT265) % BiE B ) (5 5 E AT K
£ I Rk 23 (Tektronix TDS 4054B)l & I id sk A8 5 2 & LR I . fd

HHEAHHL(1ICCD, HSFC Pro. 120PHO047) 41 #5% It FI R I IS [ Ry, S v el aod s i
SR ) 15 B Ay K L - 485 ) 1 Jka i B B FELHEAT HA4%, DA DX 43 AN IR) - 45 4 FD i
Hi. O HE{% (Acton Advanced SP 2750A, CCD: 1340 400 pixels) AR T4 —

1E7 2 (CPIu— B ) A A T 2.

Power Supply  Oscilloscope
p— .}

5 - g .|; Current
HV Probe ” Probe "
Spectrograph Fiber _1 Hd ICCD
1le B
| PMT Camera
i Glass
@ i (]
L A
en&oppcr rln;, ‘L Water | Lens

Chamber

.||_|

* “— Discharge area

5 e
6mm

1 I BoR B, WA M EE dg=2.5mm, L EZIHAKHN 6mm. [HEE 5
mm 1= 75 AL A TR <R

Fig. 1. Schematic of the experimental setup. The square quartz grid has a thickness of dq= 2.5
mm, and it is perforated with a square hole array. Each hole has a side length of 6 mm and an

interval of 5 mm, and is used as discharge gas gap.
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Fig. 2. The electric field distribution in x-y plane with the applied voltage of 2.88 kV. The white dotted box

marks the discharge area.
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K 3 B I R S DAL R 2. (@) [ A R BE], U = 2.88 KV; (b) BEML AT TR
Hi, U = 3.44 kV; () PUILJ¥ rIRESEREZBEE], U = 4.26 kV; (d) DUILTE -+ s [ BIBE ],
U=4.89kV. SZIIESE p =14 kPa 12 idkT.

Fig. 3. Bifurcation of the discharge pattern with increasing applied voltage. (a) Dot halo lattice
pattern, U =2.88 kV;(b) Randomly discharges, U = 3.44 kV; (¢) Square dot frame lattice pattern,
U = 4.26kV; (d) Square cross dot halo lattice pattern, U = 4.89kV. The experiment was

conducted in air with the gas pressure of p = 14 kPa.
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Fig. 4. Phase diagram of discharge patterns as functions of the gas pressure p and the voltage U.
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Fig. 5. Light intensity distribution (a) and spatial-temporal dynamics measurement (b) of the

square dot frame lattice pattern. 8
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Fig. 6. Instantaneous images of square dot frame lattice pattern. (a) Voltage and the current
waveform of the pattern. (At; = 300 ns, At = 1520 ns); (b)-(c) Images corresponding to At; and
Aty in (@), respectively, and integrated over 30 voltage cycles; (d) Superposition of (b) and (c).
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Fig. 7. Light intensity distribution and spatial-temporal dynamics measurement of square cross
dot halo lattice pattern. (a) Light intensity distribution of the pattern; (b) Optical signals of C,

and Sz; (c) Optical signals of Cz and F.

10



[EEN

10

11

12

13

R B BT A TSR, SR PMT AN @ SLH AN [F] 1 S5 A AT
AL G PRI R, B 7(b)4s 1 S2 1 C2 BB 5, KB S2 GAE 5 X0 R AR — A
fikih, Ca [RI615 5 5 B8 ANk, B S2 6T Colitls. B 7(Q%H T Co M Fe
A5 5, RILF L Co JE . TNk, FE5HIBURINT N So—CoF,

it — B IR T WYL TG 2 B B BRI ) 45 46 42 A 3 AL P iR AT 9,
K H ICCD X% 5 B (I B8 70 kb AT 40 8%, & 8(a)Ze HY 1 i I 1 i s A
LR B, e rh =70 FRLAR Bk i 86 2439009 At = 300 ns. Atz = 820 ns Al Atz =
1100 ns. K 8(b)-8(d) 7 HIXT N AERE LI [B] Aty Ato F1 Ats N &0 30 IR IR IE A
&l 8(e) 2 [l 8(b)-8(d)HIE e fr. AT LA Hh, So 7255 — A FLUIK AU, Co 755 —
AN BRI TR, Fo TEBR S5 HEELE KPR, H &8 L B 7 S5 R B IR I TR
LRI, A R IUL TR RE S A, 25 b, DUILJE A+ M AR B S, Co
5 R ZAT IR ETT R, BUBRIT N So—Co—Fo, 11 B AL 7452 A
ARLF (R TR IR I :, A 52 TL DY 30 T B 21 R A

(a) A’l N.‘ A’l

6
4

U/kV
152

S [ =)

0
t/ps

-

Ay P AfHALFAL

11



10

11

12

13

14

15

Bl 8 VUil s B 51 B [ (RIS B . () B4 1 %) LU FEEEE I (At = 340 ns |, At
= 820 ns, Aty = 1100 ns); (b)-(d) 737Xt RBEIEIN [N Aty Ate FT Ats E A1 30 I HEE
Fr; (e) El(b)-(dyri 2 nE.

Fig. 8. Instantaneous images of square cross dot halo lattice pattern. (a) Voltage and current
waveforms of the pattern(At: = 300 ns, At =820 ns, At3=1100 ns); (b)-(d) Images corresponding
to Aty, Atz and Atz in (a), respectively, and integrated over 30 voltage cycles; (e) Superposition

of (b)-(d).
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Fig. 9. Emission spectra of the pattern. (a) The N, emission spectra of substructures within 360-

420 nm of square cross dot halo lattice pattern; (b) Vibrational temperatures scatterplot of square
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Fig.10. Electric fields and substructures schematic diagrams of the square cross dot halo lattice
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Study on patterns in square quartz grid dielectric

barrier discharge
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Abstract
In this study, a square quartz grid dielectric barrier discharge device is designed, in which a
square dot frame lattice pattern and a square cross dot halo lattice pattern are observed for the
first time. These plasma patterns, combined with the quartz grid, constitute a plasma photonic
crystal with a square lattice arrangement. Solving the Laplace equation reveals that the applied
electric field in the gas gap exhibits a square lattice distribution. The spatiotemporal evolution
of the above two patterns is characterized using two photomultiplier tubes and an intensified
charge coupled device. Results indicate that the square dot frame lattice pattern consists of two
substructures: corner dots and square frame. The corner dots discharge before the square frame.
The emission intensities of the corner dots and square frame differ significantly, with a
brightness ratio of approximately 8:5. The square cross dot halo lattice pattern consists of three
substructures: central dots, corner dots, and rhombic frame. The discharge sequence is central
dots— corner dots—rhombic frame.. The brightness ratio among the three substructures is
approximately 17:16:4. This variation indicates that the intensity of electron avalanches differs

across distinct substructure locations. Notably, the pattern substructures discharge
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synchronously across all holes of the quartz grid. The emission spectra of the square cross dot
halo lattice pattern are measured using a spectrograph. The vibrational temperatures at the
central dot, corner dot, and rhombic frame are 2527355 K, 2559457 K, and 2611459 K,
respectively. It indicates a non-uniform vibrational temperature distribution within each grid
hole. Specifically, the relative populations of nitrogen molecules across different vibrational
energy levels vary among distinct substructures. It reveals that the substructures of the pattern
are in different plasma states. Theoretically, the electric field distributions of the square cross
dot halo lattice pattern at different times are simulated by solving the Poisson equation. It
effectively elucidates the formation mechanism of the pattern in the square quartz grid dielectric
barrier discharge device. This work not only advances the study of pattern dynamics but also
provides a new approach for the design of plasma photonic crystals.
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