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Abstract: The electron beam, one of the most effective approaches to simulate the irradiation effects
of powerful pulsed X-ray in the laboratory, plays an important role in simulating the thermodynamic
effects of powerful pulsed X-ray. This paper studies the thermodynamics equivalence between
multienergy composite spectrum electron beam and blackbody spectrum X-ray, which is helpful
to quickly determine the experimental parameters in the simulation experiment. The experimental
data of electron beam are extrapolated by numerical calculation, to increase the range of energy flux.
Through calculating the blow-off impulse of blackbody spectrum X-ray irradiation, we obtained
the curve of X-ray blow-off impulse varying with energy flux, and then found two categories of
equivalent relations—equal-energy flux and equal-impulse—by analyzing the calculation results of
electron beam and X-ray blow-off impulse. Based on such relations, we could directly or indirectly
obtain the results of blackbody spectrum X-ray irradiation blow-off impulse via electron beam
experiment.

Keywords: homogeneous Al-alloy; blow-off impulse; electron beam; powerful X-ray; equivalence

1. Introduction

Powerful pulsed X-ray is mainly soft X-ray, featuring high-energy flux and short
duration (about 100 ns) [1,2]. Under the irradiation of powerful pulsed X-ray, the materials
within the optical thickness on the side under radiation will melt rapidly, vaporize, or
even partially dissociate into plasma, and blow off against the light at a high speed. The
generated blow-off impulse can cause the buckling deformation and vibration of the
structure, leading to its instability [3]. At the same time, due to the inhomogeneous
X-ray energy deposition, inside the material will emerge thermal shock waves whose
propagation and reflection can cause cylindrical shell damage and spallation damage [4].
These problems caused by powerful pulsed X-ray irradiation are collectively referred to
as thermodynamic effects. Therefore, studying the thermodynamic effects of powerful
pulsed X-ray is of great significance to assess the survivability of spacecraft and test the
effectiveness of antinuclear reinforcement measures [5].

The thermodynamic effects of material and structure can be induced by powerful
pulsed X-ray [6], electron beams [7], laser beams [8], and chemical explosion [9,10]. How-
ever, although the wavelength of the high-energy laser is usually in the infrared band and
much longer than the X-ray, its optical thickness is usually close to zero for opaque medium.
Therefore, laser is usually treated as a heat flow boundary condition in the study of laser-
induced hard damage. The thermodynamic effects of powerful pulsed X-rays are studied
indirectly by means of a low-energy, intense-current, pulsed electron accelerator [11,12].
Compared with powerful pulsed X-ray, the optical thickness of electron beam is relatively
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large, and the peak and gradient of energy deposition profile are relatively small. Therefore,
it is necessary to further study the equivalence of electron beams and powerful pulsed
X-ray from the aspects of the energy spectrum and irradiation mode. Yang [13] studied
the energy deposition profile of three monoenergetic electron beams in aluminum alloy
materials at different angles of incidence and found that the irradiation effects of powerful
pulsed X-rays could be well simulated when the low-energy electron beams had a larger
angle of incidence on the target material.

Relativistic Electron Beam (REB) is a new technology developed to meet the needs
of nuclear fusion. It has been applied in high-energy-density physics, nuclear radiation
simulation, and material science since the 1980s. The United States and the former Soviet
Union [14,15] attach great importance to the research of high-power pulsed electron beam
technology. For example, the United States has successively built several pulsed electron
beam accelerators with higher power levels. Intense pulsed light ion beams with pulse
width of 10-1000 ns, current intensity of 10-1000 kA, and particle energy of 10 KeV-10 MeV
have been produced in the strong pinch electron beam diode. Studies on the effects of
irradiating materials with electron beams have been carried out since the 1980s and applied
in practice since the 1990s.

To sum up, electron beam is an effective method to simulate powerful pulsed X-
ray [16-20]. However, it is necessary to study the equivalence of the above two for the
thermodynamic effects caused by the radiation mechanism difference between them. When
the energy flux of X-ray radiation is high enough, the vaporization and melting of the
material on the light front and the outward ejection of high-temperature and high-pressure
material would exert a recoil impulse (blow-off impulse) on the structure. On the one
hand, the blow-off impulse exerts a compression wave (which belongs to the material
response) to the material (in this case, the exposed surface will not produce sparse tensile
wave due to the suppression of the light-facing surface). On the other hand, the blow-off
impulse may vibrate spatial structures, thus leading to permanent deformation and even
buckling. Therefore, the blow-off impulse is one of the key parameters of X-ray radiation
thermodynamics. In this paper, the study on the equivalence of electron beam and X-ray,
or the study on the equivalent relationship between multienergy composite spectrum
electron beam and blackbody spectrum X-ray in terms of thermodynamic effects, could
provide a reference for the rapid determination of experimental parameters for simulation
experiment.

2. Experimental System and Numerical Method
2.1. Energy Spectrum of Powerful Pulsed X-ray

Powerful pulsed X-ray is radiated outward as an expanding X-ray fireball, which
can be approximated as a blackbody [21-23]. Therefore, the X-ray energy spectrum is
approximated as the blackbody radiation spectrum. Blackbody spectrum X-ray refers to the
energy radiated outward in the form of electromagnetic waves by high-temperature objects.
The X-ray energy and the proportion of photon component vary with the temperature of
the objects. The radiation intensity is computed by Planck formula.

2?1
Bv = T T (1)
¢ T —1

ekT —

h denotes Planck constant (1 = 6.62 x 1073*J-s), v is photon frequency, c is light speed, k
is Boltzmann constant (k = 1.38 x 10~ J/K), T represents blackbody temperature, hv is
photon energy (keV), and kT is blackbody temperature (keV). Figure 1 shows the blackbody
spectrum radiation intensity at different temperatures.
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Figure 1. Blackbody spectrum radiation intensity at different temperatures.

The normalized spectrum is usually employed practically, and the formula is written
as
4.3
_ ﬁ _ 15h*v 1 ?)

T oTh T mAKATA L

2.2. Platform for Electron Beam Experiment

The pulsed electron accelerator is used to simulate the X-ray’s thermodynamic effects.
The analysis of the radiation loading characteristics of the Relativistic Electron Beam (REB)
is shown as below.

REB is a low-impedance relativistic electron beam accelerator used for nuclear weapons
effect simulations (Figure 2). The accelerator system consists of a Marx generator, a water—
dielectric coaxial line, a diode, and further auxiliary equipment. The test running at DC
charge voltage is £55 kV and +70 kV, and the maximum output current is 600 kA with
a tube voltage of 1.2 MV. The energy (Ej) and the average energy (E;) are 0.1~1.2 MeV
and 0.5~0.6 MeV, respectively, with the Full-Width at Half-Maximum (FWHM) of 50~80 ns.
When electron energy flux is less than 400 J/cm?, the beam spot diameter is 90~170 mm
on the target. By adjusting the distance between the target and the electron beam cathode,
the energy flux can reach 400~1000 ] /cm?, and the beam spot diameter is 50~60 mm. A
new method of electron beam measurement based on a miniature Faraday tube array with
attenuation slices of different thicknesses is proposed to obtain the energy distribution of
high-current electron beam with time domain characteristics and location distribution. The
total beam intensity is measured by Rogowski coil, the current intensity is measured by
Faraday array, and differential loop is used to measure REB diode voltage in the experiment.

Drift tube of REB L Seb

Photodiode \ Schematic
diagram of sensor

Figure 2. Impulse sensors installed in the drift tube of REB.

2.3. Blow-Off Impulse Measurement Device

Figure 2 shows the photo and schematic structure of the blow-off impulse probe. The
parallel target is attached to one end of the signaling rod whose other end is shaped into
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several evenly spaced rings. Moreover, infrared luminous diodes and photoelectric triodes
are installed on both sides of the rod. When the blow-off impulse produced by electron
radiation pushes the target and the transmitting bar, the rings block off the light and cut
off the signal; after that, the signal is restored. The digital oscilloscope records the time
interval “At” while the rod moves through the spacing L between two rings (L = 5 mm).
Thus, the average velocity of the rod is obtained:

v=L/[A(1—u)] (3)

where  is the friction adjustment factor (4.5%), which is calibrated by a gas gun. According
to the law of momentum conservation, the blow-off impulse I can be expressed by

f=(mg—Am)v 4)

Then, the blow-off impulse is the momentum of the removed part normalized to the
target area.
I = (my—Am)v/A )

where f is momentum, Am is the mass loss of the target after radiation, 1y is the initial total
mass of the target and the rod, A is the irradiated area (A ~ 2.01 cm?), and I is blow-off
impulse. The uncertain impulse is less than 10%. If the energy flux E¢ of soft X-ray radiated
on the target is given, the coupling coefficient of blow-off impulse will be determined:

p=1/Eo (6)

2.4. Thermal Shock Measurement

For thermal shock measurement on the REB, an X-cut shunt protection ring quartz
piezoelectric crystal sensor and measuring circuit (Figure 3) is used. The thermal shock
sensor is installed in the same position as the impulse sensor, both installed in the REB drift
tube. The sensor’s outer diameter is ® 15 mm, the diameter of the inner electrode surface
is @ 7.5 mm and the thickness is 3 mm, the external load resistance of the sensor is 51 (),
and the characteristic impedance of the external coaxial cable is 50 (). Figure 4 shows the
schematic diagram and installation drawing of thermal shock sensor on REB. The target is
a typical missile shell material of homogeneous Al-alloy.

Insulating film Epoxy resin Quartz wafer Aluminum film
——— ¥:
Quartz R U(?) —>
- I Oscilloscope]
—>

Figure 3. Quartz sensor and measuring circuit.



Materials 2021, 14, 5002

50f17

S(E) =

_ 2me’NoZ

_ Quartz sensor

Electron

- Briquettin
beam Target briquetiing

Figure 4. The schematic diagram and installation drawing of thermal shock sensor on REB.

When the thermal shock pressure o(t) acts on the front electrode of the quartz sheet,
piezoelectric current I(t) is generated in the measuring circuit due to the piezoelectric effect,
and the piezoelectric charge Q is as follows:

Q(t) = /Oti(t)dt - /Ot U(t)/Rdt @)

where U(f) is the voltage signal on the load resistor R. The piezoelectric equation of quartz
crystal under one-dimensional plane strain state is as follows:

Q = AKc )

where A is the electrode area and K is the wafer piezoelectric coefficient. It is as follows:

t
o) = s [ utwar ©)

The above equation shows that the thermal shock wave waveform passing through
the crystal can be obtained by measuring the piezoelectric voltage signal and integrating
the signal.

2.5. Finite Element Calculation Software

Due to the failure of the existing finite element analysis software to deal with the
thermodynamic problems caused by electron beam and pulsed X-ray irradiation, we
used the finite element method and the FORTRAN language to compile the program
RAMA [2,24] for the thermodynamic effects of pulsed beam irradiation to carry out relevant
numerical simulation work. Embedding a variety of constitutive models and equations
of state including the orthotropic dynamic elastoplastic constitutive model, the RAMA
program can not only deal with the fracture and vaporization of materials, but simulate the
stress wave propagation in the collision of two-dimensional flat plates by anisotropic and
isotropic materials, and the thermodynamic effects of two-dimensional X-ray in various
shapes. Thus, it has a certain practicality in engineering applications [25].

The calculation process of electron beam energy deposition can be summarized as
follows:

In a unit mass thickness material S(E), the electron energy loss, mainly caused by
electron collision ionization for lower-energy electrons, is as follows [26]:

moc2pZA

{inl 30y - - ) 14 P2 + (1= )+ - (= =i} (a0

22(1-p%)
where N is the Avogadro constant, e is the electron charge, Z is the atomic number, A is the

atomic weight, nmyc? = 0.511 MeV is the electron rest mass, § = {1 — [moc?/(E + mocz)]z},

E is the kinetic energy of electron, | (MeV) is the average ionization energy, J is the density
effect correction factor, and Jy is introduced to reduce energy loss by electron collisions
through target polarization.
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The next step in electronic energy is decided by the law of energy logarithmic delay.
En1 = KE, (11)

K is 0.9576 [27].
The continuous slow-down used to approximately calculate the interval mass range

of electron.
En
81 = [
Ent1

The electronic coordinates of step n + 1 are as follows:

-1

9E| ik (12)

ds

c0s 0,41
p(j)

where p(j) is the Lagrange interval density of j, 8,41 is the positive angle between the
electron motion direction, and the x-axis of step n + 1.

According to the Moliere Multiple Scattering Theory, the scattering angle is as fol-
lows [28]:

Xyi1 = Xn+ ASy i1 (13)

F(6) = fO0) + FV(8)/B+ 2 (6) /B, w = X.B"/?0 (14)

where B, Xc is one of energy parameters, and 6 is the discrete angle.
The electronic polar angle is as follows:

Opi1 = cos~! (cos 0y, cos w + sin 6, sin w cos @) (15)

where ¢ is the electronic azimuth and w is the determined uniform sampling.
If the deposition energy of each incident electron is AE; in the interval ], the total
deposition energy of each incident electron is as follows:

E, =) AE; (16)

The specific energy of unit energy flux in interval | is as follows:

Ex

Q= PoAxN

(17)

where Ax is the mesh step.
According to the current and voltage waveform of experiment, the energy deposition
of electron beam can be calculated, as shown below:

ER(x,t) = utItQ]AT/S (18)

where U, I; are the instantaneous voltage and current of REB diode; AT is the time step;
and S is the spot area of electron beam on the target.

3. Error Analysis of Numerical and Measurement
3.1. Analysis of Mesh Independence

The numerical results are determined by grid sizes [28]. A grid-independent has
almost unchanged numerical results, i.e., the encrypted grid slightly affects the numerical
results. Numerical calculation should be grid-independent, which is also essentially
required for the international academic community to accept numerical calculation [29,30].
Grid-independent results have associations with specific physical problems, which should
be determined by trial calculation according to specific problems. Overall, the grid can be
calculated from large to small and is capable of comprehensively considering the precision
and speed of the calculated results. Thus, the appropriate mesh size is critical for numerical
calculation.
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X-ray energy decays exponentially in the material when irradiating the target. X-ray
energy is primarily deposited as a thin layer on the surface of a material [31]. Besides, the
X-ray energy deposition profile varies rapidly with the depth of the thin layer. Accordingly,
different mesh sizes significantly impact the distribution of the X-ray energy deposition,
which critically determines blow-off impulse calculation. The numerical results of blow-off
impulse are largely determined by grid size, so the irrelevant grid should be developed,
and the grid-independent solution should be obtained.

Figure 5 illustrates the result of blow-off impulse when monoenergetic and blackbody
X-rays irradiate aluminum target by different mesh sizes. The effect of mesh size on impulse
results is obviously shown. Blow-off impulse varies with the melting or gasification of a
material, which was not discussed in this study. The mesh size was 0.0005 cm to impulse
and computational efficiency, and the appropriate time step was adopted given the finite
difference stability condition.

/
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Figure 5. Effect of grid size on blow-off impulse.

3.2. Measurement Errors

The calculation formula of impulse sensor is as follows [32,33]:
I=moL/[(1 = Atp/Aty) Aty Al = I(mg, L, Aty, A) (19)

According to the function propagation theory of measurement uncertainty of indirect
measurement, the relative measurement uncertainty of measured eruption impulse is as
follows:

1/2
o < i{éﬁm + 67 + 0% + [Oar, / (1 —Atp/Atm)]z} (20)

where, 6y, 61, dat,,, and 4 are the relative measurement uncertainties of direct measure-
ment quantities my, L, At;;, and A.

When my =305 g, L =0.6 cm, At;;, = 0.5 ms, A = m-192 cm?, and Aty /Aty = 4.5%.
According to the actual situation of the field measurement system, the relative uncertainty
of each direct measurement quantity can be estimated as

|Am| 0.03 |AL| 0.025
Oy < 12— 0 40 1%,; 6 < 4100 = £ 7070 4409, 21
M= 305 ~ TOl% oL s £ 0.6 & 1)
IA(At)| 0.06 |AA| 0.55
< 42Tl LT 0% 54 < 1ol - 4 22 5o 2
e +oE = £12%; 4 < £ g = 0% (22)

The measurement uncertainty brought by material factors, radiation factors, and
parts processing factors of d 4 is included as well as the measurement uncertainty caused
by waveform interpretation and time coordinate accuracy of d,¢,. The whole sensor is
uncertain as follows:

1/2
5y, < i(o.12 1422452 4 12.62) /100 = +14% (23)
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4. Comparison of Experimental Results and Numerical Calculation under
Thermodynamic Parameters of Electron Beam Machine

The numerical calculation of the electron beam blow-off impulse and the thermal shock
wave peak stress was carried out by using the software of thermodynamic effects of pulsed
beam irradiation [33-35]. By comparison, the calculation results were in good agreement
with the experimental data. For the simulation experiment of electron beam irradiation,
the electron beam is loaded according to the time course, with the electron beam diode
current and voltage given by the experiment used as load conditions. With the voltage data
corresponding to the electron beam energy, the energy deposition distribution of the electrons
in the material can be obtained by the interpolation of the calculated energy deposition profile
of the electron beam [36]. With the current data corresponding to the intensity of the electron
beam, the energy flux at that time can be obtained by combining the transmission efficiency
of the electron beam in the drift tube with the beam spot area reaching the target and the
beam energy. The experimental state of electron beam can be basically simulated, which is to
the greatest extent consistent with the experimental process [37].

The small one is the original REB current and voltage waveforms from the experiment
in Figure 6. The large one is extracted the valid pulse waveforms with negative current and
voltage values in the same period, and it is applied in the calculation program. Figure 7
shows the electron beam energy spectrum—whose structure cannot be analyzed because
of the small grouping energy and whose data not directly used in the numerical calculation
are included in current and voltage values—from the experiment through the processing of
the current and voltage data. Meanwhile, this spectrum is the one after 0.01 MeV grouping,
from which the percentage of the electron beam in each energy range can be seen intuitively.
The total beam intensity is measured by Rogowski coil, the current intensity is measured
by Faraday array, and differential loop is used to measure REB diode voltage in experiment.
The electron beam energy spectrum is obtained from current-voltage data processing. A
special starting point is shown in the spectrum in Fig. 7, which is caused by a local increase
in the energy density of the current voltage generated by the continuous discharge process
of the capacitor combination. This phenomenon is the normal spectral input of REB and
has no effect on the calculation result.
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Figure 6. Original REB current and voltage waveforms from the experiment.
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The chemical composition and physical properties of Al-alloy are shown in Table 1 [37]
and Table 2 [38]. This Al-alloy material is the material used in the experiment, and these
property parameters are also input into the RAMA program.

Table 1. Chemical composition of Al-alloy (wt %).

Fe Si Cu Mn Mg Zn Ti Ni Others Al
0.14 0.06 4.5 0.83 1.6 0.09 0.04 0.08 <0.05  Surplus

Table 2. Physical properties of Al-alloy.

Coefficient of Thermal

Specific Heat Capacity Expansion Thermal Conductivity Density Young's Poisson’s
/J- kg 1.K1) /(15*6K*1) /W-m-1.K1) /(kg-m~3) Modulus/GPa Ratio
900 23 143 2780 70 0.33

According to the effective current and voltage data in the experiment, the transmission
efficiency of the electron beam in the drift tube, and the beam spot area on the target surface,
each experimental situation can be calculated by the finite difference method. Figure 8
shows the comparison between the calculated results and the experimental data, from
which it can be seen that the former is mostly in good agreement with the latter. For the
larger ones, they are still in reasonable agreement with consideration of the uncertain
electron beam energy flux. In a word, the former, which is credible, is consistent with the
latter in the range of experimental uncertainty, and the numerical calculation is carried out
well by using the numerical calculation software. Figure 9 shows the comparison of the
impulse coupling coefficients.

Impulse (Pa.s)

450 - <
A0 ]
— 400
g 350
=
= 300
‘i .I
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2 >
a 100 150 2 Oy o 250 300 330
Eﬁ . = [st Calculation
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Fod i v 2nd Experimen
e x 0 3rd Calcualtion
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Figure 8. Comparison between calculated results and experimental data of blow-off impulse.
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Figure 9. Comparison between calculated results and experimental data of impulse coupling coeffi-
cient.
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5. High Energy Flux Expansion Calculation

The limited effective data of thermodynamic experiment and the small range of energy
flux fail to meet the requirements of equivalence research. Therefore, this paper expands
the experimental results and its range by means of numerical calculation. The energy flux
range for equivalence research needs to be extended to 500 J/cm? from 100-250 J/cm?
for the experiment. First, the calculation approach for energy flux in the electron beam
irradiation experiment needs to be analyzed.

1/2
oy, < i(o.12 +422 4+ 5% + 12.62) /100 = +14% (24)

where U(i) and I(i) represent the voltage and current data—including generally unchange-
able system information of the electron beam accelerator—recorded in the experiment at
each moment during the electron beam pulse irradiation; At is the time interval of recording
the current and voltage of the accelerator; and k is the transmission efficiency of the electron
beam in the drift tube. The failure of online measurement triggers the values of these two
changing in a small range. R is the radius of the electron beam spot on the target surface,
with its size adjusted by changing the target position in the drift tube in the experiment.
Moreover, different energy fluxes can be obtained by adjusting its size in the numerical
calculation. This study gave out irradiation effects of the electron beam at high-energy
flux by adjusting the beam spot radius and using numerical calculation for expansion. By
taking the current and voltage as basic parameters and adjusting the beam spot radius,
the blow-off impulse and thermal shockwave stress were experimentally calculated at the
energy flux of 100-500 J/cm?, to complete the expansion of the experimental results of
high-energy flux.

Figure 10 shows the calculation results of blow-off impulse by experimental expan-
sion, under the electron beam irradiation blow-off impulse with energy flux ranging
100-500 J/cm?, with maintained system information of electron beam. The numerical
calculation results are equivalent to the experimental ones to a certain extent. The blow-off
impulse increases linearly with the change in energy flux. Figure 11 shows the calcula-
tion results and impulse coupling coefficients under different energy fluxes. The impulse
coupling coefficient is consistent, according to the comparison between the experimental
results and the calculated results in the same energy.

Figure 12 shows the calculation results and experimental data of thermal shockwave
stress under different energy fluxes. The former, albeit slightly larger, is in good agreement
with the latter to a certain extent, with consideration of the uncertain energy flux and
thermal shock wave stress. It shows the influence of uncertain electron beam system on the
thermal shock wave stress, because of the linear increase in thermal shock stress with the
change of the energy flux, and the small dispersion.
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Figure 10. Calculation results of blow-off impulse by experimental expansion.
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To analyze the equivalence, the blow-off impulse results are calculated and compared

with the experimental data, as shown in Figure 13. Meanwhile, the data are fitted and the
formulas are given.
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200 + Calculation data fitting b
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Figure 13. Calculation and experimental results and fitting curves of electron beam irradiation

blow-off impulse under different energy fluxes.

6. Numerical Calculation of X-ray Blow-Off Impulse

The same aluminum alloy materials were selected as the target materials in the
experiment. The blackbody spectra were 1 keV and 1.4 keV, and the X-ray time spectrum
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used a rectangular pulse of 0.1 s in width. The variation of blow-off impulses with X-ray
energy flux was calculated for X-ray spectrum, with its energy flux ranging 50-500 J/cm?.
The calculation results of the blow-off impulse are shown in Figure 14, with the black and
red lines representing the blow-off impulse of 1 keV and 1.4 keV blackbody spectrum
X-rays, respectively. It can be seen from the graph that there is a different monotonous
increase in blow-off impulse with the energy flux. The approximate fitting formulas are as
follows:

Lir—19 = 0.65®x + 2.0 (25)
Lir—14 = 0.7®x — 25 (26)
350
p = = kT=1.0keV
3004 ¢ = - kT=1.4keV
—_ kT=1.0keV linear fitting
b 25091 ——kT=1.4keV linear fitting
£ -
3 200-
2
2.150-
£
1004
501
0 T T T T
0 100 200 300 400 500

Energy density (J/cm?)

Figure 14. Calculation result and fitting curve of blow-off impulse of blackbody spectrum X-ray
under different energy fluxes.

7. Equivalence Relations between Electron Beam and Blackbody Spectrum X-ray
Irradiation Blow-Off Impulse

According to the above calculation results of blow-off impulse, electron beam was
adopted to simulate the blackbody spectrum X-ray irradiation blow-off impulse. After
numerical analysis on the calculation results of both, it is found that there is a certain
numerical correlation between the two blow-off impulses. Based on this, a simple numerical
relation between the two blow-off impulses is as follows:

IkT:l.O = 0.4Ljectron + 35 (Pa's> (27)

IkT:1.4 = 0'431618Ct7071 +10 (Pa~s) (28)

This formula provides the numerical relations between the irradiation blow-off im-
pulse of the electron beam and the blackbody spectrum X-ray under the same energy flux,
which is called equivalent energy flux relations. Figure 15 shows the comparison between
the numerical calculation results and the blackbody spectrum X-ray’s irradiation blow-off
impulse converted from that of the electron beam under identical energy flux relations. It
can be seen intuitively that they are in good agreement.

Formula (29) exhibits the numerical relation between electron beam and blackbody
spectrum X-ray irradiation blow-off impulse at the same energy flux. However, it is
not intuitive and convenient to directly apply it to equivalence and provide equivalence
principles. Therefore, a further analysis of the relation between the data for the two blow-off
impulses obtained the energy flux relation at the same blow-off impulse by the irradiation
of electron beam and blackbody spectrum X-ray.

Pkr1=10 = 2.5Ptctron — 130 (J/cm?) 29)

Pyr_1.4 = 2.3Pictron — 80 (J/cm?) (30)



Materials 2021, 14, 5002

13 0f 17

The above formula reveals the numerical relations of energy flux at the same blow-off
impulse by the irradiation of electron beam and blackbody spectrum X-ray, which is called
equivalent impulse relations. From the comparison between the numerical results and the
blackbody spectrum X-ray’s blow-off impulse converted from that of electron beam as per
the above equivalent impulse relations, as shown in Figure 16, it can be found that they are
in good agreement.

700

Ielectron beam'ﬂtﬁng /
6001 ——I =1.0keV

X-ray

=| *
lkT=1.0keV 0.4 leleclron beam+35

Impulse (Pa.s)
e} (O8] B [
s 8 8 8

100 -

100 150 200 250 300 350 400 450 500
Energy density (J/cm?)

700
- Ie lectron heam'ﬁtting /

600 —— I =1.4keV

lkT=l.4keV=0'4'3 ~klelect ron hM

5004

s)

4001

300+

Impulse (Pa

200 A

100 4

100 150 200 250 300 350 400 450 500
Energy density (J/cm?)

Figure 15. Comparison between the results of energy—flux relation conversion and blackbody

spectrum X-ray irradiation blow-off impulse.

Figure 17 shows the equivalent energy flux relations for measurement results of the ex-
perimental blow-off impulse. The results from comparison show that the simulation results
of blackbody spectrum X-ray irradiation blow-off impulse converted from the experimental
results of blow-off impulse as per the above flux relations are in great agreement with the
numerical results. The experimental results of blackbody spectrum X-ray irradiation blow-
off impulse at the same energy flux can be predicted according to the blow-off impulse by
the electron beam experiment and the above flux relations. The experimental results of
blackbody spectrum X-ray irradiation blow-off impulse could be indirectly obtained by
the electron beam simulation experiment, in case of the lack of blackbody spectrum X-ray
irradiation sources.

IkT:l-O = 0'29IBlectrun(€xperimen) + 68 (Pa-s) (31)

IkT:1.4 =0.3] ) +46 (Pa-s) (32)

electron(experiment
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Figure 16. Comparison between equivalent impulse-based conversion results and blackbody spec-

trum X-ray irradiation blow-off impulse.
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Figure 17. Comparison between the fitting curves of experimental blow-off impulse after conversion
via the equivalent energy flux relations and the blackbody spectrum X-ray irradiation blow-off

impulse.
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Figure 18 shows an equivalent impulse relation, which is a direct equivalent one. The
results obtained by numerical calculation are in good agreement with those obtained by
X-ray irradiation. The electron beam experiment can be designed using the equivalent
impulse relations. The blackbody spectrum X-ray irradiation blow-off impulse value by
direct measurement under the concerned flux is equivalent to the experimental result of
blackbody spectrum X-ray irradiation blow-off impulse directly obtained by the electron
beam experiment without sufficient blackbody spectrum X-ray irradiation sources.

— 2
Drr=10 = 3'75q>electr0n(exp eriment) 425 (]/Cm ) (33)
2
Dir=14 = 3'38q>electmn(exp eriment) — 340 (J/Cm ) (34)
WTr— 1,~1.0keV 7
L ecron bean~11LI0E (Experim:}Za/;a)
400 7 (DkTZI.Och:3 '75*‘1)6160"0" beam 5
Q2
é‘i 3004
_;g Experiment data
=
22004
&
Energy fulx data
100
0 100 200 300 400 500
Energy density (J/cm?)
300 — 1, =l 4keV 7
— Lyearon beamn™F1EINE (EXP erimjlé%zta)
400 - KT-L4kev=3-38"= dectron bear 540
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u
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Figure 18. Comparison between the fitting curves of experimental blow-off impulse after conversion
via equivalent impulse relations and the blackbody X-ray irradiation blow-off impulse.

8. Conclusions

This paper studied the equivalence problems in thermodynamics effects between the
multienergy composite spectrum electron beam and blackbody spectrum X-ray, which
could provide a reference for rapid determination of experimental parameters in simulation
experiments.

(1) The electronic beam experimental platform and impulse measurement system
were introduced to analyze the set input parameters by numerical calculation on the basis
of experimental conditions. By comparison of the impulse coupling coefficient, it was
shown that the credible calculation results were consistent with the experimental data in
the range of experimental uncertainty. The numerical simulation was carried out well
using numerical calculation software.
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(2) Experiment results and energy fluence range were expanded by numerical cal-
culation to meet the requirements of equivalence study, and the data for electron beam
irradiation blow-off impulse with energy fluence of 100-500 J/cm? were thus obtained.
This result, meanwhile, maintained the input information of the electron beam system.
From impulse calculation results, the blow-off impulse presented a linear increase with
energy fluence.

(3) The RAM software with a self-developed program was employed to achieve the
X-ray irradiation blow-off impulse and the approximate fitting formula under blackbody
spectra of 1 keV and 1.4 keV. For input conditions, aluminum alloy—the same as the target
material for the experimental measurement—was selected, while the rectangular pulse of
0.1 ps in width was adopted for the X-ray time spectrum, thus obtaining the energy fluence
of 50-500 ] /cm?.

(4) By comparison between the experiment results of the electron beam and the
blackbody spectrum X-ray numerical simulation, the equivalent flux and impulse relations
were obtained.

In a word, based on the actual results of the electron beam simulation experiment,
the results were also expanded by numerical calculation. The numerical calculation of the
blackbody spectrum X-ray irradiation blow-off impulse gave out the variation curve of the
X-ray blow-off impulse with the energy flux. Based on this, the equivalent flux and impulse
relations were obtained by analyzing the numerical and experimental calculation results
of the electron beam blow-off impulse and the calculation results of the X-ray blow-off
impulse. Through such relations, the experimental results of blackbody spectrum X-ray
irradiation blow-off impulse could be obtained directly or indirectly by the electron beam
simulation experiment. This is of certain practical significance.
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