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This paper is aimed to find out the impact of the geometrical parameters, mainly the radius and the
height of a cylinder, on the SGEMP response including the famous scaling law in the classical cylinder
model using a homemade PIC code UNIPIC-3D. We computed the electric fields at the center and at the
edge on the emission head face with different radii and heights under normal X-rays incidence. The
results show that the electric field will increase with the radius but decrease with the height. We analyze
the scaling law that links the electric field product and fluence product, and whereafter an irreconcilable
contradiction raises when the radius is changeable, which limits the application range of the scaling law.
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G(ae};‘l‘r:fertrsical parameter Moreover, the field-height-radius relation is found and described by a combination of logarithmic and
SGEMP minus one-quarter numerical fitting law firstly. Particle and magnetic field distributions are used to
Scaling law explain all the behaviors of the fields reasonably. All the findings will assist the evaluation of SGEMP

response in spacecraft protection.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

High-energy and huge-fluence X-rays and y-rays from the high-
altitude nuclear burst will act on the space vehicles and knock the
photoelectrons and Compton electrons out with energies over keV
magnitude via photoelectric effect and Compton scattering [1,2].
The space vehicles usually work at the outer space where the air
can be ignored and the radiated X-rays there contain around 70%—
85% energy of the total nuclear chain reaction while the y-rays
occupy no more than 0.5% in principle [1]. As a result, X-rays play a
more important role in nuclear-explosion space-radiation effect
than y-rays. The injected electrons form a large space current from
the emission surface, leading to the unbalance of electric potential
on the vehicles and then causing enormous skin currents. The large
space current and skin current stimulate the so-called system
generated electromagnetic pulse (SGEMP) of which electric field
could exceed 10° V m~!, disturbing and even damaging the elec-
tronic systems in the space vehicles [3]. Thus, it is still worthy
studying SGEMP responses and finding out more efficient ways to
harden the space vehicles under high-energy rays in detail.

Lack of such high-energy radiation environment from a large
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space scale, for example, the true nuclear explosion source, other
alternative equivalent methods have appeared. Analysis is the basic
method and has obtained many useful conclusions in the early
stage of studies [4—6]. However, as SGEMP responses are nonlinear
in most conditions [7,8], analysis will not gain the ideal results at all
the time. Therefore, the experiments in labs have been proceeded
by the high-energy rays derived from the particle accelerator [9] or
high-power lasers [10] instead. Nevertheless, the expensive cost
and the uncertainty of the experiments will limit the study in
consumption of time and efficiency. Along with the improvement
of computer in recent decades, numerical simulation has developed
to be an important method to research the nuclear-explosion
electromagnetic effects [11—15], and the application of giant com-
puter has extended it greatly into a larger computation space and
increased the computation accuracy to a great extent. What's more,
the non-negligible self-consistent effect between the moving par-
ticles and self-generated fields is able to be included without a mass
of efforts in this way.

Particle-in-cell (PIC) method which could solve the self-
consistent problem automatically has been developed for many
years. It has the advantage of less computation resources and has
been perfectly adapted in Linux system on the giant computer.
Different kinds of PIC codes have been exploited, for example,
MAGIC[16], XOOPIC [17], CHIPIC [ 18] and UNIPIC. The last one is our
homemade code, which has been widely applied to the field of
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vacuum electronic device, such as studying the physical phenom-
ena in diode [19,20], modeling the dielectric breakdown [21] and
designing the high power microwave device [22]. Recently, it has
been improved to handle the generation of EMP with good con-
venience [23—26]. Though the existent of air may bring great
impact on the generation of electromagnetic fields [27], we could
ignore it considering the flight altitude of the satellites.

However, even though PIC method takes the advantage of
saving computation resources comparably over other ways, still lots
of time will it consume [23]. In that case, plenty of researches have
been carried out to study and summarize the responses of SGEMP
under different inputs, such as the energy spectrum, pulse width,
incident angle of the radiations, and the geometrical models of the
irradiated object [28,29]. For convenience, the cylinder was
considered a simplified model to stand for the traditional space
vehicle roughly, and subsequently A. J. Woods brought a general
descriptions of the scaling laws for SGEMP responses in that model,
from which we could obtain the approximate electric field and
surface current easily rather than the elaborate but time-
consuming numerical simulation under a given input condition,
and researchers have widely adopted it to verify their codes [24,30].

From a large range of studies, we know that the dimensional
factor can inevitably change the results when the model converts
from 2D to 3D. Likewise, the above-mentioned scaling law has
some shortages when solving the changeable geometrical param-
eters, i.e., radius and height of the cylinder. As a result, we
employed UNIPIC to make the question clear in this article. Section
2 briefly introduced the computational method and model. Section
3 presents the problem in Woods's scaling law and we analyze its
shortcomings in depth. Then we introduce the height of the cyl-
inder as another geometrical factor, explain how and why the
electric field varies with it and ultimately come up with an overall
fitting formula, linking the electric field, height and radius together.
Section 4 summarizes this work.

2. Computation method and model

UNIPIC-3D is a fully electromagnetic PIC code, which is widely
utilized to model the motion of the injection particles and compute
the generation and propagation of the electromagnetic fields by
combining time-dependent Maxwell's equations and Newton-
Lorentz force equations. The differential form of Maxwell's equa-
tions field propagation part is as

OoE
e =VxH-] (1)
0B
gz—VxE (2)

where E and H are the electric field and magnetic field, £ and u
denote the permittivity and permeability of the medium, and J
represents the electric current density. The Newton-Lorentz force
equations can then be updated with the known E and B from Egs.
(1) and (2) to output the positions and velocities of particles as

dtymv:q(EJrVXB)

(3)

d
—X=V

I (4)

where m, g, vand x are the mass, charge, velocity and displacement
of the electron separately, and the relativistic factor v is expressed
as
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1
1— (v/c)?

Y= 1+ (u/c)? (5)

where c is the speed of light, u = yv.

Meanwhile, the conformal technique has been maturely com-
bined in our code [23] with the partially filled cells (PFC) [31]
approach. Compared with the first-order conventional staircased
meshes, the PFC approach is capable to increase the accuracy of the
boundary approximation with a second-order accuracy while
reserving the benefits of the conventional algorithms. The sym-
plectic integrator (SI) is employed here in order to provide a high
order algorithm to simulate the dynamics of electromagnetic fields
in time and second-order accurate in space, which can greatly
decrease the numerical instability [32]. By using SI, Eqs. (1) and (2)
can be expressed as follows,

ENU+D/r — g/ BjAt% (%V « BT 7]n+(i+1)/r> (6)

Bn+(i+1)/r:Bn+j/r _ bjAf'V « EMT (7)
where, j = 0, ..., -1, b; and Bj are the coefficients for the explicit
partitioned Runge-Kutta algorithm, r is the order of the method
[23,33]. Then, we establish the foundation to simulate the elec-
tromagnetic field and particle distribution in complicated 3D
models.

Calculations are performed for the response of a cylinder with
radius R and height h illuminated on one head face by a batch of
uniform X-rays pulse of energy fluence @, as shown in Fig. 1. The
classical time history is proportional to the peak-normalized sine-
squared profile Eq. (8) of which the rise time and full width at half
maximum (FWHM) are equal [28],

I(t) =sin 2 (%) (8)
where FWHM 7 = 25 ns.
cAt £ !
1 1 1
2 + 2 + 2
(Ax)” (&) (Az)
X- rays
\ ) S
—

2R

Fig. 1. Computation model. The X-rays irradiate on one head face uniformly along the
—z axis. The radius of the aluminum cylinder is R, and the height of the cylinder is h.
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Fig. 2. The scaling law of normal electric field product E,R vs. fluence product R
under different characterized energies in Ref. [28]. The normal electric field E, is on the
emission surface, R is the radius of the cylinder and fluence @ is the energy fluence of
the incident X-rays.

The material of the cylinder model is set aluminum which is
regarded as a perfect electric conductor. The X-rays usually obey
the blackbody energy distribution with a characterized tempera-
ture T. From Ref. [34] we can acquire the electron emission pa-
rameters by the Monte Carlo code MCNP that the photoelectron
yield of external emission surface is as a function of the charac-
terized temperature, the emission angle submits to the cosine
distribution, and the peak-normalized energy spectrum of the
emission electron is expressed as Eq. (9),
f(E)=exp(—E/T) 9)
where E is the electron energy.

The free space domain is set at least twice along x axis and y axis
and three times along z axis as large as the computational models,
so that the reflected waves from the CPML boundary would influ-
ence the results less. The computational grids are all uniform cubes
with Ax x Ay x Az =0.01 m x 0.0l m x 0.01 m, and the time
step /\t obeys the Courant stability condition.

1

.
Ty Ty

cAt < (10)

1
(Ax)?

3. Results and discussion
3.1. SGEMP scaling law

It has been mentioned in section I that the scaling law in
Ref. [28] is used to simplify the acquirement of the SGEMP response
in a cylinder model. The relations between E,R (electric field
product at the top of the cylinder) and @R (fluence product) under
incident X-rays of different blackbody characterized temperatures
(or spectra with characteristic energies) are exhibited in Fig. 2. We
have also employed UNIPIC-3D to simulate how the normal electric
field E, varies with the incident fluence @ in a specific model of
which radius R = 0.1 m, and height h = 0.2 m. The relation is
indicated in Fig. 3 then.
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Fig. 3. Normal electric field E, vs. energy fluence @ under three characterized energies,
T=1KkeV,T=2keVand T =5 keV, when the radius of the cylinder R = 0.1 m, and the
height of the cylinder h = 0.2 m by UNIPIC-3D.

Comparing Figs. 2 and 3, we can find the similar feature that
below certain fluence threshold of each curve, E,R (or E;) changes
with @R (or @) linearly, while the relation becomes sublinear
beyond the threshold. This nonlinear relation is caused by the
space-charge limited effect [24] which restricts both the currents
and fields. These relations in the two figures are the same when the
radius is constant, but when it comes to a changeable radius, the
conclusion is significantly different.

3.2. Problems in the scaling law

The following is aimed to reveal why the above-mentioned
relation is not universally adoptable. At the beginning, we need
to know how the peak of the two normal electric field E; changes
with the radius R when the height of the cylinder is fixed. We
choose h = 0.1 m unchangeably here, and the irradiation energy
fluence is ¢ = 0.4 ] m~2, which supplies a low space-charge limited
environment. E; is the electric field at the center on the emission
surface and E; is at the edge, pointed out in Fig. 1. As we can see,
both the two electric fields are growing with radius. When the
radius is small (around no more than 0.2 m), two electric fields
increase nearly linearly. Nevertheless, at the time the radius ex-
ceeds some threshold, sublinear increase occurs likewise. It is also
indicated that E, is conspicuously larger than E; for all the radii
because of the edge-effect [20] due to the repulsive forces among
the electrons on and above the emission surface.

Then, we map the particle distributions above the emission
surface with R = 0.2 m at different times so as to dig for the reason
why the tendency between the electric field and radius is positive
correlation. As we know, the pulsed electric field is generated by
the moving electrons, and its strength depends mainly on the local
electron density. Usually, at the beginning of the injection, elec-
trons will just cover the emission surface, as shown in Fig. 5(a).
However, as time passes by, because of not only the cosine emission
angle, but also the repulsive forces among the electrons, from
Fig. 5(b) it is indicated that the emission electrons are going to
spread around transversely and symmetrically, and the electron-
coverage area could be four times as large as that in Fig. 5(a). Due
to the above spread statement, the electron density may decrease
as a result. Hence, the electric field strength is actually determined
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by the electron accumulation, that is how many electrons generate
or move from the other areas to the area of interest and how soon
the electrons there spread around.

Now, let us focus on the electric fields on the emission surface.
The electron generation rate and spread speed are nearly not
influenced by the size of the radius, and then it is the quantity of
electrons moving from other areas that impact the electric field.
When the radius is small, the total emission area is small, which
results in a limited number of the electrons that could transport to
the diagnostic point, and the number of those will increase as the
radius, i.e., the total emission area grows larger. So, that accounts
for the increasing relation that electric fields grow with the radius
in Fig. 4. However, when the number of electrons is large enough,
the local electrons have the ability to impede and block the other
electrons which are farther from the diagnostic point. Therefore, no
matter how larger the radius increases, the blocked electrons will
not influence the electric field of interest anymore, which leads to
the saturation electric field at the steady part in Fig. 4.

Now, the contradiction appears. Firstly, let us think about this
question that how the electric field product E.R will change with
the fluence product ¢R in the linear stage with a settled radius in
Fig. 2. From Fig. 3 we know the answer is linear increase for sure.
However, once we fix the value of energy fluence @ and increase the
value of radius R only, what is the answer then? If electric fields
don't change with radius, then we could obtain Fig. 2 from multi-
plying R by E; in Fig. 3 obviously. But Fig. 4 tells us that normal
electric fields will be enlarged unfortunately. Thus, for an original
condition A with fluence product ®aRa and electric field product
EaRa, when we enlarge the radius to Rg = aRa (o > 1) where it still
doesn't reach the saturation stage. And then, for the new condition
B, we know the new electric field Eg is larger than E5 and we set
Eg = BEa (6 > 1). Now, the electric product is EgRg = aSEaRA under
the fluence product ®gRg = a®PaRa, of which relation is super-linear
and doesn't accord with that in Fig. 2.

Moreover, it is revealed from Fig. 4 that the increase of the
electric field strength with the radius could reach from 5 times to
even an order, which means the scaling law in Ref. [28] might be
less quantitative but more guiding for SGEMP protection. Mean-
while, a steady saturation is established when R > 2.0 m, and only at
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Fig. 4. Normal electric fields at the center point E; and at the edge E, on the emission
surface. The height of the cylinder h = 0.1 m, and the energy fluence of the X-rays is
®=04]m>2
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this time will the scaling law be more accurate and adoptable.
According to Fig. 4, we establish the relation between electric field
at the center E; and radius R under different heights h, and a more
general logarithmic expression is as Eq. (11),
E; = A(h) x 10g 19(R) + B(h) (vam*]) (11)
where A(h) and B(h) are two parameters as functions of the height
of cylinder and will be introduced as follows.

3.3. Influence of the height of the cylinder

The above content catches our eyes on how the radius affect the
electric field and the scaling law. In this section, we are going to
concentrate on the influence of the height of the cylinder, which
was not mentioned before. Fig. 6 gives the relation between the
electric fields (electric field at the center and electric field at the
edge) mentioned before, and the height of the cylinder h, when the
radius is fixed R = 0.1 m and the energy fluence of the X-rays is
@ = 0.4] m~2. It is found that both electric fields will decrease with
the increase of h. Even though the difference between the two
electric fields is large with a short height, it becomes ignored as h
grows large enough (h > 2.0 m in this model), where little edge-
effect exists then. In order to obtain the quantitative relation be-
tween the two variates, we draw the curve that the two electric
fields vary with h~%2 in Fig. 6(b). It is demonstrated that E; is
nearly linear with h~%2%, while E, behaves quadratically at the large
height region, and luckily the small height condition could not be
practical in reality. We show the relations of E; with h~%2> under
four curves of different radii in Fig. 7, and they all seem to obey the
same tendency (or slope) but different intercepts, and we fit the
relation into Eq. (12),

Er =04 x h 0% 4 b(R) (kV-m™") (12)
where b(R) is the intercept as a function of radius R.

Furthermore, it is attractive why the electric fields on the
emission surface act as above. As we know, electric field is gener-
ated by the moving electrons, so how the electrons behave should
be revealed. The pulsed electric current responses the variety of the
electron density, and could be monitored by the magnetic field.
Hence, two magnetic fields distributions of different heights
(h =2.0 m and h = 0.1 m) are displayed in Fig. 8. As for the long
cylinder in Fig. 8(a), we can see the minimum contour line of the
magnetic field could not reach the bottom of the cylinder but only
on the side, while that line is able to cover the bottom of a short
cylinder in Fig. 8(b). It means the difference between the maximum
magnetic field at the top end and the bottom is larger in the long
cylinder than in the short one. Table1 shows the specific magnetic
field peaks at the two ends in the cylinder under different heights.
We can discover that the fields at the top are going to increase with
height while those at the bottom behave the exact opposite. The
reason why they act like this is that the potential difference be-
tween the two ends could be larger with a longer height during the
pulse acting time. So, the emission electrons could transport along
the side of the cylinder more easily, leading to the larger current as
well as the larger magnetic field. Hence, owing to the lower elec-
tron density at the top end, the electric fields there will decrease
subsequently in accordance with expectation.

However, it is also demonstrated that there exists a steady
saturation that the electric fields would not like to decrease infi-
nitely when h is probably larger than 2.0 m. At this time, the dif-
ferences among the fields on the emission surface are negligible as
mentioned above and the scaling law in Ref. [28] will make sense.
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Fig. 5. Two-dimensional top view of the electron distribution above the emission surface at different times whenR=0.2m,h=02mand ¢ = 0.4 ] m
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emission surface of the cylinder is just carpeted with the injected electrons. (b) A middle stage that electrons have spread around to a larger scale parallel to the emission surface.
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Fig. 6. Electric fields on the emission surface vs. the height of the cylinder h and h~%2> when the emission radius is fixed R = 0.1 m, and the energy fluence of the X-rays is

® = 0.4 ] m2, where E; is at the center and E; is at the edge on the emission surface.

To make this paper more guiding with respect to verification of
SGEMP code, it is necessary to give the exact relation between Ej,
which represents the strength of the most electric field on the
surface, and both the height h and radius R of the cylinder. Fig. 9
shows how the two parameters A and B in Eq. (11) vary with h

40 T T T
—f—r=0.10m
[ —@®—r=0.15m
35| —&—r=020m i
—¥—r=030m
S 30F i
g
>
§ 25F E
LI]N
20F i
1.5F i
1.0 1.5 2.0 2.5
h—0.25 /m-0.25

Fig. 7. Electric fields at center of the emission surface E; vs. h~%2° when cylinder radii
are set r = 0.10 m, r = 0.15 m, r = 0.20 m and r = 0.30 m, respectively, and the fluence
of the X-rays is ® = 0.4 ] m~2.

and R, specifically. As we can see, the slope A(h) will rise sharply
when h is smaller than 0.3 m, obeying an approximate logarithmic
formula A(h) = 0.30-In(h)+3.5, while it remains around 3.35 with
neglectable fluctuation when h is larger than 0.3 m. For the inter-
cept B(h), it always complies with the similar one-quarter law in Eq.
(12) as B(h) = 4.554 + 0.27-h~%25, Now, through Eq. (11), one can
get a rough electric field E; with higher reliability.

4. Conclusion

This paper has shown the impact of the geometrical parameters
on the SGEMP response in the classical cylinder model that the
electric field will be enlarged with radius but behave the opposite
with that of height. Also, the influence of radius makes the scaling
law in Ref. [28] inadaptable fatally. The differences of electric fields
under different radii and heights could be huge that the electric
field on a cylinder with larger radius or shorter height could be
several times larger than that with a smaller radius or longer
height. The particle and field distributions have been employed to
explain how the parameters act on SGEMP responses. However, the
saturation tells us that the electromagnetic fields will converge to
some constant values so the scaling law will come back to its stage.
The saturation usually occurs when the radius and height are both
larger than 2.0 m. Lastly, we give a combination of logarithmic and
minus one-quarter power law between the electric field at the
center on the top surface E; and both the radius R and height h. The
above findings will help us learn more about the influence of
spacecraft size on SGEMP in detail, and will be useful for the wide
application of the scaling law.
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Fig. 8. Two-dimensional side view of magnetic field distribution when the height of the cylinder (a) h = 2.0 m and (b) h = 0.1 m.

Table 1
Magnetic field peaks at different areas on the side wall of the cylindrical model vs.
the height of the cylinder h, irradiated by X-ray of ¢ = 0.4 ] m2

Height of the cylinder h/m Magnetic field peak on the side of the

cylinder H/(A-m™1)

Top surface Bottom surface

0.1 0.142 0.05
0.5 0.164 0.022
1.0 0.172 0.014
15 0.175 0.011
2.0 0.177 0.009
2.5 0.179 0.008
5 .5 . . A(h)
1 —&—B(h)
5.0-
45-
4.0-

00 05 10 15 20 25 3.0
h/m

Fig. 9. Two parameters A(h) and B(h) vary with the height of cylinder h.
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