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Fig. 1. Flow chart of the hybrid particle-fluid model.
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Fig. 2. Mass stopping power for incident electron in N, and
O, (left)P™; ionization cross sections between electrons and
N, (right).
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Fig. 3. Mean energy of the secondary electrons.
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T, AR s sk 3 (A B
ot YUNEOp SR =3

B 6845t T A BT 2], 10 Torr Fil 20 Torr
SN RG R F R . T ERAIIR B+
EHOEHE TR A, BT 2—3 ns IR TAEZS
[B)_E 53R KBS e i FARTR], R (AR ZE 0 Fe 74K

W A AR, AR R L, BT
5 FE AR, YR i 8 DX s o 1 A ) K e
HAH S T AL, 4 ns I, SGHLF kg
IR, AR ZE A X R - 0 5 FE AT i A . Ik
F, 1) 50 32 B s A PR P T3 i K, 10 Torr
4 ns B, WA TR ECEEZ) N 2.5 x 10 m 3,
20 Torr &£1FF, I KEUEEZ N 5 x 108 m3.
T FIIEEECR B2 2 x 10Y m3, 7EJ6H
FASEARF I N, R GRG0l 8wl i
FR.

Kl 7(a) g5t T EA AT, ARlm 6 g b
R R E, BRI 22 . ¢ = 2 mm ZEAYH
WPAE 2.5 ns B FNIE(E 4.8 x 105 V/m, WL EH
Yy B R R 28 (B L A 30 (space-charge
limited effect). HI T HLATSFE, S IRTE X G m4R
PR OO 7, 4w deBEA B E R 45 Y 1
L far, DG HL AT SOt 2 M AL, Hix
HLZ 0 )5 In] 5 0GR iz 3y AR ). BEE At
HOGH TR R T, FR3 s B TR G 5, 78
R IVERTT, SR 3R i 2 BRI 2 o v B
ICRAE 2T Al B 25 Rl LA )= (space charge
barrier layer), 2~ 6 HERH R TR HEIX
B AEAS A AT 2 N, G T s, R )
Jons A [ 380 2 B, A S5F TR ] s SO B i) 4 1] H,
JEWANTE LT, AEREAS [E] FL e R I B AP A %A
[i] FL fef J2 A At 2 BHAR SR SOt LTI fr iz 8y, &
HE 6 T ESSFMT 3 ns B A X8 AT AR
W%, 2 ns Ja, BT HEAOGHR I HL %
/)N, 72 T E A J2 P R 38 B Tk B W 5 Tk
PREEYERE, W T 7(a) o2 = 2 mm ALY
PR, 25 A H e R W W A 30, 18] 6 4
e MR 3 2 (R A S22 s B B, FE B0 T
BE R I B DG L 85 B, 38 1 TR R B 55 114 25 ]
L far BRI RN ] 7(a) H 2 = 10 mm 4B HLIGHE
2.5 ns BT H LT A4, 332 R O G L A H
i FE WAL, 25 [A) L fAr 8O 3 iR, e £ L Y
2% B) L ef 22 55 0 L - S T 2 [ A R B A L, 5[]
HL 212303 T 2 = 10 mm 22 HE .

B 7(b) 41 T 10 Torr JE IR, B A) B 3758
BERERS R A9 ARk, 2 = 2 mm AR HE I Z07E 0.8 ns
IRFNEEE 2.8x10° V/m, [CHFZ 50 N (A
M) 1/17, IZIKSE (DL R B e 2 5) ik 22s
T 1.7 ns W/NEIZS 0.8 ns. x = 10 mm AZbHL 3704
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EMHET 2 =2 mm A, 5 40 mm &b H 37 3
TEARARL, (A PEAR . AT AR B, 7E 10 Torr Hs
T, SRR B HI 5 T EAR SGEMP L
Wi 17 (AU LA R JDk i S 32 3k =2 th T 1
7 A DL S SE T, W55 T 7S (R H A RN . (A5
M, z=2mmY5 z = 10 mm &b /) %h m) B35 7E
24y 2.5 ns J5 H TUE, FFAE 3 ns &£ A A fUgA(E,
25 3 x 10* V/m, FifiJ5 & # s mw ®) 0. i &l 6 7]
M, R T A B AR R AR L) FE AR ZE MY
G i i Y G R AL o s S
i o BT IR A L.

(a) —— =2 mm

) HIFSRIE B,/ (106 Vom—1)

f$18] /ns

T

g

>

E

<

5

B

=

R

=

=

&

0 1 2 3 4 5 6

tf1a] /ns

7 HEZ% (a) L 10 Torr K77 (b) T, #hin MY E, BERT
[AYAE AL (2 = 2, 10, 40 mm; r = 0 mm)
Fig. 7. Time-dependent electric field E, (z = 2, 10, 40 mm;

r = 0 mm) for (a) vacuum and (b) 10 Torr.

& 8 45t T HE T AT M3 17 (2 = 48 mm,
r = 48 mm) P[] ARV 5 EE B, B 8] A2 1.
FZSZFT, B, 297 1.9 ns BEAGIEE-5 x 104 T,
[k 94 1.1 ns. 10 Torr FE J1°F , B B0 56 & 06 {F
(-7.9x10* T) 2 HA 5T HY 1.6 4%, BRih iR
WAz 2.4 ns. (AFE— 203 AR T, W20 5
Y iR AH 2 R A2 AR, 20 Torr ™ B, MIE(E B £
S5Ez=ZMU4T B, AH24, 50 Torr X I {E B, e

FEAS T 18%, (BRK I HFZEIf 4K T 4 ns. H
ot o O | 1A R VA AR S i S e R R (O M
BENAN, 2 ns 5 B, tHBLIREUR R, 2 ik
R 25 () LAy 22 A A B T - [ oA 0 g
Mzl WK 6 .

Yl RSN 3 B,/ (104 T)

Hf18] /ns

K8 AREJEIT, DI @5 i B, B[R] Y A2 1k
(z = 48 mm; r = 48 mm)
Fig. 8. Time-dependent magnetic flux density B, at differ-

ent pressures (z = 48 mm; r = 48 mm).

SR, SCHFH IR LSRR
RGN 5 B A Tk, &1 9 432 T Al ) A (]
78 _F R T I DL ORI, X
O T o RO B T, LK
AN 17525 2 R = M ot N e X 1N R L STREN e DB
. 0—2.5 ns, il 2 = 10 mm B AY IR HF
L5 0GR FL Y el A g, 3O B TR R B B
LT BT, RS TS R T Rz ] s
SR, TEX —IE R B ERT, %k
LIRS TR Y 7 ) S0 s 3l 7 AR, IR
R~ FEL I S e ke SCPM Al R i A Bl L ) LR
HP IR 174 B 221 A b Y FEL - L I I A 2200 S T
29 0.5 ns. TERYHE FIEFH L FR b, Bl 5 m) B A7
TR, 74 Tl (K 7(b) FiR),
KPR TR RRE 2 ) ). 2 A GBIk b i 5
JaBY B, 29 3.5 ns Jm, IRYH FHIRH G S EF,
FERBNIENE, 29-85 A. [RAT, Rkt (11) 5K
T B S A IR, YR HL - L B T RN Ry
F. RYH TR BAAEFEC T BHRAEASDEHE
Tk 255 B “d 27, it 2 = 10 mm # 1
B HLIRTE 8 ns JE A 0. 7EEH T ASE i
#) 2 ns, HTHIZ AT, K 9(b) ' z = 40 mm 4t
PR L F LI S 0GR FL L IR [, B AR ) 5
F UL [ LR 3 T 42
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=10 mm

50 _(a) //\\

—50

HLU /A

—100

—150 | — L
- - - R HL TR
—200 i JEHLF LY

0 1 2 3 4 5 6 7 8

50 L(b) r =40 mm

—50

/A

—100

—150¢ — i
N - - - KBTI
—200 - ST e s it

0 1 2 3 4 5 6 7 8
) /ns

I = T o 1 A R/ 3 e Rl N 1 < S

(10 Torr) (a) z = 10 mm; (b) z = 40 mm

Fig. 9. Time-dependent current of photoelectrons and sec-

ondary electrons (10 Torr) for the plane: (a) z = 10 mm;
(b) =40 mm.

HI [ 9 RN, HETHR AT, G F
235 M) S5 P Y T Y 300 P ) 220 O 3 ol il 7 )
ok GERG IR, B HL A U 32 2 S I A SO 7
Mz s . B, B8 rf mg kN o B UG i 7E
10 Torr DA bydi/)y, B RN & k440,
BRI E T R BURE IS 5, 200
LT Az g B RO, BERI XA s i DG e
TR

& 10 45 5 T 2 ns BEXCPFREM_E Ik 9 i 21
WE N, oA, IWZEAEA IR 508 T R B %
W BEARZEM (2 < 15 mm), RHF50% BEBE
JE 3G 0, SE A2 SRR N, B 5 Torr
#9 1.5 x 108 m3 ¥R A 50 Torr FAY5.0 x 108 m 3,
FEGZER N (10) X py G FRE RGO F5
Fif B B URIIA) T L T S P AR B, R
SRR AR F o 1T, SR, 50 Torr T,
N, AERh 7 77 1) b 6 BE B, I ol ) i B R
£ 2 > 15 mm SZ2IK T 20 Torr /1 FAY N..

K1l iE—2AH T 2= 24 mm AR FH T

ST / (101 m?)
V)

0 Ei) 1‘0 1.5 2.0 2.5 3.0 3.5 4‘0 4‘5
HhELE o /mm

K10 AREDTF, XFRH ER S TEOR R (r =

0 mm, t = 2 ns)

Fig. 10. Distributions of secondary electrons along the axis

at different pressures (r = 10 mm, ¢t = 2 ns).

WERR R ORB (2 [ " Nedr) Bl 2
. ANFEEIIT, A s (0 4508 B e st |
T, ASHGH Rk S5 R, N, 28 TR
Maulois 55 P9 48 i | 7E4L 1 Torr J S 544 F, O,
F14)fiPp 5 R O 5 07 L 288 8 Rk 11 52 17 240 7 B 40
BEA G 5, BIARNRG AT | BT EOH EE
FEAR, JFIRIE LR s v P AR B R e R AT e 2 4F
SERCANMMRD. 5—20 Torr, N, 28B4 10 fe K (B Pl
FIBERTHE K. 0—4 ns N, IRYH T4 B 11
FRA 5 Torr /4 1.98 x 10'7 m 3 /ns A4 20 Torr
THY 5.84 x 107 m3/ns. #R1M, 50 Torr K ) N,
LRUMMART 20 Torr FRYZESR, X FZRH A
SETFOCH PR ™ E, 255205 i B 1 Fh
THFD, W FIK AL TG, BRI 10
F 2 = 24 mm, r = 0 mm &t 50 Torr KL H T

2.5
‘E 2.0 20 Torr\ ’/./"'— 50 Torr
= '/'/
S e ‘/
’Sé g _/./ /// ----------- 1 -O-’Ijo-rr- -
§ 1.0} R
£ 5 Torr
ﬁ 0.5
gu

H$18) /ns

11 AREST, 2= 24 mm AR F A FHOR 1210
LR FRS3 BER Al 1 24k
Fig. 11. Line-integrated secondary electrons at z = 24 mm

at different pressures.
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BUE JE B AWK T 10 Torr FHJ N, {H 50 Torr
T N, F g3 A SR, B AEAR m e AR5 ATh e
F 10 Torr FRYZES. SCHk [5, 57) H s i 240
AR U BE RSO BT es i, R iy 42
KA.

&l 12 SR FREh bR IR EE A ke
HUf)E 2 ns, 5—50 Torr 54 B L TR EEFE 2—
8 eV, H.FfAE H S5 hn, Fa ¥ I B2 B i s, X 2
KR 55 B R RE RS E R (12) WP R % %
AR AR T SRR 2, T 0, IR
FAL 38 o AR S A e R B o T R — F ) 4%
T, S A O g T A PR, R B iy, X R R AZ
0 L B R R A R L T L3 TR 3R AR 1Y RE
i, BRI S PR AR P A R A, b2y
1T i LB SV AR, 2 ns B, R ARAS M i TS
HAH B 7 A AR G 8/ (Anf&] 10 o), BRI
HLFRE R PR IR, [ 1238451 T 5 Torr, A
Ao 220 ) H IR BE 40 A, 2 s i, RERRAH B0 HL TR
JE Bt B (B4 I i REAER, SER SR A I R TR G
TR (ANE 6 ), il 0 8 B
BT

—— 5 Torr, 2 ns
8F ---5 Torr, 3 ns
--—-5 Torr, 4 ns
> 61
o
~
™ S
= Ll
o 4
i
2+ — 10 Torr, 2 ns
—— 20 Torr, 2 ns
—— 50 Torr, 2 ns

0 5 10 15 20 25 30 35 40 45
i «/mm
Fl12 xbFRA BB TR G (1 = 0 mm)
Fig. 12. Distributions of secondary electron temperature

along the axis (r = 0 mm).

3.2 SIgk

M FH S5 SRR S 14 2R G T R AL i R S
JEWFSE SGEMP fx HLIEHYJ7 %, {HLI 2R S50 A
o e TR RS, SOEMERE R, IR e R
23 )3 Rl B SR 2R IRME LA A, BT LA A e 1
FOASAD R S TG LT B R PR BEAT SR E ST 20 i
22 70 AFAR, SR B A B B SR L AT T —

FY L F R R S5 T AR SGEMP &80 /Y
S T AR 27 Hovh g ko S 56 AR T R U
LU TAR, IR RS AT LR g SRtk 1T
Lbdse, DAsE— 2D B0 iE AR SCIR A B ABE 1R () oA

IR S E 5 25, RAFIER, 975 150 mm
ELAE 300 mm A B AR JEE 1A, F 5 SR DA 70 0 s T S5
A B FRL U B R A ST 345, 1B 13
A HL B FL I DA R R S R S B4 A I A (1]
AR AL, 35k F TSI (7). A2 45 R R A
S SCHRTCIE 25 Y R SRR L R oA, iX
B 2% Chan Ml Woods!20) (1) 4b ¥R 5 85, R R —
20 A i - I R L 145 TP 4B &, WL FRER &
T 25 keV a9 (W o W4, IKF 25 keV 1
R F LA cos?0 A HER LT, 0 5 o
Je .

100

180

460

NSTHL /KA

440

SH TR /keV

420

H$T8) /ns

F13 b FHORTE (Z) S T AR (£7) BRI
KR
Fig. 13. Electron beam current (left) and energy (right) as

functions of time.

Bl 14 45 TR N K J1 28 3 Torr B, Z =
12.5 cm, 7 = 13.8 cm Ab Ay 1 3% % B Fifi B 1) %) 48
k. BLUZE R4S Sr iR 25 BRI A —3 IR A
OIS TR A5 1) 1) 1 7 o B DA LE SR 25 R T A
10%. 18 B2 ) %) B PR T B 2 S Fi A AR
WA R, [ 14 rhd g 1 TG s T L
cos?0 B FAGI AR BTSRRI, /i
i i W 1 BURAIG . o mT RE S AT AR 1R
MBS GRS, W T2 B AIG, F TR
swarm B AR 5 FARAFAE I 22 . (HR AR U,
AR S FH B TR A AR B 8 1T DL R A AR A T e R
PAFAR SGEMP BB 20 1.
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2500 .
- - - K, GilbertZ 0]
—— €ine<25 keV, cos20
2000
o — cos?0
|
g i
< 1500
= 1000 F RN
X AN
k= A
500 | RARER
0 .
0 5 10 15 20
Hf18] /ns
B 14 Z=125cm, r = 13.8 cm AR RE 758 IE (RN TE
7413 Torr)

Fig. 14. Magnetic field at Z = 12.5 cm, r = 13.8 cm for an

air pressure of 3 Torr.

4 # #

T RS S AR 2R G H R K R
i), A S R T s SO0 L T AU | U LA
e 25 B R 5 HR R 3 B R B, SBT3
T PIC-HARTR A BT L) = 4EJEF3 28 SGEMP
BRI, 55 T 050 Torr JE 1T W8 A: g 4
W RS RE Kb, FELEET.

1) Fdios S8 B T RH 55 T 6 H - A& S i R
AT P9 2 () L Aap 500, , BELAS: T2 [B) HELAup J2 A9 P2 He
i o W HE 28 45 PF R IR T — M E0E g, g
ik v 5 s S 2 AT

2) St 2 BRI P E T H Y e I 1 W
FESITR R, Fs VAR A v R J 1y 56 5 S G I s/ ). H
LGB TR AN HLE R TR I bk
eI, FLIAL IR B

3) FEukm, &G i BT A IR 2 RO
v, Bl o3 R R, s A P ) L O
FEAE 20 Torr T H PR, Fo 175 5 Bl 1 A 384 =5

4) BUEAIUZE R 5 B F R BH SGEMP 5L
SERIATHOAL, JoUE T A SR A DU (1) T FE .
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Abstract

The surface of metal system exposed to ionizing radiation (X-ray and 7-ray) will emit high-energy electrons
through the photoelectric effect and other processes. The transient electromagnetic field generated by the high-
speed electron flow is called system generated electromagnetic pulse (SGEMP), which is difficult to shield
effectively. An ongoing effort has been made to investigate the SGEMP response in vacuum by numerical
simulation. However, the systems are usually operated in a gaseous environment. The objective of this paper is
to investigate the effect of low-pressure air on the SGEMP. A three-dimensional hybrid simulation model is
developed to calculate the characteristics of the electron beam induced air plasma and its interaction with the
electromagnetic field. In the hybrid model, the high-energy photoelectrons are modelled as macroparticles, and
secondary electrons are treaed as fluid for a balance between efficiency and accuracy. A cylindrical cavity with
an inner diameter of 100 mm and a length of 50 mm is used. The photoelectrons are emitted from one end of
the cavity and are assumed to be monoenergetic (20 keV). The photoelectron pulse follows a sine-squared

2, and its full width at half maximum is 2 ns. The results

distribution with a peak current density of 10 A/cm
show that the number density of the secondary electrons near the photoelectron emission surface and its axial
gradient increase as air pressure increases. The electron number density in the middle of the cavity shows a
peak value at 20 Torr (1 Torr = 133 Pa). The electron temperature decreases monotonically with the increase
in pressure. The low-pressure air plasma in the cavity prevents the space charge layer from being generated.
The peak value of the electric field is an order of magnitude lower than that in vacuum, and the pulse width is
also significantly reduced. The emission characteristic of the photoelectrons determines the peak value of the
current response. The current reaching the end of the cavity surface first increases and then decreases with
pressure increasing. The plasma return current can suppress the rising rate of the total current and extend the
duration of current responses. Finally, to validate the established hybrid simulation model, the calculated
magnetic field is compared with that from the benchmark experiments. This paper helps to achieve a better
prediction of the SGEMP response in a gaseous environment. Compared with the particle-in-cell Monte Carlo

collision method, the hybrid model adopted can greatly reduce the computational cost.

Keywords: system generated electromagnetic pulse (SGEMP), photoelectrons, particle-in-cell simulation,

hybrid modelling
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