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Abstract—In this article, the impact of thermal radiation by
the electron beam on the inner thermal state of a traveling
wave tube (TWT) under operation is explored. A theoretical
model for analyzing heat transfer by thermal radiation from the
cylindrical electron beam is derived, in which the electron beam
is treated as an equivalent dynamic circular disk with gray-body
radiation from its side surface. By using the cathode temperature
and the compression ratio of the electron beam in a TWT, the
temperature of the equivalent disk is calculated. By considering
the Bremsstrahlung radiation and the cyclotron radiation, the
power radiated from the electron beam is derived, and the
emissivities of the gray-body radiation from the equivalent disk
are calculated. Using the parameters of a wideband TWT, we
obtain the heat transfer via thermal radiation from the electron
beam and conduct thermal analysis by simulation with and
without considering thermal radiation from the electron beam,
respectively. The result at 11 GHz shows that the temperature
rise on the inner surface of the helix tape due to thermal
radiation from the electron beam is 0.67 ◦C and 0.49 ◦C at the
beginning/ending point of the helix, respectively. In the working
frequency band, the temperature rise at the beginning point of
the helix ranges from 0.65 ◦C to 0.72 ◦C, while that at the ending
point ranges from 0.46 ◦C to 0.52 ◦C.

Index Terms—Electron beam, helix traveling wave tube (TWT),
thermal radiation, thermal state.

I. INTRODUCTION

IT HAS been proven that the inner thermal state of the helix
traveling wave tube (TWT), an important type of vacuum

electron device (VED), can significantly impact its working
performance, including changes in its high-frequency charac-
teristics [1], output power [2], and its reliability [3]. Moreover,
our recent study has shown that thermal deformation of the
slow wave structure (SWS) is one of the contributing factors
for backward wave oscillation (BWO) [4]. Consequently, the
inner thermal state of the TWT is of great interest to the
vacuum electronics community, and it has been analyzed
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Fig. 1. Method for analyzing the impact of thermal radiation from the electron
beam on the inner state of TWT.

by various methods [5]. In the existing thermal analyses,
thermal sources, including ohmic loss and electron collision
loss [6], [7], have been considered. However, another factor,
the thermal radiation from the electron beam, has thus far not
been examined, to our knowledge.

Thermal radiation is a fundamental phenomenon for all
objects, and the Stefan–Boltzmann law states that the radiated
power is proportional to the fourth power of the absolute
temperature [8], indicating that radiation from hot bodies may
be significant. The temperature of the electron beam in a VED
is usually of the order of 104 K [9], suggesting that the thermal
radiation from the electron beam could be significant in
contributing to the temperature rise inside the VED. Therefore,
it would be desirable to analyze the thermal radiation from
the electron beam so that all factors contributing to the inner
thermal state of the VED are incorporated. Incorporating the
effects of beam thermal radiation will also help to enhance the
simulation accuracy of commercial simulation codes such as
CST Studio Suite, which currently can only consider thermal
losses of electron collision and ohmic losses in particle-in-cell
(PIC) simulation.

In previous studies on the thermal properties of an electron
beam, the temperature of an electron beam is represented
by its random transverse thermal velocities [10], and can be
calculated by using the cathode temperature and the beam
compression ratio [11]. It has been measured experimentally
[12], and its effect on beam defocusing has been analyzed [13],
[14]. However, as far as we know, there is no existing method
to analyze the thermal radiation from an electron beam and
its impact on the inner temperature of the TWT.

0093-3813 © 2026 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and
similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Southeast University. Downloaded on June 14,2026 at 03:53:57 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0009-0006-8728-5556
https://orcid.org/0009-0007-1190-7184
https://orcid.org/0000-0002-9474-8604
https://orcid.org/0000-0002-2750-5004
https://orcid.org/0000-0003-4645-3788


480 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 54, NO. 2, FEBRUARY 2026

Fig. 2. Thermal radiation of electron beam in the helix TWT. (a) Schematic
of the electron beam in the helix TWT. (b) Equivalent dynamic circular disk.
(c) Model for analyzing thermal radiation from electron beam.

In this article, we propose a method for analyzing the ther-
mal radiation from the electron beam and explore its impact
on the inner thermal state of the TWT, as shown in Fig. 1.
First, by treating the cylindrical electron beam as an equivalent
dynamic circular disk with gray-body radiation from its side
surface, a theoretical model is derived for analyzing the heat
transfer by thermal radiation. Then, the thermal parameters of
the electron beam, including the temperature and emissivity,
are calculated theoretically. Finally, using the parameters of
an actual wideband helix TWT, we calculate the radiation
emissivity and power from the cylindrical electron beam, and
analyze its impact on the inner thermal state of an operating
TWT by simulation.

II. MODEL FOR ANALYZING THERMAL RADIATION OF
ELECTRON BEAM

The operation of a TWT is based on the interaction between
the electron beam and the traveling electromagnetic wave,
thus amplifying the input signal to a much higher level. The
cylindrical beam (or pencil beam) is the most widely used
beam in the TWT, so we use the helix TWT to analyze the
thermal irradiation of the cylindrical electron beam.

Fig. 2 shows the thermal radiation from the electron beam in
the helix TWT. When the helix TWT is working, the electron
gun produces the electron beam, which travels through the
interaction space confined by the helix SWS and then is
collected by the collector, as shown in Fig. 2(a). In this early
stage study, we assume a uniform axial magnetic field for
simplicity, and the theoretical treatment of thermal radiation
is formulated accordingly. When the electron beam is in the
interaction space, it can radiate heat to the helix, the support
rods, and the tube shell. Considering that the electron beam
has a small diameter and a relatively large length, it can
be treated as a slender (thin) cylinder. From this, we may
approximate the thermal radiation as occurring only on its side
surface. To analyze the thermal radiation from the electron
beam, we analyze a short segment of the electron beam, i.e.,
over the length of the helix pitch p, which is equivalent to a
dynamic circular disk [15], with radius and thickness r0 and
p, respectively, as shown in Fig. 2(b). The disk temperature is

Fig. 3. Helix SWS in the TWT. (a) Normal structure. (b) Unfolding diagram
in reference to the cylindrical surface of helix. (c) Extension of the surface of
the electron beam. (d) Unfolded SWS, orange color denoting extended beam
surface.

assumed to be uniform due to its small size. It is also assumed
that the disk is located at a fixed position where the incoming
and outgoing electrons are in dynamic equilibrium, and the
temperature of the disk is constant over time as the TWT
is in a stable working condition. The disk is surrounded by
the helix, three support rods spaced circularly (each pair is
120◦ apart), and the tube shell, as shown in Fig. 2(c). The
radiation from the electron beam to the support rods/helix/shell
is approximated as gray-body radiation such that the electron
beam surface can be characterized by a temperature and an
equivalent emissivity [16]. The gray-body radiation is a real-
istic model of the thermal radiation from a surface that absorbs
and emits a constant fraction of the blackbody radiation. The
emissivity of a gray-body ε is constant with wavelength, but
0 < ε < 1, while ε = 1 for the blackbody. We also assume that
the surface of the electron beam is a diffuse emission surface.

To obtain the net heat transfer between different surfaces,
the view factors should be determined. The SWS is unfolded,
as shown in Fig. 3, to allow calculation of the view factors.
The normal SWS structure shown in Fig. 3(a) is unfolded,
as illustrated in Fig. 3(b). The electron beam radius is r0, so
its unfolded area is given by Ae = 2πr0 p; the helix radius
is r1, and its width is wh, so its unfolded area is given by
Ah = 2πr1wh. Assuming that the thickness of the helix wire is
negligible, the support rod width is wr, so the unfolded area is
given by Ar = 3wr(p−wh); the inner radius of the tube shell is
r2, so the unfolded area is given by As = 2πr2 p. Nonuniformity
of the radiation from the electron beam toward the helix, the
support rods, and the tube shell occurs in Fig. 3(b) due to
the unfolding process. Therefore, the unfolded beam is further
extended, as shown in Fig. 3(c), to ensure the uniformity of
the radiation, and consequently, the ultimate unfolded SWS
is obtained, as shown in Fig. 3(d). The view factors can be
calculated using the formulas in [17]. Neglecting the thickness
of the helix wire, the view factor between the electron beam
and the helix can be obtained as follows:

Fe−h =
wh

p
. (1)

Similarly, neglecting the radiation on the side surface of the
support rods, the view factor between the electron beam and
the support rods is as follows:

Fe−r =
3 (p − wh) arctan wr

2r1

πp
. (2)
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Since the heat generated by the electron beam radiation is
absorbed by the helix, the support rods, and the tube shell, the
view factor between the electron beam and the tube shell is

Fe−s = 1 −
wh

p
−

3 (p − wh) arctan wr
2r1

πp
. (3)

Using the circuit analogy method in [14], we obtain the net
heat transfer from the surface of the electron beam Qnet

Qnet =
eb1 − B1

1−εec
εecAe

=
B1 − B2

1
AeFe−h

+
B1 − B3

1
AeFe−r

+
B1 − B4

1
AeFe−s

(4)

where eb1 is the radiosity (total flux of radiative energy
away from a surface [16]) of a blackbody with the same
temperature as the electron beam; B1–B4 are the radiosities
from the electron beam, the helix, the support rods, and
the tube shell, respectively; and εec is the emissivity of the
cylindrical electron beam. The first, second, and third terms
on the right-hand side of (4) represent the net heat transfer
from the electron beam to the helix, support rods, and shell,
respectively. Considering that the temperature of the helix,
support rods, and the shell is several hundred Kelvin [18],
which is much lower than that of the electron beam, we neglect
the heat transfer due to radiation among the helix, support rods,
and the shell.

III. TEMPERATURE AND EMISSIVITY OF ELECTRON BEAM

To analyze the thermal radiation from the electron beam
using the model proposed in Section II, the temperature and
the emissivity of the equivalent dynamic circular disk must be
determined to calculate the radiosities B1–B4.

A. Temperature of Electron Beam

The microscopic measure of the temperature of a macro-
scopic object is the random thermal motion of the particles.
The temperature of the electron beam can be expressed with
the root-mean-squared velocity of the electrons [19]

vrms =

r
3kBTe

m
(5)

where kB is Boltzmann’s constant, Te is the temperature of the
electron beam, and m is the electron mass. The temperature
of the electron beam can be calculated by using the cathode
temperature and the compression ratio [10], [11] as follows:

Te =
Ac

Ab
Tc (6)

where Ac is the cathode area, Ab is the cross-sectional area
of the electron beam at the point where the temperature is
measured, and Tc is the cathode temperature. In the above
analysis, the temperature variation across the cross-sectional
area of the electron beam is neglected.

B. Emissivity of Electron Beam

The electron beam confined by a magnetic field, usually
known as pure electron plasma [20], is a type of nonneutral
plasma [21]. The mechanism of thermal radiation from a
conventional plasma includes Bremsstrahlung, recombination

radiation, excitation radiation, and cyclotron radiation in mag-
netized plasmas [22]. However, there is no recombination
radiation and excitation radiation in a pure electron plasma,
so only the Bremsstrahlung and the cyclotron radiation need
to be considered to calculate the emissivity of the equivalent
dynamic disk.

1) Power by Bremsstrahlung Radiation: We use the equa-
tion in [23] to calculate the power by Bremsstrahlung radiation
per unit volume per unit wavelength, which is expressed with
Gaussian units

dPB

dω
=

16n2e6

15m2c5 vrms

�
2 ln

2vrms

ωbmin
+

10
3

�
(7)

where PB is the radiated power by Bremsstrahlung per unit
volume. ω is the angular frequency. n is the number density
of the electrons. e is the unit charge. c is the speed of light. bmin
is the minimum impact parameter, which satisfies the small-
angle approximation for a pair of electrons on average, and it
could be taken as the typical 90◦ deflection impact parameter
ρ90◦ considering the slow logarithmic nature of the divergence
[23]. According to [23], (7) applies in the range from 3ωp to
ω90◦

ωp =

s
ne2

ε0m
(8)

where ωp is the electron plasma frequency.
A reduction factor F must be added to the expression for

the electron beam in the TWT [11], so (8) should be rewritten
as

ωq = F

s
ne2

ε0m
(9)

where ωq is the reduced electron plasma frequency. The
reduction factor F is determined by the structure parameters
of the SWS in the TWT.

The ω90◦ is defined as

ω90◦ =
vrms

ρ90◦
. (10)

Considering that: 1) the radiation in the frequency band
below 3ωp does not lie in the classical thermal radiation band
[5]; and 2) the radiation over ω90◦ is negligibly slight [23], the
radiation outside the frequency range is not considered.

We rewrite the expression in (7) in SI units, and trans-
form the angular frequency into frequency; we obtain the
Bremsstrahlung power per unit volume per unit frequency

P f =
n2e6vrms

15π2m2c5ε3
0

�
ln

vrms

π fbmin
+

5
3

�
(11)

where P f is the radiated power per unit volume per unit
frequency and f is the frequency. Equation (11) applies in
the frequency band from 3 fp to f90◦ , in which fp = ωp/2π and
f90◦ = ω90◦/2◦π.

Integrating P f from 3 fp to f90◦ (considering f90◦ � 3 fp), we
obtain the power per unit volume by Bremsstrahlung

PB =

Z f90◦

3 fp

P f df = 2
�

3 ln 2
5

+ 1
�

n2e4k2
BT 2

e

π2m3c5ε2
0
. (12)
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TABLE I
PARAMETERS OF ELECTRON BEAM AND SWS IN THE HELIX TWT

2) Power by Cyclotron Radiation: In addition to
Bremsstrahlung, thermal radiation from pure electron
plasma occurs in the form of cyclotron radiation due to the
transverse velocity of the electrons in the magnetic field
[24]. Using the cyclotron radiation cooling theory in [24], we
obtain the radiation power of the electron beam (in c.g.s.)

PC =
2ne2ω2

cv2
⊥,rms

3c3 (13)

where PC is the radiation power per unit volume; v⊥,rms is
the root mean square of the transverse velocity in the electron
beam; and ωc is the cyclotron frequency, which is given in
[24] by the following expression:

ωc =
eB0

mc
(14)

where B0 is the longitudinal magnetic flux density. Substituting
(14) into (13) and expressing the result in SI units, we obtain
the following equation:

PC =
ne4B2

0v2
⊥,rms

6πm2ε0c3 . (15)

3) Emissivity Calculation: For the equivalent circular disk
of an electron beam mentioned previously in Section II, we
have the following equation:

(PB + PC) · πr2
0 p = εecσT 4

e · 2πr0 p (16)

where σ is Stefan–Boltzmann’s constant. Substituting (12) and
(15) into (16), we obtain εec as follows:

εec =
r0ne4

πσT 4
e m2ε0c3

"
B2

0v2
⊥,rms

12
+

�
3 ln 2

5
+ 1

�
nk2

BT 2
e

πmc2ε0

#
.

(17)

IV. CALCULATION RESULTS

In this section, the model previously mentioned in Section II
is analyzed based on the parameters of an actual wideband
helix TWT, which are shown in Table I.

A. Heat Transfer of Thermal Radiation

By using (6), the electron beam temperature Te is calculated
to be 32 988 K. The transverse velocities of the electrons
are composed of two parts: the transverse component of
the gyrating motion in the electron beam and the transverse
component of the random thermal velocities. The transverse

root-mean-squared speed of the gyrating motion in the electron
beam is simulated to be 1.1 × 107 m/s with CST, and the
transverse root-mean-squared speed of random thermal motion
at 32 988 K is calculated to be 1.23 × 106 m/s, whose square is
negligible compared to that of the gyrating motion. Therefore,
the transverse root-mean-squared speed of the electrons is
considered to be 1.1 × 107 m/s.

By using (17), the emissivity of the electron beam εec is
calculated to be 4.34 × 10-10. Based on our experience, the
temperature of the SWS parts (helix, support rods, and tube
shell) can be no more than 300 ◦C–400 ◦C (600–700 K)
[18], which is much less than the electron beam temperature
(32 988 K). The term T4 of the SWS parts is approximately six
orders of magnitude lower, so we neglect the radiosity from
the helix, support rods, and the shell, indicating that B2 � B1,
B3 � B1, and B4 � B1. Considering that the emissivity of
the electron beam is much less than 1, we obtain B1 � eb1.
Therefore, we can approximate (4) as follows:

εecAeeb1 = Fe−hAeB1 + Fe−rAeB1 + Fe−sAeB1. (18)

Considering that Fe−h +Fe−r +Fe−b = 1, it is easy to obtain
from (18) as follows:

B1 = εeceb1. (19)

According to the Stefan–Boltzmann law, we obtain

eb1 = σT 4
e . (20)

Thus, the net heat transfer from the electron beam to the
SWS parts (over the length of the helix pitch) can be written
as

Qe−h = εecAeFe−hσT 4
e (21)

Qe−r = εecAeFe−rσT 4
e (22)

Qe−s = εecAeFe−sσT 4
e (23)

where Qe−h,Qe−r, and Qe−s are the heat transfer from the
electron beam to the helix, the support rods, and the tube shell,
respectively. By using the parameters shown in Table I, the
view factors can be calculated with (1)–(3), and are found to
be Fe−h = 0.545, Fe−r = 0.149, and Fe−s = 0.306, respectively.
The electron beam surface over the helix pitch Ae is calculated
to be 2.903 mm2. By using the parameters in Table I, the heat
transfer from (21) to (23) can be calculated and is found to
be Qe−h = 4.61 × 10-5 W, Qe−r = 1.26 × 10-5 W, and Qe−s =

2.59 × 10-5 W (over the length of the helix pitch), respectively.

B. Simulation Results

To analyze the impact of thermal radiation from the electron
beam on the thermal state of the operating helix TWT, we first
build the structure of the helix TWT in CST Studio Suite, as
shown in Fig. 4. Then, we analyze the beam–wave interaction
process of the helix TWT with a PIC simulation at 11 GHz
in CST Studio Suite. We obtain the electron collision loss and
the ohmic loss from the PIC simulation, which are later used
as the thermal source in the thermal analysis. Meanwhile, we
also assign the calculated heat transfer using (21)–(23) due
to thermal radiation from the electron beam to the simulation
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Fig. 4. Structure of the analyzed helix TWT in CST Studio Suite.

Fig. 5. Temperature distribution along the helix in the TWT.

Fig. 6. Temperature distribution along the inner surface of the helix tape.

model. Then, we conduct the thermal analysis for the helix
TWT. A room temperature of 20 ◦C is considered, and the
material properties of components are also considered in the
simulation. The 3-D temperature distribution is obtained, as
shown in Fig. 5. It shows that the variation of the temperature
on the helix (from 27.22 ◦C to 342.43 ◦C), and the high
temperature concentrates on the end of the helix.

The temperature distribution along the inner surface of helix
tape in the longitudinal direction is evaluated in Fig. 6, in
which the results with and without considering the thermal
radiation of the electron beam are compared. We can see that,
in both situations, the temperature generally increases with the
axial distance, and the high-temperature area is the part near
the output port, which agrees with our previous work [4]. From
the comparison, we see that the temperature when considering

Fig. 7. Temperature increase on the inner surface of the helix tape due to
thermal radiation from the electron beam in the working frequency band.

thermal radiation from the electron beam is slightly higher
(0.49 ◦C–0.67 ◦C), as denoted by the red line, which is slightly
above the blue line, i.e., without considering thermal radiation
from the electron beam. Thus, we find that the thermal radia-
tion from the electron beam may contribute to the temperature
rise inside the helix TWT. The temperature increase due to
the radiation from the electron beam reaches its maximum of
0.67 ◦C at the beginning point of the helix, while its minimum
is 0.49 ◦C at the ending point connecting the output port. This
is because the heat generation due to electron collision loss and
ohmic loss is relatively lower in the beginning part of the helix,
suggesting that the contribution of the thermal radiation from
the electron beam is relatively greater. It can be concluded
that the temperature increase caused by the radiation from the
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electron beam is not negligible, but it is also not large due to
the low emissivity (4.34 × 10-10).

We then extend our analysis on the contribution of the
thermal radiation from the electron beam to the following
frequencies: 9, 11, 13, 15, and 17 GHz. At each frequency,
we record the temperature increase on the inner surface of the
helix tape at the beginning/ending point, as shown in Fig. 7.
We find that the temperature increase at the beginning point
of the helix ranges from 0.65 ◦C to 0.72 ◦C in the working
band, while the result at the ending point of the helix ranges
from 0.46 ◦C to 0.52 ◦C. This shows that the thermal radiation
from the electron beam may moderately contribute to the
temperature increase inside the helix TWT in the working fre-
quency band. The result at higher frequencies (15 and 17 GHz)
is a little larger because the contribution of ohmic loss and
electron collision loss is relatively small.

V. CONCLUSION

In this article, the thermal radiation from the electron beam
in the helix TWT and its impact on the inner thermal state are
explored. First, a theoretical model for analyzing heat transfer
by thermal radiation from the cylindrical electron beam is
proposed, in which the beam over the length of a period is
equivalently treated as a circular disk. It is assumed that gray-
body radiation occurs only on the side surface of the disk.
The view factors between the electron beam and helix/support
rods/shell are calculated, and the corresponding net heat trans-
fer is derived theoretically. Also, the heat transfer of a sheet
electron beam in the chamber is derived theoretically.

Then, the thermal parameters of the electron beam are
analyzed theoretically. We obtain the temperature of the elec-
tron beam using the cathode temperature and the compression
ratio. The emissivity of the cylindrical/sheet electron beam is
obtained by calculating the Bremsstrahlung radiation and the
cyclotron radiation power from the electron beam.

Using the parameters of an actual wideband helix TWT,
the emissivity of the electron beam is calculated to be
4.34 × 10-10, meaning that it is relatively small. The heat trans-
fer from the electron beam to the helix/support rods/shell is
also calculated. The impact of thermal radiation from the elec-
tron beam on the inner thermal state of the helix TWT is ana-
lyzed by simulation. The TWT simulation model is built, and
the PIC simulation is conducted to obtain the electron collision
loss and the ohmic loss, which are used as thermal sources. We
then conduct thermal analysis with and without considering
thermal radiation from the electron beam. We find that thermal
radiation from the electron beam causes a temperature rise on
the inner surface of the helix tape at 11 GHz, with its max-
imum/minimum of 0.67 ◦C–0.49 ◦C at the beginning/ending
point of the helix, respectively. It shows that the temperature
rise occurs as a result of thermal radiation from the electron
beam. The simulation results in the working band show that the
temperature rise at the beginning point of the helix ranges from
0.65 ◦C to 0.72 ◦C, while that at the ending point ranges from
0.46 ◦C to 0.52 ◦C. We find that thermal radiation from the
electron beam could contribute moderately to the temperature
rise inside the TWT. The results are also informative for other
VEDs, such as megawatt (MW) gyrotrons with much stronger

electron beams, which could generate thermal radiation strong
enough to affect the inner thermal state significantly.
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