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Fig. 1. Photos of Starfish: 3 patch photo after burst time 4 s.
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Fig. 2. Contour plot of three-dimensional debris density in the geomagnetic meridian plane in Starfish experiment at different time:

(a) 0.1s; (b) 0.2s; (¢c) 0.5s; (d) 1s.
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Fig. 3. Contour plot of three-dimensional debris density in the XOY plane (perpendicular to the geomagnetic fields) in Starfish ex-

periment at different time: (a) 0.1 s; (b) 0.2 s;(c) 0.5 s5(d) 1 s.
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Fig. 4. Contour plot of three-dimensional debris density in the XOY plane (perpendicular to altitude direction) in Starfish experi-
ment at different time: (a) 0.1 s; (b) 0.2's; (¢) 0.5 s; (d) 1 s.

180703-5


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

¥ 1B ¥ Acta Phys. Sin.

g 700 (@) (== = 300
2600 1 2, 200 |

S 500 100 @
~ 0 =}
R o £
— 1 —200 =
<200 - = My —300 °

—600 —200 0 200 600
z (south to north)/km

5 )5 0.2 T4 B o Jy o) HEEE S A

Vol. 70, No. 18 (2021) 180703
g 700 (b) 60
£ 600 A 0 O,
2 500 A 20 g
£ 400 A 0 £
= 300 A SN —20 >,
< 200 —40 =<
600 —200 0 200 600

z (south to north)/km

(a) 5T (b) FRIRHEE

Fig. 5. Velocity distributions in the 1, direction in meridian plane at ¢ = 0.2 s: (a) Ion velocity; (b) Hall velocity.

] A4 AN T2 X AR, 1] PG 5 ] 3 8 DR T ) 2R 7
] B, BN e PR Rl g . 5 g R
HL BRI, B3 3RA 0
E=vyxB=(J/n.—v)x B, (18)
X, v BB TR, vn 25 SRR K L i
(SFRGHE , T /e M RE Y B2, A SRR
FERHBE (Hall velocity). #IIRHTZ, M H T X 4h
(PEAR 7 Il) HORE -/ T2 R RR T, B
v (2, y,2) = —vz(2,y, 2),
By(z,y,2) = By(—,y,2), (19)

Bz(l'vya Z) = Bz(_xvya Z)

D) FEL 30y
_ 0By(z,y,2) 0B.(x,y,2)

Jz(gjvyaz) - 82 8y

J.',C b )
ool y2) = ZEBD gy,

Jo(—2,9, 2

"UHz(fxayaz) = % - vz(—x,y,z) (21)

= HEBE (a2,

AL DL, R IR R X B AN T 2 B, AR AR
B HAXTFR M, 6 BB | i
YA AN B MR

Bl 545 TS 0.2 s BFF41 oo K&
T SRR, W LA B ROR
() 1 g R R AR, LR R TR /N T B
B, (HHFZ AN ] 2008 33X 3¢ B A 1 25 A0 K v
I R RN, TERR IR BUNAE R T 45 1 2 ) %t

4 % i

B o 2SR NERE o ds S S TR o 2

-

S BT E I RS A i W N o (O VAR SR
R EHRAE A 2z, FOE A TR AR A R i AR
RIS T M G, P RAATT Rt A PR
AR TR missh TR, MR R T
BT Starfish BRI R =iz 3, 4 T AEL
J7 W IR R iz s AL, - S I A5 R AT L
XF, Bl ARG . R TR, R
=[] iz 3 R Z R AR AR ) iz
S EEZWHEN, B Tazshd ek, b5k
A RUARRE Vs i TR R LR RZ IR, AR P 7 ]
FR3Z B AR FREY, PUMIAYIE Bl B2 T AR M.

SRS B AT AR AR DRI e 2 e T 14 B B [
B AR BT IR GBI ETHE.

S 30k

[1] Trelat S, Sochet I, Autrusson B, Cheval K, Loiseau O 2007 J.
Loss Prev. Process Ind. 5 4
[2] Winske D, Omidi N 1990 Geophys. Res. Lett. 17 2297
[3] Drake J F, Mulbrandon M, Huba J D 1988 Phys. Fluids 31
3412
[4] Winske D 1991 Simulations of HANE/VHANE Dynamics
AD-A243198
[5] Hideo A, Tkuo I, Toyoaki H, Futoshi O 1981 J. Phys. Soc.
Japan 50 2729
[6] Kopecky V 1968 Nucl. Fusion 8 313
[7] Stirling A C 1965 J. Geophys. Res. 70 3161
[8] Longmire C L, Hobbs W E 1997 Fireball Effects in Late-time
Emp From Surface Bursts (Santa Barbara: Mission Research
Corp) AD-A-066604
[9] Winske D 1988 Early Time Strucuring at Very High Altitude:
Instability Mechanism, Properties and Consequences Ad-
A201298
[10] Durney A C, Elliot H, Hynds R J, Quenby J J 1962 Nature
195 1245
| Hess W N 1963 J. Geophys. Res. 68 667
| Unterberger R R, Byerly P E 1962 J. Geophys. Res. 67 4929
[13] Baker R C, Strome W M 1962 J. Geophys. Res. 67 4927
| Siebert K, Witt E 2019 Nominal Waveforms for Late-time
High-altitude Electromagnetic Pulse (HEMP) DTRA-TR-19-
41
[15] Stuart G W 1965 Phys. Fluids 8 603
[16] Qiao D J, Hua M 1986 Antinuclear Hardening 3 98 (in

180703-6


https://doi.org/10.1016/j.jlp.2007.05.004
https://doi.org/10.1016/j.jlp.2007.05.004
https://doi.org/10.1016/j.jlp.2007.05.004
https://doi.org/10.1016/j.jlp.2007.05.004
https://doi.org/10.1016/j.jlp.2007.05.004
http://doi.org/10.1029/GL017i013p02297
http://doi.org/10.1029/GL017i013p02297
http://doi.org/10.1029/GL017i013p02297
http://doi.org/10.1029/GL017i013p02297
http://doi.org/10.1029/GL017i013p02297
http://doi.org/10.1063/1.866906
http://doi.org/10.1063/1.866906
http://doi.org/10.1063/1.866906
http://doi.org/10.1063/1.866906
https://www.researchgate.net/publication/235057794_Simulations_of_HANEVHANE_Dynamics
https://www.researchgate.net/publication/235057794_Simulations_of_HANEVHANE_Dynamics
https://www.researchgate.net/publication/235057794_Simulations_of_HANEVHANE_Dynamics
http://doi.org/10.1143/JPSJ.50.2729
http://doi.org/10.1143/JPSJ.50.2729
http://doi.org/10.1143/JPSJ.50.2729
http://doi.org/10.1143/JPSJ.50.2729
http://doi.org/10.1143/JPSJ.50.2729
http://doi.org/10.1088/0029-5515/8/4/003
http://doi.org/10.1088/0029-5515/8/4/003
http://doi.org/10.1088/0029-5515/8/4/003
http://doi.org/10.1088/0029-5515/8/4/003
http://doi.org/10.1088/0029-5515/8/4/003
http://doi.org/10.1029/JZ070i013p03161
http://doi.org/10.1029/JZ070i013p03161
http://doi.org/10.1029/JZ070i013p03161
http://doi.org/10.1029/JZ070i013p03161
http://doi.org/10.1029/JZ070i013p03161
https://www.osti.gov/biblio/5799276-fireball-effects-late-time-emp-from-surface-bursts-topical-report-january-february
https://www.osti.gov/biblio/5799276-fireball-effects-late-time-emp-from-surface-bursts-topical-report-january-february
https://www.osti.gov/biblio/5799276-fireball-effects-late-time-emp-from-surface-bursts-topical-report-january-february
https://www.osti.gov/biblio/5799276-fireball-effects-late-time-emp-from-surface-bursts-topical-report-january-february
https://www.osti.gov/biblio/5799276-fireball-effects-late-time-emp-from-surface-bursts-topical-report-january-february
https://www.researchgate.net/publication/235056922_Early_Time_Structuring_at_Very_High_Altitudes_Instability_Mechanism_Properties_and_Consequences
https://www.researchgate.net/publication/235056922_Early_Time_Structuring_at_Very_High_Altitudes_Instability_Mechanism_Properties_and_Consequences
https://www.researchgate.net/publication/235056922_Early_Time_Structuring_at_Very_High_Altitudes_Instability_Mechanism_Properties_and_Consequences
https://www.researchgate.net/publication/235056922_Early_Time_Structuring_at_Very_High_Altitudes_Instability_Mechanism_Properties_and_Consequences
https://www.researchgate.net/publication/235056922_Early_Time_Structuring_at_Very_High_Altitudes_Instability_Mechanism_Properties_and_Consequences
http://doi.org/10.1038/1951245a0
http://doi.org/10.1038/1951245a0
http://doi.org/10.1038/1951245a0
http://doi.org/10.1038/1951245a0
http://doi.org/10.1029/JZ068i003p00667
http://doi.org/10.1029/JZ068i003p00667
http://doi.org/10.1029/JZ068i003p00667
http://doi.org/10.1029/JZ068i003p00667
http://doi.org/10.1029/JZ068i003p00667
http://doi.org/10.1029/JZ067i012p04929
http://doi.org/10.1029/JZ067i012p04929
http://doi.org/10.1029/JZ067i012p04929
http://doi.org/10.1029/JZ067i012p04929
http://doi.org/10.1029/JZ067i012p04929
http://doi.org/10.1029/JZ067i012p04927
http://doi.org/10.1029/JZ067i012p04927
http://doi.org/10.1029/JZ067i012p04927
http://doi.org/10.1029/JZ067i012p04927
http://doi.org/10.1029/JZ067i012p04927
http://doi.org/10.1063/1.1761273
http://doi.org/10.1063/1.1761273
http://doi.org/10.1063/1.1761273
http://doi.org/10.1063/1.1761273
http://doi.org/10.1063/1.1761273
https://doi.org/10.1016/j.jlp.2007.05.004
https://doi.org/10.1016/j.jlp.2007.05.004
https://doi.org/10.1016/j.jlp.2007.05.004
https://doi.org/10.1016/j.jlp.2007.05.004
https://doi.org/10.1016/j.jlp.2007.05.004
http://doi.org/10.1029/GL017i013p02297
http://doi.org/10.1029/GL017i013p02297
http://doi.org/10.1029/GL017i013p02297
http://doi.org/10.1029/GL017i013p02297
http://doi.org/10.1029/GL017i013p02297
http://doi.org/10.1063/1.866906
http://doi.org/10.1063/1.866906
http://doi.org/10.1063/1.866906
http://doi.org/10.1063/1.866906
https://www.researchgate.net/publication/235057794_Simulations_of_HANEVHANE_Dynamics
https://www.researchgate.net/publication/235057794_Simulations_of_HANEVHANE_Dynamics
https://www.researchgate.net/publication/235057794_Simulations_of_HANEVHANE_Dynamics
http://doi.org/10.1143/JPSJ.50.2729
http://doi.org/10.1143/JPSJ.50.2729
http://doi.org/10.1143/JPSJ.50.2729
http://doi.org/10.1143/JPSJ.50.2729
http://doi.org/10.1143/JPSJ.50.2729
http://doi.org/10.1088/0029-5515/8/4/003
http://doi.org/10.1088/0029-5515/8/4/003
http://doi.org/10.1088/0029-5515/8/4/003
http://doi.org/10.1088/0029-5515/8/4/003
http://doi.org/10.1088/0029-5515/8/4/003
http://doi.org/10.1029/JZ070i013p03161
http://doi.org/10.1029/JZ070i013p03161
http://doi.org/10.1029/JZ070i013p03161
http://doi.org/10.1029/JZ070i013p03161
http://doi.org/10.1029/JZ070i013p03161
https://www.osti.gov/biblio/5799276-fireball-effects-late-time-emp-from-surface-bursts-topical-report-january-february
https://www.osti.gov/biblio/5799276-fireball-effects-late-time-emp-from-surface-bursts-topical-report-january-february
https://www.osti.gov/biblio/5799276-fireball-effects-late-time-emp-from-surface-bursts-topical-report-january-february
https://www.osti.gov/biblio/5799276-fireball-effects-late-time-emp-from-surface-bursts-topical-report-january-february
https://www.osti.gov/biblio/5799276-fireball-effects-late-time-emp-from-surface-bursts-topical-report-january-february
https://www.researchgate.net/publication/235056922_Early_Time_Structuring_at_Very_High_Altitudes_Instability_Mechanism_Properties_and_Consequences
https://www.researchgate.net/publication/235056922_Early_Time_Structuring_at_Very_High_Altitudes_Instability_Mechanism_Properties_and_Consequences
https://www.researchgate.net/publication/235056922_Early_Time_Structuring_at_Very_High_Altitudes_Instability_Mechanism_Properties_and_Consequences
https://www.researchgate.net/publication/235056922_Early_Time_Structuring_at_Very_High_Altitudes_Instability_Mechanism_Properties_and_Consequences
https://www.researchgate.net/publication/235056922_Early_Time_Structuring_at_Very_High_Altitudes_Instability_Mechanism_Properties_and_Consequences
http://doi.org/10.1038/1951245a0
http://doi.org/10.1038/1951245a0
http://doi.org/10.1038/1951245a0
http://doi.org/10.1038/1951245a0
http://doi.org/10.1029/JZ068i003p00667
http://doi.org/10.1029/JZ068i003p00667
http://doi.org/10.1029/JZ068i003p00667
http://doi.org/10.1029/JZ068i003p00667
http://doi.org/10.1029/JZ068i003p00667
http://doi.org/10.1029/JZ067i012p04929
http://doi.org/10.1029/JZ067i012p04929
http://doi.org/10.1029/JZ067i012p04929
http://doi.org/10.1029/JZ067i012p04929
http://doi.org/10.1029/JZ067i012p04929
http://doi.org/10.1029/JZ067i012p04927
http://doi.org/10.1029/JZ067i012p04927
http://doi.org/10.1029/JZ067i012p04927
http://doi.org/10.1029/JZ067i012p04927
http://doi.org/10.1029/JZ067i012p04927
http://doi.org/10.1063/1.1761273
http://doi.org/10.1063/1.1761273
http://doi.org/10.1063/1.1761273
http://doi.org/10.1063/1.1761273
http://doi.org/10.1063/1.1761273
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. 70, No. 18 (2021) 180703

Chinese) [FF8T., 4209 1986 HLAZNE 3 98) [23] Holmstrom M 2013 ASP Conference Series 474 202
[17] Yang B, Niu S L, Zhu J H 2012 Acta Phys. Sin. 61 202801 (in [24] Thomas V A, Brecht S H 1987 J. Geophys. Res. 92 2289
Chinese) [#0, 2= REF], A4 0, 2% 2012 PB4 4 61 [25] Bai X N, Caprioli D, Sironi L, Spitkovsky A 2015 Astrophys.
202801] J. 809 55
[18] John Z, Herman H, Albert G 1966 Radiation Trapped [26) Dan H H, Alfred M K, Austin A O 1977 Physics of High-
(Dordrech: Springer) p671 altitude Nuclear Burst Effects DNA 4501F
[19] Douglas S H 1982 J. Comput. Phys. 47 452 [27) James M S, Thomas A G 2008 Astrophys. J. Suppl. Ser. 178
[20] Brecht S H, Orens J H 1983 Study of Field Aligned Plasma 137
Acceleration during a HANE Ad-A141340 [28] Wang J G, Niu S L, Zhang D H 2010 Parameter Hand Book
[21] Thomas V A, Brecht S H 1986 Phys. Fluids 29 2444 of High Attitude Nuclear Detonation Effects (Bejing: Atomic
[22] Morrow D P 2014 Master Dissertation (Calhoun: Institutional Energy Press) p37 (in Chinese) [F 8, 4-JEF], 5KkB#E 2010
Archive of the Naval Postgraduate School) S RN SN (ALaT: TR ARATL) 553700

Hydro-Magneto-PIC hybrid model for description of debris
motion in high altitude nuclear explosions

Peng Guo-Liang V2T  Zhang Jun-Jie?
1) (College of Mechanical and Electrical Engineering, Beijing Institute of Technology, Beijing 100081, China)
2) (Northwest Institute of Nuclear Technology, Xi’an 710024, China)

( Received 22 February 2021; revised manuscript received 14 April 2021 )

Abstract

A Hydro-Magneto-PIC (particle-in-cell) hybrid model is proposed to describe the motion of the fission
debris in high altitude nuclear explosions (HANEs). Compared with the state-of-art numerical models, our
model is able to stably compute the motion of the fission debris in a broader spatial region. In a real HANE, the
physical process contains many spatial scales. The upward moving debris particles manifest kinetic properties
due to the fact that the dilute ambient atmosphere and the downward expanding particles manifest a fluid-like
pattern and can be approximated by the usual hydro-dynamical models. Meanwhile, the debris particles receive
electromagnetic forces from both the geomagnetic fields and the charged particles at all frequencies. This broad
scale of frequencies can induce large- and small-scale instabilities, which cannot be solved by the usual
hydrodynamic equations. Considering the motions of the debris and the different properties of the high
temperature ions, the low temperature ions and the neutral atmosphere, we consistently combine three models
for completely describing the debris expansion. The high temperature ions are described by the PIC model for
their intrinsic kinetic behaviors, the low temperature ions are described by the magneto-hydrodynamic model
for their fluid property, and fluid equations are applied to the neutral particles with no electromagnetic force.
The corresponding interactions among the three components are added into the equations as the source terms.
With the combination of the three models, our algorithm can stably calculate the regions that are a few
thousand kilometers in altitude. Our proposed model contains both the kinetic and fluid properties, and is
stable in numerical implementations. Finally, we calculate the debris motion in the Starfish experiment. The
results confirm a consistency of our proposed model with the observations. The spatial scale of our simulation
results is consistent with the result in the Starfish experiment. In addition, we also plot the distribution of the
debris with different projection angles at various snapshots. These results give us an intuition to understand the
influence of the various factors, such as the friction of atmosphere, the magnetic pressure, flute instability and
the Hall currents. Our model provides a tool for implementing the HANE simulation in a broader scheme, and
can also be utilized in other plasma systems.

Keywords: high altitude nuclear explosion, Hydro-Magneto-PIC hybrid model, debris
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