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INVESTIGATION OF AN ELECTROMAGNETIC PULSE

GENERATED BY A SYSTEM ON A STANDARD SPACECRAFT

UDC 5377.8:536Yu. N. Lazarev, P. V. Petrov, E. V. Diyankova,

A. V. Vronskii, and Ya. Z. Kandiev

Results on generation of an electromagnetic pulse on a spacecraft under the action of X-ray and
gamma radiation are described. The computational technology used is based on a hierarchical sys-
tem of mathematical models constructed on a system of the Maxwell–Vlasov equations and spacecraft
models that rather accurately describe all physical processes typical of origination of secondary elec-
tromagnetic fields and the object geometry. It is shown that polarization components of the electric
field, which are directed normal to irradiated surfaces, depend weakly on geometric factors and are
mainly determined by the photon radiation flux density. Formation of the magnetic field is deter-
mined by the dynamics of variation of the first derivative of the dipole moment of the electron layer
formed owing to emission of particles under the action of ionization radiation and depends on the
object shape, characteristic size of the irradiated surface, and spacecraft attitude.
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Introduction. Irradiation of any object by intense fluxes of penetrating radiation leads to emission of elec-
trons from the outer and inner surfaces of the object and to emergence of a system-generated electromagnetic pulse
(SGEMP), which can deteriorate radioelectronic equipment [1–5]. Spacecraft with large amounts of microprocessor
equipment in control and communication systems can be especially sensitive to the action of electromagnetic fields.
Because of the specific features of their operation, these systems cannot be reliably protected and rapidly replaced
upon their damage.

Experimental investigations of the SGEMP in spacecraft are extremely complicated and require large (next
to impossible) material and time expenses. In this case, a large portion of research is performed with the use of
computational experiments based on mathematical models of generation of electromagnetic fields with allowance
for formation of powerful electron fluxes under the action of photon radiation. Origination of an electromagnetic
field due to the motion of charged particles is known to be described by the Maxwell equations. Their solution
can be obtained by the simplest way if the currents are independent of electromagnetic fields. Nevertheless, the
electron-flux dynamics determines the evolution of electromagnetic fields on one hand and depends on the latter
on the other hand, because the generated fields substantially change the motion of charged particles. In this case,
the evolution of electromagnetic fields and the motion of charged particles should be considered in a self-consistent
manner on the basis of the Maxwell–Boltzmann equations.

A hierarchical system of mathematical models developed for studying secondary electromagnetic effects
(SEME) is described in [6]. This system consists of self-consistent one- and two-dimensional models on the basis of
the Vlasov–Maxwell equations and a three-dimensional electrodynamic model based on the Maxwell equations. Yet,
the mathematical model is determined not only by the system of equations with initial and boundary conditions,
which describe physical processes, but also by models of the object examined. Most engineering systems have a
complicated structure, and this makes a detailed mathematical description of these system rather difficult. At the
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moment, there are no ready-made models of objects used in SEME studies. Therefore, one of the problems considered
in the present work was the development of idealized models of the object, which could be used within the framework
of the mathematical system developed.

With allowance for the SGEMP nature, it is clear that the self-consistent three-dimensional model based on
the Vlasov–Maxwell equations is the most complete one. As there is no such a model in the system of models [6],
SEME calculations with allowance for the real shape of the irradiated object can involve a three-dimensional
electrodynamic model, where the space–time distribution of the current density is prescribed on the basis of results
of self-consistent calculations of fields and currents in one- or two-dimensional models for the corresponding sections
of a three-dimensional object. This method of determining the currents implies that the process of formation and
evolution of electron fluxes depends weakly on three-dimensional geometry. The reason for using this approach is a
strong localization of the electron current near the irradiated surface, which is observed in self-consistent one- and
two-dimensional SGEMP calculations, especially for high photon-flux intensities [2, 4, 5, 7].

The transition from a complete mathematical model to a system of simplified models with minimum losses
of SEME information is to be compensated by complication of the modeling process. Instead of one numerical
experiment, one has to perform a set of computations with models of lower dimensions and with models of the
same dimensions but less complicated from the viewpoint of allowance for physical processes. All computational
experiments should be performed in a certain sequence for the results obtained to be used in the model of the next
level. Actually, this means the development of a computational technology for SGEMP simulation, which would
allow for both physical processes typical of this phenomenon and the three-dimensional shape of irradiated objects.
Implementation of this technology requires:

— a hierarchical system of mathematical models with different spatial dimensions and degrees of simplifica-
tion of physical processes;

— certain assumptions related to physical features of SGEMP formation in examined objects, which will
be employed for decomposing the three-dimensional object into elements (e.g., an assumption of minor mutual
influence of elements);

— system of models of object elements of different dimensions and a particular sequence of numerical
experiments with each model;

— numerical experiments on SGEMP research on object elements with the use of self-consistent models
in one- and two-dimensional formulations and on a three-dimensional object with allowance for interaction of its
elements.

Three-dimensional SGEMP research is the final stage of the study; the main challenge of this stage is not
to find the basic features of the phenomenon because they have been already clarified with the use of one- and
two-dimensional models but to determine the influence of three-dimensional effects on these features.

The objectives of the present activities were:
— development of idealized spacecraft models suitable for SGEMP research within the framework of the

system of mathematical models [6];
— development of a computational technology for SGEMP simulations with allowance for the three-

dimensional geometry of the spacecraft;
— implementation of the computational technology for predicting the SGEMP of a standard spacecraft.
Simulation of a System-Generated Electromagnetic Pulse on a Spacecraft. Let us study the

SGEMP on a spacecraft subjected to X-ray radiation (XR). We assume that the photon spectrum has the Planck
form [2] and the time evolution of the XR intensity F (t) is defined by the expression [7]

F (t) = (U0/Th) sin2(πt/2Th), 0 < t < 2Th,

where t is the time, U0 is the XR fluence, and Th is the pulse duration at the half-height.
X-ray radiation initiates electron emission from the spacecraft surface, which is responsible for surface sources

in the Vlasov equation. The parameters of this emission can be calculated by the Monte Carlo technique [8] or by
the numerical-analytical model [9].

In most cases, we can assume that the spacecraft includes a composite cylindrical casing with an instrumen-
tation module and antenna and solar arrays (SA) connected to the casing by aluminum force elements (Fig. 1).
Naturally, we can consider the solar arrays and the casing as individual elements of the spacecraft. If these elements
were electrically independent, we could confine ourselves to separate consideration of the SGEMP on individual
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Fig. 1. Three-dimensional model of the spacecraft and its elements.

elements, and this approach would be correct. Nevertheless, this is not the case in reality, and we need a three-
dimensional model taking into account the mutual influence of the solar array and the casing.

In accordance with the general approach to simulation of complicated systems, computational experiments
are performed stage by stage with consecutive transitions from simple models to more complicated ones [10]. The
first stage involves the use of one-dimensional models, which allow a detailed study of the influence of initial data
on the SEME. Based on the results obtained, one can determine the qualitative dependence of characteristics of the
electromagnetic field on the XR fluence, characteristic time of radiation, and parameters of electron emission, which
ensures understanding of relations between individual components of the mathematical model and the properties
of the physical process.

At the second stage, numerical experiments are performed with two-dimensional models, which partly take
into account the influence of the finite size of the object on generation of electromagnetic fields. Scales with essential
edge effects are determined, and assumptions on current localization and a small effect of geometry on current
generation are checked. The space–time distribution of the electron-flux density is calculated to be subsequently used
in the three-dimensional model. The latter implies that numerical experiments in a two-dimensional formulation
will be performed with models corresponding to characteristic two-dimensional sections of the spacecraft.

In the general case, the XR is incident at a certain angle onto the solar arrays and onto the end-face and
side surfaces of the spacecraft (see Fig. 1); hence, the following two-dimensional models of spacecraft elements are
necessary:

— finite-length casing in a cylindrical coordinate system; electron emission proceeds from the upper end face
(casing I);

— infinite-length casing in the Cartesian coordinate system; electron emission proceeds from the side surface
with allowance for the angle of incidence of photons (casing II);

— solar arrays in the Cartesian coordinate system; electron emission proceeds from the irradiated (sunny)
and shaded sides; the angle of XR incidence is taken into account.
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Fig. 2. Current density versus the distance to the emission surface at different times.

The final stage of simulation involves the use of a three-dimensional model for taking into account the
mutual influence of individual elements of the spacecraft and the attitude of the latter with respect to the radiation
direction; currents obtained in self-consistent calculations with the above-mentioned two-dimensional models of the
object are used in this model.

One-Dimensional Computations. If the intensity of the XR flux onto the metallic surface is rather
high, the surface electron layer is formed at distances much smaller than the characteristic spacecraft size [2, 5,
11, 12], which allows computations of parameters of the electromagnetic field in a one-dimensional approximation.
A specific feature of the one-dimensional model [6] is that it takes into account the angle of XR incidence owing to a
proper choice of the reference system moving together with the XR front and all components of the electromagnetic
field (wave and polarization components) are calculated, whereas only the polarization component is determined in
conventional one-dimensional models [3–5, 12].

The problem has two time scales: one of them (Th) is related to the characteristic duration of the XR pulse,
and the other is related to the plasma frequency of emitted electrons Tp = (me/(4πe2N))1/2 (e and me are the
electron charge and mass, respectively), which depends on radiation intensity, yield of emission electrons Y , and
velocity of emitted electrons 〈ve〉:

N ≈ Y U0/(〈ve〉Th).

If the radiation intensity is not very high and the mean velocity of emission electrons is rather high, so that
Tp � Th, the duration of the emission pulse is smaller than the time needed for a dipole layer to form. In this
case, particles form an expanding cloud around the irradiated object, which does not manifest collective properties
of plasma.

In the case of high radiation intensities, where Tp � Th, the electron current is limited by the spatial
charge of the previously emitted particles, which leads to formation of a dipole layer. As the number of emitted
and returning electrons is approximately identical, the concentration of electrons near the surface is in quasi-static
equilibrium with the XR flux and is determined by the expression

N(t) ≈ 2Y F (t)/〈ve〉.
Taking into account the characteristic size of the dipole layer zp ≈ 〈ve〉Tp, we can estimate the electric field

E(z = 0, t) near the emission surface [4]:

E(0, t) ≈ 4πeN(t)zp ∼
√

4πme〈ve〉Y F (t) . (1)

Figure 2 shows the results of one-dimensional calculations of the spatial distribution of the electron current
at different times in the vicinity of an aluminum surface irradiated at an angle θ = 0 by a XR flux increasing linearly
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Fig. 3. Electric and magnetic fields versus time at different points above the end face of the spacecraft.

with time. It is seen from numerical calculations that the electron dipole layer is formed in an immediate vicinity of
the emission surface. The size of this layer ranges from fractions of a millimeter to tens of centimeters, depending
on the surface material, quantum energy, and XR flux. If the X-ray radiation is incident onto the surface at an
angle θ, a field of an electromagnetic wave propagating in the direction specular to the XR flux direction is formed
in addition to the spatial charge field. The evolution of this wave is determined by the first derivative of the dipole

moment Ṗ (t) =

∞∫

0

dz jz(t, z) [12]:

Hy(t, z) =
4π

c
tan θ Ṗ

(
t − x

c
sin θ − z

c
cos θ

)
, Ew

x (t, z) ∼= cos θ Hy(t, z). (2)

The results obtained allow us to draw the following conclusions:
— the XR-induced electromagnetic fields can be divided into “quasi-steady” fields determined by polarization

separation of charges (polarization part of Ez) and “wave” fields related to formation of a directed electromagnetic
wave (magnetic field, tangential component of the electric field Ex, and the wave part of Ez);

— the “quasi-steady” fields are determined by the instantaneous value of the XR flux density and by the
material of the irradiated surface (1), depend weakly on the angle of incidence of photons, and rapidly decrease
with distance from the emission plane at distances zp ≈ √

me〈ve〉3/(8πe2Y F (t)) ;
— the “wave” components of the electromagnetic field depend on the rate of formation of the dipole layer

Ṗ ∼ me〈ve〉2/(36eTp) and on the angle of XR incidence onto the irradiated surface (2); they propagate in a specular
direction to the angle of XR incidence onto the irradiated surface. As functions of time, they have the form of a
monopolar pulse [13].

Based on the data of one-dimensional calculations, we can conclude that the most dangerous objects from
the viewpoint of formation of the maximum amplitudes of the electromagnetic field and generation of the most
high-frequency signal are elements made of materials with a high yield of electrons (high value of Z) and subjected
to radiation at high angles of XR incidence.

Two-Dimensional Calculations. The one-dimensional model fails to take into account the effects related
to the finite size of the spacecraft (∼R), which lead to appearance of a third time parameter Tl

∼= R/c (c is the
velocity of light) in addition to Th and Tp in the problem. Appearance of this parameter is a consequence of not
only quantitative but also qualitative changes in SGEMP properties, in particular, the possibility of excitation of
intrinsic oscillations with a frequency of the order T−1

l .
If the photon flux is directed along the centerline of the cylindrical casing, i.e., perpendicular to its end

face (casing I), we can use the axial symmetry of the problem and perform calculations in a cylindrical coordinate
system with allowance for both the casing radius and its length. The calculated results for the electric and magnetic
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Fig. 4. Electron current density Jz and magnetic field versus time at different points near the side
surface of the spacecraft.

fields are plotted in Fig. 3. If the photon flux is directed perpendicular to the centerline of the cylindrical casing,
the electromagnetic field can be determined by a two-dimensional model, in which the casing is assumed to be an
infinite cylinder (casing II). This geometry of the problem allows us to take into account the changes in parameters of
electron emission due to changes in the angle of incidence of photons onto the spacecraft surface and the influence of
the cylindrical shape on formation of the electron current. The dynamics of the electron current along the radiation
direction and magnetic field is shown in Fig. 4.

Simulation of electromagnetic fields in a self-consistent two-dimensional formulation shows that the basic
features of formation of the electromagnetic field and the current of emitted electrons largely coincide with those ob-
tained in one-dimensional calculations. The finite size of the spacecraft casing and irradiated surface are manifested
in the following features:

— under the action of the field of the spatial charge of emitted particles, the electron cloud is spread in
the direction parallel to the radiation plane; corresponding longitudinal components of the electron current appear;
these components are commensurable with the emission current;

— formation of the magnetic field occurs for all angles of XR incidence onto the spacecraft surface and
is determined by the gradient of the emission current at the boundary of the irradiated and shaded surfaces in
accordance with the equation

∆H − 1
c2

∂2H

∂t2
= −4π

c
∇× j; (3)

— after irradiation, an uncompensated electric discharge remains on the spacecraft casing, because the
generated fields cannot return to the irradiated object some part of high-energy electrons whose kinetic energy
exceeds a certain limiting value w0 = eϕ0 determined by the surface potential formed in the course of emission ϕ0;

— in the case of spacecraft irradiation, intrinsic high-frequency oscillations of the surface current can be
excited.

The “residual” field can be estimated on the basis of the “quasi-static” behavior of the electric field and the
exponential form of the distribution of electrons in terms of energy [∼ exp (−w/〈w〉), where 〈w〉 is the mean energy
of emitted electrons]. We assume that electrons that “run away” have the energy w greater than w0. Taking into
account the law of conservation of the charge and the relation between the charge on the casing and its potential
Qe = Clϕ0 via the capacity Cl ≈ R, we obtain the equation for w0 [14]:

w0 =
eY U0Sl

Cl
exp

(
− w0

〈w〉
)

(4)
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(Sl is the irradiated area). Solution (4) allows us to estimate the order of magnitude of the electric field strength
remaining after the action of XR and the value of the current on the spacecraft surface:

En = 4πσ ≈ 4πQe/Sl, Ie = Qe/Th.

The dependence of the magnetic field on the XR parameters can be estimated from Eq. (3), the spacecraft
casing being assumed to be an ideal conductor. If we assume that the emission current is uniform along the
irradiated surface and is localized at a distance of the order of zp, we can use the Green function for the wave
equation in the free space to obtain

Hϕ ∼ 2
√

2
c

π∫

0

dϕ
cosϕ Ṗ (t −√

2Tl

√
1 − cosϕ )

√
1 − cosϕ + α2

∼ 〈Ṗ 〉[t,t−2Tl]

c
, α 	 zp

R
.

Because of the “quasi-static” changes in parameters of the dipole layer, Ṗ follows the time evolution of the
XR flux density [Ṗ ≈ √

Y F (t)].
One of the main elements of the spacecraft is the solar arrays, which are especially SGEMP-sensitive because

of their functional features and a large area (up to tens of square meters). In the two-dimensional model, the solar
array is considered as a parallelepiped infinite in one direction (OY ) and having finite dimensions in two other
directions: L along OX and d along OZ (d � L). It is assumed that the cross section of the solar array coincides
with the cross section of a photocell, which is a layered dielectric structure with metallic contacts in the middle
covered by silica glass (SiO2) on the working side and by paint on the other side. The calculated electron current
arising owing to normal XR incidence onto the SA plane is plotted in Fig. 5.

The calculated results show that:
— the edge effects manifested in the difference between the electron currents calculated by the one- and two-

dimensional models, formation of a magnetic field, scatter of electrons along the emission surface, and appearance
of a longitudinal components of the electric field are significant at distances x ≈ zp;

— because of the difference in the emission currents on the irradiated and shaded sides of the solar array,
strong nonuniformity in the spatial distribution of the electric field is observed.

Three-Dimensional Simulation. The final stage of SGEMP simulation is a computational experiment
with a three-dimensional spacecraft model (see Fig. 1). The main requirement to the three-dimensional physico-
mathematical model is the allowance for factors that cannot be described by models of lower dimensions: interaction
of individual spacecraft elements and spacecraft attitude in the XR flux.

Based on the results of SGEMP simulation on spacecraft elements by self-consistent two-dimensional models,
we can state that the main influence on electron current formation is exerted by the process of restriction of the
current by the spatial charge, which has a one-dimensional character. The edge effects are manifested at distances
commensurable with the thickness of the electron dipole layer (∼zp). These effects cannot affect the evolution and
spatial distribution of electron currents outside of this zone, in the case of a high XR intensity, where zp � R,
and the formation of electron currents can be assumed to be weakly dependent on the three-dimensional geometry.
In this case, the currents calculated by self-consistent one- and two-dimensional models can be used in the three-
dimensional electrodynamic model.

The formation of an electromagnetic field on a three-dimensional spacecraft model was studied for the case
where XR irradiation occurs at an angle of 45◦ to the OZ axis and along the OX axis. The calculation results show
that the polarization components of the electric field, directed normal to irradiated surfaces, depend weakly on
geometric factors. Their time shape and amplitude are determined by the photon radiation flux density. Allowance
of interaction of individual spacecraft elements does not lead to catastrophic changes in the amplitude values of
electromagnetic field parameters obtained by models of lower dimensions, which offer a correct idea on the magnitude
of generated fields. The currents in connecting rods have approximately the same amplitudes and shapes as the
currents in the spacecraft casing. In contrast to the case of irradiation along the axis of the spacecraft casing, where
magnetic fields are generated by the edge effects, oblique XR incidence onto the casing and solar arrays leads to
additional generation of an electromagnetic wave, which leads to changes in the pulse shape and to an increase in
the amplitude of the fields (Fig. 6). Oblique irradiation of the spacecraft excites all modes of intrinsic oscillations
of the electromagnetic field, determined by the longitudinal and transverse size of the casing and by the length of
the solar array.
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casing: x = 0, y = −R, and z = 2R; 2) right SA panel (irradiated surface): x = L/2 + R and y = −W ;
3) left SA panel (irradiated surface: x = −L/2−R and y = −W ; 4) edge of the right SA panel (irradiated
surface): x = L + R and y = −W ; 5) middle of the right SA panel (irradiated surface): x = L/2 + R and
y = 0; 6) connecting rod; 7) middle of the right SA panel (shaded surface): x = L/2 + R and y = 0.

622



REFERENCES

1. C. L. Logmire, “State of the art in IEMP and SGEMP calculations,” IEEE Trans. Nucl. Sci., NS-22, No. 6,
2340–2344 (1975).

2. D. F. Higgins, K. S. Lee, and L. Marin, “System-generated EMP,” IEEE Trans. Nucl. Sci., NS-25, No. 6,
1329–1337 (1978).

3. W. J. Karzas and R. Latter, “Electromagnetic radiation from a nuclear explosion in space,” Phys. Rev., 126,
No. 6, 1919–1926 (1962).

4. M. J. Carron and C. L. Logmire, “Structure of the steady state SGEMP boundary layer,” IEEE Trans. Nucl.
Sci., NS-23, No. 6, 1986–1990 (1975).

5. S. N. Ganaga, L. N. Zdukhod, S. V. Panteleev, et al., “Electrodynamic action of ionization radiation,” in:
V. M. Loborev (ed.), Physics of a Nuclear Explosion [in Russian], Vol. 2, Izd. Fiz.-Tekh. Inst., Moscow (2000),
p. 107.

6. Yu. N. Lazarev, P. V. Petrov, E. V. Diyankova, and A. V. Vronskii, “SEME simulations. Part 1. Models,”
Preprint No. 220, Inst. Tech. Phys., Snezhinsk (2004).

7. A. J. Woods and E. P. Wenaas, “Scaling laws for SGEMP,” IEEE Trans. Nucl. Sci., 23, No. 6, 1903–1908
(1976).

8. M. A. Arnautova, Ya. Z. Kandiev, B. E. Lukhminsky, and G. N. Malishkin, “Monte-Carlo simulation in nuclear
geophysics. In comparison of the PRIZMA Monte-Carlo program and benchmark experiments,” Nucl. Geophys.,
7, No. 3, 407–418 (1993).

9. D. D. Bat’kaev, Ya. Z. Kandiev, Yu. N. Lazarev, and P. V. Petrov, “Calculation of the spectral angular
distribution of emission electrons from aluminum with obliquely incident gamma radiation,” Atom. Énerg., 71,
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