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Calculation and experiment of tiny perturbations in electric field
measurement for the laser-induced fluorescence-dip

spectroscopy method
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Abstract: In order to realize the industrial application of high-current pulsed electron beam on material sur-
face modification, it is necessary to monitor tiny perturbation in real-time. The electric field strength is a
critical parameter understanding the characteristics of electron beams. The laser-induced fluorescence-dip
spectroscopy method based on the Stark effect can realize the tiny perturbation measurement of electric
fields. Therefore, Studying laser power density influence on the electric field has significant theoretical and
application value for the parameter setting and result interpretation of similar electric field measurement
methods. The theoretical analysis and calculation are used to obtain the relationship model between excita-
tion laser power density and the test environment parameters in the tiny perturbation state of electric field

measurement. Then, based on the above relationship model and theoretical calculation, the influence of excit-
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ation laser power density on electric field measurement is verified experimentally. The experimental results
show that under the conditions that the tracer gas xenon pressure is 1.0x10™* mbar and the electric field
strength is 2 kV/cm or below, the excitation laser power density of tiny perturbations on the electric field
measurement is 5 MW/cm?, which is consistent with the theoretical calculation value. The research results
provide a quantitative analysis method for studying the influence of laser power density on the electric field
in the laser-induced fluorescence-dip spectroscopy. They can be applied to similar electric field measurement
methods, open the way for the setting of laser power density and experimental parameters, support the devel-
opment of electric field measurement experiments, and effectively improve the accuracy of electric field

measurement.
Key words: laser-induced fluorescence-dip spectroscopy; tiny perturbation measurement; laser power dens-
ity; photon ionization effect; field ionization effect
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Fig. 1 The basic principle of the modified laser-induced flu-

orescence-dip spectroscopy method
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Fig. 2 Schematic diagram of three-level distribution for xe-

non with two-photon excitation and ionization effect

F L 2 AT, SO E A SO T R R T
MIER Eoi & £ W R A Ei(6p[1/2]p). W Fa 2%
EH T IR, 2 A AR5 175 50 R
VK D EARRES, . AN M, 72 AR E
S TTEROCYE I N S8k BB CYL

=W B R R AT

dN, (1)

dt = —W(),‘Ng(t)‘i'm()Ni(t) N (1)
PO W, - AN () D)
dC (v

TZﬁNi(l) N (3)

HHAIN, (1), N (1) Fl C ()73 AL, AR A
B ETEER, Wo FIWio 20 2 NS 2
TR Ey — E R30S A F 2 22 5
B E; — Eo 32 U S T35 Ao LT S 3%
M B (A = Wi + A+ Q+5); o A A2 25
E; (%) R HR TR, RO B RN A, 0 2t
VK HAR . B IR, TEHOCERT, i
1) S5 JE Bt o B ] A8 A A a0
QfgiA,- [1 " A,ﬂ—zazew_ Al/il/lgem}
o<t , (4)
Ho N S R FRIIR B, A R T AR 5 R
%%/j—:\‘!

Cc@=

1
Awt Wiy At Wio) =4Wig (Q+5+A)|?

A=
1 3 3
(5
1
Aot Wiy At Wio)® =4Wig (Q+B+A)|?
2= + .
2 2

6)

N T P AETTA, MRS S50 A A X S B0
T UL A TR Ak SO0 B R B (] AR Ak R iRk
b, R AT HARSREE 4 1.0 107 mbar,
PRI, FE SRR HIITR], AT 22 B SR RN 2 - HL
FTHAEMG (0=0); AU WM 2 F 32 U 5T
23R W, Il Wio 19 {15 80O Th 2R 2 B 19 °F 7 B OE
FE, S BN B RS O T R B R E . IR
i Kroll, S5 N FE R Y, SR LA $0fA:



1354 RED2E (RgEs)

HL B AR BT 0on = 4.3 107" em?, U6 1
WA Ho® =4.0x 107 em*-s , WA 6p[1/2],
(A KRR EARA, = 3.7x10's7"

IR 3 o, J2 HL R L 5 0 0% B X

7k R o AEROEIKTE A 5 ns AE IR,

FL S L] (ol B D S A 0 I ) LA Bl
O FE R R R EOR S, O 1068 Jsl 5/
BERERE, N AT REFE RO DR . SR T, iy
HOEHIRE R 2 FETOLE S = A
WL o DRIk, 7 BN AR G0 T 432 1 r B A L A
OO RO I AL

1.4x1074
1.2x1074
1.0x1073
8.0x107*
6.0x107*
4.0x1071
2.0x107
0-
—2.0x10* R e e e
-2 0 2 4 6 8 10 12 14 16
Laser power intensity/(MW-cm™)
B3 S LS ORI R

Fig.3 The relationship between ionization ratio and laser

Tonization ratio C/N,

power density

TEHUH SRR FE d, (1)~ F- AT B Pa Fl PAE R ML
G, FAUL L BT HL 5 BE A SE IR o X P iy
JE, PeHIHLF R Ve (Ve R TMH) , Pa LAV,
0o Bk HL it 7 B )z /N T O ok b e 22 B ]
FE B o A A 3 AR A A Y B 1 A (R HL A
I, 34 Langmuir I A8 AR, H R 6] %) L 3o AT
A RIR N

Vix) «x S\3 X
v " d—a[l‘(s—l) (l‘dt)} -

Horp x fRR N P, B Pe HYBEES, S AU BAAL Y [H]
B BLRLPR B A i 8 5 K, Sy 0 I AR A
R 6 0 4 0 2 i, 5 0 A 2 B JRE Ak 14 5 5 {EL o
4B R R A S Ao T UL, s A
B B A % 1S, = O, stk T
Ps 24 878y BRI, M52 TN RS & 10
RTINS T A Fh B 0 L 3
W, S FE/NT S, B XA Tk S/8, = 0 il
SISy =1 Z A/ (RIA] 4 R EIXE) o

RN
RIS

|
=3
N o
! I !

|
S L2
o N b

L4
v oo
i

Potential ratio V/V .

0 02 04 06 08 10
Distance ratio x/d,

P4 AR LB IR Y R S A

Fig. 4 Potential distributions between plane electrodes
SRS R o A T A PR DR R B T R

J=S-e-x , (8)
AP PC B FHIE SN

3
2

1
4 2¢\2 (V.
Ja:Sl-e-da:—-so(—e) (Vo) (9)
n ml’ da

Horbom, J& 8 ¥ 1 BT, B 1Y BT & m, = 2.2
10 5kg.,

TEHOCNKTE T AE T, AL LT A
[

1 3
4 2e\2(V,)2 1
Ne = S'TL < Sl T = ; ’So(m—ep) (da)22 . e-da *TrL,
(100
SN PRS- T ARG %
P
N, = T (1)
P AHG P A 58 H R S TR e v 2 LA
1 3
Ne _4 (2002 1 kT
§<E—n So(mp) daz e-da TL P (12)

TEWOCIK 5E R 5 ns, AR [E]EE R 0.25 cm, Jif
JELFAK 500 V I SEI AT, w45 26 FL gt
IR FHR B Hc =12%x107, HIK 3 A1 15i%
FEL S LA A SO T 3 % E B(E  6.9 MW /em?
FH AT A, PRI SER AR T, o B 3 B A ) 8
YRR F{E N 6.9 MW /cm?, 4k CHI)
R E/NT 6.9 MW fem? i, W] IA A FL B R0 Xof
HL 370 R A
22 IGEBBHN

Y e B Uy B FLEAR BE R 1 Y L T2 Ak



%6

£ ML A BOLRE POOEIE I E R R S S 1355

WRHLIAVE R AR B AR . FERAOBIERTR,
L MRS R 2 BB AR RS, 5 3 AR B
R TR PSS G 855, R, 2SN
HTER T, &3 20T 805 B M A 1)
K. FERIGERT, BAERAEN I & FH0K,
Y B Y % . Stebbings R F 2 A XU
T 137 HL B R R Brea AT T LI AT, 15 AR
e B RO ) e SR 37

E.(n)=62%x10"xn"*[V/cm] (13)

Horfrn 2 BUEECR BN W) T T4, E. 26 B
SR

FESEEG Y, REIN X A58 2R 2 kV/em,
PRIELAREHM MK E R THON 18, i T HXT R
Y il AR R 6 kV/em, KT 2 kV/em,
KL, FEZ S B A5 1T, Y B U I AN &S i i
W DX 3k L i 1) B LR 2R

25 LRk, FEANB R 7R R 2 kV/em K LA
TR, HE A E S R G BN A, RO

S B S

‘ 55 mm D 499.258 nm
‘ ) ye i .
532 nm % % laser Wave meter

ORI SRS 3 A S G OB L N oul g T
THEN 70 PR R G A RO I R 5902
B RBOR R, AR SEL T R e 2%

3 MEFEEEER

3.1 XWgE

kT B O T F JEEG PR B R 3 14 5 )
Fa T RSSO W LR - &, Rl S fr
Ro BRI YRR R 43 i Nd:YAG #0%
oo E o AR A S A R SRR A
I, KR T S 2 BRI . WAL
£ 249.629 nm, H T# I F NS FL WS 2T
Fazs 6p[1/2)o, HEA WK LN 586 nm, HI T4
TR A E RAERS, AL N
1 nm, P KK ) S AR Ak, AR B T AR
FE—3, 38 3 AR A e PR ARSI I
JE N, R S M= 98 . ICCD(Intensified
CCD) AHHLHF RIS 3t B A B A B o

—i

7
2D AN
S

\
SHG V

Delay line
Vs ] i
| ()
1 Monochromator
L U 4
586, auide
% A2=800 pm s ¢
Fluorescence
i 249.629 nm A

>

Test cell

K5 BRSO SR G R B K

Fig. 5 Schematic diagram of experimental set-up for the modified-LIF-DIP diagnostics

R T G R SO IO X R B LA S e Al
PP A B A AR A G i 3. 18] 6 J2 OB 22
HOtE W R B . R B S 0
W38 s AR il 22 25 0 107 mbar, 38 1 Bk i<
JE B TS B E N, A0 107 mbar,
DA TN 4 SR A, 79 9 AH 22 , v ] 7 Bk H
W A AHBE 0.25 cm, # I3 X 30 9 43 % 3 A 5B

5% o FE ey R HL YR G FEL AR T FRL S 500 VS, PR
FHE DX 38 P L 3 ok 2, ) X3 H A i B 24
2kViem, FICLPE AT W bl i (. ™
HRKFEIEI R 5 ns BT 2 A B A S 2 H
WA P, R Ak AR AR . LT Stark
BN, UL B 2 ' () A % i, AT LAAS H AR L 3
UL



1356 R EDEE (FRgEso)

17 %

(0
i o
/E(‘
| EE
e o | LU

Ko ROLHRZOLLELMNR R Z I
Fig. 6 The sketch of measurement chamber of laser-in-

duced fluorescence-dip optical diagnosis

32 KEHER

BT LRS- A, TR T IO RS X
ARG 52y, SEEe b, BOR G ) R
FEH 10 MW /em® % 2508055, 3l 1 WIS 28 (5
() 530 A KT PR 5 L 37 2 15 32 B T4

P 7 CR2 JE D3 ) Fi 7 D) S0 & T e i
10 MW /cm? B i I 2615 5 0 . 5 22k
B2, & 7(a) KD 1) A R 0 DX 3R FRL A
A7 B R, NSRS, FE ELJT ) R A X
WORREDNG T AR Ak LR =
AR, Horp BN IR R A, i) X
SO E. BEUOGE T A MG B2 S THRVE LI
KAF B, BEDOEALE GEIRIE ) THK - J7 ] R 4R
PEARA . T DR S 7 BRI A L3
Z, M ] XIBA7 e L 5 BB, ARYE Stark B4,
I 9¢ YL B 2 pe e 2L R B 1) A2 A% . ANl 7 BT
71N, TE ST BH B BRS040 B (] o 21 [ Bl T AR Ao
B, B0 G SO E R R A s, BRI B
L7 o %, DA BH AR ZE B R v, IS
1218 0] ZE AW S, 3% BH HL 370 B i o . i IS
387 T ) DX P ) R 3 5 B O AN R T R, T
BEE B ALY . X — G e T SO A4
T HL R R AR SRS ) S e A R sh S B
Y e EL . i —20 b, B R OE SRR R, An
El 7(b) B, AR A Y B0 5 3 307 B AR B3, B EE
WHHE R Z 3 T T3, SEieH ARG S R —
. LRGSR, MO R B S, Ot
B ARON 23 % PR L A B 7 A T, S S0
S BMEA B DS R R E

SR Y kG R R AN 5 A R E AR i
Jei il Fi 37 S 25 PH R B AT F 3752 B0 30, 06T
R I 5 A A X R L 3 SR IR,

8 RO Ih R fy 5 MW/em? i}, I 2¢ 61
SO AE . BERIE SRR 2 kV/em [
RS R YU e S o > AN S L REAR LK ¥ X VA
), RPHER B K 00 i B% B AH R, AR B% Stark 4%
JO7, LA T X P 1 R A R e, SREH
RZEMH.

B 7 BOBTISRE A 10 MW/em? I, FSOL(E 52 il &
Fig. 7 Fluorescence dip signal distribution when the laser

power density is 10 MW/cm?*

E=2 kV/,cny: F AL ;

E=0

Bl 8 OB, S MW/em? B, BESOL(E 54 A ]
Fig. 8 Fluorescence dip signal distribution when the laser
power density is 5 MW/cm?

& 9 =B EE51E 2 kV/em 4 FT 0 kV/em Ab
ORISR N et O 1 BUR AR =9 SN i A
A JCRIBIR IR AR B . 25007, 76 2 kV/em &b
A6 B IR I K o 586.67 nm, 5 0 kV/em
(586.57 nm) #H L, fF% T 100 pm, M4 Stark 2L
N, A BLAEAR AE L 15 d[3/2], 7E 2 kV/em 4k
FIEE AL BN 113 pml™, S2E0 (5 PSR 45
—3

1— 72 000 V/cmﬁiﬂﬁ B%%‘éfﬁ%
1= 7E0 Viemibity

IR

586.67 nm

Fluorescence intensity/(arb. units)

586.57 nm’".

586.50 58675  587.00  587.25
Resonance wavelength A/nm

B9 OGRS S MW/em?® I, BF9OL(E 5 2 kViem
5 0 kV/em RIERI KX
Fig. 9 Resonant wavelength comparison of fluorescence
dip signal in 2 kV/cm and 0 kV/cm when the laser
power density is 5 MW/cm?



%6

£ ML A BOLRE POOEIE I E R R S S 1357

SRR, A WOLT R B REAIL, 7EUA
JE# 4 107 mbar, HLI758 A KT 2 kV/iem 19 5%
PR, 0 DX P ) R 37 56 B PR R fRL S A2 B 1Y
YLl B, LERHMIAS %) F 375 B E R P 5 = o

4 % %

ARSCHETFH O R SO RS S Wk, A
BT — PRI L 858 FE X 5 F 5 A e 1 3L
W, Il IS AT SIS, e Y
RGO T, OB 3% B 55 2 4
R, 55 AL 5t BE T 0 R,
5 X A AR O TR e S
4 6.9 MW/em?, Helq, 45 A MRS G 5,
TAFIBOCHI R T, M3l i i S8 5 .
SR AR, FEROETIR AT 10 MW/em? i,
PRGBS O 7 A )Y FRE - 23 3 B R

S 3Lk

Y, EONE R R L, oL R gL
FEARZE 5 MW/em? B, R 3% 32 213 3 i B 4
THR, RUNZ A% BN, BB R X f 3 1 4k
SIS o A, X RS ETE 2 kV/iem I
0 kV/em PRI, 15 K AW S 74 100 pm,
EHISE 113 pm FARA—F, JE—LE 0, 7EL
HYPRE BT, Rl 01 BRI R 32
FITHAEL, MRZERTIE . R2EM EZORIE
T HIS TR SE AT T fifk, IF BES P
BT RS T, R B R A AR Y, TR
S RANTRE R ALY o IZIRIS T TR IEAN T
WOLKE DTS2 W b, SO TR % B X
YA g 2 il = 5 1 e M i 23 (A1, AT FHAE R 28
FEL A7 0 v, R R 7R T 3 Ao 1 SR O T R
B DLEAS 5 T SO0, Ot R g S
SR S E SR AR A2 B, KT T3
I A ER M

[1]

(2]

(6]

(7]

(8]

[9]

AR, HBUE, R, . MR G MOBHE LA R SIS R AR B R A A WE TR (1), A R, 2022,
43(2):210380.

DU K, CHEN Q H, MENG X L, ef al.. Advancement in application and thermal analysis of ceramic matrix composites
in aeroengine hot components[J]. Journal of Propulsion Technology, 2022, 43(2): 210380. (in Chinese).

RAE R, F2 %, Kok MR RERTE K Sl E R R IEESE 0], ARALE Btk 2021(18): 55-56.

ZHAO CH D, LI J Y, ZHANG H. Research on application of high temperature materials in aero-engine[J]. Internal
Combustion Engines & Parts,2021(18): 55-56. (in Chinese).

SHAO L, LI W SH, LID Y, ef al.. A review on combustion behavior and mechanism of Ti alloys for advanced aero-
engine[J]. Journal of Alloys and Compounds, 2023, 960: 170584,

#E . 2021 AR IE LA PRI TAL A RS S A AE IS R e (D). B AL, 2022, 39(2): 351-352.

ZHENG Y. Development trend, existing problems, and development suggestions of China's composite materials industry
in 2021[J]. Chinese Journal of Applied Chemistry, 2022, 39(2): 351-352. (in Chinese).

KAeg, TEA, HF 2 ROGANBEEMEIES . WA 2APERE ], B R AL S, 2022, 39(10): 1593-1599.
SHI H CH, YU Y C, HAN CH Y. Morphology, rheological and mechanical properties of polyethylene/aluminium oxide
composites[J]. Chinese Journal of Applied Chemistry, 2022, 39(10): 1593-1599. (in Chinese).

A Fr, WA, AR, L R IKeP B T ERIER T Ti2AIND OSSR SRS stk geffst ], Ae#E5H K
%3k, 2023,43(10): 870-878.

YANG Q, TIAN N N, GUAN J T, et al.. Microstructure and corrosion properties of Ti2AIND irradiated by high current
pulsed electron beam treatment[J]. Chinese Journal Vacuum Science and Technology, 2023, 43( 10) : 870-878. (in
Chinese).

IVANOV K V, AKIMOV K O, FIGURKO M G. The effect of low-energy high-current pulsed electron beam irradiation
on the structure, phase composition and mechanical properties of NizAl and Ni;Al-TiC composites [J]. Journal of Alloys
and Compounds, 2024, 973: 172950.

GUAN Q F, HAN J, ZHOU SH Y, et al.. Improved mechanical and tribological properties of TiAIN coatings by high
current pulsed electron beam irradiation [J]. International Journal of Refractory Metals and Hard Materials, 2024, 118:
106435.

MOORE C A, DAVIS G P, GOTTSCHO R A. Sensitive, nonintrusive, in-situ measurement of temporally and spatially


https://doi.org/10.3969/j.issn.1674-957X.2021.18.020
https://doi.org/10.3969/j.issn.1674-957X.2021.18.020
https://doi.org/10.3969/j.issn.1674-957X.2021.18.020
https://doi.org/10.1016/j.jallcom.2023.170584
https://doi.org/10.1016/j.jallcom.2023.172950
https://doi.org/10.1016/j.jallcom.2023.172950
https://doi.org/10.1016/j.ijrmhm.2023.106435

1358

REYEE (FP3ES0) w17 %

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

[22]

(23]

resolved plasma electric fields[J]. Physical Review Letters, 1984, 52(7): 538-541.

CHNG T L, STARIKOVSKAIA S M, SCHANNE-KLEIN M C. Electric field measurements in plasmas: how focusing
strongly distorts the E-FISH signal [J]. Plasma Sources Science and Technology, 2020, 29(12): 125002.

ORR K, TANG Y, SIMENI M S, ef al.. Measurements of electric field in an atmospheric pressure helium plasma jet by
the E-FISH method [J]. Plasma Sources Science and Technology, 2020, 29(3): 035019.

FBL, KB, BRI, . ORAUREDUEUR S & R L R RO S E O T b R TR poAe
[J]. oL, 2022, 50(9): 1384-1390.

LI'Y, ZHANG G X, CAI ZH Q, et al.. Atmospheric pressure glow discharge combined with cylindrical confinement
enhanced laser-induced breakdown spectroscopy for determination of rare earth in soil [J]. Chinese Journal of Analytical
Chemistry, 2022, 50(9): 1384-1390. (in Chinese).

EFIT IR, TRAT, BARSE, AT 2 BARICR MBOETE S OIS E B MO s mEg L. AT AL, 2023,
51(7): 1195-1203.

SHU K Q, CHEN Y Y, PENG ZH Y, et al.. Laser-induced breakdown spectroscopy for quantitative analysis of multi-
target elements in uranium ore [J]. Chinese Journal of Analytical Chemistry, 2023, 51(7): 1195-1203. (in Chinese).
CZARNETZKI U, LUGGENHOLSCHER D, DOBELE H F. Sensitive electric field measurement by fluorescence-dip
spectroscopy of Rydberg states of atomic hydrogen [J]. Physical Review Letters, 1998, 81(21): 4592-4595.
TAKIZAWA K, SASAKI K, KADOTA K. Observation of Stark spectra of argon high Rydberg states in well-defined
electric fields by laser-induced fluorescence-dip spectroscopy [J]. Japanese Journal of Applied Physics, 2002, 41(11B):
L1285-L1287.

KAMPSCHULTE T, SCHULZE J, LUGGENHOLSCHER D, et al.. Laser spectroscopic electric field measurement in
krypton[J]. New Journal of Physics, 2007, 9(1): 18.

WAGENAARS E, KROESEN G M W, BOWDEN M D. Investigations of Stark effects in xenon Rydberg states by
laser-induced fluorescence-dip spectroscopy [J]. Physical Review A, 2006, 74(3): 033409.

AN W, WANG ZH, WEISENBURGER A, et al.. Laser-induced fluorescence-dip spectroscopy of Rydberg states of
xenon for electric field measurement in plasmal[J]. Review of Scientific Instruments, 2022, 93(2): 023503.

STANCU G D. Two-photon absorption laser induced fluorescence: rate and density-matrix regimes for plasma
diagnostics[J]. Plasma Sources Science and Technology, 2020, 29(5): 054001.

ZAKHEIM D S, JOHNSON P M. Rate equation modelling of molecular multiphoton ionization dynamics[J]. Chemical
Physics, 1980, 46(3): 263-272.

KROLL S, BISCHEL W K. Two-photon absorption and photoionization cross-section measurements in the 5p°6p
configuration of xenon[J]. Physical Review A, 1990, 41(3): 1340-1349.

LANGMUIR 1. The interaction of electron and positive ion space charges in cathode sheaths[J]. Physical Review, 1929,
33(6): 954-989.

STEBBINGS R F, LATIMER C J, WEST W P, et al.. Studies of xenon atoms in high Rydberg states[J]. Physical
Review A, 1975, 12(4): 1453-1458.

(EEME

T wi(1990—), B, VLomE A, TR, 2013 4F . 2015 4 F [ B Bl 2= R K2: 0 0 345 24 12
{7 AR A25 4, 2021 4 FEE R /R W& e T 2% B kA8 T4 220, BN FEPRhIIER . a2
LW, BRI WS . E-mail: 18774840943@163.com


https://doi.org/10.1103/PhysRevLett.52.538
https://doi.org/10.1088/1361-6595/abbf93
https://doi.org/10.1088/1361-6595/ab6e5b
https://doi.org/10.1103/PhysRevLett.81.4592
https://doi.org/10.1088/1367-2630/9/1/018
https://doi.org/10.1063/5.0064676
https://doi.org/10.1088/1361-6595/ab85d0
https://doi.org/10.1016/0301-0104(80)85202-5
https://doi.org/10.1016/0301-0104(80)85202-5
https://doi.org/10.1103/PhysRevA.41.1340
https://doi.org/10.1103/PhysRev.33.954
https://doi.org/10.1103/PhysRevA.12.1453
https://doi.org/10.1103/PhysRevA.12.1453
mailto:18774840943@163.com

	1 引　言
	2 激光对电场测量微扰的理论分析
	2.1 光电离效应
	2.2 场电离效应

	3 测量实验与结果
	3.1 实验设置
	3.2 实验结果

	4 结　论
	参考文献

