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Abstract
This study investigates the coupling response of cables inside a metal cavity under X-ray irradiation using the finite-difference 
time-domain method, particle simulation method, and transmission-line equation to solve the electromagnetic field inside the 
cavity and load voltage at the cable terminal under X-ray excitation. The results show that under a strong ionizing radiation 
environment of 1 J/cm2 , a strong electromagnetic environment is generated inside the cavity. The cable shielding layer terminal 
couples a voltage of 15.32 V, whereas the core wire terminal couples a voltage of 0.31 V. Under strong X-ray irradiation, the 
metal cavity not only fails to provide electromagnetic shielding, but also introduces new electromagnetic interference. This 
study also provides a method for reducing the number of emitted electrons by adding low-Z materials, which can effectively 
reduce the coupled electric field and voltage.
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1  Introduction

When electronic devices are exposed to strong electro-
magnetic radiation, an electromagnetic coupling response 
occurs, which may affect the normal operation of the device. 
A simple and effective shielding method involves placing 
the device inside a metal cavity, which shields the external 
electromagnetic field [1, 2] and reduces coupling interfer-
ence; this is the reason why some devices have metal shells. 
However, if electronic devices are simultaneously exposed 
to ionizing radiation (such as inside the target chamber of 
a laser inertial confinement fusion (ICF) device, with an 
X-ray fluence of up to 1 J/cm2) [3], the metal cavity itself 
will interact with the radiation, causing photoelectric and 
Compton scattering effects and generating photoelectrons. 
The photoelectrons emitted inside the cavity excite the elec-
tromagnetic field, as shown in Fig. 1. This phenomenon is 

called the cavity system-generated electromagnetic pulse 
(SGEMP) [4–7] and may cause new coupling interference 
to the equipment inside the cavity.

Numerous studies have reported on the simulation and 
experimentation of the cavity SGEMP [7–12], including 
studies on the coupling of the cavity SGEMP with intracav-
ity equipment. In 1980, Beers established a simple model for 
the coupling on a cable caused by a cavity SGEMP [9], but 
they assumed that the time-domain waveforms of the electric 
and magnetic fields inside the cavity were derivatives of the 
X-ray time-domain waveforms, ignoring factors such as the 
resonance inside the cavity [9]. In 1982, Seidler established 
an equivalent-circuit model for the coupling of the cavity 
SGEMP of a component box to a printed circuit board (PCB) 
and classified and discussed the capacitive coupling gener-
ated by the electric field and inductive coupling generated 
by the magnetic field [10]. In 2022, Chen calculated the cou-
pling response of the cavity SGEMP to PCB interconnects 
using the extended finite-difference time-domain (FDTD) 
method, considering various printed interconnect structures 
and loads [11].

In this study, the three-dimensional FDTD method is 
combined with the transmission-line equation to study the 
coupling effect of the cavity SGEMP on a shielded cable 
inside the cavity. The calculation methods for the cavity 
SGEMP and field-line coupling are described in Sects. 2 
and  3, respectively. The code verification is presented in 
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Sect. 4. In Sect. 5, the coupling response of a shielded cable 
inside a metal cavity under X-ray irradiation is calculated, 
and the coupling law is analyzed. Finally, the conclusions 
are presented in Sect. 6.

2 � Calculation method for cavity SGEMP

The calculation of the cavity SGEMP can be divided into 
two parts: the interaction between the X-rays and cavity wall, 
which causes electron emission, and the emission of elec-
trons, which excites the electromagnetic pulses. For the first 
part, we used the Monte Carlo software Geant4 to simulate 
the electron yield caused by X-rays [13]. For the second part, 
we used a simulation program independently developed by 
our research group to calculate the cavity SGEMP generated 
by electron motion.

The high-speed motion of the emitting electrons forms 
a spatial current density that serves as the current source 
term in Maxwell’s equations for exciting the electromagnetic 
field. Simultaneously, electromagnetic fields constrain the 
motion of charged particles, affecting the speed and posi-
tion of electrons through electric- and magnetic-field forces. 
Therefore, unlike traditional computational electromagnetic 
problems, the emission of electron-excited electromagnetic 
pulses is a self-consistent process of electron–electromag-
netic field interaction, and the interaction between electro-
magnetic pulses and excitation sources requires the use of 
electromagnetic particle simulation algorithms.

In most physical problems, the number of emitted electrons 
is large; therefore, we use the particle in cell (PIC) simulation 

method to solve the particle motion parameters and establish 
a macroparticle model to reduce computational memory. To 
calculate the time-domain electromagnetic field, the FDTD 
method is one of the most widely used numerical algorithms, 
and its Yee mesh is advantageous when combined with macro-
particle models. Therefore, this study adopts an algorithm that 
combines FDTD and PIC to calculate the cavity SGEMP.

The following sections introduce the algorithms used in 
the simulation.

2.1 � Finite‑difference time‑domain method

The FDTD method requires spatial and temporal discretiza-
tions of the electric- and magnetic-field components in the 
Yee grid to calculate the temporal and spatial variations in the 
electromagnetic field, respectively [14]. The Maxwell rotation 
equation system in a vacuum is as follows [15]:

where E⃗ is the electric-field intensity vector, in V/m , D⃗ is 
the electric-displacement vector, expressed in C/m2 , H⃗ is 
the magnetic-field intensity vector, measured in V/m2 , B⃗ is 
the magnetic induction intensity vector, in units of Wb/m2 , 
and J⃗ is the current-density vector, measured in A/m2 . In 
this study, the current density is caused by photoelectron 
emission.

In an isotropic medium, we have:

where � is the dielectric constant of the medium, in F/m , and 
� is the magnetic permeability coefficient, in H/m . This study 
assumes vacuum conditions inside the metal cavity; there-
fore, � = �0 = 8.854 × 10−12 F/m and � = �0 = 4� × 10−7 
H/m.

This study establishes an FDTD model using a three-
dimensional Cartesian coordinate system. By substituting the 
components of the electric and magnetic fields into Eq. (1), we 
obtain the following scalar equation:
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Fig. 1   (Color online) Schematic of cavity SGEMP coupling
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Taking the first formula of Eq. (3) as an example, perform-
ing the center difference can yield the FDTD formula in a 
three-dimensional Cartesian coordinate system as follows:

Similarly, the other components of the FDTD formulae in 
Eq. (3) can be obtained.

Owing to the introduction of discrete errors because of 
the central difference, the time and spatial step sizes must 
satisfy the Courant stability condition [16]:

2.2 � Particle in cell method

After establishing the FDTD formula in Sect. 2.1, the key 
to solving for the electromagnetic field lies in the cur-
rent density J⃗ . The PIC method was used to calculate the 
motion parameters of the electrons to solve the current 
density J⃗  [17]. Because of the large number of emitted 
electrons, this study equates some electrons with similar 
positions, velocities, and other characteristics to a macro-
particle and completes the simulation of actual physical 
processes containing a large number of electrons by simu-
lating a small number of macroparticles.

The relationship between the position vector r⃗ of the 
macroparticles and time is

In the three-dimensional Cartesian coordinate system, we 
perform central difference processing on the above equation 
and obtain the iterative equation as follows:

Electron motion is mainly influenced by electromagnetic 
forces, and relativistic effects must be considered for high-
velocity electrons. Therefore, the momentum equation is
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where m0 is the stationary mass of the macroparticle, and 
� =

1√
1−

v2

c2

 is the Lorentz factor.

The effect of an electromagnetic field on electrons is 
decomposed into half-acceleration caused by two electric 
fields and rotation caused by one magnetic field such that 
u⃗ = 𝛾 v⃗ . By centrally differencing the momentum equation, 
we obtain

The particle velocity can be iterated via calculation, thereby 
achieving iterative updates of the particle position.

To determine the current density, the charge conservation 
equation is ∇ ⋅ J⃗ = −

𝜌

t
 . The differential form in the three-

dimensional Cartesian coordinate system is

Therefore, on grid nodes (i,  j, k), the following can be 
obtained:

Performing the same operation on grid nodes (i, j + 1, k) , 
(i, j, k + 1) , and (i, j + 1, k + 1) , and adding the four equa-
tions yields

Similarly, the values of each current-density component can 
be obtained, and the variation in the cavity SGEMP over 
time can be solved by combining it with the FDTD method 
mentioned earlier. Many studies have previously com-
bined the FDTD method with the PIC method. Chen et al. 
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proposed the conformal PIC method to simulate the cavity 
SGEMP [18, 19] using the UNIPIC code [20, 21]. The most 
important features of the conformal method are that the code 
can handle complex geometric structures without staircased 
approximation and can simulate the electromagnetic fields 
generated from electrons distributed at different angles.

3 � Calculation method for field‑line coupling

3.1 � Transmission‑line model of shielded cable 
under external excitation

After obtaining the electromagnetic environment inside the 
cavity from Sect. 2, the coupling response of the cable inside 
the cavity can be solved as follows.

The transmission-line model is often used to analyze 
the field-line coupling problem under electromagnetic 
pulse excitation. Shielded cables can be considered as two 
transmission-line systems [22]: The shield of the cable and 
external circuit (external wire or ground) form an external 
transmission-line system, and the shield and inner conduc-
tor form an internal transmission-line system, as shown in 
Fig. 2. The connection between these two transmission-line 
systems can be described by the transfer impedance and 
admittance of the shielded cables.

The field-line coupling problem has been studied by 
many researchers, and commonly used models include the 
Agrawal, Taylor, and Rachidi models [23–25]. This study 
used the Agrawal model to study the response of an external 
transmission-line system under an external-field excitation. 
The model assumes that the coupling between the external 
electromagnetic field and transmission line can be consid-
ered an electromagnetic scattering phenomenon, and the 
coupling effect of the electromagnetic field on the cable is 
equivalent to the combined voltage source at both ends and 
the distributed voltage source on the line.

Assuming that the cable is located at a height above the 
reference ground plane, the equation set for the transmission 
line of the external system is given as follows:

where V
os
(x, t) and I

o
(x, t) represent the scattering voltage 

and current of the external system, respectively, l
o
 represents 

the distributed inductance, c
o
 is the distributed capacitance, 

and the distributed voltage source E
L
= Eex

x
(x, h, t) represents 

the polarization of the electric field in the x direction at posi-
tion x and height h from the ground at time t. The boundary 
conditions at both ends of the cable shield are as follows:

where R
oS

 and R
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 represent the grounding load values at the 
left and right ends of the cable shield, respectively. V

S
 and V

L
 

represent the voltage sources formed by the excitation of the 
electric field at the left and right terminals of the transmis-
sion line, respectively, which can be expressed as follows:

where Eex
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(x, z, t) represents the z-direction electric-field 

intensity at position x and height h above the ground at time 
t.

The relationship between the scattering voltage V
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total voltage V
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(x, t) of the shield is
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After the current and voltage responses of the external 
shield are obtained, the transmission-line equation for the 
internal system of the shielded cable is established as follows:

where V
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excitation sources of the internal transmission-line system, 
expressed as follows:
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Fig. 2   Unit-length circuit diagram for cable shield and ground and 
cable shield and inner conductor
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where Z
t
(t) and Y

t
(t) are the transfer impedance and transfer 

admittance of the shielded cable, respectively. The com-
monly used simple model is [18]

where R
dc

 denotes the transfer resistance, � is the angular 
frequency, L

t
 is the transfer inductance, and C

t
 is the transfer 

admittance. This model assumes that R
dc

 is constant, inde-
pendent of the frequency, and larger than the actual value; 
however, it satisfies the worst-case estimation [26].

Based on the above equations, we conclude that

3.2 � Differential approximation of cable 
transmission‑line equations

Using the one-dimensional FDTD method to solve the trans-
mission-line equation, the cable is first discretized and divided 
into NDZ segments, with each segment having a length of Δz . 
Similarly, the entire solution time is divided into NDT seg-
ments, with each segment being Δt [27].

The voltage at point NDZ + 1 is interleaved with the cur-
rent at point NDZ for a solution with a spatial interval Δz∕2 
between each voltage point and adjacent current points. Simul-
taneously, the time points should also be interwoven with a 
time interval of Δt∕2 between each voltage point and adjacent 
current points.

For external and internal transmission-line systems, the 
iterative equation obtained by performing the central differ-
ence between the voltage and current is
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The boundary conditions satisfy the following equations:

4 � Code verification

First, for the cavity SGEMP calculation part of the code, our 
research group developed a 3D simulation program that was 
previously reported in [5, 28]; it has good convergence and 
has been widely recognized. This study will not elaborate 
on the program further.

The following section introduces the verification of the 
field-line coupling part of the code. This study adopts the 
same calculation conditions as those in [29, 30]. An external 
electromagnetic wave is vertically irradiated on an RG-58 
cable located on the ground, and the polarization direction 
of the electric field is parallel to the direction of the cable 
placement. The length of the cable is 1 m, and the height h 
from the ground is 1 cm. The external terminal loads are 
R
oS

= 100 Ω and R
oL

= 150 Ω , and the internal terminal load 
is R

iS
= R

iL
= 50 Ω.

The incident electromagnetic wave uses the elec-
tromagnetic pulses according to the IEC stand-
a r d ,  E(t) = kE0(e

−�t − e−�t)  ,  w h e r e  k = 1.3  , 
E0 = 50 kV∕m, � = 6 × 108 s−1 , � = 4 × 107 s−1.

(24)
Vn+1
ik

= Vn
ik
−

Δt

c
i
Δz

(
I
n+

1

2

ik
− I

n+
1

2

ik−1

)

−
C
t

c
i

(
Vn+1
ok

− Vn
ok

)
.

(25)
Vn+1
os

1

=
(
1 + c

o
R
oS

Δz

Δt

)−1[(
c
o
R
oS

Δz

Δt
− 1

)
Vn
os

1

−2R
oS
I
n+

1

2

o
1

+
(
Vn+1
S

+ Vn
S

)]

(26)
Vn+1
osNDZ+1

=
(
1 + c

o
R
oL

Δz

Δt

)−1[(
c
o
R
oL

Δz

Δt
− 1

)

Vn
osNDZ+1

+ 2R
oL
I
n+

1

2

oNDZ
+
(
Vn+1
L

+ Vn
L

)]

(27)
Vn+1
i
1

=
(
1 + c

i
R
oS

Δz

Δt

)−1[(
c
i
R
iS

Δz

Δt
− 1

)
Vn
i
1

+2R
iS
I
n+

1

2

i
1

− C
t
R
iS

Δz

Δt

(
Vn+1
os

1

− Vn
os

1

)]

(28)
Vn+1
iNDZ+1

=
(
1 + c

i
R
iL

Δz

Δt

)−1[(
c
i
R
iL

Δz

Δt
− 1

)
Vn
iNDZ+1

+2R
iL
I
n+

1

2

iNDZ
− C

t
R
iL

Δz

Δt

(
Vn+1
osNDZ+1

− Vn
osNDZ+1

)]
.



	 M.-X. Zhang et al.179  Page 6 of 11

The outer radius r
se

 of the shielding layer of the RG-58 
cable is 1.52 mm, the inner radius r

si
= 1.40 mm, the 

number of weaving strands C = 12, the number of copper 
wires per strand N =  9, the diameter of the metal wire d = 
0.127 mm, and the weaving angle � = 27.7°. The relative 
dielectric constant �

r
 of the dielectric inside the cable is 

1.85, and the internal characteristic impedance is 50 Ω . 
The transfer resistance R

dc
 of the cable, transfer induct-

ance L
t
 , and transfer capacitance C

t
 can be calculated 

using the following equations as 14.2mΩ∕m , 1.0 nH∕m , 
and 0.091 pF∕m , respectively

where K
C
 represents the projection coverage of the braided 

shielding layer, defined as K
C
= 2F − F2 , where F represents 

the filling rate of the woven layer, defined as F = PNd∕ sin � , 
and P represents the number of cross sections. K(e) and E(e) 
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represent complete elliptic integral functions of the first and 
second types, respectively [31].

The Agrawal transmission-line model established in this 
study is used to calculate the coupling voltage of the exter-
nal and internal terminal loads, and the results are com-
pared with those obtained using the SPICE model in refer-
ence [29]. As shown in Fig. 3, the calculation results are 
consistent.

5 � Calculation and analysis

The calculation model established in this study is shown in 
Fig. 1. The metal cavity is an aluminum cube shell with a 
side length of 0.6 m and thickness of 1 mm. We assume that 
the cable inside the cavity is RG-58 with parameters consist-
ent with those in Sect. 3, that is, a length of 0.2 m and height 
of 0.1 m from the bottom of the cavity. The terminal loads 
between the cable shield and cavity are both 1 Ω , and the 
terminal loads between the cable inner conductor and shield 
are both 50 Ω . Assuming that the X-ray energy is 10 keV, 
the fluence is 1 J/cm2 , and the time-domain waveform is a 
Gaussian pulse with a pulse width of 1 ns, the top surface 
of the cavity is uniformly irradiated. During the calculation, 

(32)e =

�√
1 − tan2 𝛼 (𝛼 < 45◦)√
1 − cot2 𝛼 (𝛼 > 45◦)

Fig. 3   Comparison between 
simulation results and literature 
results. V

iS
 and V

iL
 represent the 

voltage of the terminal load at 
the left and right ends of the 
inner conductor, and V

oS
 and 

V
oL

 represent the voltage of the 
terminal load at the left and 
right ends of the cable shield-
ing, respectively
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the internal mesh of the cavity is divided into 1-cm cubic 
meshes.

Using the Monte Carlo software Geant4, the photoelec-
tron yield generated by 10-keV X-ray irradiation on 1-mm-
thick aluminum was calculated to be 1.94 × 10−6 . Therefore, 
the total number of electrons was calculated as 4.365 × 1012 . 
Using electrons as the input, the electromagnetic field of 
each grid node inside the metal cavity and the coupling volt-
age and current of the cable-terminal loads were calculated.

First, the electric-field strength is analyzed at the loca-
tion of the cable: the left end, midpoint, and right end of the 
cable are selected, denoted as points A, B, and C, respec-
tively. The time-domain waveform and spectrum of the verti-
cal electric field Ez and the electric field Ex along the cable at 
the three node positions of the cable are calculated, as shown 
in Fig. 4. The amplitude of Ez does not differ significantly 
at each node. The waveform is basically consistent, and the 
amplitude is larger than Ex . This is because, under X-ray 
irradiation, electrons are uniformly emitted from the top sur-
face of the cavity downwards, and the vertical electric-field 
amplitude is large. The cable is located in the central area, 
and the distribution of Ez is relatively uniform. The ampli-
tude of Ex varies with position, with the minimum amplitude 
at the midpoint of the cable and the maximum amplitude at 
both ends. The polarization directions of the electric field at 
the ends are opposite because of the symmetry of the cube 
cavity.

The spectrum shows that Ez has two main resonant fre-
quencies: 350 MHz and 425 MHz. According to Eq. 33 to 
calculate the resonant frequency of the rectangular cavity, 
the resonant modes in the 0.6-m cubic cavity are determined 
to be TM110 (353 MHz) and TM111 (433 MHz). Ex has two 
main resonant frequencies, 425 MHz and 600 MHz, cor-
responding to TE111 (433 MHz) and TE112 (612 MHz), 
respectively. This also indicates that different directions 
contain different resonant modes [5].

where mnl represents the resonant mode; a, b, and d repre-
sent the length, width, and height of the cavity, respectively; 
c represents the speed of light; �

r
 represents the relative 

magnetic permeability; and �
r
 represents the relative dielec-

tric constant.
Subsequently, we calculate and analyze the coupling volt-

age of the cable-terminal loads, as shown in Fig. 5. The peak 
amplitude of V

oL
 is 15.32 V, and the peak amplitude of V

iL
 

is 0.63 V. The cable shield has good shielding effectiveness, 
and the metal cavity itself may cause coupling interference 
to the internal cable under a strong ionizing radiation envi-
ronment. The spectrum shows that some frequencies in the 
coupling voltage are the resonant frequencies of the electric 
field, and higher-frequency harmonics also appear.

(33)fnml =
c

2�
√
�
r
�
r

��
m�

a

�2

+
�
n�

b

�2

+
�
l�

d

�2

,

Fig. 4   a, b The vertical 
electric-field strength at each 
node position of the cable. a 
Time-domain waveform and b 
frequency spectrum. c, d The 
horizontal electric-field strength 
at each node position of the 
cable. c Time-domain waveform 
and d frequency spectrum
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We then calculate the coupling voltage by changing dif-
ferent parameters. In practical applications, the size of the 
metal cavity is fixed, such as the stripe camera inside the tar-
get chamber of the ICF device. In this case, the variable that 
can be changed is the cable layout inside the metal cavity. 
Therefore, in this study, the cable length and height from the 
cavity wall (ground plane) are used as representatives. The 
source of the cavity SGEMP is the electrons emitted from 
the cavity wall. If the X-ray intensity, cavity-wall material, 
and cavity-wall thickness are changed, this will change the 
number of emitted electrons. Therefore, the effects of differ-
ent numbers of emitted electrons are simulated in this study.

5.1 � Cable length

The cable lengths are set to 0.1 m, 0.2 m, 0.3 m, 0.4 m, and 
0.5 m, keeping the other parameters unchanged. The cou-
pling voltage of the inner conductor terminal load is calcu-
lated, as shown in Fig. 6a. As the cable length increases, the 
amplitude of the coupling voltage increases. This is because 
the external electromagnetic field remains unchanged, and 
as the cable length increases, the distribution of the volt-
age sources increases, leading to an increase in the coupling 
voltage.

Figure 6b shows the relationship between the peak ampli-
tude of the coupling voltage V

iL
 and cable length, and the 

two are approximately linearly related.

5.2 � Cable height

The distances between the cable and the bottom of the cavity 
are set to 0.05 m, 0.1 m, 0.15 m, 0.2 m, and 0.25 m, while 
keeping the other parameters unchanged. The calculated cou-
pling voltage of the inner conductor terminal load is shown 
in Fig. 6c. As the cable height increases, the amplitude of 
the coupling voltage increases. This is mainly because, as 
the height increases, the area between the transmission line 
and the ground as a reference conductor increases, leading to 
more electromagnetic energy coupling into the transmission 
line and an increase in the coupling current.

Figure 6d shows the relationship between the peak ampli-
tude of coupling voltage V

iL
 and the height of the cable, and 

the two are also approximately linearly related.

5.3 � Number of emitted electrons

According to the physical model of the cavity SGEMP 
described in Sect. 2, when the cavity size and the X-ray 
energy are constant, the number of emitted electrons deter-
mines the cavity SGEMP field strength amplitude. There-
fore, we set the number of emitted electrons to 1 × 1010 , 
1 × 1011 , 1 × 1012 , 4.365 × 1012 , and 1 × 1013 , while keeping 
other parameters unchanged. The calculated Ez field strength 
and coupling voltage V

iL
 are shown in Fig. 7. As the number 

of emitted electrons increases, both the field strength and 

 5   a, b The coupling voltage 
V
oL

 of the shield terminal load. 
a Time-domain waveform and 
b frequency spectrum. c, d The 
coupling voltage V

iL
 of inner 

conductor terminal load. c 
Time-domain waveform and d 
frequency spectrum



Cable coupling response in metal cavity under X‑ray irradiation﻿	 Page 9 of 11  179

Fig. 6   a Time-domain wave-
form of coupling voltage V

iL
 

for cables of different lengths. 
b Relationship between peak 
amplitude of coupling voltage 
V
iL

 and length. c Time-domain 
waveform of coupling volt-
age V

iL
 for cables of different 

heights. d Relationship between 
peak amplitude of coupling 
voltage V

iL
 and height

Fig. 7   a Time-domain 
waveform of Ez generated by 
different numbers of emit-
ted electrons. b Relationship 
between peak amplitude of Ez 
and number of emitted elec-
trons. c Time-domain waveform 
of V

iL
 generated by different 

numbers of emitted electrons. 
d Relationship between peak 
amplitude of V

iL
 and number of 

emitted electrons
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coupling voltage increase, which is in line with the expected 
outcomes [3].

According to the calculation results, the key to reducing 
coupling interference is to reduce the number of emitted 
electrons. In practical applications, increasing the thick-
ness or atomic number of the metal cavity (e.g., adding lead 
shielding outside the cavity) can increase the attenuation of 
X-rays and reduce the number of electrons emitted. How-
ever, this method significantly increases the weight of the 
entire system and is unsuitable for scenarios with weight 
requirements. Here, we propose an alternative method. In 
general, the larger the atomic number of a material, the 
larger is the cross-section of the photoelectric effect, and 
more electrons are emitted [31]. Therefore, a layer of a 
low-Z material (such as polyethylene (PE), (C2H4)n) can be 
attached to the inner side of the metal cavity to reduce the 
forward electron emission.

Here, we use Monte Carlo calculations to compare the 
forward electron-emission yields of 1-mm aluminum, 
1-mm aluminum with 50 μmPE , 1-mm aluminum with 
50 μm epoxy resin ((C11H12O3)n) , and 1-mm aluminum 
with 50 μm polytetrafluoroethylene (PTFE, (C

2
F
4
)n) under 

different energies of X-ray irradiation, as shown in Table 1. 
Adding even a 50-μm-thick low-Z material can reduce the 
electron-emission yield by an order of magnitude. Notably, 
the electron-emission yield is the lowest after adding PE, 
whereas the electron-emission yield is the highest after add-
ing PTFE because PTFE contains fluorine elements with 
higher atomic numbers ( Z = 9 ). Therefore, this method can 
be used to reduce the cavity SGEMP and coupling response 
of the cable.

6 � Conclusion

This study uses the three-dimensional FDTD and PIC 
methods to calculate the cavity SGEMP and solve the 
cable-terminal voltage response based on the Agrawal 
transmission-line equation and one-dimensional FDTD 
method. The cable coupling response inside the metal 

cavity under X-ray irradiation is analyzed. The calculation 
results show that in a strong ionizing radiation environ-
ment, a strong electromagnetic environment is generated 
inside the metal cavity. The cable shield terminal load cou-
ples with a voltage of 15.32 V, whereas the inner conduc-
tor terminal load couples with a voltage of 0.63 V. Under 
strong X-ray irradiation, the metal cavity cannot provide 
electromagnetic shielding and introduces new electromag-
netic interference. Notably, the cable shield can provide 
good shielding. If an unshielded cable is placed inside 
the cavity, the coupling voltage is close to the calculated 
results for the shielded coaxial cable, which causes greater 
interference to the devices connected to the cable.

This study also investigated the influence of cable 
length and cable height on the coupling voltage. The 
results showed that the longer the cable and the higher it 
is above the bottom of the cavity, the greater the coupling 
voltage, and the relationship is approximately linear. The 
influence of different numbers of emitted electrons on the 
field strength of the cavity SGEMP and amplitude of the 
cable coupling voltage was obtained through simulation.

Finally, a method is proposed to reduce the number of 
emitted electrons by adding low-Z materials, thereby reduc-
ing the coupling response. The forward electron-emission 
yields of 1mmAl, 1mmAl + 50 μmPE, 1mmAl + 50 μm 
epoxy resin, and 1mmAl + 50 μm PTFE under different 
energies of X-ray irradiation were compared through 
Monte Carlo calculations, verifying the effectiveness 
of low-Z materials in reducing the number of emitted 
electrons.
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Table 1   Comparison of 
emission-electron yield

X-ray energy 
(keV)

Emission-electron yield

1-mm Al 1-mm Al+ 50 μm PE 1mm Al+ 50 μm 
Epoxy resin

1-mm Al+ 
50 μm 
PTFE

10 1.94 × 10−6 < 10−7 3.0 × 10−7 4.0 × 10−7

20 3.31 × 10−4 1.85 × 10−5 3.22 × 10−5 8.40 × 10−5

30 3.60 × 10−4 1.81 × 10−5 3.30 × 10−5 8.16 × 10−5

40 3.04 × 10−4 1.64 × 10−5 2.57 × 10−5 7.34 × 10−5

50 2.29 × 10−4 1.72 × 10−5 2.61 × 10−5 6.14 × 10−5
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