
Longitudinal ion-clearing mechanism in space-charge neutralization
of low energy beams

C. A. Valerio-Lizarraga *

Facultad de Ciencias Físico-Matemáticas Universidad Autónoma de Sinaloa,
Avenida de las Américas y Boulevard Universitarios S/N, Sinaloa, 80010, Mexico

(Received 8 August 2023; accepted 1 April 2024; published 20 May 2024)

In electron guns, generating high-intensity beams comes with the cost of increasing the number of
secondary ions produced by the residual gas ionization which can be a limiting factor in the cathode
lifetime. However, it is often overlooked that the longitudinal potential generated by the beam can be the
main factor influencing secondary ions to drift back toward the source and limit the maximum beam
intensity. Using 3D simulations, this paper shows how the flux of trapped ions depends on the beam
parameters. The results provide a practical framework that can be used as a guide in the design of the
electron gun focal point to mitigate the ion back bombardment.

DOI: 10.1103/PhysRevAccelBeams.27.050101

I. INTRODUCTION

One of the main limitations in generating high-intensity
electron beams in direct current (dc) photoemission guns is
the damage to the extraction system caused by secondary ion
back bombardment, which restricts its maximum intensity
operation and lifetime [1], requiring gun operation in extreme-
high vacuum conditions [2]. Additional mitigation of the
ion-back bombardment effect can be achieved by positively
biasing the anode and utilizing asymmetric guns [3,4].
Positive ions and electrons are created through the

interaction of the beam with residual gas in the beamline
by ionization. In the case of negatively charged beams, if
their energy is lower than the beam potential, positive ions
trapped by the beam and secondary electrons are expelled
radially. As the beam intensity increases, so does the
number of secondary ions produced by the H2 residual
gas ionization, as defined by Eq. (1).

∂nH2

∂t
¼ nbnH2

σivb ¼
nb
τ
. ð1Þ

Where σi is the ionization cross section, vb the beam
velocity, nH2

and nb the residual gas and beam density, res-
pectively. The neutralization time is defined as τ ¼ 1

nH2σH2vb
.

Within the beamline, the secondary ions typically
cause minimal surface damage upon colliding with the

beam pipe. However, as they enter an acceleration region,
these ions can gain sufficient energy to inflict notable
surface damage, produce sputtering, and induce secondary
electron emission [5].
Once the secondary ions are trapped by the beam

(assuming no ion-clearing mechanisms and considering
only the radial component), they oscillate around the beam
center gradually accumulating, therefore inducing space-
charge neutralization (SCN), and the electrostatic potential
disappears, enabling ions to exit the system radially,
establishing a steady-state solution where the local poten-
tial oscillates around zero [6–8].
The quantity of ions that the beam can trap depends on

the potential well generated by the beam itself and the
energy of the secondary ions. The neutralization time
dictates when the system ultimately reaches this steady-
state solution. The final electrostatic potential in the steady-
state solution should be independent of the residual gas
pressure in the beamline.
Previous studies involving measurements and simula-

tions of a low-energy system [9,10] indicated that the
beam potential is not fully neutralized once it reaches the
steady state.
The discrepancy in the system can be caused by external

electric fields generated by the source or accelerating
cavities in the beamline. However, in scenarios where
there are no external fields to clear ions radially (such as
in a drift region), the under-neutralization in the beam
should result from longitudinal losses within the system.
This work focuses on the influence of beam dynamics

and external electric fields on ion-clearing mechanisms,
consequently affecting the level of neutralization in the
low-energy beam transport (LEBT). The simulations used
in this work are performed using a modified version of the
code IBsimu [11] which has previously been employed to
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study beam neutralization and compared with measure-
ments with good agreement [9,12].

II. ION LIFETIME UNDER BEAM POTENTIAL

The simplest scenario occurs when a nondivergent beam
travels through a drift region without generating a longi-
tudinal electric field. Once the secondary ions are generated
by the gas ionization, these are trapped by the beam
potential and drift longitudinally by their thermal energy
(0.025 eV) while oscillating radially along the beam axis.
The effect of the ion lifetime and the degree of

neutralization have been previously studied [7,13] without
taking into account the longitudinal beam electric field. In
that case, the ratio of the electron beam density and the ions
density will depend on the ion lifetime and neutralization
time by

ni
nb

¼ t
τ
; ð2Þ

where t is the ion lifetime.
The ion lifetime in the beamline will be defined by the

length of the drift region [8]. In a 1 m drift, the average Hþ
2

ion lifetime created along the beam axis is td ¼ 320 μs.
Equation (2) shows the importance of td. If the neutrali-
zation time is bigger than the ion drift time, the beam
neutralization will be negligible because the ion flux losses
will overcome the production rate of Eq. (1).
To calculate the electrostatic potential experienced by

secondary ions along the beamline at their point of creation
and their eventual destination. It is first necessary to
determine the beam radius aðzÞ. This can be accomplished
by performing the electron beam dynamics calculation
using the classic envelope approach and taking into account
its perveance [14] or by employing any suitable beam
dynamics code. After determining the beam radius aðzÞ, the
analytical solution of the electrostatic potential of a dc
beam along the line can be calculated using Eq. (3).

ϕðr; zÞ ¼
8
<

:

2I
βc4πϵ0

�
r2

2a2 −
1
2
þ lnðabÞ

�
0 < r < a

2I
βc4πϵ0

lnðrbÞ a < r < b:
ð3Þ

Where b is the beam pipe radius, r is the radial position, β is
the relativistic factor, and I the beam current. If the beam
radius varies slowly in the longitudinal axis, the equation
can be obtained to describe the longitudinal profile of the
beam potential [13].
For 0 < r < a, the longitudinal electric field Eq. (4) can

be obtained by using the chain rule in the Eq. (3). That is
the region where all the ions are created.

Ez ¼ −
∂ϕ

∂z
¼ −

∂ϕ

∂a
∂a
∂z

. ð4Þ

The longitudinal electric field acting on the ions is
proportional to the slope of the beam radius. A positive
slope for a divergent beam and the electric field will pull the
secondary ions toward the source.

∂ϕ

∂a
¼ 2I

βc4πϵ0

�

−
r2

a3
þ 1

a

�

ð5Þ

For nonparallel beams, the longitudinal energy gain for a
particle of charge q under the beam potential is qΔϕz using
Eq. (3), where a1 and a2 are the initial and final beam radius
in a beamline, respectively.

U ¼ qΔϕz ¼
2qI

βc4πϵ0
ln

�
a1
a2

�

ð6Þ

Assuming the ion initial velocity as v0 ¼ 0, the final

average velocity is hvi ¼
ffiffiffiffiffiffiffiffiffiffi
2qΔϕz
m

q
. When the beam is

divergent or convergent along the line, it is possible to
infer that as the difference between the initial and final
beam radius increases [Eq. (7)], the longitudinal velocity
(energy) of the secondary ions grows; therefore, its lifetime
within the beamline decreases.

hvi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qI
mβcπϵ0

ln
�
a1
a2

�s

. ð7Þ

This new average velocity sets a new limit for the
neutralization time where the ions leave the system longi-
tudinally. As an example using Eq. (7) for a divergent beam
of 100 keV energy and 10 mA, the average velocity of the
ions increases more than 20 times the speed corresponding
to its thermal velocity for a change in radius of 10%. This
limits the ion density in Eq. (2). The following section
studies how this is affected by the neutralization itself.

III. NEUTRALIZATION BEAM ENVELOPE
DEPENDENCY

Previous studies [5,6] have extensively studied the
secondary ion radial dynamics, showing that the initial
particle position and energy determine the maximum radial
oscillation of ions and its impact on neutralization. This
work examines two different scenarios in which the beam
radius changes along the beamline, to understand how this
affects the process of clearing ions. In the first scenario, the
beam diverges, while in the second scenario, the beam
converges to a point within the line. For all cases examined,
the electron beam has initial conditions of 100 keVenergy,
10 mA current, and a 2 mm radius. Also, the grounded
beampipe radius is set to 30 mm.
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A. Divergent beam

After being produced by the source, the beam typically
diverges until it reaches the first focusing element. In this
scenario, the radius of the beam increases, and the longitudinal
gradient defined by Eq. (4) indicates that ions produced in this
region are drawn back to the source, where they will later be
accelerated by the particle source electric fields.
For the case studied, the system is a 0.8 m drift and the

beam parameter α that determines the electron beam
divergence ranges between 0 and −15 to avoid beam losses
at the beampipe. Without neutralization, and for α ¼ −15,
the system produces an average beam voltage of 2.3 V. This
is sufficient to trap the secondary ions, and due to the beam
divergence, all the ions will be drawn to the source and its
lifetime in the beamline decreases per Eq. (7).
To study the neutralization dynamics, the residual gas

pressure is set to P0 ¼ 5 × 10−7 mbar where the system
reaches an average neutralization level of 50% after reaching
steady state and there are no ion radial losses. This pressure
level can be considered high in many electron guns.
Once the neutralization reaches steady state, the results

of Table I represent the normalized secondary ion losses in
the boundaries at the start and the end of the beamline for a
series of initial beam divergence values.
The neutralization level is defined as

ηðzÞ ¼ 1 −
ϕðzÞ
ϕ0ðzÞ

; ð8Þ

where ϕ0ðzÞ is the electrostatic potential without compen-
sation. Figure 1 shows the final neutralization level along
the beamline for three different α values, where it is clear
that it does not change dramatically even when the
secondary ion and beam dynamics are not the same.
To explain this, the beamline volume is segmented into

differential sections (represented by the mesh in the
computer code with a transverse area A). This is done to
apply the continuity equation, as shown in Eq. (9) specifi-
cally for the secondary ions. Here, the local ion density,
denoted as ni, is determined by the ion current density on
the longitudinal faces JionsðzÞ, and the second term is the
creation rate of the ions inside the volume from Eq. (1).
dJions is the difference in the current density of ions
entering and leaving the volume due to the longitudinal
electric field determined by Eq. (4).

∂ni
∂t

Adz ¼ Jionsðzþ dzÞ − JionsðzÞ
e

þ nb
τ
AdZ

¼ nb
τ
AdZ −

dJions
e

. ð9Þ

In the steady state, a self-consistent solution emerges,
where the ion flux directed toward the beam source
stabilizes and therefore dJions close to zero. Only the
generated ions within the differential volume have a notable
contribution. If the local potential increases then dJions will
also increase again. Consequently, in certain segments
of the beamline, the longitudinal electric field tends to
level off, approaching the case of α ¼ 0, where dJions is
determined by the ions drifting away from the volume just
by its thermal energy. Other studies have shown the electric
potential oscillation due to neutralization along the line that
impacts the ion velocity distribution [15].
Due to the longitudinal ion losses, Eq. (9) always gives a

smaller ni in comparison to Eq. (1). Marking the difference
in comparison to the case where the longitudinal compo-
nent is neglected.
The extreme case is when there is an external electric field

clearing the ions and increasing to a maximum dJions results
in a negligible neutralization even for high pressures.
In the case of divergent beams to prevent source ion back

bombardment, it is necessary to suppress the ion losses in
the z ¼ 0 boundary from Table I. A solution that has been
successfully implemented is to apply a positive bias voltage
to the anode. This positive potential effectively repels
beamline ions away from the electron source longitudinal
accelerating electric field [1]. This solution creates a trap
that enhances the neutralization factor of the beam [4], and
its implications for beam dynamics must be carefully
considered.

B. Convergent beam

Another case to be studied is when the beam has a focal
point inside the drift section. This configuration can be

TABLE I. Secondary ion losses into the two longitudinal
boundaries of the beamline (normalized) for different initial
beam divergence.

Initial beam
divergent α z ¼ 0 m % losses z ¼ 0.8 m % losses

0 0.53 0.47
−10 0.69 0.31
−15 0.74 0.26

FIG. 1. Neutralization along the line using a 10 mA beam with
three different divergence Twiss parameters α.
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achieved in an electron gun producing a beam with a focal
point upstream of the first focusing element.
Figure 2 illustrates the beam radius alongside the

electrostatic potential. For this example, the beam has
the same initial conditions as in the previous case, but
with a positive α to make the beam converge to a size of
0.2 mm before diverging again to achieve a size of 1.5 mm
at the end of the beamline. The generated secondary ions
converge toward the beam focal point within the drift. The
behavior of the ions can be computed using Eq. (3). The
results are shown in Fig. 2, where the ion dynamics is
similar to the radial movement in which the trapped ions
rotate around the beam potential well [6,7].
The asymmetry generated by the longitudinal change in

the beam radius creates two regions. In region 2 (Fig. 2), the
initial beam size is below 2 mm, and all the ions generated
within are trapped and rotated around the focal point. In
region 1 where the beam size is bigger than 1.5 mm, the
generated ions are driven to the focal point, but once there,
the ions have enough kinetic energy to overcome the
potential well and continue to the boundary at z ¼ 0.8 m.
Figure 3 shows the velocity distribution of the ions by

taking into account the neutralization effect in IBsimu. In
the first moments of neutralization, the ions rotate around
the focal point as expected, defining a capture volume

where the beam size is less than 1.5 mm. Particles outside
region 2 possess sufficient kinetic energy to exit the system.
If the neutralization is negligible, the volume where the

ions are created and escape back to the source can be
considered fixed. Only the particles created outside the
capture volume determined by the beam radius above
1.5 mm escape from the system resulting in negligible
source ion back bombardment.
When the pressure is high enough to trigger neutraliza-

tion, the previously described ion dynamics reduce the

FIG. 2. Beam envelope and potential along the beamline.
Bottom: expected ion velocity distribution around the focal point
in one dimension without neutralization. Secondary ions origi-
nating in region 2 are trapped, while those in region 1 are not
confined.

FIG. 3. Ion distribution velocity. Top: in the neutralization early
stage. Bottom: once the beam is neutralized.

FIG. 4. Neutralization level along the beamline after the steady
state is reached.
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beam potential decreasing the longitudinal differences
along the beamline. This trend reduces the capture volume
until the steady state is reached, and the ions escape from
regions where they were previously longitudinally con-
fined, as shown in Fig. 3. The potential reduction ends in a
nonlinear neutralization (Fig. 4), due to the ions concen-
tration in the beam focal point.
To reduce the ion losses in the boundary z ¼ 0 (which

can be interpreted as ion back bombardment), it is
recommended to position the capture volume outside the
range of the electron gun electrostatic potential to ensure
the ion oscillation along the electron beam focal point.
Additionally, the size of the beam at the end of the beamline
relative to its size at the start needs to be smaller to enhance
the ion mobility in the positive direction.

IV. SOLENOID MAGNET

To manage beam divergence in the low energy beam-
line, a common approach is employing a solenoid. The
solenoid magnetic fields also impact the dynamics of the
secondary ions. In the specific case under study, the beam
exhibits divergence upstream of the solenoid (α ¼ −10)
and subsequently gets focused with the opposite slope
(α ¼ 10). The solenoid length is 0.2 m and its strength isR
B2dz ¼ 0.16 mT2m. Studies about Gabor lenses have

revealed that ion accumulation, where the space charge gets

neutralized within the solenoid, typically occurs in mag-
netic fields stronger than the one employed in this
study [16].
As illustrated in Fig. 5, the solenoid effectively segments

the beamline into three distinct sections. The ions in the
upstream section naturally gravitate toward the source. The
ions generated downstream of the solenoid are directed
further downstream into the accelerator. The region inside
the solenoid tends to accumulate a higher secondary
particle count as a consequence of the magnetic field.
The average neutralization level in the beamline is 35%.
Similar to the previous case, this configuration tends to

decrease the overall potential as the ions accumulate along
the beamline. However, the longitudinal potential differ-
ence along the beamline is not fully eliminated. The ions
persistently adhere to their trajectories, either moving
toward the source or advancing toward the subsequent
accelerator segments. Due to the larger beam size and ion
density inside the solenoid, the middle section of the
system exhibits the lowest beam potential, this effect
increases the longitudinal electric field, enhancing the
ion mobility inside the solenoid field and decreasing the
ion concentration in the middle of the beamline.

V. LONGITUDINAL BOUNDARY CONDITIONS

To investigate the impact of the longitudinal boundary
conditions on the neutralization level, three conditions are
set as follows: the first condition where both boundaries are
open, the second where ϕðz ¼ 0Þ ¼ 0, and the third called
“closed” with ϕðz ¼ 0Þ ¼ ϕðz ¼ 0.8Þ ¼ 0, this case can be
achieved, for example, when a diagnostic device like an
emittance measuring device or a Faraday cup is inserted
into the beamline [17,18].
For initial beam divergence, α ¼ 0. Figure 6 shows the

result of the different levels of neutralization for the three
boundary conditions along the beamline after the steady
state is reached.

FIG. 5. Ion velocity distribution for the solenoid. Top: in the
neutralization early stage. Bottom: once the beam is neutralized.

FIG. 6. Neutralization level for the three longitudinal boundary
conditions where the electrostatic potential is set to zero at one or
both ends (closed) and where no bias is applied (open).

LONGITUDINAL ION-CLEARING MECHANISM IN … PHYS. REV. ACCEL. BEAMS 27, 050101 (2024)

050101-5



How the neutralization is connected to the longitudinal
boundary conditions is related to the ion lifetime and
whether the ions can leave the system longitudinally. As
Eqs. (2) and (9) state, the level of neutralization reached
within a volume depends on the ion creation rate and flux
into the volume. In the closed case, the ions can only escape
radially and the conditions for the full neutralization obey
previous works’ predictions [6,7].
For open boundaries, the ions drift to both ends of the

beamline and then escape. Once the potential is set
ϕðz ¼ 0Þ ¼ 0, the ions traveling backward to z ¼ 0 are
forced to oscillate at the end of the beamline, traveling
longer around the system to escape at z ¼ 0.8 m. For this
case, the neutralization is higher than for open boundaries
due to the asymmetry caused by more particles traveling
from left to right. This enhances the first term of Eq. (9)
leaving the neutralization level for the open boundaries at
50% of the closed case. Considering this factor, when
measuring beam properties is essential, the measurement
devices can alter the boundary conditions.

VI. CONCLUSIONS

The longitudinal dynamics of secondary ions are influ-
enced by the beam potential, which can either pull ions
toward or push them away from the electron source. To
understand where the ions will end, we can use the
analytical solution for a line of charge. This helps us
calculate how ions move, especially in situations where the
beam neutralization is negligible.
When there are no external fields in the beamline, the

neutralization reduces the beam potential, and as a result,
the differences in potential along its longitudinal length
tend to diminish. It is important to note that this reduction
does not always bring the neutralization level to 100% and
the ions longitudinal dynamics is mainly influenced by the
drift resulting from their thermal energy.
When the beam starts diverging right from the source, all

ions generated upstream of the first focusing element get
pulled back to the source, resulting in ion back bombard-
ment. However, this problem can be decreased or canceled
by biasing the extraction system. If a solenoid is included in
the system, it stops the cancellation of the longitudinal
potential difference and the ions continue to be trapped by
the beam electrostatic potential.
If the goal is to prevent ion back bombardment without

implementing external fields in the beamline next to the
electron gun, one potential solution is to produce a
convergent beam from the source to deflect ions away,
creating an ion capture volume. However, it is important to
note that the longitudinal beam potential well in this
configuration tends to decrease as secondary ions fill it.
As a result, the level of neutralization along the beamline is
not uniform and needs to be considered because many
studies in beam dynamics often assume a constant level of
neutralization along the whole beamline.

The longitudinal boundary conditions at the beamline
play a crucial role in determining the level of neutralization
that can be attained. With the same residual gas pressure,
these conditions can range from full neutralization to less
than 50%.
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