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Fig. 1. The basic structure and operating principle of the DPF device.
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Fig. 2. Schematic diagram of neutron generation mechanism in DPF.
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Fig. 3. Framework of hybrid simulation.
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Fig. 4. DPF electromagnetic field modeling approach evaluation.

(NS Roi)  eege o ¥ S L b7 e *%ﬁ?éﬂi
e R AR I R IR /RS
o, ZBEAI R L. 4222 SE i T3 Jrikn ﬁzﬁ{éiﬂﬁ*
WY, VPRGBS TP AGRE, JFTESE R 1
PR 2] A BAN B, (A HAE FDTD A% T 7 B 11
TR I TE] 2R R ], TR A B R B R S
IFETHR AR HA LS, HARMGT AL Z 0 G,
AR A B I (B RURE B SR A, PRI 53 i B A e
SR, AT LT B RE 7  r  S EAR Oy 28
o1, eI B B A X RS AL 16 2352 BIEOR
FR A

B T DPF J& ™[Rl B A7 i 4% B 5 8 1A X
RN LS XS A R T, DL A P H R DA
LA X i) e 4 PR A 1 AR DAL R, I iR 125
BB FARBEh S, AR R A XK
YL RL I, ASBIFSE R T A L RERE AL JT 45 & FDTD
TR M 7 R HEA TR .

2.2 RF-AREHESHEER

B R - T AR-F G FDTD IR A B4
HFE T BT PIC B | ML TR He DL L i 3%
BEHGX 3 N SEA T AR, BRI AN E] 5 B,
T4 PIC B B R i B8 i ol B R 8, A
B R it b TSR TR RN, LRGSR
TSR it 42 0 v 3 R Y5 SR 3 £
P, IR AL IR A B R AR R, LS B
T T, DU A TG A R 6E (Eﬂﬁ
TR A B, tLok, £X%F DPF sk e i, iF
— T T AN AR RS I S5IRA *;%UB’JL?%A#F

HRE
B 1R M PIC Ji ikt AT iig, HALK iz gl
TIRRPE, TNGEE i (e 2% ST PE:

d.’l)i
= Ui, 1
g =0 (1)
dv;
mi—— = %(E +vi X B) f, (2)

dt
Hdrm, o, ¢ Mo 3 5ERE F R 310
B THRMAME THE, EM B ER R
FERRE R . (2) REES AN MNEG—W f FoR
B F-HTRE, f=cj/o, Hbj FRBREE,
o HHFR; BB ECREN R MC ik
H 8. BB FHESIR ] Boris i /R Leap-Frog
WEBh 5%, SR R Nanbu S245K 2 1S Al
FEARI A TS

FL 8 > TG I i A
Hhik:

—ene(E +ve X B) — Vpe +

Hah & Ir BT

ened

=0, (3)
K ne, ve, e HGERR THOR R | 1 3E

FIHFHLAT; po TR @t (3) X, AT IR
BRI LAY SRR A iA =

j:a(E+vexB+Zi°>, (4)

Forb B R PR A
Pe = nekTs. (5)
HL %% B2 bR O MR AR AR, AT D A A
ne = ni. (6)

HL R P G R AR

140503-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 14 (2026)

140503

Vo = U — J (7)

ene

Pl B B T A R R S5 B D7 R A 1
TRy

0 (2nekTe>

ot

+ inekue VT + pe(V - ue)

-2
=V (VL) + L~ Qu. 8)

B, TSN A G T R R i B R
¥ B:

0B
—_— == E 9
N V x E, (9)
OF 1
= _VxB-j. 1
€0 ot MOV X J ( 0)
PICHR

(BT v B ;)

ot

HL
(i EfES B)
AxHL

dv,
dt

etk

(HF SRR B 75'1]%) NeMio
2 e )
T o(3nekT.)

ZAE SR T A WG 7 8 Kb FDTD J5 i,
JF3E Ak T SCRRIE o A 03 F U 285 B, AT S B 4
RZ Mebi B MRG0 FIVA K A, IR FE AR TR
HERER PML 30 544 F g i

2.3 RARIMIERIRE

TETR A BLURIL T, Gl 5 — > S8 BE A a] 20 4
HEJE TCHENS n4-1/2 I 2B HL R RE L /2 S 2
A a1 RFZAG(E 57 X S AR
(8] 25 2K AR SE R, AT SR A7 16 PR U 8 52 (L 1) SR A
Ja, SECH AR T HE ST A A — R
BEXIX— (), fdf UL -1 1 A0 R kAR, R
PRAUERBCLEA G AR A R I, 401 6 FrR.

M IS TR AR : PR A 2 |
By En Mg Br O, kLT RO op /2 I3

dz; _
dt
7n§%%::q(13+4nxl3)—f

Vi

Ne = ¢iny

=0= —enc(E+v.XB)—Vp.+ Eneg
o

2
+nckuc VTt p(Vud) = V-(kVT) + L - Qu

—=-VXE

ot
~116A7E*LV><B*J

ot po

K5 IR R

Fig. 5. The schematic diagram of the hybrid simulation equation.

9.
g+l
A
Entl
6. 3. Brtt 7.
3 Jne;—tl 4. Vin+1 5. Vin+3/2
Jut1/e Jn En+l Bn+3/2
Tl Tl
B Jn+1/2 nt1/2 | Algniy2 e
Br+1/2 wn+l/2 Entl
n—1/2 n+1/2 nt1 n+3/2

vV ntl/2

pntl

En
B"

v n+1/2

K6 Bifli-IER QR

Fig. 6. Estimate-and-revise iterative process.

140503-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 14 (2026)

140503

JE 2 NI K, A TR 37 1 A
BRI B THESR ) Boris 3, KT HEE
R R i) B A
BB B, BT o
Wb H) o) /2
U;L+1/2 _ v;—1/2
At

n+1/2 n—1/2 .
:q<m+%_m’xy>+3.un
m 2 o

F2 RTALE M o HEPER] ot
wn+1 — "
At

XA RE AT AGE TS RS P4 A B 1]
BE Vi (n+1/2 BEEE) FIES T2 BE ny (n+1 B[] D).
B3W T A E T, B BRI

=" t/2, (12)

Ejn+1/2 .
jn+1/2
n+1/2 n+1/2
_ n+1/2( gn+1j2  Je / n+1/2 Vpe /
=0 E n+1/2B s
€Ne e
n+1/2
a1 BT ET _Je / n+1/2
=0 rieDB
2 ene
vp;l+1/2
+ . (13)
en:-ﬁ-l/Q

TESRARATE] n+1/2 B 20 () oL I3 % BE B, X R
Yk AP RE BRI, JEIR Sl e s 1.

Fa W R ERM FDTD Jrik, Kif
n+1 B ZI R Brtt

E"! _E" 1
T _ 02v % Bn+1/2 _ gjnﬂ/? (14)

B5% WEREERM FDTD ik, ok
fift n+3/2 B ZIB g Br+3/2
Bn+3/2 _ gn+l/2
At
Jr S B — M R AR - 1 A
REfS B TR R RS, ROMAE N —AN I [a) 25 1 B
THESh T B E gt E R AR e I
Y2 ) gt B DPF 4 L 4 TR A AR 0L S ]
eI Y F2 B ) R, L B R E L ] 6 T
TN TG AE IE SR S, HEARE IR (55 6—9 25)
.

=V x E"h (15)

B6 Hifli oL IR E 5 (b
IR e 6 25):
Q= g2t (16)
S P BN L I %) e i
FTURE GBI ne 1 MRS BRI
B BT, AL TR (1) W (2) JEA3 R TE
n+3/2 12U E I V"2 g "2
B8 TR R T 73,
T30 et 1 P20 T D RRE V7RI T
VI = Sy )
B MUY nt 1 INZIB T
FUBTER Y nt 1IN0

e

.n+41 _O_7L+1 En—‘rl _ ng_l XBn+1+vpg+1 (18)
7= enlt! enttl /"

2, At AR BREAT LLSE K n 2B B nt1
HER R, SR EANME RS R T U,
I8 1E 5 2 TSRS B s, (R RSB ]
SRR AT — YR T4 3, 115
i (KR#) 50%).

2.4 SMEEERFELFENIDR

DPF 5 0 ad R b 75 R figt o1 e 5 H g, 0F
MAEH T E AR AR TAEE S, T DPF 4 %
R I SIR AR A A R AR A

DPF 7 B AL 4R

d

1
&[Lol]:%—rof—a/ldt_UPFa (19)

Horb v LR B IR LI, Co M HLERHRLAY, Lo AH
BRHURR, ro g HLHLRH, IXLES A EIE SRR E
Upr N DPF 3¢ B LT, D)5 22 R S R U 4 2R

H A E:
Upr =d (/ Bds) /dt. (20)

BITE 4 MR A X 44 DPF 245 N G730 47 T
Uy, SRIG X ESR $15 8] DPF REEHUE.

RN L, v B O AR i — B 22X
g =

In+1 . 1 n

Al LO(VOTOInCéOU}?F>a
Qn+1 _Qn "
a0 (21)

140503-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 14 (2026)

140503

ﬁ¢@=/ﬁwﬁ@%%ﬁ.
O A A B T 3
T A FLALEE AR R

ul
Byg = —.
o 2nr

FETHS A0 e vp 75 B ARG S L R TR
AN E] 25 B HRL S LA 1, SRS AR LR T RA
UGS 5

(22)

3 H#ER 536
R

Bl 7 s T & E LLNL 25 = i A A kA
) DPF 3% 8 LA R A SCIR A AU 1R 13 1Y
TR FH DPF BB EAE N 1 em, BABCEAE r =
1.5 em, fff F ZHEH0FR R G AT, AR
DX 358 9 [ it P A 2, PN S 1 LI A v s B
W, AN ELAR A AR, PR P33 s DX 42
0.5 cm. WA 7 B, R T TESS 40 A% HESE
SEIRE R A R, AT IR A LR
J7 B PR A i 157 A6 R~ S B AR, X 5 18 7 s 356
LLNL 5255 % fir® FH A 15 Sk BAA T BirAS ).

TER ) B BRI IR IR A BT, PIaR s 21
HEBETIRAT 2 = 4.5 cm Ab, BEH L], §)2

3.1

lon density/cm~—3

z/cm

[l 8

(2]

2o B DX B LA, B R A R RO (R
THE TN 6.7 x 102 m=3, JOE [ H
TREER 300 K). 45 12 118 2 00 46 7 ) 3l 2
00:(B2/2,u0p0)1/2%1.5><105 m/s. 55 B TR )
RRBEZIN T, = T, = 8.0x 10° K. 45 & TR 1Y %
FER 1 mm, H PSS FIR%EHR 3.3 x 102 m—3.

(a) Initial conditions
L5 Vacuum I
tg) 1.0 Hollow anode ) Cathode
= 05} neutral deuterium
0 . . .
0 2 4 6 8 10
z/cm
(b) Number of particles = 500000+ 24504
! 4_
O
~
~
0
0 2 4 6 8 10
z/cm
K 7 (a) LLNL 5250 % DPF 3 B £54; (b) RSB I

WE MR T
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Fig. 8. Comparison with the simulation results of LLNL in the United States.
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Fig. 9. UNU device structure and initial macro-particle setup.
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Fig. 10. The simulated circuit current of UNU device.
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Fig. 11. Plasma density distribution in the implosion stage.
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Fig. 12. Magnetic field distribution in the implosion stage.
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Fig. 13. Plasma distribution during the pinch stage: (a)
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Fig. 14. Electromagnetic field distribution during the pinch stage: (a) Magnetic field; (b) axial electric field.
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Particle-fluid hybrid simulation of dense plasma focus”
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Abstract

The Dense Plasma Focus (DPF) is a high-energy-density plasma device capable of producing extreme
plasma conditions, which makes it promising for applications in fusion energy, radiation sources, and materials
science. However, the dynamical process of DPF involve multi-scale processes, ranging from macroscopic
magnetohydrodynamic (MHD) instabilities to microscopic kinetic ion behavior, which are not fully captured by
traditional single-approach simulations. In this study, a self-consistent electromagnetic hybrid simulation
framework is developed to investigate the complete physical process of DPF, including the run-down, run-in,
pinch formation, and generation of high-energy ion beams. In the proposed model, ions are treated kinetically
using the particle-in-cell (PIC) method, while electrons are described as a quasi-neutral massless fluid. The full
set of Maxwell’s equations is solved by the finite-difference time-domain (FDTD) method without invoking the
Darwin approximation, allowing electromagnetic waves to propagate self-consistently in both plasma and
vacuum regions. A predictor-corrector iteration scheme is implemented to ensure stable and accurate time
advancement in the hybrid algorithm. The model is first validated against simulation results from the LLNL
laboratory obtained with the LSP code, showing good agreement in pinch timing despite slight differences in
plasma geometry. Further validation with the UNU device confirms the accuracy of the hybrid model in
simulating axial acceleration and circuit coupling. Using the verified model, the full DPF process is simulated. It
is revealed that during the pinch phase, m = 0 magnetohydrodynamic instabilities lead to the formation of
localized plasma necks, where magnetic fields exceed 200 T and axial electric fields reach ~10" V/m. These
extreme fields accelerate ions to energies up to 1.5 MeV, and a broad spectrum of ~100 keV ion beams is also
observed. The results indicate that beam-target interactions driven by these accelerated ions constitute the
primary mechanism for neutron production in DPF. This work demonstrates that the hybrid PIC-fluid-FDTD
approach provides an efficient and physically comprehensive tool for modeling multi-scale plasma dynamics in
DPF and similar high-energy-density devices.

Keywords: dense plasma focus, hybrid simulation, prediction-correction, pinch
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