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Figure. 1. Schematic diagram of radiation hydrodynamics program simulation. Radiation

source-to-target distance: 5 cm; ion and electron temperatures of the source: 19 MK, radiation

temperature: 300 K, with the radiation process evolving spontaneously; target initial temperatures:

300 K for all three temperatures.
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Fig. 2. The 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.



1600 T T T T 1600 — T T 20

—Tem —Iont t =

perature -2 (b) on temperature i)

(@) —Pressure = =Electron temperature | - @

M 1200 1200 —Radiation temperature =

= o & b

L - ]

- [~ j

g 3B 12 &

- =3

= = £
=~ 800 = & 800F

) 17 5]

(=9 S = 48 =

£ = £ =

o Ay @ S

= 400f &= 400} =

. 44 S

-q\‘s\ =

; <

1 1 1 1 0 0 1 1 1 0 m

5 5.002 5.004 5.006 5.008 5.01 5 5.05 5.1 5.15

Distance/cm Distance/cm
B3 5 — M Bz 45 I X MR (a) 0.2 ns BEA TR L 1 EME . BRANEEYR & TR
JERERLAS IR, LLE B s I BEAL AL 384k s (D) 0.2 ns 4EW i TR BIM% : BEAE T
ISR, LN, B RE S E iR A — 3
Fig. 3. Physical images of the target irradiation region in Stage I: (a) Temperature and
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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 radiation

precursor. The main shock wave is generated by the recoil momentum from soft X-ray deposition

on the surface, while the radiative precursor wave originates from the thermal compression wave

propagating ahead due to radiative preheating energy. Since the solid-liquid phase transition occurs

in the preheated region, it alters the acoustic impedance of the material, thereby affecting the

separation between the precursor wave and the main shock wave.

K 5 pos RS S5 IS 7 ERER N, AR BAL B 7 A BB Rk — 218 fE
i P P IS TR TG R B, SRR IR I U R R AR B R AR X LR

DR A L A PP Y RSP & ey | AR s i) AT L L2 PN el e - = B

. R ER I VA O A S TR S A e ) B AR T sk AHEEZZ R, T U




12 S T ) s L ) v R s 7R S T s o 1 M b B T = A

x10' %10
8000 T T T =F} 8000 T T T T =K
[}
——Temperature (b) 1w —Temperature
——Pressure L. ——Pressure
N 6000 6 6000 ! J6
) S D S
= & & ! e
= = = 1 &
& 4000 4 = S 4000} " d4 =2
L 2 o 1 A
=% L = 1" 5]
E h E (] h
o A~ 3 " =
= 2000 2 = 2000 | 1 -2
[}
[}
1
0 1 0 b 0 1 | W 1 0
5 5.002 5.004 5.006 5.008 5.01 5 5.002 5.004 5.006 5.008 5.01
Distance/cm Distance/cm

K5 5 e /mr”J‘jJIEH% %%7'7%5’1%%@&2, zl%*zjj#@)ﬁ‘irfﬁ ph 4 S TG 5
b ! W% (a) 4.4 ns IRE 5K IEIMG; (b) 4.8

ns /J]IL}_L ‘?J—jj @H%
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at 4.4 ns; (b) Temperature and Pressure Image at 4.8 ns;
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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 increase appears, corresponding to a phase transition region.
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Fig. 8. Momentum evolution over time. The circled region indicates that a phase transition

interface in the third stage affects the momentum growth rate, with the second stage being the

primary contributor to the overall momentum increase.
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Multi-Stage Evolution Characteristics and Momentum
Coupling Mechanism of an Aluminum Target under Intense
X-Ray Irradiation

Lv Sirun; Xu Jingyao; Li Rui; Xu Bihao; Ran XianwenT: Liu Jianpenfzi: Yang Xiaohu

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

Abstract

The mechanism by which intense X-rays ablate a material surface and

generate recoil momentum provides the physical foundation for critical
17




engineering applications, including asteroid defense and X-ray-driven

propulsion. While this process is well established in plasma physics under

typical laboratory conditions, a systematic understanding of momentum

generation and its evolution under low specific energy, long- duration, and

long- distance conditions-relevant to asteroid defense and ablation

propulsion-remains lacking. In this study, we employ the FLASH

radiation hydrodynamics code to construct a one-dimensional

irradiation- driven model specifically designed for such regimes. The

model incorporates detailed radiation transport, material equation of state,

and energy deposition physics to capture the coupled evolution of

temperature, pressure, and density fields in aluminum targets under

intense X-ray irradiation.

Based on this model, we divide the momentum generation process

induced by intense X-ray irradiation into four distinct stages according to

their dominant physical characteristics: (I) radiation ablation, (II) gas

breakout, (II1) shock impedance matching, and (IV) spallation expansion.

For each stage, we quantitatively analyze its contribution to the total

momentum increase and elucidate the underlying physical phenomena,

including the "temperature-pressure peak misalienment” induced by

radiative preheating and the "separation between the shock front and the

radiative precursor wave' caused by solid-liquid phase transition.

To overcome the systematic deviation of '"spontaneous expansion'

introduced by the neglect of material strength constitutive models in

18



radiation hydrodynamic codes, we propose a correction method for the

impulse coupling coefficient based on 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 calculation. OQur numerical

results show that for intense X-ray irradiation with a spectrum

concentrated within 1 keV and a fluence range of 50-200 J/cm? . the

impulse coupling coefficient for aluminum lies between 0.3 and 0.7

Pas:cm?/] . These values are in good agreement with existing

experimental measurements and 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 ablation, gas breakout, impedance matching,

and spallation. A correction method for the spontaneous expansion effect

in radiation hydrodynamic simulations is proposed—a numerical artifact

that has been previously overlooked and unresolved in radiation

hydrodynamic simulations of recoil momentum. This work provides a

unified and physically transparent analytical approach for understanding

the dynamic response of materials under extreme radiation loading. This

framework is not only applicable to laboratory Z-pinch experiments but

can also be directly applied to real-world asteroid deflection missions,

where accurate momentum prediction is essential for impact efficiency
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assessment and trajectory optimization.

Keywords: Z-pinch, Radiation hydrodynamics simulation,

Impulse coupling coefficient

'f‘ ranxianwen(@163.com

i liujianpeng1 1@nudt.edu.cn
The first author.E-mail: 1281065403 @qq.com

20

Thermo-mechanical effects,



