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Abstract: The X-ray pulse originating from high altitude nuclear detonation (HAND) is mainly soft
X-ray and its intensity is high enough to gasify the penetrated material and then lead to the severe
thermo-mechanical deformation of unpenetrated material from the gasified blow-off effect. This effect
cannot be directly reproduced in a lab for the lack of the X-ray source like HAND. At present,
the low-energy relativistic electron beams resulting from an electron accelerator are usually used to
approximately reproduce this effect, but the difference in the energy-deposited profile in materials
between the electron and X-ray cannot be eliminated. In this paper, the symmetric linear least squares
method was used to optimize the electron spectrum, and the general Monte Carlo N-Particle Transport
Code calculations showed the optimized spectrum can produce the same energy-deposited profile in
aluminum, copper, and tantalum with the soft X-rays like 1 keV or 3 keV spectrums. This indicates
that it is possible to simulate the severe thermo-mechanical deformation resulting from HAND using
the optimized electron spectrums.

Keywords: high altitude nuclear detonation; soft X-ray; thermo-mechanical deformation; least squares
method; gasified blow-off effect; energy-deposited profile

1. Introduction

When the nuclear bomb explodes over high altitude (more than 80 km to 100 km distance from
the ground), the soft X-ray pulse (mainly between 1 keV and 3 keV) resulting from high altitude
nuclear detonation (HAND) can propagate undamped for a long distance in the surrounding rarefied
air. The intensity of the X-ray pulse is so high that it can gasify all the materials that the X-ray
penetrates. The gasified material will adiabatically expand and the subsequent blow-off effect can
produce the thermal shock wave propagating into the unpenetrated material. The propagation and
reflection of the thermal shock wave can result in severe thermo-mechanical deformation of materials
or structures [1-3]. So, some scientists propose to damage spatial objects such as missiles, satellites,
and near-earth asteroids with HAND [4-6]. But how to reproduce this physical process experimentally
with the facilities in the lab is still a tough problem [7].

In fact, the X-ray pulse duration is short to about 100 ns and then the thermo-mechanical
deformation can merely be determined by the energy-deposited profile in the material [8-10]. If two
radiations have the same energy-deposited profiles in the same material, they will lead to the same
thermo-mechanical deformation [11-13]. Unfortunately, it is hard to find one radiation in the lab
which can produce the same energy-deposited profiles as that of HAND. At present, the low-energy
relativistic electron beams resulting from an electron accelerator are usually used to simulate the

Symmetry 2020, 12, 59; d0i:10.3390/sym12010059 www.mdpi.com/journal/symmetry


http://www.mdpi.com/journal/symmetry
http://www.mdpi.com
https://orcid.org/0000-0003-1907-087X
https://orcid.org/0000-0002-9528-6536
http://www.mdpi.com/2073-8994/12/1/59?type=check_update&version=1
http://dx.doi.org/10.3390/sym12010059
http://www.mdpi.com/journal/symmetry

Symmetry 2020, 12, 59 20f8

thermo-mechanical deformation resulting from HAND, though the differences in the energy-deposited
profiles exist. So, at the lack of X-ray sources such as HAND, it is key to find the electron spectrum that
can reproduce the same energy-deposited profile as HAND. In this paper, one symmetric linear least
squares method is proposed to optimize the electron beam spectrum, and through the calculations with
MCNP software (a general Monte Carlo N-Particle Transport Code, MCNP) [14], the optimized electron
beam spectrum can produce the same energy-deposited profiles as the 1 keV and 3 keV X-rays do.

2. The Optimized Method

2.1. The Differences between X-ray and Electron Interaction with Materials

The deposited-energy profiles of X-ray and electron in the same material are merely determined
by their mean free paths in that material, which are usually different for their different physical
mechanisms of interaction with material. The X-ray pulse of HAND can be treated as a black body
spectrum which is defined with a characteristic temperature. Figure 1 shows the energy-deposited
profiles in aluminum of 3 keV X-ray and electron of one certain energy with the same energy fluence.
We can see that the deposited energy per gram resulting from 3 keV X-ray radiation declines quickly
with the increase of energy-deposited depth, while the electron has a greater energy-penetrated depth
and its energy-deposited profile rises first and then goes down, which means that the profile has
an obvious peak point. If using this electron spectrum to simulate the thermo-mechanical response
resulting from HAND, the experimental results cannot be used to assess that resulted from HAND.
So, it is necessary to optimize the electron spectrum to get the electron spectrum that can be used to
simulate the thermo-mechanical response resulted from HAND.
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Figure 1. The energy-deposited profiles of electron beam and X-ray of the same energy fluence in aluminum.

To explore the feasibility of optimizing the electron spectrum, we presented the energy-deposited
profiles of electrons of different energy in Figure 2. We can see, the lower the electron energy is,
the closer the peak point is to the radiating surface, which indicates that it is more suitable to use the
low-energy electrons to simulate the thermo-mechanical response resulted from HAND.
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Figure 2. The energy-deposited profiles in aluminum of electrons of different energy.
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2.2. The Optimized Method for Electrons

The electron spectrum used to simulate the thermo-mechanical response must have the same
energy fluence and the same energy-deposited profile in the material as that of X-ray. So, the optimized
method needs to satisfy the following preconditions:

(i) Assuming this problem is in one dimension;

(if) Dividing the material into N parts along the radiated direction and as shown in Equation (1),
in each part, the deposited energy from the electron should be correspondingly equal to that from
the X-ray

ef:e‘?izl,Z,---,n (1)

1

where, the superscripts p and e denote X-ray and electron respectively, subscript i denotes the order of
the part;

(iii) Assuming the electron spectrum is continuous and has a maximum energy per electron emay,
and the minimum is zero (Figure 3). The energy span of the whole electron spectrum is divided into m
energy bins, and in the jth energy bin, the midpoint value of the energy per electronise; (j=1,2,...,m),
the total number of electrons is a; (G=1,2,...,m). This means the continuous spectrum has been
changed to a discrete spectrum (see Figure 4). The optimization purpose is to get the number of
electrons a; in each energy bin;
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Figure 3. The continuous spectrum of electrons.
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Figure 4. The discrete spectrum of electrons.
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(iv) The deposited energy from electrons in the ith part of material is ¢/, and for one electron in the
jth energy bin (which means the electron has the energy ¢;), the deposited energy in the ith part is ¢;;
which can be calculated with the MCNP software.

According to the above preconditions, the deposited energy in the ith part result from the electron
spectrum can be calculated with the following Equation (2).

m
ef = Z €ijdj (2)
j=1

The energy-deposited profile in the material that resulted from X-ray with a certain energy fluence
can also be calculated with MCNP software, which means the deposited energy ef] in each part is
known. Combining the Equations (1) and (2), we can have the following matrix representation:

D=E-A 3)

where the matrixes D, E, and A have the form as those in the Equation (4).
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In addition, the number of electrons in each energy bin cannot be negative, that is
a;j = 0 (5)

Now, the problem has changed to how to solve the Equation (3) to have the solution A. According
to the linear algebra, the Equation (3) has m — n + 1 sets of solutions if n < m; and has only one set of
solutions if n = m. If n > m, the Equation (3) has no solution but one approximated solution.

According to the optimization theory, this approximated solution can be gotten with the least
squares method under constraints. That is to find the minimum value

min(|[E- A - DJ||)? (6)

The matrix A, which satisfied the Equation (6), can tell us how to distribute the electron numbers
in each energy bin, and together with m energy bins was exactly the optimized electron spectrum that
we want.

3. Specific Results

To show the validity of the optimization method above, the electron spectrum was divided into
50 energy bins with the energy span from 6.5 keV to 643.5 keV. The material was divided into 1000 parts.
With the software MCNP, for the electron with the energy ¢;, the energy depositing in the ith part
results can be calculated in advance for a specific material, that is, the value eij has been known before
optimization. The spectrum to be simulated is 1 keV and 3 keV X-ray spectrum with the energy fluence
w = 200 J/cm? and 300 J/cm?.

3.1. The effect of X-ray spectrum

Taking the aluminum as the example, the optimization for 1 keV and 3 keV X-ray spectrums with the
energy fluence 300 J/cm? was accomplished, and the optimized results are shown in the Figures 5 and 6.
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Figure 5. The optimized results for 1 keV X-ray with fluence 300 J/cm?. (a) The electron spectrum after
optimization; (b) Comparison of the energy-deposited profiles between X-ray and electron.
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Figure 6. The optimized results for 3 keV X-ray with fluence 300 J/em?. (a) The electron spectrum after
optimization; (b) Comparison of the energy-deposited profiles between X-ray and electron.

From Figures 5b and 6b, we can see that the energy-deposited profiles after optimization agreed
well with that of X-rays. But the electron spectrums after optimization for 1 keV X-ray are completely
different from that for 3 keV X-ray as shown in Figures 5a and 6a. In the electron spectrum for 1 keV
X-ray, the number of electrons with low energy is less than that for 3 keV X-ray. Which indicates, once
again, that the electrons with low energy are appropriate to be used to simulate the soft X-ray.

If the fluence of X-ray was changed to 200 J/cm?, the optimized results are shown in Figures 7
and 8. From the comparison of Figures 5 and 6 with Figures 7 and 8, we can see that the electron
spectrum after optimization does not change but the number varies which means the fluence is merely
related with the number of electrons. In other words, the optimization method presented here can be
applied to X-ray with any fluence by only changing the number of electrons.
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Figure 7. The optimized results for 1 keV X-ray with fluence 200 J/em?. (a) The electron spectrum after
optimization; (b) Comparison of the energy-deposited profiles between X-ray and electron.
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Figure 8. The optimized results for 3 keV X-ray with fluence 200 J/cm?. (a) The electron spectrum after
optimization; (b) Comparison of the energy-deposited profiles between X-ray and electron.

3.2. The Effect of Material

In nuclear physical theory, except for the density, the energy-deposited profiles resulting from
X-rays are merely related to the atomic number Z of the material. So, we take the low-Z material Al,
medium-Z material Cu, and high-Z material Ta to test the validity of the optimization method presented
here. The X-ray spectrums chosen to be simulated were still 1 keV and 3 keV X-ray. The calculated
results are shown in Figures 9 and 10.
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Figure 9. Comparison of the electron spectrums used to simulate 1 keV X-ray in three materials: aluminum,
copper, and tantalum.
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Figure 10. Comparison of the electron spectrums used to simulate 3 keV X-ray in three materials
aluminum, copper and tantalum.

Figures 9 and 10 show that, after optimization, the electron spectrums varied greatly with materials
for the same X-ray. For the electron spectrum for simulating the soft X-ray, the differences among three
materials were mainly on the low-energy span; while for the electron spectrum for simulating the
hard X-ray, the differences among three materials appeared on all the energy spans. For the high-Z
material tantalum and the soft X-ray 1 keV, there are more electrons in the low-energy span of the
electron spectrum than the electron spectrums for the low-Z material aluminum and the hard X-ray
3 keV. The optimized electron spectrums for three materials also indicate that the optimization method
is applicable for all the material no matter which is low-Z, medium-Z, and high-Z.

4. Conclusions

In the paper, one optimization method was presented to optimize the electron spectrum which
was used to simulate the thermo-mechanical response of one material resulting from X-ray radiation.
The calculated results showed that:

(i) In a material, the electron spectrum after optimization can lead to the same energy-deposited
profile that the X-ray spectrum produced; so, if one electron accelerator can adjust the electron spectrum
it produced to the optimized one, this accelerator can be used to simulate the thermo-mechanical
response resulted from HAND.

(ii) The electron distribution in the optimized electron spectrum was greatly affected by the
radiated material and the X-ray spectrum, and the variation in the X-ray fluence would not affect the
structure of the optimized electron spectrum but the number of electrons in each energy bin.

It should be mentioned that, at present, the scientists are unable to find a way to control precisely
the energy and the speed of the numerous electrons emitting from accelerators, so it is still a tough task
to realize this optimizing method on electron accelerators.
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