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This paper presents a device intended for diagnostics of electron beams and
the results obtained with this device. The device comprises a rotating double probe operating in conjunction with an automated probe signal collection
and processing system. This provides for measuring and estimating the electron
beam characteristics such as radius, current density, power density, convergence
angle, and brightness. © 2017 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4974499]

INTRODUCTION

There are various methods and devices intended for measuring electron beam parameters. Most
of the devices contain detectors operating in direct contact with the electron beam. The detector can
be a thin wire1,2 periodically crossing the beam or a collector of the electrons coming from a portion
of the beam selected by a narrow slit,3,4 a pinhole,5 or the straight edge of a refractory plate. The
detectors provide for measuring the current distribution in a selected portion of the beam. The current
distribution contains information about the electron beam geometry, current density, power density,
brightness, and convergence angle. Given these data, the beam parameters can be readily related to
the performance data of the electron gun.
These types of detector are very similar to each other in the way of obtaining primary information about an electron beam. However, there is a fundamental difference between them. All detectors,
excepting the rotating probe, use either the deflection of the beam from a required path or its scanning
along the path for obtaining a signal waveform. The electron beam path is controlled using electromagnetic deflection systems. In studying focused high-power electron beams, the time of contact
of the beam with the diagnostic system elements should be as short as possible. This is necessary
to avoid damage to the diagnostic device. Consequently, the deflection coils of the gun should be
fast enough. Additional difficulties can arise if the beam parameters have to be measured at small
distances from the deflection coils. In such a situation, the deflection angles may be intolerably large
because of possible beam distortions introduced by the deflection coils. To design appropriate coils
is not an easy task.
In solving some research and technological problems, a need arises to control the parameters of
beams which cannot be deflected and scanned. For instance, these are electron beams with energies of
hundreds of kiloelectron-volts extracted in the atmosphere. This paper presents a contact diagnostic
method allowing measurements of electron beam parameters without beam deflection. For a detector,
a rotating double wire probe is used. The calculation is based on the assumption that the electron
beam is azimuthally symmetric and the current density distribution along the beam radius obeys the
Gaussian law.
The developed software is a component part of the device. The captured data of electron beam
are analyzing and processing automatically. As a result, according to a user wish a large additional
information volume can be received. There can be such local data, for example, as beam brightness
under various currents and on different distances from focusing lenses. It can be automatically received
a

Author to whom correspondence should be addressed. Electronic mail: kornilovsy@gmail.com.

2158-3226/2017/7(1)/015033/7

7, 015033-1

© Author(s) 2017

015033-2

Andreev et al.

AIP Advances 7, 015033 (2017)

dependences between diameters, convergence angles, beam brightness and beam energy or current.
The most crucial tasks of the equipment developing were automatic acquisition and processing of
the information.

THE ROTATING DOUBLE WIRE PROBE: DESIGN AND PRINCIPLE OF OPERATION

The designed probe equipment comprises a rotating double probe combined with a system for
automatic collection and processing of probe data (hardware-software complex).
The main component of the rotating double probe is its measuring section. The measuring section
consists of two parallel tungsten wires (1) (FIG. 1) fastened to a running contact (2). The wires can
be spaced by 10 or 30 mm. The running contact with the fastened wires is driven by a motor (3). The
wires cross the electron beam perpendicular to its axis with constant speed and draw a small fraction
of the beam current. When the wires cross the beam, a signal U(t) arises and passes through a BNC
connector to the hardware-software complex.
FIG. 2 shows the typical probe signal waveform. The two peaks are due to the two probe wires.
The distance between the signal peaks is proportional to the wire separation. Knowing this
separation, one can easily calibrate the horizontal axis of the signal waveform in units of length.
For tentative estimates, a conditional radius of the electron beam, r b , can be determined using a
simple relation:
rb =

l
1
· ∆tAC ·
,
2
∆tBD

(1)

FIG. 1. Appearance of the rotating double probe: 1 – tungsten wires; 2 – running contact; 3 – eddy current motor; 4 – stepper
motor; 5 – line interface unit; 6 – inductive pickups, and 7 – collector.
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FIG. 2. Typical waveform U(t) of the rotating double probe signal: AC – the full width at half maximum (FWHM) of the peak
is proportional to conditional radius of the electron beam; BD - the time between the peak centers is proportional to the wire
separation.

where ∆tAC is the FWHM of the peak, l is the wire separation, and ∆tBD is the time between the peak
centers.
For estimating the beam convergence angle θ and brightness B, the measuring section of the
probe is made movable up and down. This motion is provided by a stepper motor (4) (see FIG. 1).
The rotation of the motor shaft is transmitted through a coupler to the ball screws of an HIWIN linear
actuator (5) and is converted into a linear vertical movement of the probe measuring section. The
vertical movement is restricted by signals of inductive sensors (6). The sensors are arranged at the
top and bottom of the linear actuator.
An insulated collector (7) is used to eliminate the influence of secondary and backscattered
electrons and to measure the total electron beam current. The collector, made of copper, is cooled
with water. It is capable to detect the current of an electron beam of power up to 24 kW.
SYSTEM OF AUTOMATIC COLLECTION AND PROCESSING SIGNAL

The hardware-software complex controls the rotation and vertical movement of the probe
measuring section and performs collection and processing of signals coming from the wires and
collector.
The hardware-software complex performs the following functions:
(i)
(ii)
(iii)
(iv)
(v)

filters the probe signal;
synchronizes the signal scanning with the rotation of the probe;
chooses the sensitivities signal and the signal scanning velocity;
detects the signal maxima and minima;
reads the information on the beam current coming from the electron collector and on the accelerating voltage and focusing current coming from the supply and control equipment of the electron
beam gun, and
(vi) automatically determines the effective radius of the electron beam, the beam current density and
power density distributions, and the beam convergence angle and brightness.

The software interface of the complex is shown in FIG. 3. The interface contains two graphic
areas and windows with some parameters of the electron gun and with the parameters and controls
of the probe equipment.
Graphic area 1 displays the waveform of the rotating double probe signal. The signal waveform
can be represented as a time dependence of the voltage drop across the measuring resistor of the
probe, U(t), or of the current flowing in the measuring resistor circuit, I(t).
Graphic area 2 displays the radial distribution of the beam current density normalized to its
maximum, J(r), the probe current distribution I(x), and the electron beam radius determined at three
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FIG. 3. Interface of the electron beam diagnostic software: 1 – graphic area for the probe current distribution; 2 – graphic
area for the beam current density distribution; 3 – rotation controls of the measuring section of the rotating double probe;
4 – movement controls of the measuring section of the rotating double probe; 5 – controls of automatic calculations, and 6 –
area of measured and calculated values of the electron beam characteristics.

different levels of the current density distribution. The calculated characteristics can be represented
using both the first wire and the second wire signal.
Area 3 and 4 of the code window displays all basic rotation and vertical movement controls of
the probe measuring section. In this area, the speed and direction of rotation of the measuring section
and the range of its vertical movement are specified. In addition, the buttons intended to start its
rotation and vertical movement are provided.
Area 5 presents the controls intended to start automatic measurements and calculations of the
electron beam characteristics such as effective radius, integrated current density, integrated power,
convergence angle, and brightness.
The electron beam characteristics, measured and calculated during the operation of the probe
equipment, and the main parameters of the electron gun, such as accelerating voltage, electron beam
current, and magnetic lens focusing current, at which the measurements have been performed are
summarized in area 6.
CALCULATION OF THE BEAM CHARACTERISTICS

For fast diagnostics of the beam shape and size and for estimation of the focusing current,
it suffices to obtain the probe current distribution and use relation (1). However, the probe current distribution and the beam radius estimated by relation (1) incompletely describe the beam
quality.
To perform a more accurate analysis, it is necessary to use the current density distribution along
the beam radius rather than the probe current distribution. This is due to that the probe current is
determined by two factors: the surface area of the wires on which electrons are incident and the
current density in the beam region where the wire is located. When the wires are moving through the
beam, both factors vary simultaneously.
The probe current distribution I(x) can be represented as6
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J0 πref2 
x + δ2
x − δ2 
erf *
+ − erf *
+ ,
(2)
2  , ref , ref -

where J 0 is the current density at the electron beam axis, r ef is the effective beam radius, erf(x) is the
probability (error) integral, and δ is the wire diameter.
To determine the effective beam radius, we use the level k x of the probe current distribution for
which the beam radius is determined:
I(x)
,
(3)
kx =
I0
I(x) =

where I(x) is the current flowing to the wire at the wire instantaneous coordinate x in the beam, and
I 0 is the current flowing to the probe at x = 0.
In view of equation (2), the level k x can be expressed as

x − δ2 
x + δ2
+ − erf *
+
erf *
r
 , ref ef
- .
!,
(4)
kx =
δ
2erf
2ref
Solving integral equation (4), we can determine the effective radius of the electron beam.
The current density distribution along the beam radius, J(r), obeys the Gaussian law, and it can
be found as
r2
J(r) = J0 exp *− 2 + .
, ref -

(5)

Using the radial current density distribution J(r), the power density and brightness of the electron
beam can be calculated.
To calculate the beam power density w, the following equation is solved:
w = Jef · U,

(6)

where J ef is the current density within the effective beam radius and U is the accelerating voltage
applied between the cathode and extractor of the electron gun.
The electron beam brightness can be estimated as7
Jef
,
Ω
where Ω is the solid angle within which the beam propagates.
For small convergence angles, the solid angle is determined as7
B=

Ω = π · θ2.
The convergence angle of the electron beam can be determined as
!
ref 1 − ref 2
θ = tan−1
,
b12

(7)

(8)

(9)

where r ef1 and r ef2 are the values of the beam effective radius measured in two planes spaced by b12 .
FIG. 4 shows screenshots of the results of automatic measurements of electron beam characteristics illustrating the performance of the probe equipment.
To start automatic measurements of electron beam characteristics, it suffices for the operator to
set the rotational speed of the running contact (1), the range of its vertical movement (2), the thickness
of the wires, the distance between them, and the rated value of the measuring resistor. Given these
values, pressing button 3 will cause the probe equipment to perform automatic calculations of the
electron beam characteristics.
While the power supply and control equipment of the electron-beam gun are operating, the
hardware-software system automatically reads, via the RS232 and Ethernet interface, the equipment
indications (accelerating voltage (4) and focusing coil current (5)) and the electron beam current
flowing from the collector (6).
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FIG. 4. Diagnostic data for an electron beam of current 50 mA and energy 30 keV: a – measurements of the beam parameters
in the focal plane; b – measurements of beam parameters in a plane below the plane of focus at 30 mm. 1 – setpoint of the
rotational speed of the running contact; 2 - the range of vertical movement; 3 – start button for automatic calculations; 4 –
power supply and control equipment indication (value of the accelerating voltage); 5 – power supply and control equipment
indication (value of the focusing coil current); 6 – value of the electron beam current flowing from the collector; 7 – the
waveform U(t) of the rotating double probe signal; 8 - probe current distribution I(x); 9 – value of the effective radius of the
electron beam; 10 - the current density distribution along the beam radius J(r); 11 – value of the integrated current density;
12 – value of the integrated power density; 13 – value of the beam diameter is determined at three selected distribution levels;
14 – value of the beam convergence angle; 15 – value of the brightness of the electron beam.
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The U(t) signal (7) arriving at the hardware-software complex is automatically converted into
the probe current distribution I(x) (8).
The algorithm for solving equations (2)–(6) built in the hardware-software complex allows one
to determine the effective radius of the electron beam (9), construct the current density distribution
along the beam radius (10), and evaluate the beam integrated current density (11) and integrated
power density (12). With the obtained current density distribution, the beam diameter is determined
at three selected distribution levels (13).
The time required for automatic measurements and calculations of electron beam characteristics
in one plane is 150–200 ms.
To estimate the electron beam convergence angle and brightness, the measuring section of the
probe is moved into the plane whose position corresponds to a prescribed vertical coordinate. In
another plane, the electron beam effective radius is measured and estimated, the current density
distribution along the beam radius is constructed, the beam integrated current density and integrated
power density are estimated, and the beam convergence angle (14) and brightness (15) are calculated
by formulas (7)–(9).
The probe equipment capability to perform automatic measurements with data acquisition
efficiently promotes experimental investigations. The experimental data on desired electron beam
characteristics and on the electron-beam gun parameters are displayed as tables.
CONCLUSION

The probe equipment can be efficiently used in electron beam research and technology. It is
capable





to automatically build the waveform;
to automatically calculate the basic characteristics of an electron beam with azimuthal symmetry
in the assumption that the current density distribution obeys Gaussian law;
to read the indication of the power supply and control equipment of the electron-beam gun, and
to operate in conditions of experimental research.

The time required for diagnosing an electron beam in one plane using the probe equipment is no
more than 200 ms.
The results obtained using the probe equipment have demonstrated high quality of the electron
beam diagnostics. Thus, the measured brightness of the electron beam generated by a plasma-emitter
gun was of the order of 1010 A·m–2 ·rad–2 , which corresponds to the data7 obtained with the use of a
TWI Limited (Cambridge, United Kingdom) two-slit probe.4
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