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ELECTRON OPTICS, ELECTRON GUNS AND ELECTRON 
BEAM MASHINES 

 
High Angle, High Integrity Beam Deflection 

 Colin Ribton 

 

Electron beam surface treatment and 3D printing impose stringent beam deflection requirements. 
The deflection must be of high frequency (some 50 kHz), high amplitude (10 s of mm) and accurate (to 
within 10 microns). Methods are described for the design of high integrity deflection coils and matching 
these to available current amplifiers. Simulations of the field allow trajectory plotting of beams to 
determine their intensity after deflection. 

Високо-ъглово и високо-интегрално отклонение на снопа (Колин Рибтон).  
Електроннолъчевата повърхностна обработка и 3D печатането поставят строги изисквания 
към отклонението. Отклонението трябва да е високочестотно (например 50 kHz), с висока 
амплитуда (десетки mm), и точност (в пределите на 10 µm). Описани са методите на 
конструиране на високо-интегрални отклонителни бобини и съгласуването им с наличен токов 
усилвател. Симулацията на полето позволява траекторно изчертаване на снопа за определяне 
неговия интензитет след отклонението. 

 

Introduction 
Electron beams have been used for many material 

processing applications. Electron beam welding for 
example is carried out with intense, focused beams 
with power densities of the order of 1 to 100 kWmm-1. 
3D printing with electron beams has been developed 
in the last decade and uses similar beam power 
densities of 1 to 10 kWmm-1 with focused beam spot 
sizes of 0.5mm diameter measured full width at half 
the maximum (FWHM). In this process, the beam is 
deflected across a powder bed on a build table to 
selectively fuse the powder.  

 
Fig. 1. 3D printed medical implant -  (courtesy Arcam AB) 

The build table descends by some 60 microns, a new 
powder layer is deposited and the beam is used to 

create the next layer of the component. The 
component is built as successive layers are made and 
at completion, the unfused powder is recovered. 

Components can be built at rates from 5 mm to 
10mm height per hour. An example component is 
shown in fig. 1 – this is an acetabular cup and some 
60,000 of these have been manufactured in this way to 
date [1]. 

Currently, this process can print parts of up to 
400mm diameter. This limitation is imposed by the 
reduction of beam intensity at the extremity of the 
powder bed, due to deflection aberration at higher 
angles. A reduced beam intensity would lead to a 
variation in the processing performance, and a lower 
resolution build that may have less sharply defined 
edges and an undesirable rougher surface finish. 

Although the beam can be deflected further if the 
working distance is increased and the deflection 
angle maintained, the beam intensity is still reduced. 
As the beam brightness remains constant (n.b. the 
beam brightness is the ratio of the spot intensity to 
the beam angle) and lengthening the working 
distance reduces the beam angle, consequently the 
intensity must be reduced pro rata [2]. 
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A larger powder bed could be used if it were 
possible to deflect the beam to higher angles with 
lower aberration. Larger parts could then be built, 
allowing a broader range of applications to be 
addressed by the 3D printing process.  Alternatively, 
more parts could be built simultaneously which 
makes a higher production rate from the machine – 
which can lower manufacturing costs significantly.  

Similarly, for electron beam surface modification 
the beam must be of high intensity and is deflected at 
high frequency to melt and move material. The 
deflection system will be able to cover a patch on the 
work piece, which is up to 80×80 mm. When areas 
larger than a patch are required to be treated, the 
process has to be repeated and patches are knitted 
together. In these cases being able to deflect the beam 
at higher angle and maintain intensity would increase 
the production rate and subsequently reduce process 
cost.  

Consequently, there are strong drivers for the 
development of high integrity, high angle beam 
deflection for the 3D printing and electron beam 
surface treatment processes. 

Deflection coil design 
Deflection systems comprise a coil set (usually an 

X and Y pair of coils) and a magnetic yoke. The coils 
are driven with a current to generate a magnetic field 
through which the electron beam passes and by which 
the electron trajectories are deflected. The magnetic 
yoke contains the field outside the beam path to 
prevent it passing through nearby metallic 
components. If this measure were not taken eddy 
currents would be generated in any conductors that the 
field passed through and the frequency response of the 
system would be reduced. The yoke also increases the 
amplitude of the field produced. The yoke must be 
made of a material with soft magnetic properties for 
accuracy and must have low electrical conductivity so 
that it has a high frequency response. The soft 
magnetic properties lead to low remanence fields that 
will ensure that the yoke does not get magnetised so 
that the accuracy of the landing position of the beam 
is maintained. The low conductance ensures that eddy 
currents are not produced in the yoke, which would 
otherwise reduce magnetic field at higher frequencies 
and thereby reduce beam deflection response at high 
frequency. 

For bespoke coil designs the yoke is usually made 
from one or more rings of material, as the magnetic 
material is supplied in a limited variety of shapes and 
machining can be difficult and can affect the magnetic 
properties – particularly magnetic softness. Rings are 

available in many sizes as they are widely required in 
the electrical industry for toroidal inductor and 
transformer cores.  

The deflection amplitude obtained is a function of 
the field strength and the length of the beam trajectory 
through the field. As electrons pass through a field of 
strength B transverse to their direction they are acted 
upon by the Lorentz force [3], [4] and deflected into a 
circular path with a radius R given by: 

(1) � � �
�∙� 

where:  
e is the electron charge 
p the electron momentum is given by 

(2) � � ��	
��� � ��� 
where:  

m0 is the electron rest mass 
V the acceleration potential 

and:  

(3) ε =	 �
�	
��	 

where c is the velocity of light in vacuum. 

 
Fig. 2.  Electron trajectory through a uniform transverse 

field (reproduced by permission TWI Ltd) 

The angle of the deflection, θ, can be found in 
terms of the length of the field along the direction of 
the beam axis and the beam bend radius – symbols are 
defined in fig. 2. 

(4) � �	���� ���� 
The apparent position of deflection can be found 

from: 

(5) � � �� �
�� !
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In reality, this method provides a good 
approximation, although end effects and the non-
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uniform distribution of the B field can cause small 
discrepancies between the calculated value and the 
value found from experiment. 

To achieve the necessary magnetic field to produce 
a required deflection amplitude, a coil must be 
energised with a specific ampere-turns (the product of 
current and number of coil turns). This can be 
achieved for example with a few turns of high current 
or many turns of low current. The former is a low 
inductance configuration and requires a high current 
amplifier although this can be a lower voltage drive. 
The latter is a high inductance configuration and 
requires a high voltage driver although this can have a 
lower current capability. For a given magnetic circuit, 
for all coil energisations producing the same field and 
therefore the same beam deflection, the energy stored 
in the field is the same. In this work, by determining 
this stored energy, either through modelling of the 
coils, or through practical measurements on prototype 
deflection coils, it is demonstrated how to select the 
optimum coil turns to give the required field from a 
suitable coil current and the best inductance to 
impedance match to the deflection amplifier to give 
the highest frequency response. A plot is produced of 
the current vs. coil inductances that allows the 
optimum coil to be selected. 

Finite element model 
In this example, a finite element field modeller [5] 

has been used which can produce a 3 dimensional 
field distribution for a certain configuration and coil 
energisation. The software has the ability to plot 
electron trajectories through this field to indicate the 
beam deflection. During the design process the coil 
configuration and yoke size can be adjusted and the 
effect on the beam deflection observed. Once the 
required design is optimised it is then possible within 
the modelling software to integrate the field (H) 
across the model volume (v) to derive the energy (E) 
stored in the coil set. 

(6) 	& � '�'()*�)+ 

This energy is stored in the charged inductance and 
is equivalent to  

(7) & � ,∙-.
/  

where:  
L is the coil inductance 
I is the coil currentл 
Consequently, the relationship between the 

inductance and the current required to obtain the 
modelled deflection is: 

(8) 0 � 1/∙'�'234�35,  

The modelling software uses a coil of a specified 
energisation, ϵ, which may be realised by many turns 
(n) of a low current or fewer turns of higher current. 

(9) 0 � 6
$ 

Prototyping 
As an alternative to using a finite element model it 

is possible to derive the relationship between the 
inductance and the number of coil turns 
experimentally for a particular coil configuration and 
yoke.  A prototype assembly is made by winding a 
coil and positioning it in the yoke. The number of 
turns is chosen to be convenient so that it can be 
energised with an available current source. The 
current required to obtain the specified deflection is 
determined by measuring the magnetic field in the 
area of the beam path, fig. 3, and comparing this value 
with the field estimated from calculation as shown in 
equations (1) to (5). The current can be adjusted to 
give the field estimated to be that required to produce 
the necessary deflection. Following this test the coil 
inductance is determined using an inductance bridge. 
Knowledge of the current and the inductance allows 
the energy stored to be determined for that particular 
magnetic field value, using equation (7). 

 
Fig. 3. Prototyping to estimate the stored energy 

(reproduced by permission TWI Ltd) 

Impedance matching 
As described in the previous section, the current – 

inductance relationship for the deflection coil can be 
derived for the maximum required deflection 
amplitude. Fast deflection requires the current to be 
established in the coil and the amplifier must have 
sufficient voltage (Vd) available to overcome the 
frequency (f) dependent impedance: 



 

“E+E”, 5-6/2014 234

(10) 0 � 7�
/∙8∙9∙, 

Amplifiers may also have a safe working area that 
is a relationship between the voltage and current. 
Figure 4 shows an example of the maximum current 
available from a 90 V rail amplifier at frequencies of 
8 and 100 kHz. These limits are plotted with the line 
of constant field required to give a deflection of 
56mm amplitude at 235 mm working distance (but 
with a range of values for the number of turns and 
consequently a range of inductance values). 

 
Fig. 4. Example of current – inductance relationship for a 
coil and amplifier (reproduced by permission TWI Ltd.) 

The amplifier will only be able to drive the 
deflection coil to give a specified deflection amplitude 
and frequency where the current for the required field 
is lower than the maximum current capability of the 
amplifier. In this case a coil of inductance less than 
0.4 mH is required if it is to be driven at up to 8 kHz. 
This will require a drive current of 4.8 A. It also 
shows that at a frequency of 100 kHz this amplifier 
would be incapable of driving even the lowest coil 
inductances plotted (0.05 mH) to give the required 
deflection amplitude, as the current required would be 
over 10 A but the maximum from the amplifier at this 
frequency would be under 3A. 

As the coil excitation must be constant along the 
line of constant field, the number of turns required to 
produce the inductance is readily determined from the 
ratio of this excitation to the coil current required at 
the selected inductance value. In the example shown 
in fig. 3, the coil excitation in the model to give this 
deflection was 96 A-turns, so a 0.4 mH coil requiring 
4.8 A had 20 turns. 

Deflection Coil Aberration and Correction 
The field distribution close to the centre of a 

deflection coil with a ring yoke is near constant and 
which determines the circular path of an electron 
trajectory as it passes through this region. However, 
when a number of near parallel trajectories enter this 

field the beam emerging from the deflection coils is 
no longer near parallel due to the focusing effect of 
the field [3]. The effect is exacerbated as the beam 
width increases. On the other hand, to maximise 
intensity at the surface of the powder bed or work 
piece for processes such as 3D printing and surface 
modification, a high angle beam is used, leading to a 
broad beam width in the deflection coils. As the beam 
is deflected away from the axis of the deflection coils 
the field may not stay constant. This has been 
modelled and a beam current density plot at the work 
piece surface is shown in fig. 5(a) for a square array of 
parallel trajectories, originally 6x6mm that have been 
deflected 60mm off-axis in both the X and Y 
directions over a working distance of 500 mm. The 
aberration from the coil field has caused flaring of the 
spot which has lost its original square shape (nb a 
square beam is not used in this application but is a 
useful diagnostic to indicate the extent of the beam 
aberration produced by the field). 

 

(a) Conventional deflection coil - 60mm off-axis 

 

(b) Modified deflection coil – 90 mm off-axis 

Fig. 5. Beam current density plots – arbitrary units 
(reproduced by permission TWI Ltd.) 

Although the field can be made more even across 
the beam trajectory path by enlarging the deflection 
coil bore, this inevitably leads to a higher inductance 
or current required to obtain the same deflection and 
consequently can lead to a reduced high frequency 
performance. 

An approach used in particle accelerator and 
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nuclear magnetic resonance scanner designs is to use a 
‘cosine (theta)’ winding pattern [6]. This involves a 
number of nested coils with different excitations and 
can be achieved practically by winding coils with a 
different number of turns and putting these in series. 
This was simulated for the same core geometry using 
6 nested coils. The resulting field was much more 
even with field variation of less than 0.5% across 90% 
of the bore, compared with more than 10% for a 
conventionally wound coil. The beam current 
distribution after deflection – shown in fig. 5(b) – was 
much closer to the original square array of trajectories. 
It should also be noted that the beam footprint is being 
taken on the plane of the work piece and not in a plane 
perpendicular to the beam axis after deflection – so 
the footprint of a non-aberrated beam would be 
diamond shaped when viewed on the work piece 
surface plane. The advantages of this design of coil 
are apparent for high angle and high intensity beam 
deflection applications. 

A number of these design of coils have been built 
and have been tested for electron beam texturing 
with excellent processing results, allowing larger 
angle deflection to be used without compromising 
the beam intensity. 

Conclusions 
From the research and development reported in 

this paper the following conclusions can be drawn: 
• High frequency, accurate and low aberration 

beam deflection is required for 3D printing and 
surface modification by electron beams; 

• Calculations have been described to allow 
estimation of the field required to produce a 
desired beam deflection; 

• A design methodology has been developed for 
deflection coils to allow matching to amplifiers 
and optimisation of high frequency performance; 

• The use of cosine(theta) winding distributions 
has been demonstrated to reduce beam aberration 
at high deflection angles. 
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