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Fig. 1. Schematic diagram of radiation hydrodynamics pro-
gram simulation. Radiation source-to-target distance: 5 cm;
ion and electron temperatures of the source: 19 MK, radi-
ation temperature: 300 K, with the radiation process
evolving spontaneously; target initial temperatures: 300 K

for all three temperatures.
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Fig. 2. Evolution of the radiation energy of the radiation
source over time. The main figure shows the energy curve
within the initial 1 ns, with the total energy reaching
221.8 kJ at 1 ns, accounting for 85% of the total energy,
highlighting the rapid growth of energy during this stage.

The inset shows the overall energy curve.
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Fig. 3. Physical images of the target irradiation region in
Stage I: (a) Temperature and pressure profiles of the target
material at 0.2 ns; the black line shows the variation of ion
temperature with displacement, and the red line shows the
variation of pressure with displacement; (b) three-temperat-
ure profiles of the target material at 0.2 ns; the black line
represents ion temperature and electron temperature, and
the red line represents radiation temperature, with ion tem-

perature and electron temperature being nearly identical.

BB 11 M9 B B Be (1—6 ns), 45 X 5
SR P RO o | W L TR ot e O RG os
WOTFUR & A3 Es 24, By, by Pl Ae 40 vh 4
i) PNAT ARG, 0 EL 3 3 i 475 P 2 498 KT 30 W7 o D,
B0 Y TR T . X — e R S T
hili i BE R FE RS P BB RE R e Ak, B B
BN BT AN 4 BN, B B 9 R
PIUERAE, HARE P (NZERN A7) MUK R IR X 45

LR IIE B 32 i L A X S AR e R DO
A ARSI . X — U R 53 B B G URF  JTOR e S
WO HE AR : B G B B R R X S R g aE
W, BER VIS TE 5.003 cm YA AT AR 75
T, ARSI . 24 6 ns I, b DB AR AR
WIS 2 507, NS oRE, RER 3
JR I 1) T WA R T B, ) ol B ) 2 B S T
1o e BRI R B R AL RRAE . S s T
PR e e T 5 W B RS N, S T Bl A
D J DX ) SR T F S 88 R DU o ks o5 s 7 U8
BRI 4538 IR T b il 238, %20 HI#
W g Ty, BEARY B sl sk . X — i FER I, 1%
B B sl it 1 4K 1) 32 AL O D S8 ok fr) T
P2 A 3k R D 3 K Bh A mE R B B BE TT
1) 2y SRR 32y R 7 S 3R BIK gl 1) et B 4 I DK
Sy it 3 R A Y B TS SR, (AT R4 e Y
. B B AR AL R R R AR TR RRE,
N T i S B AR L AE RSB A )
RSP L PP S L /BB u R

5 5
— Velocity
— Density
~ 4 g 14
s Fop —> J &
f 3t 3 £
= &
Z ~
z 2t 2 £
AG Z_.‘
5 A
> 1F 1
0 L L 0
4.995 5.000 5.005 5.010

Distance/cm

P4 552 B Bewn I &R A0 A K G X O H AR,
TE X ST 5 5 T 1 e gl 5 AR AR I PTAS 0%; 32 whd
J2 TR X R TR R I S o gl e A AR 7S DU I T R
SR T5UFARE S 1) A G 1 PR AR D T EDRORE AR & A AE T
PRI, WO T R R A RELT, HE TR 0 AR S S 3 e
Z a1 53 B

Fig. 4. Wave system distribution in the early Stage II: The
gray shaded area denotes the target, where X-ray irradiation
induces the formation of the primary shock wave and the
phase transition wave; the main shock wave is generated by
the recoil momentum from soft X-ray deposition on the sur-
face, while the phase transition wave originates from the
thermal compression wave propagating ahead due to radiat-
ive preheating energy; since the solid-liquid phase transition
occurs in the preheated region, it alters the acoustic imped-
ance of the material, thereby affecting the separation

between the phase transition wave and the main shock wave.
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Fig. 5. Phase II temperature and pressure images: (a) Tem-
perature and pressure image at 4.4 ns; (b) temperature and
pressure image at 4.8 ns. The black line represents the ion
temperature, and the red line represents the material pres-
sure, due to the combined effects of radiative preheating
temperature and shock waves, a distinct misalignment phe-
nomenon occurs between the material temperature peak

and the pressure peak.
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Fig. 6. Distribution image of impedance over time and dis-
placement. The color gradient from blue to red represents
impedance varying from low to high, showing a distinct

high-impedance region and an impedance “cavitation zone”.
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Fig. 7. Peak temperature and pressure profiles of the target
from 6 to 9.6 ns. At 6.8 ns, an anomalous pressure peak in-

crease appears, corresponding to a phase transition region.
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X TAERBEERAAET, TR SRR
FR IR, B A A B B TL RS A 5 23 ] R
RGO RS e T o B A, A X SRR
g3 e BT, REREUURIR EERS K, YAk S b3l i Xt
LBl AR TRR IR AR, b i BHACVC AT | 76
B B 20D 28 S ML P BT Ak 28 9T ™ d. Whitener £
KB R TR A AR v 0 fRT AR AL 3T VR AR I
DX MR AN R, MELLSE R 1A 22 [ B o)) B A 1)
AR, W5 ATAE A R REIE A AL Z B B
A LA T IE.

4 % W

ARSCIFISE 7 Fili i 525 ok XA IR AL T
4 B v Bl A B A TR AR SCE i S A T —
HERR SR AR A SR, 1 ST S T X R g
IR ES Pl B RS BERAL. R
fili 3R T Z BB R, R T AR A
b SARBER | el B BH BTV | 2 RIS 4 4
Bt s i AR S A STk S S TR AR S X5
SRR AR BLEL R [ A 1 1 A I IR BB, A SCHR
TP T AR S AN R SR B IETT Ik, 5
BT B gl (4 ]SRRI AR EE SRS A H e
TR LSRR BRI R4 A i s il
HEZ Ay UL i 555 40 SRF TN 48T A 8 1) 52 2 B g i

180704-8


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. 18 (2026)

180704

Pt 78— alHE)T AT I RSk AT B
TN T R B A A O T RRAT: 55 10 I e ROCRVEAR
ZRACTAE.

S 30k

(1]
(2]
3l

(4]

(6]
[7l

(8]
(9]

[10]

(11]

(12]

NASA Jet Propulsion Laboratory 2025 NEO Survey Program
Totals https://cneos.jpl.nasa.gov/stats/totals.html [2025-11-
30]

Ahrens T J, Harris A W 1992 Nature 360 429

Remington B A, Drake R P, Ryutov D D 2006 Rev. Mod.
Phys. T8 755

Langley R W 1974 Analytical Relationships for Estimating the
Effects of X-rays on Materials (USA: AFRPL) Report No.
AFRPL-TR-74-52

Moore N W, Mesh M, Sanchez J J, Schaeuble M A, Mccoy C
A, Aragon C R, Cochrane K R, Powell M J, Root S 2024 Nat.
Phys. 20 1833

Ghosh K, Mishra G 2022 Phys. Plasmas 29 062703

Phipps C, Bohn W, Lippert T, Sasoh A, Schall W, Sinko J
2010 AIP Conf. Proc. 1278 710

Remo J L, Furnish M D, Lawrence R J 2013 J. Plasma Phys.
79 121

Lin P, Wang D W, Chen B 2013 Explos. Shock Waves 33 111
(in Chinese) [FkMS, EAFAE, BRI 2013 HEIE S il 33 111]
Zhang C H, Zhang S Q, Ren X D, Wang G L, Huang X B,
Zhou S T, Wang K L, Xu Q, Cai H C 2021 Explos. Shock
Waves 41 094101 (in Chinese) [FREIHE, sk EHE, R4, T 5
R EmBE, FE, ERA, R, 545 2021 BES i 4
094101]

Burkey M T, Managan R A, Gentile N A, Syal M B, Howley
K M, Wasem J V 2023 Planet. Sci. J. 4 243

Dearborn D S P, Bruck Syal M, Barbee B W, Gisler G,
Greenaugh K, Howley K M, Leung R, Lyzhoft J, Miller P L,
Nuth J A, Plesko C S, Seery B D, Wasem J V, Weaver R P,
Zebenay M 2020 Acta Astronaut. 166 290

(13]
(14]
[15]

[16]

(17]

(18]

(19]

20]

[21]

22]

(23]

[24]
[25]

(26]

Tang W H, Zhang K, Ran X W 2021 Space Debris Res. 21 45
(in Chinese) [ 30H, 3KE, FH5E3C 2021 23] 05T 21 45
Darlington R M, McAbee T L, Rodrigue G H 2001 Computat.
Phys.commun. 135 58

FLASH Center for Computational Science, University of
Chicago http://flash.uchicago.edu [2024-12-18]

Huang W, Chang W W, Ma Y Y 2006 Nucl. Fusion Plasma
Phys 26 140 (in Chinese) [¥% T, % (R, B#= 2006 %R 4%
LR TRYEE 26 140)

Dan J K, Duan S C, Zhang Z W 2012 High Power Laser
Part. Beams 24 511 (in Chinese) [{H i, Bi43#8, T AF 4R
2012 SRIFOE SRR 24 511)

Ning C, Yang Z H, Ding N 2002 High Power Laser Part.
Beams 14 877 (in Chinese) [TB, #iE4e, T T 2002 #1#0E
B THR 14 877

Yu E P, Oliver B V, Sinars D B, Mehlhorn T A, Cuneo M E,
Sasorov P V, Haines M G, Lebedev S V 2007 Phys. Plasmas
14 022705

Deeney C, Nash T J, Spielman R B, Seaman J F, Chandler G
C, Struve K W, Porter J L, Stygar W A, Mcgurn J S, Jobe D
O, Gilliland T L, Torres J A, Vargas M F, Ruggles L. E,
Breeze S, Mock R C, Douglas M R, Fehl D L, Mcdaniel D H,
Matzen M K, Peterson D L, Matuska W, Roderick N F,
Macfarlane J J 1997 Phys. Rev. E 56 5945

Nordstrom J, Forsberg K, Adamsson C, Eliasson P 2003
Appl. Numer. Math. 45 453

Drake R P, Doss F W, McClarren R G, Adams M L, Amato
N, Bingham D, Chou C C, DiStefano C, Fidkowski K, Fryxell
B 2011 High Energy Density Phys. 7 130

Samulski T, Dubuque G L, Cacak R K, Courlas G, DeWerd L
A, Hilko R, Humphries L J, Jones D, Masterson M E, Miller
D W, Stovall M, Wochos J F 1981 Int. J. Radiat. Oncol.
Biol. Phys. 7 379

Yamanaka C 1999 Nucl. Fusion 39 825

Asay J R, Graham R A, Straub G K 1984 Shock Waves in
Condensed Matter 1983 81

Cost T L 1976 Dynamic Response of Missile Structures to
Impulsive Loads Caused by Nuclear Effects Blow off Report
No. AD-A-052999

Multi-stage evolution characteristics and momentum coupling
mechanism of an aluminum target under

L] o o o *

intense X-ray irradiation

LYU Sirun XU Jingyao

LIU Jianpeng?

LI Rui

XU Bihao RAN Xianwen |

YANG Xiaohu

(College of Science, National University of Defense Technology, Changsha 410073, China)

( Received 31 March 2026; revised manuscript received 14 May 2026 )

Abstract

The mechanism by which intense X-rays ablate a material surface and generate recoil momentum underpins

critical engineering applications such as asteroid defense and X-ray-driven propulsion. Although this process is

reasonably well understood in plasma physics under typical laboratory conditions, a systematic understanding of

momentum generation and its evolution under the low-specific-energy, long-duration and long-distance
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conditions relevant to asteroid defense and ablation propulsion is still lacking. In this study, we employ the
FLASH radiation hydrodynamics code to construct a one-dimensional irradiation-driven model for such regimes.
The model incorporates radiation transport, a material equation of state and energy deposition physics, and
reproduces the coupled evolution of the temperature, pressure and density fields in aluminum targets under
intense X-ray irradiation.

Based on this model, the momentum generation process induced by intense X-ray irradiation is divided
into four stages according to the dominant physical mechanism: (I) radiation ablation, (II) material ejection,
(IIT) shock impedance matching, and (IV) spallation expansion.

For each stage, its contribution to the total momentum growth is analyzed quantitatively, and the
underlying physical phenomena are clarified, including the “temperature-pressure peak misalignment” induced
by radiative preheating and the “separation between the main shock wave and the phase-transition wave”
caused by the solid-liquid phase transition. Stage II is found to dominate the momentum growth.

To overcome the systematic deviation caused by the “spontaneous expansion” that arises from the neglect
of material constitutive relations in radiation hydrodynamic codes, we propose a correction method for the
impulse coupling coefficient based on linearized Riemann invariants. This method provides a self-consistent way
to extract the asymptotic expansion velocity and the effective ablation pressure, thereby improving the accuracy
of the impulse coupling coefficient. Our numerical results show that, for intense X-ray irradiation with a
spectrum concentrated within 1 keV and a fluence of 50-200 J/cm?, the impulse coupling coefficient of
aluminum lies between 0.3 and 0.7 Pa-s-cm?/J. These values are in good agreement with existing experimental
measurements and with the theoretical predictions of the vaporization-impulse theory.

This paper establishes a clear stage-resolved physical picture of momentum generation under intense X-ray
irradiation, clarifying the respective contributions of radiation ablation, material ejection, impedance matching
and spallation. A correction method for the “spontaneous expansion” numerical artifact—previously overlooked
and unresolved in radiation hydrodynamic simulations of recoil momentum—is proposed. This work achieves an
accurate determination of the impulse coupling coefficient through high-fidelity simulation combined with a self-
consistent numerical correction, and provides a unified and generalizable framework for understanding the
dynamic response of materials under extreme radiation loading. The framework is applicable not only to
laboratory Z-pinch experiments but also to real-world asteroid deflection missions, where accurate momentum

prediction is essential for assessing deflection effectiveness and optimizing parameters.

Keywords: Z-pinch, radiation hydrodynamics simulation, thermo-mechanical effects, impulse coupling

coefficient
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