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Abstract
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This thesis is a study of Electron Cyclotron Resonance Ion Source (ECRIS) plasmas
and their properties. The focus has been on time evolution studies of bremsstrahlung
emission, ion beam current production and numerical studies of electron heating in
ECRIS plasmas. The time scales for reaching steady state bremsstrahlung production
at electron energies greater than 30 keV is shown to be on the order of several
hundreds of milliseconds. The ion beam currents of different elements are shown to
reach steady state before the bremsstrahlung production. It is also demonstrated that
by tuning the RF pulse patterns, the so-called preglow transient ion beam currents
can be utilized while the amount of bremsstrahlung radiation can be significantly
reduced. In numerical work it has been found, for example, that the number of
high energy electrons decreases when the microwave power absorption has been
modeled.

The thesis is divided in the following way: Chapter 1 is a short introduction to
the ECR ion source field including motivation to electron heating studies; Chapter
2 contains basic properties of plasma physics that are needed to understand the
behaviour of plasmas; Chapter 3 introduces the reader to ECR ion sources, opera-
tional principles and mechanisms dictating the production of highly-charged ions;
Chapter 4 concentrates on electron heating via microwaves, describing limitations in
the heating processes. The model for the electromagnetic (EM) wave absorption and
the description of the simulation code developed in this thesis work are presented.
In addition, properties of some of the existing electron heating / ECRIS codes are
discussed. Chapter 5 deals with the bremsstrahlung production, discusses some of
the previous bremsstrahlung measurements and presents the experimental appa-
ratus. Chapter 6 contains the summary of the numerical and experimental results,
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and Chapter 7 concludes the thesis.
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Chapter 1

Introduction

Electron Cyclotron Resonance plasma heating has been widely adapted to many
applications during the last decades. Several industrial applications, such as plasma
sputtering, take advantage of accelerating electrons in a magnetic field under res-
onance condition with a GHz range radio frequency (RF) microwave in order to
produce ions. Electron cyclotron resonance heating (ECRH) has been used as a
heating method in fusion plasma devices and as a diagnostic tool for plasma physics
investigations [1]. The electron cyclotron resonance ion source [2] was developed as
a result of the fusion plasma experiments.

After the early 1930’s when the first cyclotron accelerators were designed [3], the
demand for charged particles of different elements increased. Because the extracted
ion beam energy is proportional to the ion charge state (e.g. RFQ, synchrotrons) or
to the square of the charge state (e.g. cyclotrons) it is clear that high charge state ion
beams are required.

While many different types of ion sources have been used as injectors to accelerators,
today mainly two different ion source types are used for highly charged heavy ions
— Electron Cyclotron Resonance Ion Source (ECRIS) and Electron Beam Ion Source
(EBIS). While the highly charged ion beams from an ECRIS can be continuous or
pulsed, the ion beams from an EBIS are pulsed and atoms can be even fully stripped.
ECR and EB ion sources are also used as charge breeders in many accelerator
laboratories.

Well known ECRIS scaling laws state that the ion beam current of highly charged
ions is proportional to the square of the microwave frequency. In order to satisfy
electron cyclotron resonance conditions, the magnetic field strength needs to be
increased in parallel with the frequency. Because of the ever increasing demands for
higher ion beam currents and higher ion charge states in the field of nuclear and
particle physics, the most powerful ECR ion sources today utilize superconducting
magnets, high RF frequencies and high RF powers. These ion sources, such as
VENUS (Versatile Ecr ion source for NUclear Science) [4], produce vast amounts of
unwanted bremsstrahlung radiation which can significantly increase the heat load
to the cryostat resulting in a magnet quench if the cooling power is not sufficient. In
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order to design high performance superconducting ECR ion sources operating at
high RF power levels the heat load from bremsstrahlung emission to the plasma
chamber walls needs to be taken into account.

Both theoretical and experimental approaches are needed to understand the electron
energy distribution. Uncertainties arise from many typical (ECR) plasma phenomena
such as stochastic heating and plasma instabilities meaning that plasma simulations
easily become very demanding. Some ECRIS simulation codes focus on electron
heating (see e.g. [5, 6, 7]) while some try to solve the ion production and transport
(see e.g. [8]). In addition to these code types, more complimentary plasma simula-
tion codes also exist (see e.g. [9, 10]). In order to get information about the validity
of heating codes the electron energy distribution function (EEDF) and the time evo-
lution of electron energies in the ECRIS plasmas have to be known experimentally.
Thus, bremsstrahlung measurements, which have widely been used as one of the
standard plasma diagnostic tools for almost as long as laboratory plasma devices
have been built, are needed. The first bremsstrahlung measurements with ECR
heated plasmas took place in the 1960’s (see e.g. [11]). With modern ECR ion sources
utilizing both radial and axial magnetic confinement the bremsstrahlung diagnostics
is probably the most common tool to obtain information about the electron energy
distribution in the plasma.

Motivation to electron heating studies lies in the field of developing the next gen-
eration ECRIS, which can utilize microwave frequencies up to 56 GHz and uses
RF power levels in excess of 10 kW. In order to build such a device, the electron
heating process needs to be understood more accurately and the amount of heat
load has to be taken into account while designing the cryostat systems and the
plasma chambers. Using pulsed RF power the time scales of the electron heating
processes and ion beam production can be connected. With the aid of measurements
the simulation codes corresponding to more realistic electron heating time scales
can then be developed. However, more research is needed in order to meet the
goal to understand the electron heating processes in such a way that controlling the
electron energy distribution would become possible. In this manner, the problems
arising from very energetic electrons can be solved.
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Chapter 2

Basic properties of plasmas

The word plasma was originally used to describe the inner region of a glowing
ionized gaseous material generated in laboratory conditions. Plasma is an electrically
neutral collection of ions, electrons and neutral particles. In order to classify some
media as a plasma it has to satisfy certain criteria, discussed in the next section. The
states of matter can be classified as solid, liquid, gaseous and plasma, thus plasma
is also known as the fourth state of matter. The main difference between the states
of matter are the binding strengths between molecules or particles. When the state
of matter changes from solid to liquid and from liquid to gas, the phase transition
occurs at a certain temperature for a given pressure requiring an amount of energy
known as latent heat. However, the transition from gas to ionized gas i.e. plasma, is
not a phase transition because it occurs gradually as the temperature increases.

Most of the universe is in the plasma state and many interesting naturally occurring
phenomena can be explained with the aid of plasma physics. The Sun and its
atmosphere and the solar wind are probably the most widely known examples
of plasma in nature. Northern lights, for example, are a result of the interaction
between the magnetized solar wind and the magnetic field around the Earth. Low
frequency radio waves used in communication are reflected between the Earth and
the ionosphere allowing radio waves to travel around the world, and part of the
high energy cosmic radiation can be a result of charged particle interaction with
fast moving magnetic fields known as Fermi acceleration [12], and so on. Because
plasma contains charged particles, it is possible to control and confine plasma by
electric and magnetic fields, and their combinations. Plasmas are used in a large
variety of applications such as semiconductor manufacturing processes, ion sources,
fusion research devices and plasma propulsion engines.

2.1 Criteria of plasmas
In order to define a collection of particles as a plasma four conditions must be ful-
filled: 1) the system is macroscopically neutral, 2) so-called Debye length is smaller
than the dimensions of the particle system, 3) number of particles in the Debye
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Chapter 2. Basic properties of plasmas

sphere is large and 4) the collective motion of charged particles must dominate over
the movement of the neutral particles.

2.1.1 Macroscopic neutrality

When external disturbances are absent a plasma is macroscopically neutral i.e.

ne =
∑

i

zini, (2.1)

where ne denotes the electron density, zi the charge state of the ion species and ni

the ion density. The net resulting electric charge is zero when a plasma is sufficiently
large to contain a high number of particles and yet small enough compared to e.g.
density and temperature variation lengths. In this case the microscopic space charge
fields are able to cancel each other out and macroscopically the net space charge
remains zero.

Without macroscopic neutrality a plasma temperature of millions of degrees of
Kelvin would be required in order to balance the electric potential and thermal
potential energies [13]. Usually the requirement of the macroscopic neutrality is
denoted as one of the plasma criteria although it arises from the Debye shielding
(see equation 2.3).

2.1.2 Debye shielding

The fragile balance between perturbations of thermal particle energy and electro-
static potential energy can create departures from macroscopic electrical neutrality
within a certain distance. This distance, known as the Debye length, provides a
length scale within which a charged particle can feel the influence of the electric
field of another charged particle or electric potential.

Generally, the Debye length λD is very small. Calculating λD for electrons from

λD =

(
ε0kT

nee2

)1/2

(2.2)

using typical values of ECRIS plasma (kT = 20 eV, and electron density ne =

1017 m−3) the Debye length becomes about 0.1 mm. In the ionosphere of the Earth
(kT ≈ 0.9 eV, ne ≈ 1012 m−3) λD is around 7 millimeters while in the interstel-
lar plasma the Debye length is close to ten meters. In equation 2.2 the vacuum
permittivity is marked with ε0 and the elementary charge with e.

If the characteristic plasma dimension (length of the plasma) is denoted as L, the
criterion of

L � λD (2.3)
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2.2. Collisions in plasmas

must be fulfilled, meaning that the physical dimensions of the plasma substantially
exceed the Debye (screening) length. This ensures that there is enough space in the
system for the collective shielding to take place.

The number of electrons inside the so-called Debye sphere is given by

ND =
4
3
πλ3

Dne =
4
3
π

(
ε0kT

n
1/3
e e2

)3/2

. (2.4)

Because the Debye shielding effect arises from the collective behaviour of the
charged particles inside the plasma, it is required that the number of electrons
in the sphere is large. Thus, a criterion of

neλD � 1 (2.5)

is required. In other words, it is necessary that the average distance between elec-
trons in the system is much smaller than the screening distance i.e. Debye length.

2.1.3 The plasma frequency

When a disturbance is generated in an equilibrium state plasma the macroscopic
space charge neutrality is destroyed locally, and space charge fields are generated.
This results in a collective charged particle motion trying to restore the equilib-
rium state via oscillation. Due to the large difference in electron and ion masses,
the electrons react to the electric fields very fast while the ions remain, to a first
approximation, stationary and are unable to follow the motion of the light electrons.
Therefore, the oscillation of electrons depends on the electron-ion attraction forces,
and the (angular) plasma frequency can be expressed as

ωpe =

(
nee

2

meε0

)1/2

, (2.6)

where me is the electron mass.

Damping of the plasma oscillations arises from the collisions between neutral
particles and electrons. Eventually this leads to a complete neutrality and the system
contains no more plasma but neutral gas. Therefore, the last plasma criterion states
that the collision frequency between electrons and neutral particles (νen) is less than
the plasma oscillation frequency (νpe = ωpe/2π)

νpe > νen. (2.7)

2.2 Collisions in plasmas
For (mathematical) simplicity, certain plasmas are assumed to be collisionless. This
approximation is valid in the case of sparse plasmas, although strictly speaking a
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Chapter 2. Basic properties of plasmas

collisionless plasma does not exist. Typically hot space plasmas can be described
without collisions, but for example ionosphere plasmas tend to have such a high
collision frequency that the collisions must be included in the analysis.

Collisional plasmas can be divided into two categories depending on the degree
of ionization. This distinction arises from the nature of the particle interactions.
Charged particles feel the Coulomb force while the mechanisms for charge-neutral
or neutral-neutral collisions are different. A weakly ionized plasma is dominated by
charge-neutral interactions, while in a fully ionized plasma the Coulomb collisions
are dominating the particle interactions. If the ionization degree of the plasma
exceeds 10 % the charged particles in the plasma start to behave in a way that
resembles a fully ionized plasma, and above this threshold plasmas are usually
considered to be strongly ionized [14].

2.2.1 Weakly ionized plasmas

In a weakly ionized plasma the particles interact through direct collisions — a
neutral or charged particle collides with a neutral particle. In an elastic collision the
total kinetic energy of the colliding particles is equal before and after the collision,
while in inelastic collisions charged particles can be created or destroyed, molecules
can be broken, charge exchange reactions become possible or atom bound electrons
may be excited. In a weakly ionized plasma the number of Coulomb interactions is
suppressed, thus, multiple simultaneous interactions can be ignored.

If neutral particles are assumed to be very slow compared to electrons, the collision
frequency between neutrals and charged particles (e.g. electrons), 〈νnq〉 can be
expressed as

〈νnq〉 = nnσnq〈vq〉, (2.8)

where nn is the density of neutrals, σnq is the collision cross-section between
neutrals and charged particles and 〈vq〉 is the average velocity of the charged
particles. By definition, the mean free path of the charged particle is given by

λmfp =
〈vq〉
〈νnq〉

=
1

nnσnq

. (2.9)

For example, using nn = 1017 m−3 and σnq = πr2
n ≈ π(66 ·10−12)2 m2 (oxygen atom)

the mean free path is about 730 m.

2.2.2 Fully ionized plasmas

While collisions in weakly ionized plasmas can be understood via consecutive
separate collisions, in fully ionized plasmas a charged particle feels the influence
of the other charged particles located inside the Debye sphere simultaneously. The
Coulomb force extends over long distances compared to the size of a particle, thus,
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2.2. Collisions in plasmas

the path of a charged particle usually differs only a little from the original particle
trajectory after so-called small angle Coulomb scattering. Although the Coulomb
interaction is a so-called long distance interaction, in the case of plasma physics the
diameter of the Debye sphere sets the maximum interaction length.

While the electron-ion collision frequency can be expressed similarly as that of
the charged-neutral collision frequency, the difficulty arises from the derivation
of the Coulomb cross-section. The average electron-ion collision frequency can be
approximated as [15]

〈νei〉 =

√
2niz

2e4 ln Λ

12π3/2ε2
0
√

me (kTe)
3/2 , (2.10)

where Λ = neλ
3
D is the so-called plasma parameter. In addition to electron-ion colli-

sions, electron-electron and ion-ion collisions are present. The collision frequency
between electrons can be evaluated as [15]

〈νee〉 ≈
〈νei〉

niz2/ne

(2.11)

and the ion-ion collision frequency is given by [15]

〈νii〉 =
niz

4e4 ln Λ

12π3/2ε2
0

√
M (kTion)

3/2 , (2.12)

where M is the reduced mass yielding mion/2 in the case of similar mass ions
colliding.

In a singly-charged plasma, z = 1, thus electron-electron and electron-ion collision
frequencies are similar. However, if the plasma contains many different charge
states the effective electron-ion collision rate will exceed the collision rate between
electrons by a factor of about zeff =

∑
i niz

2
i/ne [15]. Frequencies for different

collision processes in a fully ionized plasma can be calculated by using the same
parameter values as before in addition to kTion = 1 eV. Assuming oxygen plasma
with an average charge state of 4, we get

〈νii〉 ≈ 600 kHz > 〈νei〉 ≈ 150 kHz > 〈νee〉 ≈ 30 kHz. (2.13)
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Chapter 3

ECR ion source and relevant plasma physics aspects

In the late 1960’s fusion plasma research was taking its first steps and in the 1970’s
electron cyclotron resonance heating was proposed for production of highly-charged
ions in fusion plasma devices. Herbert and Wiesemann first proposed the use of
a sextupole structure to confine the plasma in 1971 [16] and the first ECR ion
source (ECRIS) was built by Geller [17] in 1972. Since then remarkable research
and development has taken place, and today the electron cyclotron resonance
technique has been widely adapted for production of ions for commercial and
scientific purposes.

Electron cyclotron resonance ion sources can be divided into different generations
according to the microwave frequency used to produce the plasma. The first gen-
eration of ECR ion sources utilize a microwave frequency of 6.4 GHz or lower,
the second generation uses 14 GHz and for the third generation the frequency is
increased to 28 GHz. As a transition phase between the 2nd and the 3rd generation a
microwave frequency of 18 GHz is sometimes used. Room temperature magnets can
be used up to 18 GHz devices, but when going towards the higher RF frequencies
superconducting magnets are needed in order to meet the demands of the so-called
semi-empirical scaling laws [2] (see equation 3.12). According to these scaling laws,
the electron density in the ECRIS plasma increases as the microwave frequency is
increased resulting in higher ion beam currents. To fulfill the resonance condition
inside the plasma chamber the magnetic field needs to be scaled up proportionally
to the microwave frequency. Today, the fourth generation of ECR ion sources are
considered to require microwave frequencies up to 56 GHz, creating challenges in
the superconducting magnet design. While the needed maximum magnetic fields of
the solenoids (8 T) are easily obtained, it remains to be seen if the construction of the
superconducting 4 T sextupole, situated inside the solenoid field, is feasible with
the limitations set by, for example, very high magnetic fields in the superconducting
wires. In addition, the clamping needed to keep the magnet coils stationary under
very high forces between the magnets has to be designed carefully.
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Chapter 3. ECR ion source and relevant plasma physics aspects

Figure 3.1: A layout of a typical room temperature ECR ion source.

3.1 The operational principle of an ECR ion source
An ECR ion source needs five basic elements in order to be able to produce ions:
1) sufficient vacuum conditions, 2) a magnetic bottle to confine the plasma, 3)
element of interest in gaseous phase to be ionized, 4) radio frequency (RF) power
to heat the electrons and 5) an extraction system to extract the ion beam from the
plasma chamber using high voltage (HV). Typical tuning parameters that affect the
production of highly charged ions are magnetic field profile, gas pressure and gas
mixture, microwave power and bias disk voltage.

A schematic layout of a modern room temperature electron cyclotron resonance
ion source is presented in figure 3.1 and the simple sextupole structure is shown
in figure 3.2. In the injection part (left side of the figure 3.1) the feed-through for
microwave power, gas, oven and biased disk can be seen. Solenoids and permanent
magnets generating the magnetic field confining the plasma are located around
the plasma chamber. The extraction region (on the right side of the figure) contains
typical electrodes to extract and focus the ion beam.

In order to produce highly charged ion beams the background vacuum in the plasma
chamber should be on the order of 10−8 mbar. During the operation of an ECRIS the
pressure in the plasma chamber is usually varied between high 10−8 mbar and low
10−6 mbar, to make the production of highly charged ions possible.

The magnetic bottle to confine the plasma is generated with solenoid and sextupole
magnetic fields. In room temperature ECR ion sources the axial magnetic field is
generated using room temperature copper solenoids at the injection and extraction
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3.1. The operational principle of an ECR ion source

Figure 3.2: A simple sextupole structure. The arrows mark the direction of magneti-
zation.

sides of the ion source and the radial sextupole magnetic field is created with per-
manent magnets. The radial multipole field is usually a Halbach-type [18] sextupole
field although other multipole types have also been tested (see e.g. [19]). Hybrid-
type ECR ion sources utilize a permanent magnet multipole and superconducting
solenoids while fully superconducting ECRISs take advantage of a superconducting
sextupole and superconducting solenoids. Typical magnetic field values for the JYFL
14 GHz ECRIS are 2.2 T at the injection, 0.9 T at the extraction, 0.4 T at the Bmin and
0.85 T at the magnetic field pole of the sextupole [20] (see also section 5.3.2). From
these the sextupole field and the extraction field do not fulfill the magnetic field
scaling laws discussed in section 3.2.

Material to be ionized can be delivered into the plasma chamber in several ways.
The most straightforward approach is to use gas, such as oxygen, which can be
injected into the plasma chamber via high precision leak valves. Metal ions can
be produced with low and high temperature resistively and inductively heated
evaporation ovens [21, 22, 23, 24, 25, 26], MIVOC method [27], sputtering of a metal
sample by the plasma [28] or with laser ablation [29].

In many occasions it is useful to maintain the plasma with an inexpensive buffer
gas. This method is known as gas mixing [30, 31]. When the ion of interest is heavier
than the buffer (or mixing) gas ion or atom, the momentum of the ion of interest is
transferred to the lighter particle via ion-ion collisions. This cools down the heavier
ions and increases the confinement time resulting in higher charge states. When
expensive isotopes are ionized the use of the buffer gas makes it possible to decrease
the consumption of the expensive element.
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Chapter 3. ECR ion source and relevant plasma physics aspects

Ionization in an ECRIS plasma is based on collisions between electrons and neutral
atoms or ions. Radio frequency microwaves in the GHz range are used to provide
energy for the electrons at the resonance zone where the angular orbiting frequency
at a certain magnetic field strength value corresponds to the angular frequency of
the RF microwave as seen in equation:

ωce =
eB

meγ
, (3.1)

where ωce is the electron cyclotron resonance frequency, B the magnetic field and
γ = (Ekin + E0)/E0 the relativistic gamma factor. The microwaves originating from
an RF oscillator are fed into a microwave amplifier and from the amplifier into
the plasma chamber of an ECRIS via a microwave guide. On the resonance zone,
the energy of the electron will be increased or decreased depending on the phase
between the electron entering the resonance zone and the microwave. Electrons
having an energy that is equal or over the ionization threshold of a certain ion can
remove an electron from the electron shell of the atom. In the ECR ion source the
ionization is a stepwise process meaning that numerous ionization steps will be
needed in order to produce high charge states. In the case of highly charged ions
typical ionization times are on the order of milliseconds (see e.g. [32, 33]).

The plasma chamber and the plasma electrode of an ECR ion source are biased to a
positive voltage (typically several kilovolts) and the positively charged ions are then
accelerated into the beam line by the electric field between the plasma electrode
and puller electrode. In order to control the ion beam dynamics different types of
ion optical elements, such as Einzel lenses, are used at the extraction region of an
ECRIS.

The ion beam extracted from an ECR ion source contains several different charge
states. The distribution, which depends on the ionization potentials and charge
exchange cross-sections, is almost Gaussian around the charge state having the
largest ion beam current. A typical xenon charge state distribution of the VENUS
ECR ion source with oxygen as a buffer gas is presented in Figure 3.3.

3.1.1 Magnetic mirror, mirror ratio and loss cone

Plasma confinement is probably one of the most important aspect in ECRIS op-
eration. Charged particles feel the force of both magnetic and electric fields thus,
either one can be used to control the movement of the charged particles. Usually
magnetic confinement is favored over electrical confinement. Using magnetic fields,
so-called magnetic mirrors can be built in order to, for example, reflect charged
particles between the magnetic mirrors analogically to photons reflecting between
two parallel optical mirrors. Magnetic confinement can be achieved with a simple
solenoid configuration or by more complex geometry. Geometries for these con-
finement fields range from two parallel solenoids to different combinations of axial

12



3.1. The operational principle of an ECR ion source

 0

 10

 20

 30

 40

 50

 60

 70

 80

 1  2  3  4  5

Io
n 

cu
rr

en
t [

µA
]

M/Q

H1+

O8+

O7+

O6+

O5+

O4+

O3+

26+
27+

28+

29+

30+

31+
33+

34+

35+

36+

37+
38+

39+

Figure 3.3: A typical xenon charge state distribution produced with the VENUS ECR
ion source using oxygen as a mixing gas.

and radial magnetic fields, toroidal, poloidal and helical fields typically found in
tokamaks.

The magnetic field of an electron cyclotron resonance ion source is a superposi-
tion of solenoid and sextupole magnetic fields. The solenoid field is basically a
magnetic bottle generated between two, or more, solenoids. The sextupole field is
used to provide more strength in the radial direction, thus, providing enhanced
magnetic confinement of charged particles in the plasma. This magnetic field forms
the so-called Bmin structure where the strength of the magnetic field increases in
all directions when moving away from the center of the plasma chamber. The con-
figuration also generates magnetic field equipotential surfaces inside the chamber,
thus creating a large electron cyclotron resonance surface. Figure 3.4 presents the
solenoid and sextupole field profiles in a typical 14 GHz ECRIS and in figure 3.5
the structure of the magnetic bottle consisting of solenoid and sextupole magnetic
fields and a sketch of the plasma inside an ECR ion source is presented.

In order to understand the principles of the magnetic confinement, a quantity called
the magnetic moment needs to be introduced. It can be shown that the magnetic
moment of a charged particle can be expressed as

|m| =
0.5mv2

⊥
B

=
W⊥

B
, (3.2)

where m is the mass of the particle, v⊥ is the perpendicular velocity component
with respect to the magnetic field and W⊥ is the kinetic energy of the particle
transverse to the external magnetic field. In a magnetostatic field the sum of parallel
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Figure 3.4: Magnetic field profiles of a typical 14 GHz ECRIS: a) solenoid field
profile from injection to extraction, b) sextupole field profile from the center of the
plasma chamber towards a magnetic field pole. In both a) and b) the locations of the
resonances at 14.1 GHz are shown.

and transverse kinetic energies, i.e. the total energy, is constant implying that the
magnitude of the magnetic moment remains constant if the spatial variation of
the magnetic field inside the orbit of the particle is small enough compared to
the magnitude of the magnetic field [13]. As the particle moves towards a higher
magnetic field (converging field) the particle orbit radius will decrease in order
to conserve the magnetic flux enclosed by the particle orbit. Also, the total kinetic
energy Wtot = W‖ + W⊥ components will interchange as the particle is moving
towards the converging magnetic field. Moving along the converging field results
in a decrease of the parallel kinetic energy component W‖ and an increase of W⊥ in
order to keep |m| and the total energy as constants. If the magnetic field B becomes
strong enough, the parallel kinetic energy will decrease to zero and all the kinetic
energy of the particle is within the transverse kinetic energy. The force

F‖ = −m∇B‖, (3.3)

acting on the charged particle, produces an accelerating force parallel to the magnetic
field. If the parallel kinetic energy is zero the particle starts to move towards the
lower magnetic field region. This phenomenon is known as the magnetic mirror
effect and is the basis of magnetically confined plasmas.

Despite the confinement, particle losses are evident. Due to collisions particles
can, for example, diffuse outside the plasma or collide with the vacuum chamber
walls. The effectiveness of a magnetic confinement system can be characterized by a
parameter called the mirror ratio, expressed as Bm/B0. However, it is common in
the ECR ion source field to write the magnetic mirror ratio R in a form of

R =
Bmax

BECR
, (3.4)
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3.1. The operational principle of an ECR ion source

Figure 3.5: Magnetic bottle of an ECR ion source consisting of the solenoid field
(light brown coils) and the sextupole field (red and green bars). A false-color plasma
is presented in order to highlight the complex shape of an ECRIS plasma.

where BECR is the magnetic field at the electron cyclotron resonance. The use of BECR

is justifiable because the pitch angle, as will be seen, is closely related to the particle
confinement and is defined at the resonance zone due to wave–particle interaction.
An expression for the pitch angle can be derived by using the invariance of the
magnetic moment and by dividing the velocity vector of an electron into transverse
and parallel components. Using the aforementioned magnetic field notations at the
ECR surface and at the maximum of the magnetic bottle, the pitch angle can be
written in the form of

α0 = sin−1
(√

BECR/Bmax

)
. (3.5)

In an ECR plasma, electrons are strongly confined due to the heating process re-
sponsible for increasing the transverse velocity component and thus leading to
a reflection point well within the space between the magnetic mirror structure.
However, deceleration of an electron at the resonance zone or particle collisions can
change the ratio of the transverse and parallel velocity in such a way that an electron
drifts into the so-called loss cone. A schematic figure of the electron loss cone in
an ECRIS is presented in figure 3.6. Ions, which can not be heated by microwaves
in the GHz range, are magnetically weakly confined compared to the hot electron
population and can diffuse in the plasma relatively freely.

3.1.2 Ambipolar diffusion and plasma potential

In a plasma, the electrons and the ions diffuse with different velocities. While the
mobility of the electrons is higher than the mobility of the ions, the requirement
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Chapter 3. ECR ion source and relevant plasma physics aspects

Figure 3.6: Loss cone with different magnetic field strengths. The angle of the loss
cone is larger in the lower magnetic field (right-hand side of the figure, extraction of
an ECRIS) than in the higher magnetic field (left-hand side of the figure, injection of
an ECRIS).

of local neutrality of the plasma slows the electrons down. Thus, both electrons
and ions diffuse at the same velocities. When this process occurs in a magnetized
plasma, it is called ambipolar diffusion.

The higher mobility of electrons compared to the ions also makes it possible that
the electrons can reach the plasma chamber walls faster than ions. Again, in order
to meet the neutrality conditions, the negative charge lost from the plasma via the
electrons needs to be compensated by a loss of positive charge, i.e. ions. In order to
balance the charge losses the plasma develops a positive potential which will retard
electrons and repel positive ions. This potential between the plasma and the plasma
chamber walls is known as the plasma potential. Typical plasma potential values for
the JYFL 14 GHz ECRIS with a clean plasma chamber are around 20 V, being much
higher (over 50 V) if the plasma chamber surface is contaminated by e.g. carbon [20].
It has also been observed that the plasma potential is affected by the mass of the
ions, RF power, gas feed rate and gas mixing effect (see e.g [20, 34]). The effect of
positive plasma potential to the electron loss cone is presented schematically in
figure 3.7.

3.2 Scaling laws of an ECR ion source
Electron cyclotron resonance ion sources have been developed to produce high ion
beam intensities of highly charged ions. In order to understand and point out the
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3.2. Scaling laws of an ECR ion source

Figure 3.7: The effect of plasma potential to the electron loss cone of positively
charged plasma. The cones are cut due to positive plasma potential attracting
negatively charged electrons. Compare with figure 3.6.

effects of different parameters on the performance of ECR ion sources semi-empirical
scaling laws have been formulated [35]. The laws can be expressed as

neveτ ∝ B3/2 (3.6)

neveτ ∝ ω
7/2
rf (3.7)

qpeak ∝ ln B3/2 (3.8)

qpeak ∝ ln ω
7/2
rf (3.9)

qpeak ∝ P
1/3
rf (3.10)

Ipeak ∝ ω2
rfm

−1
ion. (3.11)

Here, ve is the speed of electrons, τ is the confinement time of ions in the plasma,
B is the average magnetic field, ωrf is the microwave (angular) frequency, qpeak is
the charge state that produces the highest ion beam current, Prf is the microwave
power and Ipeak is the ion beam current of charge state qpeak. From these equations
it can be seen that the ion current is proportional to the square of the microwave
frequency. Remembering that the required magnetic field strength is proportional
to the microwave frequency (see equation 3.1), higher magnetic field strengths are
needed in order to maintain the magnetic mirror ratio. According to equation 3.6,
increasing the average magnetic field strength also increases the confinement time
which enables the production of higher charge states. When it is required that the
charge state distribution should shift towards higher charge states, values of B, ωrf

and Prf need to be increased.
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Figure 3.8: The ion beam currents of Xe20+ as a function of injection mirror ratio
with 18 GHz and 28 GHz microwave frequencies. Figure from [39].

Comprehensive experiments to define the optimum magnetic field configuration for
the production of highly charged ion beams have been performed by Gammino et
al. [36, 37, 38] and others [39, 40, 41]. According to these measurements, equations,
or scaling laws, for the mirror ratios in an ECRIS can be expressed as (see also
reference [42])

Binj

Becr
> 4,

Bext

Becr
> 2,

Brad

Becr
> 2,

Bmin

Becr
≈ 0.8. (3.12)

If the mirror ratios are below these values, only a slight increase in the mirror ratios
will increase the performance of an ECR ion source significantly. The correct mirror
ratios are crucial in the production of highly charged heavy ions as can be seen from
figure 3.8. The figure also shows how the higher microwave frequency enhances the
ion beam current.

3.3 Ionization and charge exchange
While collisional processes in plasmas involve collisions between all the particles
present in a plasma, the collision between electrons and ions are the ones responsible
for producing multiply charged ions. On the other hand, charge exchange can occur
in ion-neutral, electron-ion (recombination) or ion-ion collisions or reactions. For
low charge state ions the balance between the gain by ionization and loss by charge
exchange reactions is such that the pressure in the plasma chamber of an ion source
can be in the range of 10−3 mbar. However, as the charge state increases the charge
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Figure 3.9: Pressure dependence of the electron impact ionization and charge ex-
change balance as a function of different charge states of lead ions. Curves presented
with two electron current densities implying different electron densities in the
plasmas. Figure from [43].

exchange cross section becomes more pronounced and lower pressures are needed.
This implies that in order to produce highly charged ions in an electron heated
plasma low neutral gas pressure and high electron density is favourable. Figure 3.9
shows the pressure dependence of the balance between the gain by ionization and
loss by charge exchange reactions for different charge states of lead ions. Typically
an ECR ion source is operated with pressures around 10−7–10−8 mbar for which the
figure suggests charge states lower than 40+. VENUS has been producing ions from
bismuth, which is quite close to lead, up to charge states of 50+ with an ion beam
current of 0.5 µA.

The ion density time evolution of a certain charge state can be described with
three separate processes in the ECR plasma: step-by-step ionization by electron
bombardment, charge exchange reactions and diffusion. The time evolution of the
ion density of a charge state q of ion species i can be written as [44]:

dn
q
i

dt
= ne〈σv〉ion

q−1→qn
q−1
i − ne〈σv〉ion

q→q+1n
q
i +

n0i
〈σv〉cx

q+1→qn
q+1
i − n0i

〈σv〉cx
q→q−1n

q
i −

n
q
i

τ
q
i

, (3.13)

where σ is the collision cross section, v is the speed of a particle, n0i
is the neutral

density of atoms of species i and τ
q
i is the confinement time of charge state q and ion
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species i. Superscript ion refers to ionization and superscript cx to charge exchange
reaction. The first term on the right side of the equation describes the production
rate of charge state q from charge state q − 1 by electron bombardment, and the
second term describes ionization by electron impact from charge state q to charge
state q + 1. The third and fourth terms describe charge exchange reactions from
charge state q + 1 to charge state q and from charge state q to charge state q − 1,
respectively. The last term, which is inversely proportional to the confinement time
of ions, relates to diffusive processes responsible for ion losses to the ion source
plasma chamber walls. According to the equation the densities of highly charged
ion species depend on both electron and ion densities as well as cross sections of
different reactions and confinement time of ions.

Ionization cross sections can be calculated with a semiempirical formula by Lotz [45,
46], however, more accurate results are obtained e.g. with the ATOM code [47] which
uses the Coulomb-Born approximation with exchange (CBE) in the partial-wave
representation. Charge exchange reactions, first reported by Henderson [48], have
also been studied theoretically, for example, in references [49, 50].

Maximum cross section, ionization threshold and energy at the maximum cross
section for electron impact ionization for oxygen, argon, krypton and xenon is
presented in figure 3.10 according to ATOM simulation data [51, 52]. From the
figure it can be seen how the cross section drops several orders of magnitude while
increasing the charge state: with xenon the cross section varies from 4.0·10−16 cm2

(Xe1+) to 9.6·10−24 cm2 (Xe+54). Oxygen 7+, which is one of the most common ions
used to indicate the performance of an ECR ion source, has an ionization threshold
of 739 eV and the maximum cross section for O6+ → O7+ ionization is reached
with an electron energy of about 2.0 keV. Xenon 35+, which is the highest charge
state of Xe regularly accelerated in JYFL, has an ionization threshold of almost
2.2 keV while the maximum of the cross section curve for Xe34+ → Xe35+ lies around
4.4 keV. The values of cross sections for the aforementioned ionization processes
are 6.1·10−20 cm2 (oxygen) and 3.2·10−20 cm2 (xenon). The ionization threshold for
40Ar8+ is 153 eV, the cross section for Ar7+ → Ar8+ is around 3.4·10−18 cm2 and the
maximum ionization cross section is reached with an electron energy of 800 eV. By
looking at the cross section values it is clear that producing medium charge states,
such as Ar8+, is much easier than the production of O7+ or Xe35+.

Reaching electron energies capable of ionizing even the highest charge states of
xenon is however not the limiting process in ECR ion sources. The problem of highly
charged heavy ion production lies in the charge exchange cross sections. The charge
exchange cross section (electron capture) with molecular hydrogen for Xe35+ has
been measured to be 4.6·10−14 cm2 [53]. This value is six orders of magnitude larger
than the ionization cross section meaning that in order to produce highly charged
heavy ions by electron bombardment, the process should take place in a very low
vacuum.
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Figure 3.10: Maximum cross section σ, ionization potential Vp and energy at the
maximum cross section Eσmax for a) oxygen, b) argon, c) krypton and d) xenon.

In addition to Coulomb interaction based ionization, several other processes are
responsible for removing electrons from atoms and ions [54]. These processes be-
come more pronounced when the charge state of an ion increases, and some of these
processes contribute significantly to the total ionization [55, 56]. It has been noticed
that these processes are important especially in the case of heavy alkali-like (Li, Na,
K, Rb, Cs, Fr) and alkaline-earth-like (Be, Mg, Ca, Sr, Ba, Ra) ions.
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Chapter 4

Electron heating in ECRIS

Electron cyclotron resonance heating can be used to produce continuous beams
of highly charged ions. From equation 3.1 it can be seen that while the electrons
are heated their resonance magnetic field will shift according to the value of γ.
Therefore, thermal electrons have resonance zones in lower magnetic field values
than the energetic electrons. It can be approximated that the shift of the resonance
“point” on the axis of the JYFL 14 GHz ECRIS between a thermal electron and a
511 keV electron is roughly 4.5 cm (resonance field increases from 0.5 T to 1.0 T).
Thus, it becomes clear that instead of talking about the resonance point a term
resonance volume should be used.

In addition, multiple microwave frequencies can be launched into the plasma
chamber to increase the heating volume in order to improve the production of highly
charged heavy ions extracted from an ECR ion source [57, 58]. The use of multiple
frequency heating in ECR ion sources has been studied extensively. It has been found
that the second resonance can shift the charge state distribution towards higher
charge states if the frequency gap between the microwave frequencies launched into
the plasma chamber is adequate [59]. Production times of highly charged ions can
also be decreased with multiple frequency heating [60] and slightly lower plasma
potentials have been measured with double frequency heating compared to single
frequency heating [61, 62]. It has also been demonstrated that using three different
microwave frequencies can further improve the highly charged ion beam production
compared to double frequency heating [63]. It has also been demonstrated that
broadband microwave can improve the production of highly charged ions [64, 65].

The resonance volume can also be adjusted with the gradient of the magnetic field.
A lower field gradient at the resonance region allows the electron to remain in
the close proximity of the resonance longer than in the case of a high magnetic
field gradient (see e.g. reference [66]). This so-called volume heating [67, 68, 69]
(“low gradB-mode”) allows the electrons to absorb energy from the microwaves
more efficiently during single resonance crossing. Increased heating efficiency has
been observed with increased bremsstrahlung radiation levels during the plasma
breakdown [70] and steady state [71].
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Besides electron heating volume increase, there are also other techniques to increase
the high charge state ion currents. ECR ion source plasma chambers are multimode
cavities which means that the plasma chamber dimensions are larger than the wave
length [72]. By tuning the source or microwave frequency within a relatively narrow
frequency range it is possible to excite different discrete modes or combinations of
overlapping modes. It has been observed numerically that the absorption rate of
microwave power increases rapidly as the electron density increases [7]. This means
that the plasma chamber quality factor [73],

Q = ω
stored energy

dissipated power
=

stored energy
dissipated energy per cycle

, (4.1)

can change significantly between different operation points of an ECR ion source.
The effect of frequency tuning has been observed to be very significant for the
ion beam currents of highly charged ions and Q-values exceeding 1000 have been
proposed [72, 74]. This is considerably higher than the generally used value of
about 3 [66, 75]. It is clear that the quality factor of an empty plasma chamber,
which basically is a non-ideal resonant cavity, is much higher and can be even
around hundreds of thousands [76]. It is likely that modern ECR ion sources built
for highly charged ion production would probably benefit from the possibility of
tuning the microwave frequency. However, this method of fine tuning ECR ion
sources, despite promising results, is still quite rarely exploited and the effect of the
frequency tuning to the ion beam production and the radiation levels has not yet
been studied systematically.

4.1 Stochastic and adiabatic heating limits
Electron cyclotron resonance heated plasmas are governed by stochastic heating.
While the electron exhibits periodic motion in the magnetic bottle and crosses the
resonance the net energy change is positive as long as the phase change of the
microwave electric field is much more than 2π during the bounce period between
resonances. When this condition is satisfied the phase of the wave is random each
time the electron enters the resonance [77]. The time that an electron takes to travel
between two resonance points is a function of energy. When the energy is increased,
the time-of-flight (TOF) between the resonances decreases if collisions are neglected.
At high energies the TOF becomes small and leads to a decreased phase variation ex-
perienced by the electron. As a result the stochastic electron heating is disturbed and
the interaction between a hot electron and microwave becomes superadiabatic [78].
As a consequence the energy of an electron is limited in the electron cyclotron
resonance heating process.

It has been shown [79], that for a given value of the electric field of the microwave,
the velocity space for particles is divided into three regions: (1.) low velocities

24



4.1. Stochastic and adiabatic heating limits

(Ee− < Ws) for which particles are heated stochastically, (2.) intermediate velocities
(Ws < Ee− < Wa) which are accessible from the lower velocities, but where the
assumption of the random phase is not valid anymore and (3.) higher adiabatic
velocities (Ee− > Wa) for which the motion in velocity space oscillates in time. Here,
the energy of an electron is marked with Ee− . The equations for stochastic (Ws) and
adiabatic energy limits (Wa) can be expressed as [80]

Ws = 0.2
[
meL

(
1 +

l2

L2

)]1/4

lω1/2 (eE)
3/4 (4.2)

and
Wa = 5Ws. (4.3)

In equation 4.2, E is the electric field of the microwave and parameter L can be
calculated from the axial magnetic field profile (B = B0(1 + z2/L2)) of the mirror
system, where the resonances are at z = ±l. The (angular) microwave frequency is
denoted with ω. Because the electric field in the ECRIS plasma chamber is assumed
to be proportional to the plasma chamber quality factor (see e.g. [75]), it can be
written that Etot ≈ QE. Using this assumption and substituting the axial magnetic
field profile of the JYFL 14 GHz ECRIS with coil currents of 500/500 A (see magnetic
field details from reference [70]), a microwave frequency of 14.1 GHz, resonance
location l ≈ 0.042 m and L2 ≈ 0.0038 m −2, the stochastic and adiabatic heating
limits can be calculated. The limits are presented, as a function of electric field
amplitude, microwave frequency, magnetic field gradient at the resonance and
distance between axial resonances, in figure 4.1. In fig. 4.1 b) L is determined by
artificially fixing l and Bmin/Becr. Due to the magnetic field structure, it has to be
noted that in fig. 4.1 c) Bmin is changed and the distance between axial resonances
(dres) is fixed while in fig. 4.1 d) the magnetic field gradient is changed while keeping
Bmin as constant.

It is observed from fig. 4.1 a) that the limit for both stochastic and adiabatic heating is
very low if the electric field amplitude is low. In the bremsstrahlung measurements
conducted with the JYFL 14 GHz ECRIS it has been observed that typical maximum
energies of the bremsstrahlung spectra lie around 500 keV, thus, from figure 4.1 it
can be approximated that the electric field amplitude is in the range from 1700 kV/m
to about 14 000 kV/m. In reference [80] the measured electron energies at an electric
field amplitude of about 250 kV/m were observed to be roughly 13–55 % higher
than the theoretical stochastic heating limit predicts but significantly lower than the
adiabatic limit suggests. From fig 4.1. b), where the heating limits are presented as a
function of the microwave frequency, it is observed that the higher the frequency the
higher the energy limits. The effect of the magnetic field gradient at the resonance
zone is very pronounced when the gradient decreases, as can be seen from fig. 4.1
c). It has been observed on several occasions that the lower magnetic field gradient
at the resonance zone allows electrons to absorb energy from the microwave more
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Figure 4.1: Stochastic and adiabatic heating limits according to equations 4.2 and 4.3
as a function of a) electric field amplitude, b) microwave frequency, c) magnetic
field gradient at the resonance and d) distance between axial resonances. Magnetic
field characteristics calculated from the magnetic field profile used in the simulation
code presented in section 4.3.2.
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4.2. Microwave power absorption in the ECR heated plasma

efficiently. The axial distance between the resonance point also clearly affects the
stochastic and adiabatic heating limits, as shown in fig. 4.1 d).

4.2 Microwave power absorption in the ECR heated plasma
The electron heating simulations play a crucial role in this work and gave motivation
to experimentally study the evolution of electron energies. In the code used in this
thesis work, the behaviour of the electromagnetic wave absorption in the resonance
region has been calculated by using the cold plasma dispersion relation with a
collisional term. A similar approach for modeling the absorption has also been
used e.g. in reference [81]. In this section the relevant mathematical formulation
needed for the absorption modeling is presented. In electron cyclotron resonance the
frequency of the electron orbiting the magnetic field line and external microwave,
moving parallel to the magnetic field, are matched resulting in an energy transfer
from the wave to the electrons. This phenomenon, known as cyclotron damping
(see e.g. [13]) will decrease the amplitude of the external electromagnetic wave.

Any electromagnetic wave can be expressed in a form of

E = E0e
i(kz−ωt) = E0e

ikze−iωt = E0e
−kizeikrze−iωt, (4.4)

where E0 is the amplitude of the wave, ω the angular frequency of the wave and
the wave number k has been divided into imaginary and real parts. If the system
(in this case the plasma) is in a state where the imaginary part of the wave number
differs from zero, cyclotron damping takes place. In an ECR plasma this happens at
the resonance region and the term e−kiz determines the rate of energy absorption as
the wave penetrates into the electron cyclotron resonance zone. In the following,
expressions for the wave numbers will be derived using cold plasma theory.

Macroscopic quantities for a cold electron plasma are electron density ne and
velocity ve which are coupled via continuity equation of the particle density

∂ne

∂t
+∇ · (neve) = 0 (4.5)

and the Langevin equation

me
dve

dt
= −e (E + ve × B) − meνcolve, (4.6)

where νcol is the collision frequency, E the electric field and B the magnetic field.
If small perturbations around the average (constant) values are assumed, density,
velocity and magnetic field can be written with linear approximations

ne(r, t) = n0 + δne(r, t) (4.7)
ve(r, t) = δve(r, t) (4.8)
B(r, t) = B0 + δB(r, t). (4.9)
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Chapter 4. Electron heating in ECRIS

Using the harmonic wave approximation

δne, δve ∝ ei(kz−ωt) (4.10)

and rejecting all higher order perturbations, equations 4.7 and 4.8 can be written in
linearized form as

−iωδne + ik · (n0δve) = 0 (4.11)

−iωmeδve = −e (E + δve × B0) − meνcolδve. (4.12)

Next, two of Maxwell’s equations need to be introduced; Faraday’s law

∇× E = −
∂B

∂t
(4.13)

and Ampére’s law

∇× B = µ0

(
J + ε0

∂E

∂t

)
, (4.14)

where current density
J = −eneve = −en0δve (4.15)

and material permeability µ and permittivity ε are set equal to one. Again, using
harmonic approximations equations 4.13 and 4.14 take forms of

k× E = ωδB (4.16)

and
ik× δB = µ0 (−en0δve − iωε0E) . (4.17)

If the angle between B0 and k is marked with θ and a Cartesian coordinate system
is chosen in a way that ẑ is in the direction of B0 and ŷ is perpendicular to the plane
formed by B0 and k we have

B0 = B0ẑ (4.18)

k = k⊥x̂ + k‖ẑ = k (sin θx̂ + cos θẑ) . (4.19)

Now it is possible to derive an equation pair for ve and E. To do this we need to
solve δB from 4.16 and insert this into 4.17 while remembering that c−2 = µ0ε0, and
rewrite equation 4.12 in a different form. Thus,

k× (k× E) +
ω2

c2 E =
iωen0

c2ε0
ve (4.20)(

1 +
iνcol

ω

)
ve +

ie

ωme

ve × B0 = −
ie

ωme

E. (4.21)

In order to express equation 4.20 in a convenient matrix form the equation is multi-
plied by c2/ω2 and by using

k× (k× E) = (k · E) k − k2E = (k sin θEx + k cos θEz) k − k2E (4.22)
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4.2. Microwave power absorption in the ECR heated plasma

we can write 1 − k2c2

ω2 cos2 θ 0 k2c2

ω2 sin θ cos θ

0 1 − k2c2

ω2 0
k2c2

ω2 sin θ cos θ 0 1 − k2c2

ω2 sin2 θ


 Ex

Ey

Ez

 =
ien0

ωε0

 vx

vy

vz

 . (4.23)

The matrix form of 4.21 is obtained after realizing that

v× B0 = B0v× ẑ = B0
(
vyx̂ − vxŷ

)
, (4.24)

resulting in 1 + iνcol
ω

iωce
ω

0
− iωce

ω
1 + iνcol

ω
0

0 0 1 + iνcol
ω

  vx

vy

vz

 = −
ie

ωm

 Ex

Ey

Ez

 . (4.25)

In order to eliminate v from equation 4.23 the left hand side matrix of 4.25 can be
inverted and used to multiply both sides of equation 4.23. This results in a matrix
form consisting only of components of the electric field E: D − k2c2

ω2 cos2 θ −iE k2c2

ω2 sin θ cos θ

iE D − k2c2

ω2 0
k2c2

ω2 sin θ cos θ 0 F − k2c2

ω2 sin2 θ


 Ex

Ey

Ez

 = 0, (4.26)

where
A = 1 + iνcol

ω
, B = ωce/ω

C = ω2
pe/ω, D = 1 − CA

A2−B2

E = − CB
A2−B2 , F = 1 − C

A
.

If we then consider microwave propagation parallel to the magnetic field the angle
θ between the wave vector k and B0 becomes zero and equation 4.26 simplifies into
a form of  D − k2c2

ω2 −iE 0
iE D − k2c2

ω2 0
0 0 F

  Ex

Ey

Ez

 = 0. (4.27)

The longitudinal component gives a dispersion relation

F = 1 −
C

A
= 0, (4.28)

from which, at the limit of νcol → 0, arises the familiar plasma oscillation ω2 = ω2
pe.

In the transverse plane the dispersion relation is expressed by

k2c2

ω2 = D + E = 1 −
C

A + B
(4.29)

k2c2

ω2 = D − E = 1 −
C

A − B
, (4.30)
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Chapter 4. Electron heating in ECRIS

where the first equation is related to a right-handed circularly polarized (RHCP)
wave and the latter a left-handed circularly polarized (LHCP) wave. Because an
electron follows the right-handed rotation around the magnetic field line, we are
mainly interested in the RHCP wave. Hence, the dispersion relation in a cold
plasma with collisions included in the case of an electron cyclotron resonance can
be expressed as

N2 =
k2c2

ω2 = 1 −
ω2

pe

ω (ω − ωce + iνcol)
, (4.31)

where N is the refractive index. In some contexts the sign of the collisional term iνcol

is negative (see for example [81]). However, this only switches the roots of equa-
tion 4.31 while solving it for wave number k. In figure 4.2, the real and imaginary
parts of the square of the refractive index are presented as a function of magnetic
field strength. As can be seen, the real part and the imaginary peaks sharply at the
resonance. The region between the resonance and the cut-off (N = 0) is known as
the evanescent region. The behavior of the real and imaginary parts of the wave
numbers (see equation 4.34) are shown in figure 4.3. When the microwave is coming
from the higher magnetic field side (ωce > ωrf) towards the lower magnetic field
(the so-called magnetic beach) the wave enters the evanescent region after crossing
the resonance. According to Budden [82] transmission and absorption of the wave
occurs without reflection. If the wave travels into the resonance from the lower
magnetic field side (ωce < ωrf) towards the increasing magnetic field, both trans-
mission and reflection can occur. Also in this case absorption of the wave occurs [81].

In order to model the cyclotron damping in the resonance region the real and the
imaginary parts of the wave number must be solved from equation 4.31 which can
first be divided into real and imaginary parts. Using notations

k2 =
ω2

c2

[
1 −

ω2
pe(ω − ωce)

ω[(ω − ωce)2 + ν2
col]

+ i
ω2

peνcol

ω[(ω − ωce)2 + ν2
col]

]
= G + iH (4.32)

and
k2 =

(
kreal + ikimag

)2 (4.33)

four roots are found for both real and imaginary parts. Two of these are opposite
numbers to the first two solutions, thus, we can write

kreal,1 = H√
2(−G+

√
G2+H2)1/2 , kimag,1 =

(
−G+

√
G2+H2

2

)1/2

kreal,2 = H√
2(−G−

√
G2+H2)1/2 , kimag,2 =

(
−G−

√
G2+H2

2

)1/2

kreal,3 = −kreal,1, kimag,3 = −kimag,1

kreal,4 = −kreal,2, kimag,4 = −kimag,2.

(4.34)

From these equations a pair of solutions where both the real and the imaginary part
of the wave number are non-negative is selected. The real part of the wave number
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Figure 4.4: A rough classification of plasma simulation models.

can be utilized in the RHCP wave (see equation 4.36) launched into the plasma
chamber and the imaginary part can be used to model the cyclotron damping. This
approach is adopted in the numerical part of this thesis.

4.3 Simulations of ECR ion source plasmas

Numerical modeling has been an important tool in physics almost as long as com-
puters have been available. Analytical solutions can be obtained usually for only
a limited number of physical problems, thus, in many cases a numerical solution
is needed in order to solve the problem. Today, as more and more complicated
phenomena are studied, the use of numerical methods is one of the key elements
in theoretical studies. In plasma physics numerical simulations are typically based
on two theories — fluid and kinetic theories. Fluid description utilizes magnetohy-
drodynamic equations assuming approximate transport coefficients while a kinetic
approach is more accurate by taking into account detailed models of plasmas in-
cluding particle interactions via electromagnetic fields. In kinetic simulations the
problem is approached by solving Vlasov, Boltzmann and Fokker-Planck equations
or using particle simulation taking into account a collection of charged particles
affected by electromagnetic fields. However, the classification of different types
of plasma simulations is not so simple because so-called “hybrid” simulations
are extensively used. These hybrid codes utilize both kinetic and fluid theories in
combination. Widely adapted particle-in-cell (PIC) codes are fundamentally kinetic
but with certain assumptions they can be classified as fluid codes (see e.g. FLIP
MHD [83]). Figure 4.4 presents a very general overview of the usual plasma simula-
tion types, and a comprehensive discussion of different kind of plasma simulations
can be found for example in references [84, 85].
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4.3. Simulations of ECR ion source plasmas

Total electron densities and cold electron population energies have been measured
e.g. with VUV (vacuum ultra violet) techniques (see e.g. reference [42]), however
there are several parameters which are not known for ECR plasmas and need to
be guessed in simulation studies if self-consistent PIC codes are not used. Such
parameters are e.g. electron and ion density profiles, average electron energy in the
plasma and plasma chamber quality factor. From the time-resolved measurements of
bremsstrahlung it is noticed that it takes at least a couple of hundred of milliseconds
to reach steady state of integrated total count rate [70, 33] suggesting that same time
span is needed to saturate the electron energy distribution function. This means,
that electron heating codes capable of simulating hundreds of milliseconds in a rea-
sonable time are needed to link the experimental observations tightly to theoretical
understanding. Problems in the simulations also arise from the numerical instabili-
ties related to different solver algorithms. Electron cyclotron resonance heating is
prone to these instabilities due to the resonance where the velocity components of
electrons change rapidly in time and space. Therefore a phenomenon known as
“numerical heating” where the stochastic behaviour is not observed is not unfamiliar.
In one-particle simulations there is always the issue of statistics, or lack of it. Very
small changes in the initial conditions will create a very different time-resolved
behaviour of the electron and the system might be described as chaotic. However,
even with single particle simulations, without coupled equations of motion between
a vast number of particles, the knowledge of ECR plasmas and trapping of electrons
can be increased significantly by running the simulations with randomized initial
values repeatedly.

4.3.1 Examples of existing ECR codes

The TrapCAD code [5, 86] is a good example of a single particle simulation which
is typically used to simulate 30–60 thousand electrons one by one for a period of
several hundreds of nanoseconds [87]. During this time the highest electron energies
are in the range of 10 keV using typical parameters of the SUPERSHyPIE 14 GHz
ECRIS [88]. Extensive electron heating and trapping simulations have also been
conducted by Heinen et al. [6, 89] who studied both conventional Bmin structure as
well as the so-called flat-B [67] structure. The electron density profiles simulated by
Heinen have also been observed experimentally with VUV techniques [90]. Unlike
TrapCAD, Heinen et al. are using standing wave modes in the electron heating and
report electron energies up to tens of keV after 1 µs.

In addition to pure electron heating codes, there are several other general plasma
or ECRIS plasma simulation codes available. The GEM code by Far-tech [9, 91]
simulates the electron distribution function using a bounce-averaged Fokker-Planck
method, the ion dynamics are modeled with fluid equations and the DC electric field
in the plasma (plasma potential) is calculated self-consistently from force balance.
In GEM it is assumed that the microwave is fully absorbed at the resonance and
the propagation of the microwave is not modeled. the code is capable of simulating
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millisecond time scales [92]. The VORPAL code, by the University of Colorado
and Tech-X corporation, is a general plasma simulation code containing both PIC
and fluid models for the plasma [10]. The kinetic ionization model in the VORPAL
plasma simulation framework is based on the so-called Monte Carlo Collisions
(MCC) algorithm which determines at each time step the probability that a collection
of particles undergoes a certain process [93]. VORPAL has been used to study
how the different locations for injecting the neutral gas into an ECRIS change the
abundances of different ion charge states [93]. The ion production in an ECRIS has
also been modeled by Mironov and Beijers [8]. In this code the PIC MCC method
is used in a three dimensional geometry, heavier particles (ions and atoms) are
tracked while the electrons are represented using a Maxwell-Boltzmann energy
distribution and collisional and diffusive processes have been taken into account.
The code has been used to obtain spatial distributions of ions and to study charge
state distributions.

4.3.2 Hybrid simulation code for ECR heating

In this thesis work a single particle hybrid code was developed in order to simulate
the time evolution of electron energies in an electron cyclotron resonance ion source
plasma. Propagating RHCP electromagnetic wave is launched into the plasma cham-
ber and the effect of microwave power absorption (cyclotron damping), which is the
key point of the code, is calculated from the magnetohydrodynamics by solving the
cold plasma dispersion relation with collisional term (see section 4.2). The magnetic
field consists of superposition of two solenoid fields and the electron trajectory is
calculated by numerically integrating the relativistic equations of motion.

The calculation of the microwave absorption can be divided into two steps. First
the initial average electric field amplitude of the electromagnetic wave launched
into the plasma chamber is evaluated by using Poynting vector, plasma chamber
radius, plasma chamber quality factor and microwave power. The initial electric
field amplitude in vacuum E0, derived from the Poynting vector N = E×H, can be
expressed as

E0 =
Q

r

√
P

π

(
4µ0

ε0

)1/4

, (4.35)

where r is the plasma chamber radius, P the microwave power, µ0 the vacuum per-
meability and ε0 the vacuum permittivity. Plasma chamber quality factor Q is used
to multiply the initial electric field amplitude. The second step is the calculation of
the microwave absorption (damping of the electromagnetic wave) at the resonance
region from the dispersion relation of the EM wave, which is a function of plasma
density. In the vicinity of the resonance region, where kimag > 0, the amplitude of
the electromagnetic wave propagating into the plasma is attenuated according to
E = E0e

−kimag(z)z. The resulting electric field amplitude is thus modeled in 1D. The
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RHCP electromagnetic wave of the form of

E = E0 sin(ωt − krealz)êx − E0 cos(ωt − krealz)êy (4.36)

is used. The wave number kreal is calculated from the dispersion relation (see sec-
tion 4.2).

Recent frequency tuning experiments suggest that EM wave modes exists in the
loaded ECRIS plasma chamber. In the simulations a propagating EM wave is used.
This approach is chosen because even small changes in the ECRIS operating parame-
ters can affect the wave modes inside the plasma chamber and make the comparison
between different simulation parameters very difficult. The wave modes existing
in an empty plasma chamber (resonance cavity) with given dimensions can be
calculated straightforwardly. However, according to theoretical plasma models
transmission, reflection and mode conversion, caused by for example density gra-
dients, can occur in the plasma. Thus, it is difficult to obtain wave modes for the
loaded ECRIS plasma chamber.

The solenoid magnetic field is calculated using magnetic field profiles obtained with
RADIA [94] simulations corresponding to the JYFL 14 GHz ECRIS. A second order
polynomial of the form of B(z) = Az2 + C, where A and C are constants, is fitted to
the simulated axial magnetic field profile and the final magnetic field expressions
used in the simulation code, Bz(r, z) and Br(r, z), can be obtained with the aid of
the so-called solenoid field approximation equations or B field off-axis expansion
equations [95]:

Bz(r, z) =

∞∑
n=0

(−1)
n

(n!)2 B(2n) (z)
( r

2

)2n

(4.37)

Br(r, z) =

∞∑
n=0

(−1)
n+1

n! (n + 1)!
B(2n+1) (z)

( r

2

)2n+1
. (4.38)

Here B(2n)(z) means 2nth derivative of Bz respect to z. The magnetic field is thus
calculated in 3D.

The equations of motion are derived from

dp

dt
=

d

dt
(γmeve) = F (4.39)

and they are presented in detail in reference [7]. In the force term the Lorentz
force F = e(E + ve × B) is used. The sextupole field can be considered as a small
perturbation of the solenoid field near the symmetry axis of the ion source and is
therefore omitted. Furthermore, the static magnetic field generated by the solenoids
is typically several orders of magnitude higher than the RF magnetic field of the
RHCP EM wave. Thus, in the simulation the magnetic term consists only of the
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solenoid field. The equations of motion are integrated using an 8th order Prince-
Dormand Runge-Kutta method [96]. This integration scheme uses adaptive step
size control and it can be used e.g. from the Gnu Scientific Library (GSL) [97]. The
integrator returns position and velocity coordinates of an electron in 3D on each
iteration step.

The electron density profile that is used for the simulations presented in this thesis
is Gaussian along the source axis with minimum density of 1016 m−3 (at both ends
of the plasma chamber) and maximum density of 1017 m−3 (at the center of the
plasma chamber). In order to calculate the ion density needed for the electron-ion
collision frequency, an average ion charge state of 8+, which can be typical for
example with Ar plasma, is assumed. In addition, the average electron energy of
the plasma is set to 100 eV. For the JYFL 14 GHz ECRIS the plasma chamber radius
is 38 mm and the total length of the plasma chamber is 280 mm. Simulation is
stopped if the electron is no longer contained in the volume of the plasma chamber.
The second order polynomial magnetic field profile in the simulations is of form
of B(z) = 93.24z2 + 0.35 which implies that the magnetic field at the end plates of
the plasma chamber (z = ±0.14 m) is roughly 2.2 T and the magnetic field at the
center of the plasma chamber is 0.35 T. The magnetic field gradient at the resonance
∇Bres = 7.8 T. Microwave power of 500 W with the frequency of 14.1 GHz is used.
At the beginning of a simulation the electron is shifted (in xy-plane) according to its
Larmor radius in a way that it rotates around the source axis (z-axis) while bouncing
in the magnetic bottle. The initial energy of the electron is randomized between
1 meV and 1 keV and the initial pitch angle is between -89 ◦ and +89 ◦ with respect
to the source axis. The electrons are launched from the resonance region towards
increasing magnetic field. The code does not take into account collisions between
plasma particles (ionization and charge exchange reactions) during electron tracing.
Thus, the secondary electron emission from ionizing processes or collisions between
plasma particles and plasma chamber walls is not calculated.

Usually ECR plasmas are treated as collisionless if the electron density is less than
1018 m−3 [6]. Electron-ion collision times can be calculated for example using an
electron density of 1017 m−3. Using these values the times between the electron-ion
collisions can be approximated to be around 6 µs and 160 µs with electron energies
of 100 eV and 1 keV, respectively. This means that while the simulation times of
20 µs or less are presented in this thesis it is reasonable to exclude the effects arising
from particle collisions while the trajectory of the electron is calculated. However,
in longer simulations the collisional effects between electrons and other plasma
particles should be calculated during the electron tracing.

The philosophy behind the simulation development has been trying to simulate
electron heating in an ECRIS plasma by taking into account relevant aspects of
plasma physics related to ECRH but to keep the calculation time as low as possible.
Single particle hybrid simulation in a simplified magnetic mirror structure (no
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sextupole), which simulates electron heating under steady state background, is thus
used. Usually, the exponential damping of the microwave power is not included in
the simulations of ECR ion source plasmas which easily results in very energetic
electrons in short heating times. If cyclotron damping is not modeled, it is assumed
that the electron density is negligible and the ionization degree of the plasma
is low, thus the power absorption in the resonance zone is low. This means that
electrons are heated with a full EM wave amplitude rapidly into high energies. Using
the cyclotron damping model in the code non-zero electron and ion densities are
assumed leading to increased power absorption in the resonance zone. Steady state
modeling was chosen instead of including the plasma breakdown due to a simpler
approach — the time evolution of electron density and the loaded plasma chamber
Q-value and the energy of the average electron energy population are currently
not known. However, time evolution information about the plasma breakdown is
crucial in order to successfully model the first moments of plasma after it has been
ignited.

With typical accuracy requirements (absolute and relative accuracies of 10−9) for the
particle integrator simulating 20 000 electrons for a period of 1 µs takes roughly 48
hours of CPU time at the minimum while the same simulation without cyclotron
damping modeling takes less than 7 CPU hours. Decreasing the simulation times
significantly by lowering the accuracy demands is not reasonable due to possible
numerical instabilities. Modeling plasma breakdown by changing average electron
energy, electron density profile and plasma chamber quality factor as a function of
time will increase the needed CPU time, however, it is one of the future goals in the
code development. In order to realize this, the time evolution of the quality factor of
an operational ECR ion source needs to be measured.
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Chapter 5

Bremsstrahlung radiation from an ECRIS

In magnetized plasmas charged particles are orbiting the magnetic field lines, thus,
emitting radiation. This type of radiation is known as cyclotron or synchrotron
radiation, depending on the energy of the radiation. Plasma bremsstrahlung is
emitted when charged particles are colliding in the plasma and external radiation
fields interacting with a plasma give rise to scattered radiation [98]. The so-called
wall-bremsstrahlung radiation occurs when energetic particles are stopped in a
solid material. This happens for example in ECR ion sources where the plasma
flux hits the plasma chamber wall. The bremsstrahlung spectrum is continuous
although a wall-bremsstrahlung spectrum usually contains characteristic “line”
radiation (x-rays) caused by the wall material. The maximum energy of the brems-
strahlung is defined by the energy of the charged particle, contradictory to the
energy of characteristic radiation depending on the electron shell structure of the
material. Bremsstrahlung emission from electron cyclotron resonance heated plas-
mas has been studied using charge-coupled device (CCD) cameras [99], vacuum
ultraviolet (VUV) techniques [90, 100, 101], scintillator [71, 102] and semiconductor
detectors [33, 70, 103, 104]. Both CCD and VUV methods are used for probing the
ion species and low energy electrons directly in the plasma but are limited to low
energies. CdTe detectors can be used to observe photon energies inside the vacuum
due to their small sizes while the highest energy photons are usually observed
by measuring wall-bremsstrahlung radiation outside the ion source with different
scintillator and semiconductor detectors.

5.1 Intensity distributions and material properties
While a charged particle accelerates or decelerates it produces angular radiation
distributions (see references [105, 106]). The direction of the maximum radiation
intensity can be described with θmax which is the angle between the direction of
motion of the charged particle and the maximum intensity radiation cone. The angle,
at which the particle emits radiation, and the intensity of the radiation depend
strongly on the energy of the particle. This is presented in figure 5.1.
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θmax

v

Figure 5.1: Schematic radiation intensity pattern for a charge accelerated in its
direction of motion. The two small cones in the vertical position correspond to low
energy particles and the two stretched cones at angle θmax correspond to a case of
energetic relativistic electrons. The two patterns are not in scale, and the radiation
intensity of the forward tilted cones exceeds the intensity of the small cones roughly
by a factor of 100 [105].

However, bremsstrahlung radiation measured outside the ECRIS plasma cham-
ber, as well as from all thick targets, can be characterized by different angular
distributions. ECRIS bremsstrahlung is a coarse example of bremsstrahlung at non-
relativistic energies i.e. energies that are smaller or comparable to the rest energy of
the electron [107]. Absorption of the bremsstrahlung photons becomes important
with thick targets, such as the plasma chamber of an ECR ion source. The angular
distribution and the intensity of the bremsstrahlung depend on both the target i.e.
plasma chamber material and the geometry of the target. In this discussion, a target
is denoted thick if the scattering and energy loss processes have an appreciable
influence on the bremsstrahlung production. The angular distribution of brems-
strahlung radiation intensity is widely spread at non-relativistic energies being
about the same order of magnitude at zero and ninety degrees, compared to the
trajectory of the incident electron causing bremsstrahlung radiation [107]. This is
different compared to the radiation emitted by an accelerated charge, as shown in
figure 5.1. Aluminum and copper as well as stainless steel have been used as plasma
chamber materials in ECR ion sources. Figure 5.2 shows thick target bremsstrahlung
intensity distributions with different electron energies as a function of angle between
the original trajectory of the electron and observed radiation. It can be observed
that using a thick aluminum target and incident electron energy of 1.25 MeV the
bremsstrahlung intensity ratio (I0◦/I90◦) is measured to be approximately 6, while
with copper the same ratio is about 4. This means that the angular distribution of
bremsstrahlung emission is very similar for both Al and Cu targets. From figure 5.3
it is noted that the integrated total bremsstrahlung intensity is quite linear with the
atomic number of the thick target. With 1.25 MeV incident electrons a thick copper
target produces more than twice the amount of bremsstrahlung radiation generated
by an aluminum target.
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5.1. Intensity distributions and material properties

Figure 5.2: Bremsstrahlung intensity at various energies as a function of angle for Al
and Cu targets. Figure reproduced from reference [108].

Figure 5.3: Integrated bremsstrahlung intensity as a function of atomic number of
target material. Figure from reference [108].
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Chapter 5. Bremsstrahlung radiation from an ECRIS

In a typical ECR ion source the total material thickness in the radial direction is
several tens of millimeters and consists of different elements. Due to the material
thickness the lower energy part of the bremsstrahlung spectrum is largely damped
as the radiation penetrates into the structure and interacts with the ion source
materials (see e.g. GEANT4 simulations from reference [109]). Attenuation of the
wall-bremsstrahlung is difficult to correct due to complex geometry of the ECRIS
plasma chamber, cooling systems, magnets and outer casing. In addition, the plasma
and electrons hitting the chamber walls can not be considered a point source, and
the bremsstrahlung emission flux is higher at the radial magnetic field poles than
between the poles. This makes the absolute efficiency calibration of the detector
system very difficult. Compton tails from bremsstrahlung events have a distinct
effect on the shape of the bremsstrahlung spectrum, and it is well known that unless
the Compton continuum, arising from Compton scattering, is removed from the
spectra (unfolding) the lower energy part of the measured radiation spectrum is over-
emphasized. However, time evolution of the spectrum around the highest observed
photon energies is less dominated by the Compton scattering and information
about the time evolution of the highest electron energies can be obtained without
unfolding the spectrum data.

5.2 Previous results of high energy bremsstrahlung
measurements

Several ECR ion source groups have studied the ECRIS plasma with the aid of
steady state bremsstrahlung measurements. In some measurements the radiation is
measured from the injection and in some cases measurements through the diagnostic
port of the bending magnet have been carried out. The radial ports of the AECR-
U [110] type ion source have also been utilized for bremsstrahlung measurements.
High energy bremsstrahlung from ECR ion sources have been measured with Ge,
NaI and CdTe detectors.

Zhao et al. have studied the ECRIS bremsstrahlung in an axial measurement geom-
etry where a HPGe detector was located in the injection of the Lanzhou ECR ion
source No. 3 (LECR3) (see [111]) at Lanzhou institute of modern physics (IMP). The
effect of gas mixing on the bremsstrahlung energy spectra has been reported [104],
and it was found out that adding oxygen to an argon plasma resulted in higher
electron energies and increased bremsstrahlung production throughout the energy
range. They also observed that increasing the extraction voltage of the ion source
increased the bremsstrahlung energies and intensities. The reason for this behaviour
has not been given. During the measurements the maximum electron energies were
in the range of 1 MeV using microwave power of 600 W at 14.5 GHz.

Bremsstrahlung pinhole studies have been reported by Xie [112] with the AECR-U
ion source. Using single and double frequency heating modes at 14 and 10 GHz
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microwave frequencies it was seen that the axial bremsstrahlung intensity observed
at the dipole magnet downstream from the ion source was essentially linear with
the input microwave power. Electron energies over 600 keV were observed and it
was found out that the slope of the bremsstrahlung spectra (spectral temperature)
was not changed as a function of microwave power.

The effect of different ion source parameters on the spectral temperature has been
studied with VENUS [102]. It was found out that the value of Bmin affects the
spectral temperatures significantly. By changing the Bmin at 18 GHz from 0.37 T to
0.6 T changes the spectral temperature from 54 keV to 99 keV quite linearly.

Plasma bremsstrahlung from the ECR-II ion source [113] in the ATLAS facility at
Argonne National Laboratory (ANL) has been studied with a CdTe detector [103]. It
was observed that the radiation power of the bremsstrahlung emission decreased
with increasing pressure of argon feeding gas. At the same time the intensity of
argon Kα/β lines increased. This is explained by decreased electron energies due
to increased partial pressure of argon which, on the other hand, results in a higher
amount of low charge state argon ions. It was also confirmed that increasing the
Bmin resulted in increased spectral temperature. In addition, using double frequency
heating it was observed that the total bremsstrahlung power decreases by a factor of
7 when the total RF power is kept constant and the fraction of 11.1 GHz microwave
power is varied from 0 % to 100 % (primary microwave frequency was 14 GHz).
In the same measurement the spectral temperature remained relatively constant
until the fraction of 50 % in the frequencies was reached. After this, the spectral
temperature decreased roughly from 30 keV to 20 keV.

5.3 Experimental apparatus and measurement setup
The measurements presented in this thesis (see references [33, 70, 71, 114, 115, 116])
were mainly performed with two ECR ion sources. One of the ion sources, VENUS
(28 GHz and 18 GHz), is operated in Lawrence Berkeley National Laboratory (LBNL)
and the other, 14 GHz ECRIS, in the department of Physics at the University of
Jyväskylä (JYFL). These two ion sources represent different generations of ECR ion
sources. The main differences arise from the microwave frequency which dictates the
characteristics of the magnetic confinement. While VENUS utilizes superconducting
solenoids and sextupole, the JYFL 14 GHz ECRIS is based on room temperature
solenoids and permanent magnets.

5.3.1 VENUS 28 GHz ECRIS

The superconducting ECRIS VENUS is an example of a third generation ECR ion
source. In addition to the primary microwave frequency at 28 GHz a secondary
microwave frequency of 18 GHz can be used. The maximum magnetic field strength
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Chapter 5. Bremsstrahlung radiation from an ECRIS

Figure 5.4: Mechanical layout of the superconducting VENUS 28 GHz ECRIS at
LBNL [117].

at the injection is 4 T while the extraction field is 3 T and the sextupole generates a
maximum field of 2.1 T. The plasma chamber volume is about 9 litres and VENUS
is designed to operate with 2 kW at 18 GHz and/or up to 10 kW at 28 GHz result-
ing in maximum microwave power densities of 1.3 kW/l in the plasma chamber
volume [117]. In terms of ion beam currents VENUS can produce around 270 µA
of Ar16+, 86 µA of Xe31+, 28.5 µA of Xe35+, 202 µA of U34+ and 1.9 µA of U50+.
Figure 5.4 presents the mechanical layout of the VENUS ECR ion source.

5.3.2 JYFL 14 GHz ECRIS

The JYFL 14 GHz ECRIS is used several thousands of hours per year for the medium
and high charge state heavy ion production. The source is a modified version of
the AECR-U ion source [110] at LBNL with some ideas adopted also from a similar
source operated in Michigan State University, National Superconducting Cyclotron
Laboratory (MSU/NSCL) [118]. In addition to the 14.1 GHz primary frequency a
tunable signal generator and Travelling Wave Tube Amplifier (TWTA) is used to
launch a secondary microwave frequency into the plasma chamber. The secondary
microwave frequency is between 10.75 GHz and 12.40 GHz and the TWTA can
amplify several simultaneous microwave frequencies. The maximum magnetic field
strength is 2.2 T at the injection, 0.9 T at the extraction and the radial magnetic
field at the pole is 0.85 T. The plasma chamber volume is around 1.3 litres and
the maximum microwave power density with double frequency heating is about
0.9 kW/l (900 W at 14.1 GHz, 300 W from TWTA). In terms of ion beam currents,
the JYFL 14 GHz ECRIS can produce around 10 µA of Ar16+ and 7.6 µA of Xe31+.
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Figure 5.5: Mechanical layout of the 14 GHz ECRIS at JYFL.

The mechanical layout of the JYFL 14 GHz ECRIS is presented in figure 5.5.

5.3.3 Measurement setups

Bremsstrahlung can be measured axially or radially from an ECR ion source. In the
axial direction it is possible to “see” the plasma and plasma electrode through a
diagnostic port of the bending magnet located downstream from the ion source. In
a radial measurement the plasma can be observed directly from a radial diagnostic
port if one is available or indirectly observing photons through the plasma chamber
walls. In radial measurements between the radial ports the structure of an ECR
ion source will attenuate the bremsstrahlung radiation. It has been simulated that
the angular distribution of the bremsstrahlung radiation outside the ECRIS at the
radial magnetic field pole is mainly concentrated within a 15 degree angle around
the normal of the ECRIS surface [109]. In radial measurements the detector can be
positioned towards one of the radial magnetic field poles in order to maximize the
photons emitted by electrons colliding with the chamber wall.

Motivation for the measurements was to find out the parameters of ECR ion sources
affecting the bremsstrahlung production and how the amount of radiation affects
the heat load to the cryostat. The motivation for the pulsed microwave power
measurements was to find out parameters for the electron heating simulation codes
in order to validate them against the measurements, and also to find out how the
pulsing of the microwave power could be utilized in order to decrease the amount of
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Chapter 5. Bremsstrahlung radiation from an ECRIS

bremsstrahlung emission without compromising the intensity of the highly charged
ion beams.

The measurement setup used in CW bremsstrahlung measurements with VENUS
is described in detail in reference [71]. The effect of magnetic field, RF power and
microwave frequency on the bremsstrahlung production under steady state con-
ditions were studied using a NaI detector in the axial direction. The heat load to
the cryostat was also studied during the measurements. Bremsstrahlung emission
was recorded for several minutes in order to obtain reasonable statistics. During
the commissioning of the measurement setup some problems had to be solved. For
example, the shifting in energy calibration due to the external magnetic field of
the LBNL 88-inch cyclotron was unravelled by shielding the photomultiplier tube
with iron casing. Bremsstrahlung count rate and calibration drifting as a function of
time were settled by performing an energy calibration for each measurement. It was
also noticed that a bump in the bremsstrahlung spectra was present when the other
LBNL ECR ion sources were operated. The bump was suppressed by adding more
lead shielding around the detector.

The measurement setup that was used during the time evolution bremsstrahlung
measurements with the JYFL 14 GHz ECRIS is described thoroughly in refer-
ences [33, 70]. Time evolution measurements of bremsstrahlung production in the
radial direction and ion beam currents as a function of magnetic field, RF power,
neutral gas pressure, plasma species and different RF pulse duty factors were mea-
sured with a germanium detector [33, 70, 114, 115]. The RF on times ranged from
less than 5 ms to 1760 ms while the RF off time was varied between 10 ms and
5920 ms. A similar type of bump, as with VENUS, in the bremsstrahlung spectra
was observed. The bump was decreased after additional lead shielding was placed
around the original collimator structure (see reference [114]). It was noticed that
the time scales of reaching a steady state of bremsstrahlung production were not
altered by the amount of shielding, and the measurements conducted with different
shielding were comparable [70] from the time evolution point of view. The time
scales of both bremsstrahlung and ion beam current were measured as a function
of typical ECRIS operating settings in order to get an idea about the time scales
involved in electron heating and ion beam current production. The effect of the
RF pulse pattern to both bremsstrahlung emission and to the ion beam preglow
transient were studied and the JYFL 6.4 GHz ECRIS was used in order to find out
the electron heating and ion beam current production time scales with an ECRIS
operating at a lower microwave frequency than the 14 GHz ECRIS.
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Results from the simulations and the measurements

In this chapter both numerical and experimental work is summarized. The simula-
tion code is presented in reference [7] (see appendix A.1) but results presented in
section 6.1 have been simulated with an improved version of the code. These results
have not yet been published. Simulation work and code development is still a work
in progress and more extensive results will be published later. Experimental work
presented in sections 6.2 and 6.3 is documented in references [33, 71, 70, 114, 115, 116]
(see appendixes A.2–A.7) excluding the data obtained with the JYFL 6.4 GHz ECRIS
which have not yet been published.

6.1 Simulation of electron heating in JYFL 14 GHz ECR ion
source

The development of the simulation code was started in order to improve the under-
standing of heating processes inside the ECR ion source plasma. The code is able
to model the behaviour of electric field amplitude in the vicinity of the resonance
region and takes into account several plasma-related parameters. The same behavior
cannot be obtained by linear scaling of the Q-value, because the absorption of the
microwave is strongly nonlinear. The first results indicated that the energy evolution
of the electron is too slow compared to earlier results obtained with the TrapCAD
code [5] and by Heinen et al. [6]. This gave us a motivation for the experimental
studies of different plasma processes and parameters like the evolution of electron
energy by measuring the time evolution of bremsstrahlung in pulsed operation
mode.

The time-resolved bremsstrahlung experiments [33, 70, 114, 115] together with the
bias disk experiments [116] showed that the plasma breakdown process is a very
complicated phenomenon and cannot be handled with the present capabilities
of the simulation code. According to the measurements the progression of the
breakdown process is very sensitive to the electron and neutral densities at the
moment the microwave field is launched into the plasma chamber. Consequently,
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Figure 6.1: Time-resolved bias disc current of neon plasma as a function of neutral
gas pressure during the first 22 ms of the applied microwave pulse. Figure from
reference [116].

the time to observe the first bremsstrahlung photons can vary from several hundreds
of microseconds to several tens of milliseconds. As an example, typical measured
plasma breakdown times as a function of neutral gas pressure of neon are shown in
figure 6.1. In this chapter the focus is however on the electron heating simulations
and on the bremsstrahlung measurements. More detailed explanations concerning
the breakdown process is given in reference [116] included also in this thesis.

During the breakdown process the quality factor Q of the system rapidly changes
from the value of an empty chamber to the value of a loaded chamber. The Q value
for the loaded chamber is presently under active experimental research investigation.
When the development of this simulation code was started a Q-value of 3 was
frequently used. Since then more information has been received and the results
obtained by L. Celona et al. indicate that the Q-value of a loaded plasma chamber is
of the order of thousands.

The effect of the microwave power absorption near the electron cyclotron resonance
zone is presented and discussed in reference [7]. When the amount of absorption is
studied it is evident that the electron density of the plasma affects the absorption
processes. Changing the average electron energy of the plasma affects the absorption
also, but the effect is more or less insignificant compared to the effect caused by
the electron density. The most recent development version of the hybrid simulation
code enables statistical analysis with varying input parameters. Simulations using
20 000 electrons with varying initial conditions (initial electron energy and pitch
angle) were used to study the effect of microwave absorption and plasma chamber

48



6.1. Simulation of electron heating in JYFL 14 GHz ECR ion source

 0

 50

 100

 150

 200

 250

 300

 350

 400

 0  200  400  600  800  1000  1200  1400

E
ne

rg
y 

[k
eV

]

Time [ms]

Theory with Q=1  
Theory with Q=3  
Theory with Q=5  
Theory with Q=44
Endpoint energies

Figure 6.2: Modified stochastic heating theory by Sergeichev et al. with different
plasma chamber quality factors and approximated bremsstrahlung endpoint ener-
gies from argon plasma. Figure from reference [114].

quality factor on the electron energy spectrum.

As an example, plasma chamber quality factors of 3 and 44 were used. The latter
value is based on a approximation calculated with modified stochastic heating the-
ory by Sergeichev et al. [119] using parameters corresponding to the 14 GHz ECRIS
at JYFL. From the measurement data it was found that a plasma chamber quality
factor of 44 was needed to match the first 100 ms of the measured maximum energy
time evolution as can be seen from figure 6.2. In the most recent measurements (see
section 6.3) it was discovered that with the aid of a proper RF pulse pattern it is
possible to reach high photon energies in very short time scales. This means that
the Q-value approximated from the measurement data depends significantly on the
plasma breakdown time scales. However, due to a lack of bremsstrahlung statistics
with very short RF pulses we haven’t been able to approximate the time evolution of
the highest photon energies from the energy spectra, and the value of Q = 44 is used
in these simulations. Simulated electron energy spectra using 20 000 electrons with
and without the microwave power absorption (cyclotron damping) are presented in
figures 6.3 and 6.4 with various heating times. Both the electrons that escaped the
chamber during the simulation time and the electrons that remained in the chamber
for the whole heating time have been taken into account in the data.

From figure 6.3 it is seen that after 1 µs of heating time the electron energy spectra
reach energies in order of a few keV when the plasma chamber quality factor Q is set
to 3. The lowest energy part of the spectra (energies less than 1 keV) corresponding
to simulations with and without cyclotron damping are quite similar. The differences
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Figure 6.3: Simulated electron energy with a plasma chamber Q-value of 3. Data
is presented with and without the cyclotron damping after a) 1 µs and b) 10 µs of
heating time.

start to emerge above electron energies of 1 keV, and the simulation done without
EM wave absorption results in maximum electron energies that are roughly three
times higher (15 keV) compared to the simulation where the damping of the wave
has been included (5 keV). After 10 µs of heating time the highest energies simulated
with the microwave power absorption (cyclotron damping) are between 7 keV and
14 keV while electron energies ranging from roughly 20 keV to 33 keV are observed
without the microwave power absorption model. It can also be seen that a larger
number of electrons are concentrated at higher energies after 10 µs than after 1 µs.
By using linear extrapolation it could expected to observe electrons with energies
around 500 keV after 500 µs of simulation with absorption model if no saturation
of electron energies would take place. However, in order to confirm this, longer
simulation times are required.

When the quality factor is increased to 44, the electrons are heated into an energy
range of hundreds of keV in the microsecond time scales. From figure 6.4 a) it is
seen that using the so-called “traditional” electron heating, where the absorption is
not taken into account, the highest energies are between 360 keV and 450 keV while
taking the absorption into account the maximum energies range from 320 keV to
360 keV after 1 µs. Electrons with energies exceeding 190 keV are more abundant in
the simulation data where the absorption has not been modeled. After 5 µs of heating
(fig. 6.4 b)) the highest electron energies are about the same with both heating models.
At this point maximum electron energies of 345–430 keV are observed. Electron
energies between 190 keV and 320 keV seem to be more abundant in the case where
the microwave absorption has not been calculated. Same behavior is observed after
10 µs and 20 µs of heating time as can be seen from figures c) and d). In fig. c) the
highest electron energies with the absorption model are observed at 560 keV while it
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Figure 6.4: Simulated electron energy with a plasma chamber Q-value of 44. Data
is presented with and without the cyclotron damping after a) 1 µs, b) 5 µs, c) 10 µs
and d) 20 µs of heating time.
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Table 6.1: The number of electrons observed and the ratio of electrons between
the absorption model and without the model at the energies E > 110 keV. Data
corresponds to that of figure 6.4 at different time steps.

1 µs 5 µs 10 µs 20 µs
With absorption 6532 7492 7471 7368
Without absorption 11251 11303 11349 11405
with abs. / without abs 0.58 0.66 0.66 0.65

seems that usually electron energies below 500 keV are seen. Without the model the
maximum electron energies seem to be below 520 keV. It is also observed that the
microwave absorption modeling produces slightly more highest energy electrons
than the traditional heating model. In fig. d) this difference is more pronounced. The
maximum electron energies with absorption modeling are roughly around 520 keV
while the data without the model extends up to 580 keV. From figures 6.4 a)–d) it
can be seen that the energies where the electron count drops down to around 1 (at
energies exceeding 300 keV) are not increasing very much when the simulation time
is increased from 5 µs to 20 µs. This could indicate that the electron energies start to
be around the stochastic heating limit, but to be sure longer simulations are needed
to confirm this.

From all of the spectra presented in figure 6.4 it can be seen that there is a bump
developing at energies over 110 keV. With the absorption model the bump is not yet
fully developed after 1 µs although the bump is clearly seen in the data without the
absorption modeling. While the simulation time is increased the bump observed
without the absorption modeling remains always above the bump obtained with
the model. The number of electrons and the ratio of electrons with and without
the absorption model at energies equal or greater than 110 keV are presented in
table 6.1. It is observed that after 5 µs the ratio of electrons observed in the bumps
remains relatively constant at around 0.66 and that there clearly are more electrons
in the simulation data corresponding energies over 110 keV without the absorption
model than with it. It is assumed that as the heating time increases a larger part
of the remaining electron population is heated into higher energies. It has been
observed, in both steady state measurements with the VENUS and time evolution
measurements with the JYFL 14 GHz ECRIS, that bumps in the measured spectra
can sometimes be seen. However, it has been found that this could be an issue
with the measurement setup. It could be that the electron heating in the simulation
code, where a lot of assumptions have been made, is too efficient which can lead
to increased amount of higher energy electrons. This effect can cause the bump
to appear soon after starting the simulations. One should also remember that the
the code is not modeling secondary electrons released from collisional processes,
which can have a clear effect on the shape of the spectra. On the other hand the
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simulated data is suggesting that the electron energy distribution under ECR heating
is “double Maxwellian” as presented for example in reference [2]. This means that
the electron energy spectra contain two electron intensity maximums. One at the
lower energies (thermal population) and one at the higher energies (hot population).
This type of electron distribution is known to be unstable as the positive slope of
the electron velocity function makes the distribution prone to instabilities [120].

6.2 Steady state bremsstrahlung measurements

In these measurements (see appendix A.2) the magnetic field of VENUS was scaled
such, that the magnetic field gradient at the resonance zone for both 28 GHz and
18 GHz microwave frequencies was roughly the same. As expected, the amount of
microwave power had a significant effect on the amount of emitted bremsstrahlung
radiation. Measurements conducted with 28 GHz (single frequency heating) using
a Bmin of 0.7 T stated that the slope of the bremsstrahlung spectrum (spectral tem-
perature) remains relatively unchanged while varying the RF power from 500 W
to 7000 W. Similar behaviour was observed with Bmin = 0.45 T. In this case, the
observed electron energies were lower than with Bmin = 0.7 T due to decreased
heating efficiency of the electrons caused by the steeper gradient of the magnetic
field in the resonance zone and possibly by increased plasma volume (decreased
microwave power density). The effect of the microwave frequency was also studied.
Higher total bremsstrahlung count rates, maximum photon energies and spectral
temperatures were obtained with 28 GHz compared to 18 GHz. Changing the Bmin

affects again the highest photon energies and the spectral temperatures: the higher
the Bmin the higher the maximum energies and spectral temperatures.

Operating VENUS with 6000 W of microwave power at 28 GHz (Bmin = 0.67 T) or
with 7500 W + 1300 W at 28 GHz and 18 GHz (Bmin = 0.45 T), respectively, produced
the same ion beam current of Xe35+. With a double frequency mode the total mi-
crowave power was 2.8 kW higher than in single frequency operation. By comparing
the bremsstrahlung spectra measured at these RF power settings it was observed
that using two frequency heating results in decreased high energy bremsstrahlung
radiation compared to the single frequency operation (see figure 6.5). This is due to
the increased magnetic field gradient at the resonance of 28 GHz decreasing the heat-
ing efficiency. Higher total microwave power is needed to compensate the decrease
of the heating efficiency. It was also observed that the power to be absorbed by
the cold mass of the cryostat was significantly different at single frequency heating
(Bmin = 0.64 T) compared to double frequency heating (Bmin = 0.45 T) as can be seen
from figure 6.6. With the higher Bmin value the heating rate was found to be around
1 W for each kilowatt of injected RF power while with the lower Bmin value the slope
was roughly one order of magnitude smaller i.e. 0.1 W/ kW.
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Figure 6.5: The axial bremsstrahlung spectra for a Bmin of 0.44 T (double frequency,
8.8 kW of total RF power) in comparison to a Bmin of 0.64 T (single frequency, 6 kW
of total RF power). Figure from reference [71].

Figure 6.6: Heat load into the cryostat of VENUS at Bmin fields of 0.64 T and 0.45 T as
a function of the injected microwave power. The error bar indicates the range of heat
load depending on the discharge pressure and the accuracy of the measurement.
Figure from reference [71].
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The high energy tail of the bremsstrahlung emission can be suppressed significantly
by operating VENUS in double frequency heating mode with a steep magnetic
field gradient for the main heating frequency (28 GHz) and a gentle magnetic field
gradient for the secondary heating frequency (e.g. 18 GHz). In double frequency
heating mode the amount of total microwave power needs to be increased compared
to single frequency operation, but the ion source performance (ion beam current)
can be matched to single frequency operation with a significantly decreased heat
load to the cryostat.

6.3 Time-resolved bremsstrahlung and ion current measurements
By studying the total count rate curves as a function of time with the JYFL 14 GHz
ECRIS (see appendix A.4)) it was observed that the magnetic field gradient in
the vicinity of the electron cyclotron resonance zone affects the total count rate
slopes, and thus the heating rate, significantly. The lower the magnetic field gradient
the steeper the total count rate slope during the first tens of milliseconds. Lower
gradients also resulted in higher steady state count rates (see figure 6.7). It is well
known that ECR ion source plasmas can become very unstable at certain source
settings. Severe instabilities in total count rates were observed with the highest
Bmin that was used during the measurements as can be seen in figure 6.8. Similar
behaviour were observed with both oxygen and argon plasmas while the steady
state was obtained faster with argon (200 ms) than with oxygen (600 ms).

As a function of neutral gas pressure of argon (appendix A.6) it was observed that the
lower the pressure the longer it takes before the bremsstrahlung count rate starts to
build up after the microwave power is injected into the ECRIS plasma chamber (see
figure 6.9). This result is also confirmed with the biased disk measurements [116]
(see appendix A.5). The simple theory presented in the same reference predicts
that the plasma breakdown time is inversely proportional to the neutral particle
density. However, the slopes of the total count rate curves were quite similar with
the different gas pressures of argon and oxygen. The plasma breakdown times
ranged typically from a few milliseconds to a few tens of milliseconds and the time
scales to reach steady state plasma were around 200–300 ms with argon and 600 ms
with oxygen. Steady state was not always observed with oxygen plasma during the
RF pulse, though. It is believed that this behaviour is due to outgasing of oxygen
molecules and atoms which are deposited on the plasma chamber walls during the
RF off period. When the microwave power is launched into the chamber again, the
plasma heating will gradually remove the oxygen from the chamber walls which
adds an uncontrollable source of neutral oxygen into the plasma.

Using higher microwave powers (appendix A.6) led to higher total count rates, as
expected. Steady state bremsstrahlung emission from argon plasmas is reached
between 200 ms and 600 ms. The plasma breakdown times are almost independent
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Figure 6.7: Comparison of total count rates during the first 60 ms from the leading
edge of the microwave pulse with different magnetic field strengths. Measured with
the JYFL 14 GHz ECRIS. Figure from reference [70].
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Figure 6.8: Comparison of total count rates during the first 1500 ms from the lead-
ing edge of the microwave pulse with different magnetic field strengths. Note the
instabilities with the highest Bmin corresponding to the lowest magnetic field gra-
dient in the resonance zone. Measured with the JYFL 14 GHz ECRIS. Figure from
reference [70].

56



6.3. Time-resolved bremsstrahlung and ion current measurements

 0

 5000

 10000

 15000

 20000

 25000

 30000

 35000

 40000

 0  10  20  30  40  50  60

T
ot

al
 c

ou
nt

s 
/ 2

 m
s

Time [ms]

1.5·10-7 mbar
2.6·10-7 mbar
3.5·10-7 mbar

Figure 6.9: Comparison of total count rates during the first 60 ms from the leading
edge of the microwave pulse with different neutral gas pressures of argon. Measured
with the JYFL 14 GHz ECRIS. Figure from reference [33].

of the microwave power. There is, however, a clear difference of the count rate
slopes with different microwave powers: the higher the power, the steeper the slope
i.e. faster electron heating (see figure 6.10). This is expected due to higher electric
fields when a higher microwave power is used. Similar behaviour was observed
with oxygen plasma.

It was also found out (appendix A.6) that the ion current of low and medium charge
states of argon saturated in less than 65 ms while the bremsstrahlung count rate
reached steady state after several hundreds of milliseconds (see figure 6.11). Ion
beam currents of different charge states of oxygen also tend to saturate before the
bremsstrahlung emission (appendix A.3). During the plasma breakdown process a
so-called preglow transient [121] was observed. Concurrently with this transit time
the ion beam currents of different charge states peaked and steady state currents
were exceeded by several factors for a period of a couple of milliseconds.

Independent of the source settings, the normalized total integrated count rate of
bremsstrahlung radiation decreased to 10 % of the maximum count rate in about
100 ms after the microwave power was shut down. So-called afterglow instabil-
ities [2] were observed in many measurement sets during the plasma decay as
sudden bursts in the total count rate data. The ion beam currents and the brems-
strahlung emission during the afterglow [122, 123, 124, 125] has been studied more
thoroughly in reference [126].

The preglow regime was studied more thoroughly with helium plasmas using differ-
ent RF pulse patterns (appendix A.7). It was found out that the plasma breakdown

57



Chapter 6. Results from the simulations and the measurements

 0

 10000

 20000

 30000

 40000

 50000

 0  10  20  30  40  50  60

T
ot

al
 c

ou
nt

s 
/ 2

 m
s

Time [ms]

690 W
500 W
300 W

Figure 6.10: Comparison of total count rates during the first 60 ms from the leading
edge of the microwave pulse with different microwave powers. Measured with the
JYFL 14 GHz ECRIS. Figure from reference [33].
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Figure 6.11: Ion beam currents of argon and total count rate of bremsstrahlung
emission during the first 20 ms from the leading edge of the RF pulse. Measured
with the JYFL 14 GHz ECRIS. Figure from reference [33].
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Figure 6.12: Ion beam currents of helium and total count rate of bremsstrahlung
emission with an RF pulse pattern of 5 ms/10 ms (on/off). Measured with the JYFL
14 GHz ECRIS. Figure from reference [115].

time can be decreased significantly when the time between the consecutive mi-
crowave pulses is decreased. It is understood that if the microwave pulse separation
is kept short the number of electrons remaining in the magnetic confinement system,
the seed electrons, is higher than with longer pulse separation and when the mi-
crowave power is launched again into the plasma chamber the plasma breakdown
takes place almost immediately. By tuning the RF pulse separation, i.e. changing
the initial conditions for the plasma breakdown, it was observed that the plasma
breakdown time is increased when the time between the RF pulses is increased.
However, the highest ion beam currents of He1+ and He2+ remained about the same
while the amount of bremsstrahlung radiation was decreased to one third of the
original as can be seen from figures 6.12 and 6.13.

The time scales of bremsstrahlung emission and ion beam current production were
measured with the JYFL 6.4 GHz ECR ion source using the same RF pulse times
as with the JYFL 14 GHz ECRIS (RF on/off: 1760 ms/5920 ms). Measurements
were performed as a function of magnetic field strength, RF power and neutral
gas pressure of argon. It was discovered that typical times to reach a steady state
of bremsstrahlung emission were in the range of hundreds of milliseconds, cor-
responding to the time scales measured with the 14.1 GHz ECRIS. In figure 6.14
the ion beam currents of different charge states of argon and the bremsstrahlung
emission is presented as a function of time. During the measurements the ion source
was tuned to Ar9+. It can be observed that the ion beam currents of Ar3+ and Ar5+

appear after 5 ms, Ar7+ takes around 6 ms to appear and after 8 ms the ion beam
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current of Ar9+ starts to rise. Ion beam currents saturate roughly after 70 ms. The
total count rate of bremsstrahlung starts to increase after 5 ms has elapsed from
the leading edge of the RF pulse, and it continues to rise until the steady state is
reached after 150 ms (not shown in the figure). The ion beam currents saturate much
faster than the bremsstrahlung emission, as was earlier observed with the JYFL
14 GHz ECRIS. Normalized total count rates during the plasma decay take typically
50–70 ms, and as in the case of JYFL 14 GHz ECRIS, afterglow instabilities were
observed.

60



6.3. Time-resolved bremsstrahlung and ion current measurements

T
ot

al
 r

el
at

iv
e 

co
un

t r
at

e 
/ 5

0 
µs

Io
n 

cu
rr

en
t [

µA
]

Time [ms]

Counts, 5 ms / 100 ms
He1+

He2+

 0

 50

 100

 150

 200

 0  0.5  1  1.5  2  2.5  3  3.5  4
 0

 50

 100

 150

 200

Figure 6.13: Ion beam currents of helium and total count rate of bremsstrahlung
emission with an RF pulse pattern of 5 ms/100 ms (on/off). Measured with the JYFL
14 GHz ECRIS. Figure from reference [115].
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Figure 6.14: Ion beam currents of argon and total count rate of bremsstrahlung
emission during the first 80 ms from the leading edge of the RF pulse. Measured
with the JYFL 6.4 GHz ECRIS.
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Chapter 7

Discussion and conclusions

The demand to produce ever increasing ion charge states and ion beam intensities
from heavy elements with ECR ion sources has led the ECRIS community to utilize
increasing microwave frequencies, magnetic fields, microwave powers and plasma
volumes. The development has been following the well-known semi-empirical
scaling laws proposed by Dr. Geller. While the charge states of the ion beams and
ion beam intensities have been increased significantly since the first ECR ion sources,
problems have started to appear with the third generation of ECR ion sources due to
this brute force method of “making everything larger”. Increased electron heating
efficiency by increased microwave frequency and large plasma volumes requiring
high microwave power levels, increase the production of high energy electrons.
These electrons shouldn’t be responsible for the ionization processes due to cross
sections and they tend to generate problems in the form of extra heat load to the
plasma chamber walls and cryostat system of superconducting ECR ion sources.
However, it might be that these very high energy electrons could increase the
confinement of ions but more research is needed in this area. Therefore, in order to
design and construct high performance electron cyclotron resonance ion sources,
more information about the electron heating would be beneficial. In this thesis
work different ECRIS parameters affecting the bremsstrahlung emission have been
studied, numerical work in order to understand the heating characteristics has been
performed and ways to decrease the bremsstrahlung production while maintaining
high ion beam currents have been investigated.

During this thesis work it was observed that the time evolution of maximum photon
energies from the bremsstrahlung spectra coincided with one of the stochastic
heating theories if the plasma chamber quality factor is increased roughly by one
order of magnitude from the previously used value. However, according to recent
bremsstrahlung measurements, Q-values over 1000 could be plausible [72].

In the 10 µs simulations, using a Q-value of 3, the highest electron energies were in
the order of less than 14 keV with the microwave power absorption model and less
than 33 keV without the absorption model, respectively. By a rough extrapolation,
maximum electron energies of around 500 keV could be expected after 500 µs of
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heating if the microwave absorption model is used. With a quality factor of 44 the
maximum electron energies are between 320 keV and 580 keV, depending on the
simulation time. These energies are quite close to the measured maximum photon
energies from the JYFL 14 GHz ECRIS. However, comparing the simulations with
measurements is somewhat problematic because the simulation assumes a steady
state background plasma and in measurements we will have to go through the
plasma breakdown before reaching the steady state plasma. The best comparison
is reached when the simulation results are compared to measurements in which
the time between the RF pulses is very short and the amount of seed electrons
that are remaining in the magnetic bottle between the RF pulses remains high.
This ensures almost negligible plasma breakdown time in some cases. From the
measurement data it was noticed that when the microwave power was launched in
to the ECRIS plasma chamber photons with energies in the range of 100–300 keV
appeared in the spectra in less than 300 microseconds when an RF pulse pattern of
(on/off) 5 ms/5 ms was used. With the RF pulse pattern of 1760 ms/5920 ms it took
millisecond time scales before high energy photons were observed.

It is also observed from the simulation data that electrons with energies over 110 keV
are more abundant without the absorption model compared to the simulation data
where the model is used. This can be seen as a height difference of the bumps in
the simulated spectra. The shape of the spectra have the appearance of the so-called
“double Maxwellian” electron energy distribution. In this case the spectra consists of
one electron intensity maximum at the low energies (thermal electron population)
and one maximum at the higher energies (hot electron population). After 5 µs of
heating time the ratio of electrons observed at energies equal or greater than 100 keV
remains relatively constant at 0.66.

With VENUS it was observed that double frequency heating can play a remarkable
role in decreasing the heating of the cryostat. Ion beam currents of high charge
states can be matched with single and double frequency operation while double
frequency operation requires more microwave power to reach the same ion beam
currents. However, due to different magnetic field gradients used in the double
frequency heating mode (18 GHz/28 GHz) compared to the single frequency heating,
the electron heating is less efficient and the number of high energy electrons is
significantly suppressed. In order to optimize the heating efficiency in terms of
required input microwave power one should presumably decrease the gap between
the two frequencies allowing the optimization of the magnetic field profile for
the primary frequency. In the experiments with two frequency heating the heat
load to the cryostat was decreased by one order of magnitude compared to single
frequency heating. The effect of more than two simultaneous microwave frequencies
to bremsstrahlung production could also be studied together with the effect of the
frequency separation.

In the time evolution measurements with the JYFL 14 Hz ECRIS it was observed
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that the magnetic field gradient at the resonance clearly affects the bremsstrahlung
production. This has previously been observed also with e.g. VENUS. It was found
that the gentle the magnetic field gradient the faster the steeper the bremsstrah-
lung count rate during the plasma breakdown. Typical times to reach steady state
plasmas were in the order of hundreds of milliseconds. In the case of Ar plasma
significant instabilities were also observed. The effect of neutral gas pressure on the
bremsstrahlung production was also studied and it was found that the higher the
pressure the faster the plasma breakdown. A simple theoretical model for the plasma
breakdown time and the performed measurements presented in reference [116] con-
firm the effect of neutrals observed during the bremsstrahlung measurements. The
bremsstrahlung count rate slopes with different neutral gas pressures were, how-
ever, quite similar after the counts started to appear. As a function of microwave
power it was observed that the plasma breakdown times were roughly the same
for all the measured RF powers, but again, the slopes are different. The highest
microwave power corresponds to the steepest slope. By studying the behavior of
extracted ion beams and bremsstrahlung production it was found that the ion beam
currents of low and medium charge states tend to reach steady state well before
the bremsstrahlung emission. Thus, the electron energy distribution function shifts
towards higher energies for a significant time after the ion beam production has
saturated. This is a clear sign of unoptimized electron heating processes in an ECRIS
plasma.

During the measurements with the JYFL 14 GHz ECRIS it was also noticed that
the plasma breakdown times are significantly affected by the time between the RF
pulses. When the time between the pulses decreases the amount of seed electrons
that remain in the plasma chamber during the pulses increases. When the microwave
power is the applied again at the beginning of the next RF pulse the amount of free
electrons is sufficient to cause a fast ionizing avalanche. In addition, the amount of
bremsstrahlung radiation was decreased into one third of the original by tuning the
microwave pulse pattern while almost equal amounts of helium ion beams could be
produced during the preglow transient. From these time-resolved measurements it
is now understood that in order to decrease the amount of bremsstrahlung radiation
from an ECRIS one can try to find RF pulse patterns that enable the production
of sufficient ion beam currents but do not allow electrons to be heated into very
high energies. In pulsed operating mode the preglow transient can also be used
to produce high ion beam currents. To find optimum RF pulse patterns, extensive
studies are still needed.

In order to get a more realistic picture of the electron heating and plasma breakdown
processes, the Q-value of the loaded plasma chamber and its time evolution together
with the time evolution of the plasma potential should be measured. This would
also help to develop more reasonable ECRIS simulation codes. The simulation
code used in this thesis work will be further developed. More extensive studies
for example as a function of magnetic field, Q-value and density profiles will be
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carried out. The use of standing wave modes and plasma breakdown modeling via
time-dependent Q-values and density profiles are considered, and means to include
plasma breakdown modeling should be studied. To simulate electron heating from
the plasma breakdown into steady state simulation times ranging from hundreds
of microseconds to hundreds of milliseconds are needed. This is a very difficult
task and significant improvement in the ECR heating codes are needed to meet
these demands. Some of these requirements van be achieved by parallelization
of the calculations and restraining using e.g. sextupole modeling. In addition, the
time-averaged ion beam current from an ECRIS in pulsed mode utilizing preglow
transient should be compared to the steady state operation in order to found out
if the pulsed mode would produce required amounts of ion beam into various
applications including cyclotron injection.
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dDepartment of Physics, University of Jyväskylä, Nanoscience Center, P.O. Box 35, FI-40014, Finland

Received 22 November 2007; received in revised form 10 December 2007; accepted 25 December 2007

Available online 1 January 2008

Abstract

Electron Cyclotron Resonance (ECR) heating is a fundamentally important aspect in understanding the physics of Electron Cyclotron

Resonance Ion Sources (ECRIS). Absorption of the radio frequency (RF) microwave power by electron heating in the resonance zone

depends on many parameters including frequency and electric field strength of the microwave, magnetic field structure and electron and

ion density profiles. ECR absorption has been studied in the past by e.g. modelling electric field behaviour in the resonance zone and its

near proximity. This paper introduces a new ECR heating code that implements damping of the microwave power in the vicinity of the

resonance zone, utilizes electron density profiles and uses right hand circularly polarized (RHCP) electromagnetic waves to simulate

electron heating in ECRIS plasma.

r 2007 Elsevier B.V. All rights reserved.

PACS: 52.50.Sw

Keywords: ECR; Electron heating simulation

1. Introduction

Electron cyclotron resonance ion sources (ECRISs) [1]
have been used for research and industrial applications for
decades. With ECRIS’s it is relatively easy to produce
highly charged ion beams from heavy elements and
therefore they are often employed in nuclear and material
physics research. Future nuclear physics experiments
require more intensive highly charged ion beams and
thus better performing ECRISs are needed. While extensive
research has been performed in order to study ECRIS
plasma properties the detailed mechanisms related to
electron cyclotron resonance heating (ECRH) are still
not very well understood. Several simulation codes to
model ECRH and resulting electron energies have been
developed (see e.g. Refs. [2,3]), however, in order
to understand the overall ECRH mechanism a more
sophisticated program is still needed. One of the major

challenges with modern superconducting ECRISs is the
extensive amount of bremsstrahlung created by high energy
electrons, which is causing heat load to the plasma
chamber and the cryostats. X-ray energies well over
1MeV in high performance ECRISs like VENUS have
been measured [4]. However, there are no ECRH codes
capable of simulating ECRH and reaching energies around
1MeV with typical realistic operational parameters and
conditions of an ECRIS. In this paper we present a new
ECRH code that is capable of modelling electric field
absorption at the resonance zone using different electron
density profiles and simulating several hundreds of
resonance crossings with different ion source operating
parameters.
This code, like many others, utilizes the average electric

field amplitude calculated from plasma chamber dimen-
sions and RF power using Poynting vector which gives the
energy flux of an electromagnetic (EM) field and the
direction of propagating microwave power. This approxi-
mation is needed, because calculating exact EM wave
structure (modes) is challenging due to geometry of the
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multi-mode cavity and spatial variation of different plasma
properties yielding long calculation (CPU) times. Studying
the mode structure may prove to be essential, because there
might be a power density peak around the resonance area
causing higher electric field amplitudes than used in this
code. However, such an effort is not in the scope of the
work presented in this article. Plasma chamber quality
factor Q is another very important parameter affecting the
efficiency of the heating process. A higher Q value
corresponds to a higher amplitude of the electric field.
The generally accepted value for the quality factor
of an ECRIS with plasma is around 3 [5]. As will be
shown in this paper, the electric field is absorbed
significantly around the resonance zone resulting in the
conclusion that Q is relatively small when the plasma
is ignited. Reflection and mode conversion of the EM
wave at the plasma boundaries are not modelled in this
code. With some input parameters the amplitude of
electric field in the code is close to 70% of the initial
amplitude after one resonance zone crossing but for other
parameters the amplitude can drop almost to zero. This
implies that, although electron cyclotron resonance (ECR)
plasma chamber can be considered to be a resonance
chamber there seems not to be a predominant standing
wave mode structure inside the chamber when the plasma
is ignited.

2. Description of the code

Our ECRH code has been written in Cþþ, using
functions from Gnu Scientific Library (GSL). The nume-
rical integration method is a standard eighth order
Prince–Dormand Runge–Kutta. The code is a so-called
hybrid simulation code, which uses magnetohydrody-
namics (MHD) to calculate the behaviour of the EM wave
near the resonance zone and subsequently simulates
electron heating for a single particle using the aforemen-
tioned electric field (the so-called mean field calculation).
Magnetic field in 3D (Bx, By, Bz) in the simulation is based
on solenoid field approximation. The hexapole field
characteristic for a modern ECRIS is not included.
Depending on the pitch angle the electron can drift into
the loss cone of the magnetic bottle or it can be reflected
and undergo further interactions with the RF electric
field. If the electron moves too far in the magnetic trap i.e.
it hits the plasma chamber walls, the simulation can be
stopped. Radiative cyclotron energy losses are not included
in our code.

We are using forced step size of 10�14 s with adaptive
step size control meaning that if smaller step size is needed,
the adaptive step size control decreases the step size
according to eighth order Prince–Dormand Runge–Kutta
algorithms, but maximum step size is limited to be 10�14 s.
All the simulations in this paper use 10�14 as absolute and
relative accuracy. Regardless, we are still seeing numerical
instabilities which begin after several resonance crossings
when the electron enters yet another resonance zone

(around 200 ns). These instabilities cannot be avoided in
such accuracy and step sizes that are usable in the sense
of reasonable CPU time. Changing the step size (or other
accuracy parameters like absolute and relative error)
in the integration scheme affects the time evolution of
electron energy. However, we are able to simulate
tendencies in electron energy even if the simulation
time is let to run beyond this limit. It should also be noted
that if the simulation is run with fixed relative accuracy,
absolute accuracy and step size the energy curve is
always identical between different simulation runs using
the same initial parameters. There are several ways to
try to reduce the numerical instabilities. One could
e.g. couple the time step to the position of the electron in
the magnetic bottle [6]. However, it is not known whether
such an implementation would help in the case of our
calculations. Due to the fact that our code is a one particle
simulation it is difficult to use threads in multi-processor
environments to decrease the calculation time. None-
theless, as the simulation time increases these numerical
instabilities are fudged by the stochastic heating effects
which randomize the phase between electron and the
microwave.

2.1. Magnetic field

To model the solenoid field of an ECRIS, we used
RADIA [7] simulation data from JYFL 14GHz ECRIS.
The axial magnetic field Bz on the source axis is, in a first
approximation, a parabola

Bz ¼ 91:837z2 þ 0:4 (1)

where the magnetic field is in Teslas and z in meters. From
Eq. (1) we can derive the magnetic field in axial and radial
directions as a function of z and r, Bzðr; zÞ and Brðr; zÞ,
respectively. Necessary equations for solenoid field approx-
imations can be derived from the Maxwell equations
yielding [8]

Bzðr; zÞ ¼
X1
n¼0

ð�1Þn

ðn!Þ2
Bð2nÞðzÞ

r

2

� �2n

(2)

Brðr; zÞ ¼
X1
n¼0

ð�1Þnþ1

n!ðnþ 1Þ!
Bð2nþ1ÞðzÞ

r

2

� �2nþ1

. (3)

Here Bð2nÞðzÞ means second derivative of Bz respect to z,
etc. Now, using Eqs. (1)–(3) Bzðr; zÞ and Brðr; zÞ can be
calculated:

Bzðr; zÞ ¼ 91:837z2 þ 0:4� 183:674
r

2

� �2
(4)

Brðr; zÞ ¼ �183:674zþ 0:4
r

2

� �
. (5)

We also confirmed that Eqs. (4) and (5) give a very good
approximation of the solenoid field near the axis of the
ion source.
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2.2. Electric field

In the code the EM waves are launched into the plasma
chamber parallel to magnetic field and the EM wave
structure depends on time and axial position coordinate z.
Starting from Maxwell’s equations and deriving a general
dispersion relation using the dielectric tensor with a
collisional term, one can write the dispersion relation for
RHCP EM wave propagating parallel to magnetic field in
the case of cold electrons in a neutralizing ion background [9]

N2 ¼
k2c2

o2
rf

¼ 1�
o2

pe

orf ðorf � oce � jncÞ
. (6)

Here N is the refraction index of the plasma, k the wave
number, c the speed of light, orf the angular frequency of the
microwave, ope the plasma oscillation (angular) frequency,
oce ¼ eBtot=gme electron cyclotron (angular) frequency, j the
imaginary unit and nc the collision frequency between
electrons and ions [10]. In the ECR Ohm’s law breaks and
the electric field is proportional to the acceleration of the
electron instead of the velocity. In the ECRH process there
are several parameters such as the electron density at the
resonance and plasma instabilities which are unknown while
ECRIS is operational. While Eq. (6) assumes the use of
Ohm’s law in tensor form we are using it as the first
approximation in our calculations. The relativistic gamma
factor is denoted with g throughout the paper. Collision
frequency [10]

nc ¼

ffiffiffi
2
p

niðzÞQ
2e4 logL

12p3=2�20m
1=2
e ðkT eÞ

3=2
(7)

is calculated using a Gaussian electron density distribution
with maximum density reached at Bmin (z ¼ 0). In Eq. (7)
niðzÞ is the ion density, which can be calculated when the
electron density and average charge state of the plasma are
known. The Coulomb logarithm logL is calculated from
assumed average electron population energy and density.
The average electron temperature Te is also a parameter
in Eq. (7). However, it is very difficult to approximate the
value of Te due to different electron populations [11]. For
fixed orf it is possible to solve Eq. (6) for k. The real part of
k is used for electric field which is proportional to
sinðorf t� krealzÞ. Depending on the values of orf , oce and
nc the wave number k can have imaginary part, which is
related to cyclotron damping. We have assumed that electric
field behaves proportionally to expð�kimag dzÞ, where dz is
small increment in distance and kimag depends on z.

2.3. Equations of motion

Equations of motion for the electron can be derived
denoting that force equals the time derivative of momen-
tum:

d

dt
~p ¼

d

dt
ðgm~vÞ|fflffl{zfflffl}

~p

¼ ~F . (8)

Thus

_gm~vþ gm_~v ¼ ~F (9)

where

_g ¼
vi _vi

c2
g3. (10)

Now, taking into account that g is calculated always from
all three velocity components (vx, vy, vz), and by using
Einstein’s summation convention, equation of motion (9)
can be written in form of

_vj þ
vi _vi

c2
g2vj ¼

1

gm
F j. (11)

For each component at the time we get the following
equations:

_vx þ ~a_vx þ
~d _vy þ

~f _vz ¼
1

gm
F x (12)

_vy þ
~b_vy þ

~d _vx þ ~e_vz ¼
1

gm
Fy (13)

_vz þ ~c_vz þ ~e_vy þ
~f _vx ¼

1

gm
F z (14)

where

~a ¼ v2x
g2

c2
; ~b ¼ v2y

g2

c2

~c ¼ v2z
g2

c2
; ~d ¼ vxvy

g2

c2

~e ¼ vyvz
g2

c2
; ~f ¼ vxvz

g2

c2
.

Denoting ~u ¼ ðg=cÞ~v and substituting it into the matrix
form of (12)–(14) we get

eA eD eFeD eB eEeF eE eC
0
B@

1
CA

_vx

_vy

_vz

0
B@

1
CA ¼ 1

gm

Fx

Fy

Fz

0
B@

1
CA (15)

in which

eA ¼ 1þ u2
x; eB ¼ 1þ u2

yeC ¼ 1þ u2
z ; eD ¼ uxuyeE ¼ uyuz; eF ¼ uxuz.

Eq. (15) can be solved for acceleration components, and
finally we get

_vx

_vy

_vz

0
B@

1
CA ¼ K

bAF x � eDFy � eFF z

� eDFx þ bBF y � eEF z

�eFFx � eEFy þ bCFz

0
BB@

1
CCA (16)

using notations

bA ¼ 1þ u2
y þ u2

z ; bB ¼ 1þ u2
x þ u2

z

bC ¼ 1þ u2
x þ u2

y; K ¼
1

mg 1þ
g2

c2
v2

� � .
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It should be noted that these equations are written for an
arbitrary force. For a charged particle in the presence of
electric and magnetic field, we substitute Lorentz’s force
~F ¼ qð~E þ~v� ~BÞ into Eq. (16), which, then, can be solved
for space coordinates and velocity components.

2.4. Input parameters

The simulation code utilizes the following input para-
meters: initial energy and initial pitch angle, average
electron population energy, average charge state of the
plasma, electron density distribution, microwave power,
microwave frequency and Q value of the plasma chamber.
Also the plasma chamber dimensions can be changed.
Setting up a different magnetic field is possible in order to
study the effect of magnetic field gradient and mirror
strength. The vast number of input parameters makes
systematic studies very time-consuming. However, this
selection allows us to use the code to model different
ECRISs with different operating conditions and RF
frequencies. Because we do not have adequate information
about the electron density profiles in ECRIS plasma
chamber, we have decided to use Gaussian density profiles
as a first approximation. It is generally stated that electron
density in ECR plasma is around 1017 m�3 (see Ref. [1]), so
we constructed a few density profiles around this value.

3. Damping of the electric field in the vicinity of the

resonance zone

In this section we present the Gaussian electron density
profiles used in this paper. We also discuss the imaginary
part of the wave number which is related to damping of the
electric field. We present how the imaginary wave number
behaves as density and average electron population energy
are changed. Finally, we illustrate how electric field is
affected by the above-mentioned parameters.

3.1. Density and absorption profiles

To simulate the behaviour of the electric field in the
resonance zone we use the electron density profiles
presented in Table 1 and in Fig. 1. Maximum density is
located at the Bmin and minimum density is reached at the
plasma chamber walls. Q value of 3 is used and based on
the extracted beam (all charge states) we estimate the
average charge of a typical argon plasma to be 8þ, which is
used in the following calculations.

Real part of the wave number k approaches the free
space wave number outside the resonance but increases on
the resonance zone when entering the plasma and then
drops close to zero. After the resonance crossing kreal can
approach the free space wave number again or remain close
to zero depending on the density profile and average
electron population energy. Because kimag is peaked on
resonances and approaches zero elsewhere it is clear that
after the microwave passes a resonance the electric field

amplitude of the propagating wave is decreased due to
damping. At cut-off frequency the refraction index N ¼ 0.
The EM wave does not propagate at frequencies in which
N2o0 implying that refraction index is imaginary. Thus
the phase velocity vph ¼ Nc of the EM wave is imaginary
and the amplitude of the EM wave is decreased exponen-
tially. Both normalized kreal and normalized kimag close to
resonance zones are presented in Fig. 2 with density
profiles #1 and #4 (see Table 1). From the pictures one can
see that different density profiles and average electron
energies have a significant impact on the wave number
behaviour thus damping the wave near the resonance zone.
In subpicture (a) the wave behaviour is calculated using a
100 eV average electron population energy and density
profile #1, the same parameters are 100 eV and #4 in (b),
70 keV and #1 in (c) and 70 keV and #4 in (d). The scale of
the x-axis is the same in all presented subpictures. One can
see the effect of the density profile i.e. with profile #1 the
imaginary wave number goes to zero in resonance faster
than with profile #4. This means that in #1 the damping of
the wave takes place in smaller distance i.e. resonance zone
is smaller than in the case of density profile #4. If one
studies the effect of average electron energy one notes that
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Table 1

Electron density profiles

Label Density profile, Gaussian shape

#1 max 1016, min 1015 m�3

#2 max 1017, min 1016 m�3

#3 max 1017, min 1015 m�3

#4 max 1018, min 1016 m�3

Profiles are Gaussian shape with max corresponding to the highest density

(located at the Bmin) and min corresponding to minimum density (located

at the plasma chamber walls).
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Fig. 1. Gaussian electron density profiles used in the simulation. In the

horizontal axis ‘Wall’ denotes position of the plasma chamber wall and

‘Bmin’ centre of the chamber (minimum B field, z ¼ 0). The two vertical

lines on left and right sides of Bmin are resonance points for 1 eV electron

at 14GHz.
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in (c) the imaginary wave number drops down to zero even
faster than in (a) meaning that the width of the resonance
zone is further decreased and the EM wave is absorbed in a
smaller volume. With density profile #1 the real part of the
wave number is approaching the free space wave number
after the resonance zone. This implies that the EM wave
is propagating through the resonance. However, using
density profile #4 leads to almost total absorption of the
wave thus kreal remains zero after the resonance meaning
that more electric field power goes through the resonance
when using 70 keV instead of 100 eV (later see Figs. 3
and 4). The average electron population energies in the
pictures were chosen just to demonstrate the effect of the
average energy. One hundred eV represents the lower
energy population and 70 keV is based on the earlier X-ray
measurements done with the JYFL 14GHz ECRIS
(the most probable energy in the measurement) [12].
However, one must remark that these measurements were
done radially so the structure of the ion source is
attenuating the bremsstrahlung meaning that low energy
electron population cannot be seen at all in the spectrum.
Therefore more accurate measurements should be made.

3.2. Damping of the electric field

An example of absorption of the electric field is
presented in Fig. 3 using density profiles from Table 1.
The upper subpicture (a) is a close-up of the first resonance
crossing and the lower subpicture (b) presents the damping
for two resonance crossings. In the picture the Poynting
vector points from left to right representing the direction of

RF-power propagation. It can be seen that as the
maximum density gets higher the electric field absorption
is increased. In the case of Gaussian density profile for
which the peak value is 1018 m�3 the electric field is damped
so intensively that the amplitude drops almost to zero. In
the second resonance there is very little energy left to be
absorbed by the electrons. However, if the maximum
density is 1016 or 1017 m�3 significant energy absorption
can take place also on the second resonance. All this
implies that when there is plasma in the chamber, the
quality factor of the chamber is most likely very small.
We also present how the average electron population

energy affects the damping of the wave in the resonance
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Fig. 2. Real and imaginary parts (both normalized to their maximum

values) of wave number in the vicinity of resonance zone. (a) Average

electron population energy 100 eV, density profile #1, (b) 100 eV, #4, (c)

70 keV, #1 and (d) 70 keV, #4. EM wave is propagating from left to right

into the resonance zone and the kreal is approaching free space wave

number on the left in all of the subpictures.
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Fig. 3. Electric field damping on the resonance zone with 500W RF

power and 100 eV average electron population energy as a function of
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zone. In Fig. 4 average electron population energies of
100 eV and 70 keV are compared. In subpicture (a) the first
resonance is zoomed and in (b) two resonance crossings are
presented. Using different average electron population
energies the location of the resonance zone is shifted, so we
present the x-axis of the figures scaled to have the
resonances at the same location. As stated already earlier,
the higher average electron population energy results in
smaller resonance zone width (see Fig. 2). It is also noted
that higher average electron population energy damps the
EM field less (because of lower collision frequency) than
lower average electron population energy as can be seen
from Fig. 4.

4. Simulated time evolution of electron energy with different

input parameters

In this section we present simulations using different
input parameters. The dependence of electron energy on
different parameters like density profile, Q value and RF
power is presented up to 1ms simulation time.

4.1. The effect of density profiles

In Fig. 5 we present energy trends in 200 ns simulations
using three electron density profiles. The density profile
and time-averaged electron energy in the simulation is
mentioned in the label of the picture. There is a clear
connection between the damping of the electric field on the
resonance and obtained electron energy. If we consider the
density profile #2 (see Table 1) we see that electron gains
less energy than using e.g. the profile #3 for which
cyclotron damping is not so predominant. In the cases
presented in the figure (with parameters given in the figure
caption) we see that average energies differ roughly by a
factor of 9 suggesting that density profile has a huge effect
on the electron energy. In maximum energies there is a
factor of around 5 between the simulations. In the case of
#2 and #3 the energy of the electron reaches its maximum
at 200 ns where we stop the simulation. However, if we use
density profile #1 the maximum energy in 200 ns simulation
is reached around 35 ns.

4.2. The effect of average electron population energy

We have also simulated the effect of different average
electron population energies. This can be seen in Fig. 6
where we have 200 ns simulations with 100 eV, 1 keV,
10 keV and 100 keV average energies. One can see that
increasing the average electron population energy of the
plasma the time-averaged (simulated) electron energy is
increasing. This is due to smaller collision frequency as
discussed earlier. It is not known what the average electron
population energy actually is. However, during stable
operation it is likely to be almost constant if instabilities,
plasma ignition and shutdown are ignored.

4.3. The effect of plasma chamber Q value

In Fig. 7 we present how the electron energy behaves as a
function of the plasma chamber quality factor. We have
used three values for the quality factor and average
electron population energy was set to be 100 eV. It is
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observed that time-averaged electron energy is increasing
with increasing Q value. This is expected because the
quality factor affects the electric field amplitude inside the
plasma chamber. The average energy rises from 0.1 to
0.8 keV and finally to 4.3 keV in subpictures (a), (b) and (c),
respectively. Comparing (a) and (c) we have a factor of 43
in the average energy gain while the factor in maximum
energies between (a) and (c) is roughly 22. We also did a
simulation with the same parameters than in Fig. 7, but
with 70 keV average electron population energy. This can
be seen in Fig. 8. In (a) the time-averaged energy is 0.2 keV
and in (b) 2.8 keV, so there is a factor of 14 between using 3
or 5 as the quality factor. In maximum energies the factor
is a bit over 5. In subpicture (c) one can see a situation
where the electron is heavily decelerated after about 40 ns.
However, the electron was not lost to plasma chamber
walls. It went approximately to 0.8 T field before it was
reflected back towards the resonance. The energy of the
electron after deceleration was so small (8 eV) that it took
about 115 ns to go from resonance to mirror point and
back to resonance where the electron starts to gain energy
again (slightly before 160 ns). This behaviour also means
that the time-averaged energy for the simulation in
subpicture (c) is quite low. This simulation is a very nice
example of stochastic heating process where the electron
can drift to decelerating phase with the RHCP EM wave.

In order to have some idea of how the average electron
population energies behave when the ECR is turned on we
used a quality factor of 3, 500W RF power and density
profile #2 and went through an iterative process. This
means that we started our 200 ns simulation with the initial

electron energy of 1 eV and average electron population
energy of 20 eV. After the first simulation the time-
averaged energy was calculated from simulation results
and it was used as an input average electron population
energy in the next 200 ns simulation. We did this several
times in this case until the time-averaged electron energy
after the simulation was the same as the input average
population energy. According to our simulations it is
reasonable to use average electron population energy of
100 eV in 200 ns simulation with initial parameters of
14GHz, quality factor 3, density profile #2, 500W, 1 eV
initial energy of the electron and 501 initial pitch angle.
However, it must be concluded that this kind of a process is
not working for all sets of initial parameters due to
stochastic heating. We found several cases where the
energy did not converge towards a certain value but was
left to produce a different time-averaged energy in
consecutive iterations. When discussing about EM wave
damping we have stated that Q value cannot be very high if
EM wave’s energy is absorbed. This leads us to the
conclusion that the amplitude of the electric field must be
higher than it is by calculating the field from the Poynting
vector and it could be explained by the mode structure.
Therefore it is very important to measure the time
evolution of the bremsstrahlung spectra from ECRIS. This
would give us more information about how fast the
electrons are heated and how the average electron energy
inside the plasma chamber is evolved. The Q value of the
loaded plasma chamber is not known exactly and it is
extremely difficult to measure for the loaded chamber.
Main problem of such a measurement is the high frequency
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using average electron population energy of 100 eV. Q values are (a) 3,
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initial pitch angle 501, density profile #2.
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of the microwaves which corresponds to small wave
lengths. In this case it is difficult to manufacture a pick-
up antenna which could operate at high frequency and
relatively high RF powers. High frequency also tends to
average the measurement of electric field unless the
measured signal is proportional to square of the EM wave
amplitude, because in GHz region no available measure-
ment technique is fast enough.

It is very clear that quality factor of the plasma chamber
has a significant effect on the energy gain process. The
higher the Q value the higher the average and maximum
energies. In reality we have a certain propagating mode
structure from the wave guide into the ECRIS plasma
chamber and depending on the conditions we can have
substantially higher electric fields in the resonance zone.
This means that even when using 3 as a quality factor the
electric field in reality could be much higher and the
energies from the simulations could equal the measured
energies up to 600 keV in JYFL 14GHz ECRIS.

4.4. The effect of RF power

To study the effect of RF power we decided to do 1ms
simulations using 500W, 1 and 2 kW RF powers with
100 eV and 70 keV [12] average electron population
energies (see also Fig. 4). In Fig. 9 we have the energy
gains using 100 eV as the average energy. One can see that
time-averaged electron energy is increasing with RF power.
However, the difference in average energy between 500W
and 1 kW is much larger than 1 and 2 kW (see Fig. 9).
Between (a) and (b) we have a factor of 7 in time-averaged
energy and between (b) and (c) there is only a factor of 1.3.
If one looks at the maximum energies, one notes that using
500W results in about 1.2 keV, 1 kW results roughly in
3 keV and 2 kW RF power can accelerate the electron into
energy of almost 6 keV at the maximum. It is then noted
that both average and maximum energy are increased with
increasing microwave power using 100 eV as average
electron population energy. Increasing the average electron
population energy to 70 keV leads to smaller resonance
width and less damped EM wave than 100 eV as presented
in Fig. 4. From Fig. 10 one can immediately see that
average population energy of 70 keV results in both higher
average and maximum energy than 100 eV. In subpicture
(a) average energy is 5.5 keV and the maximum energy is
almost 15 keV. Compared to subpicture (b) where the
numbers are 8.2 and roughly 20 keV we have the factors of
1.5 and 1.3 in average and maximum energies, respectively.
Changing the RF power to 2 kW (subpicture (c)) results in
both lower average and maximum energies compared to
1 kW simulation in this case of initial parameters. The
electron has not gone into a phase where absorption of the
energy from the EM wave would be most efficient resulting
in energies that are lower than when using 1 kW RF power.
The effects of stochastic heating are nicely seen in
subpicture (b) where the energy lies quite low upto
simulation time of 350 ns and after that gains energy in

several resonance crossings until the energy levels down
into 18–19 keV region. After 700 ns the electron starts to
lose its energy again. In stochastic heating the electron can
gain or lose energy in consecutive resonance zone crossings
or it can gain or lose energy in several consecutive
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resonance zone crossings. We also did a test with 10 kW
RF power (other parameters were the same than in Fig. 9)
and noted that average energy was almost 30 keV while the
maximum time-averaged energy was a bit over 60 keV. It
has to be stated that neither a fixed average electron
population energy nor the fixed electron density profile is a
valid approximation while increasing the RF power. It is
clear that the electron density distribution is changing with
the RF power. Therefore it is suggested that electron
density profiles with varying parameters would be mea-
sured in the ECRIS plasma chamber.

5. Discussion

In this paper we have presented an ECRH code which is
then tested with typical operating settings of JYFL 14GHz
ECRIS, although we do not use higher RF powers than
1 kW. We have been using simulation times from 200 ns to
1ms, but also longer simulations are achievable. The
calculation times for the cases presented in this paper
varied typically from a few minutes to a few hours. Further
development of the code is necessary to gain more
understanding on the ECRH process. We have shown that
the electron density and the density profile have a
significant effect on the cyclotron damping of the electric
field. If the density is too high the electric field strength
drops rapidly almost to zero in the vicinity of the resonance
zone resulting in lower electron energies achieved during
the stochastic heating process. However, the reduction of
the heating efficiency can be compensated by increasing the
RF power and thus the amplitude of the electric field. Also
the mode structure excited within the plasma can affect the
electric field, at least locally. Currently we are not able to
heat the electrons in the simulation to match the energies
that have been measured with the JYFL 14GHz ECRIS
[12] using generally accepted values for the quality factor
and the average electron density. It is possible that plasma
instabilities which can cause distortion to electric field
phase and amplitude can explain the discrepancy between
simulated and measured maximum energies. In theory the
maximum energy is limited by stochastic acceleration limit
(adiabatic limit) i.e. without considering plasma instabil-
ities maximum electron energy is limited between 10 and
270 keV [1]. On the other hand, averaging the electric field
amplitude is a relatively crude approximation. It is possible
that in a given EM wave mode the power density near
resonance zones is very high. Due to high power density the
electron can be accelerated to higher energies than the
simulations of this paper imply. However, as discussed
earlier the mode structure or the local electric field is nearly
impossible to measure within the GHz frequency range. It
has been considered that Fermi acceleration [13] could also
have an impact on electron energy in ECRIS plasma.
However, while this phenomenon indeed exists in ECRIS it
seems to be less effective in GHz frequency range than
ECRH [14]. Proposed actions to develop the code include
modelling plasma instabilities by changing the phase and

amplitude of the EM wave, trying to study the mode
structure in the plasma chamber and adding relativistic
Doppler effect into the code. In the future versions of the
code it would also be relevant to consider refining the
model of electric field damping near the resonance by
taking into account the break-down of Ohm’s law, which
causes the electric field at the resonance to be proportional
to the acceleration of the electrons (instead of velocity).
However, it is questionable that such a refinement would
explain the discrepancy between simulated and measured
electron energies and therefore we have chosen to pursue
other modifications of the model at the first place. The
electron densities in the plasma chamber should be studied
more thoroughly, especially in the vicinity of the resonance
zone. This could be made with probe measurements. We
also plan to test the code with different magnetic field
gradients and microwave frequencies like 28GHz and
compare our code to other ECRH codes. It is noted that
different initial parameters in simulations greatly affect the
heating and energy gain of the electron. More systematic
study will need to be made using different initial
parameters. In order to validate our simulation results we
will put significant effort on measuring the time evolution
of the bremsstrahlung spectra produced by the JYFL
ECRIS (14GHz klystron and 10.75–12.75GHz TWTA).
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High performance electron cyclotron resonance �ECR� ion sources, such as VENUS �Versatile ECR
for NUclear Science�, produce large amounts of x-rays. By studying their energy spectra,
conclusions can be drawn about the electron heating process and the electron confinement. In
addition, the bremsstrahlung from the plasma chamber is partly absorbed by the cold mass of the
superconducting magnet, adding an extra heat load to the cryostat. Germanium or NaI detectors are
generally used for x-ray measurements. Due to the high x-ray flux from the source, the experimental
setup to measure bremsstrahlung spectra from ECR ion sources is somewhat different from that for
the traditional nuclear physics measurements these detectors are generally used for. In particular, the
collimation and background shielding can be problematic. In this paper, we will discuss the
experimental setup for such a measurement, the energy calibration and background reduction, the
shielding of the detector, and collimation of the x-ray flux. We will present x-ray energy spectra and
cryostat heating rates depending on various ion source parameters, such as confinement fields,
minimum B-field, rf power, and heating frequency. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2821137�

I. INTRODUCTION

The VENUS electron cyclotron resonance �ECR� ion
source at the Lawrence Berkeley National Laboratory has
been designed for optimum operation using 28 GHz plasma
heating frequency. The maximum axial magnetic confine-
ment fields are 4 T at injection and 3 T at extraction, and are
generated by three solenoid coils. A wide range of minimum
B fields �Bmin� between the magnetic mirrors can be tuned by
changing the current of the middle coil. The radial field at the
plasma chamber wall can be operated at fields up to 2.1 T
�slightly more than twice the resonant field for 28 GHz
�BECR 28 GHz=1 T��. VENUS has been operated routinely us-
ing 28 GHz as its main heating frequency since 2004 and has
produced many world record beams.1,2 Besides 28 GHz,
18 GHz can be injected as a second frequency for double
frequency heating or used for single frequency heating at
18 GHz �BECR 18 GHz=0.64 T�. The source design and its
performance are described in detail in Refs. 1 and 2 and in
several references within these papers. Because VENUS is a
fully superconducting ECR ion source, its magnetic confine-
ment field can be tuned over a wide range. This flexibility

makes VENUS a good tool to study frequency scaling laws
and the influence of the magnetic field gradient at the
resonance zone.

Bremsstrahlung spectroscopy is a standard plasma diag-
nostic tool and has been extensively used in fusion devices
and ECR ion sources to diagnose the hot electron
population.3–5 Two processes in the plasma lead to the emis-
sion of bremsstrahlung. First, bremsstrahlung is created by
electron-ion collisions within the plasma volume. Second,
bremsstrahlung is emitted by electrons that are lost to the
plasma chamber wall and that lose their energy through in-
teraction with the wall material. The x-rays produced by
these processes can penetrate through the plasma chamber
wall. They cause x-ray radiation in the vicinity of ECR ion
sources and can add a substantial heat load to the cryostat
�see Sec. VII� when they are absorbed in the cold mass. To
minimize and control this radiation, an understanding of the
expected x-ray energy and flux is essential for the design and
operation of superconducting sources. At the VENUS ECR
ion source, measurements of the bremsstrahlung spectra have
been proven to be a particularly powerful tool for the char-
acterization and understanding of the source and minimiza-
tion of the x-ray heating load from the plasma. Previous
measurements of the axial bremsstrahlung spectra of the
VENUS ECR ion source led to the design of a plasma cham-
ber that incorporates a 2 mm Ta shielding wall around the
chamber.6 This Ta shielding reduces the effective x-ray flux
by a factor of 10 and has allowed the source to operate at
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higher rf power and a wider range of magnetic confinement
fields. Similar designs are now incorporated in other super-
conducting ECR ion sources under construction.7,8 However,
as shown in Ref. 6, Ta becomes transparent for x-ray ener-
gies above 400 keV, and it is these high energy x-rays that
contribute most to the cryostat heating. These “ultrahot”
electrons continue to present a challenge for the design and
operation of next generation superconducting ECR ion
sources using microwave heating frequencies of 28 GHz and
higher and must be studied carefully to further advance the
field of high field superconducting ECR ion sources.

II. EXPERIMENTAL SETUP

Due to the high x-ray flux and the high x-ray energies
produced by the ECR ion source, the experimental setup
�Fig. 1� to measure bremsstrahlung spectra is somewhat dif-
ferent from that for the traditional nuclear physics measure-
ments these detectors are generally used for. In particular, the
collimation and background shielding have to be done care-
fully and are described in detail below. It is particularly im-
portant to ensure that the shielding is adequate; otherwise,
unphysical high energy “bumps” appear in the x-ray spectra
in the energy range where 1–2 cm of lead shielding does not
provide enough attenuation �Fig. 2�. These bumps disappear
as more lead shielding is added around the collimator. The
experimental setup used for all the measurements presented
is shown in Fig. 1. The x-ray signal was collimated by a
127 mm long heavy-metal collimator composed of 95% W

and 5% Cu located 2.37 m away from the extraction aper-
ture. The collimator block has a 1 mm square groove along
the length, which is aligned with the extraction hole of the
VENUS ECR ion source. In addition, the collimator is sur-
rounded by lead shielding blocks to minimize the detection
of x-rays coming from other areas of the plasma chamber or
are scattered outside the collimator from reaching the detec-
tor. The NaI phototube detector is placed about 2.16 m away
to reduce the dead time of the detector. In addition, the de-
tector is surrounded by 5 cm thick lead shielding blocks to
minimize background radiation �coming from other x-ray
sources in the vicinity, e.g., the AECR ion source�. Finally,
another entrance collimator of 12.7 mm diameter is placed
before the detector. With the collimator and all the shielding
in place, the x-ray leakage to signal ratio is reduced to 1:250.
The energy calibration of the spectrum is done using a 207Bi
source, using three characteristic gamma lines at 569, 1063,
and 1770 keV.

As the ECR ion sources are located directly above the
cyclotron vault, the detector must be shielded from the cy-
clotron’s magnetic stray field. Therefore, the detector was
placed into a 6 mm thick iron shield. In addition, phototube
detectors can experience energy calibration drifts due to am-
bient temperature changes. The temperature drift of our de-
tector was measured to be less than 2% for a temperature
change of 10 deg. Finally, the change of the energy calibra-
tion due to count rate changes was found to be less than 1%
when varying the count rates from 800 to 30 000 Hz. How-
ever, over several days of operation, the energy calibration of
the detector can drift a few percentages, which we were un-
able to eliminate. Therefore, we recalibrate the detector for
each measured spectrum to avoid any systematic errors. The
spectra were not corrected for detector efficiency across the
energy range since the detector efficiency is not flat across
the energy range, but lower for higher energies. Therefore,
the spectral temperatures and absolute x-ray intensity will be
underestimated for higher energies. The maximum accep-
tance angle of the collimator system is 0.2 deg. This accep-
tance angle translates to a 14 mm diameter circle at the ex-
traction plate. Since the extraction aperture of the VENUS
ECR ion source has a diameter of 8 mm, the bremsstrahlung
created by electrons lost to the extraction aperture wall can
be detected in our setup. When the collimator geometry and
the angular distribution of the bremsstrahlung were simu-
lated with GEANT4,9 it was found that changes of the shape of
the energy spectrum due to scattering effects of x rays in the
collimator can be neglected and that the produced brems-

FIG. 1. Schematic of the experimental x-ray detector
setup at the VENUS ECR ion source. Distances are
indicated in meters.

FIG. 2. �Color online� If the shielding around the collimator is insufficient,
unphysical high energy “bump” appears in the x-ray spectra for the high
energy region where the shielding becomes transparent. If more shielding is
added, this bump disappears �see Fig. 4�.
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strahlung is mainly forward directed. This also suggests that
a substantial part of the x rays detected with the current
experimental setup come from electrons lost on the extrac-
tion plate.

III. EXPERIMENTAL RESULTS WITH VENUS

For this paper, we focus on a comparison of the x-ray
spectra using two axial magnetic field configurations. Both
are typical field configurations, which are used to achieve
high intensity, high charge state ion beams. In the first con-
figuration, we use a minimum B field of 0.44 T; in the sec-
ond configuration, we use a minimum B field of 0.67–0.7 T.
The sextupole field and the peak mirror fields were held
nearly the same during all experiments. All other source pa-
rameters, such as gas flow and gas mixing ratio, were kept
constant. The biased disk was adjusted for each configuration
to optimize the stability of the ECR ion source. Figure 3
shows the magnetic field configurations used for all the mea-
surements presented in this paper. However, changing the
minimum B field of the source changes the resonance zone
volume. The resonance zone volume is about 40% smaller
when the minimum B field is raised from 0.44 to 0.67 T.

The following sections summarize the results of three
experimental series. In Sec. IV, the influence of rf power on
the electron energy distributions and on the total x-ray flux is
presented. In Sec. V, the x-ray spectra obtained using
28 GHz plasma heating are compared to spectra using
18 GHz plasma heating. In Secs. VI and VII, the source
performance and the x-ray heat load into the cryostat are
compared for single frequency operation at 28 GHz using a
minimum B field of 0.67 T to double frequency operation
using 18 and 28 GHz heating and a minimum B field of
0.45 T.

IV. INFLUENCE OF THE MICROWAVE POWER ON
THE ENERGY DISTRIBUTION OF THE X-RAY
SPECTRA

X-ray spectra were measured for microwave power lev-
els from 500 up to 7000 W using single frequency heating at

28 GHz. The amount of x rays produced increases nearly
linearly with power in both cases, but as can be seen from
Figs. 4�a� and 4�b�, increasing the microwave power for a
given axial field configuration does not change the slope of
the semilogarithmic plot. However, the x-ray spectra extend
up to much higher energies for Bmin of 0.7 T compared to
Bmin of 0.44 T. To compare x-ray spectra measured with dif-
ferent magnetic field configurations, the spectral tempera-
tures defined in Refs. 4 and 6 have been determined �Figs.
5�a� and 5�b��. For this purpose, a linear fit to the semiloga-
rithmic plot is determined, and the reciprocal of the line’s
slope yields a spectral temperature �Ts� in keV. This spectral
temperature is a relative indication of the temperature of the
hot electrons, not a direct measure of the temperature distri-
bution of the hot electrons in the plasma.

As shown in Fig. 5, the spectral temperatures are nearly
independent of the microwave power injected. This suggests
that increasing the rf power mainly increases the plasma den-
sity, but does not �or very little� affect the energy distribution
function. However, two or more slopes �temperatures� are
needed to fit the semilogarithmic plot for higher minimum B
fields, while the spectra obtained with a lower minimum
B field can be fitted by one slope.

The higher spectral temperatures measured for high
minimum B fields could suggest that the heating efficiency is
higher for lower magnetic field gradients at the resonance
zone. This finding is consistent with the simple heating mod-
els suggested by Jongen10 in 1982 and by Koivisto11 in 1999,
which predict a more efficient acceleration process of the
electrons when the resonance zone is crossed at a lower field
gradient. This is also consistent with previously published
results, which found that higher ion beam intensities can be
extracted for higher minimum B fields.2,7

FIG. 3. �Color online� Axial field profile used for the single frequency
heating at 28 GHz and double frequency heating at 18 and 28 GHz experi-
ments. Only the middle field was changed, while all other source parameters
remained unchanged.

FIG. 4. �Color online� The bremsstrahlung spectra measured for a Bmin of
0.7 T �a� compared to a Bmin of 0.45 T �b�.

FIG. 5. The spectral temperatures �slope of the x-ray spectrum� remain
nearly constant with increasing power, but are a strong function of the mag-
netic field gradient at the resonant zone. Shown are the spectral temperatures
obtained by fitting the spectra for a Bmin=0.7 T �a� and Bmin=0.45 T �b�.
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V. COMPARISON OF 28 GHz HEATING WITH 18 GHz
HEATING AT SCALED FIELDS AT Bmin/BECR of
0.70 and 0.47 T

To test ECR scaling laws,12 the bremsstrahlung spectra
using single frequency heating at 28 GHz were compared to
spectra obtained with 18 GHz. To ensure that the magnetic
confinement, the magnetic field gradient, and the size of the
resonance zone are identical, the magnetic fields �including
the sextupole fields� were carefully scaled according to the
ratio of 18 /28. All other source parameters were kept
constant.

For single frequency heating at 18 GHz, a similar trend
in the x-ray spectra between the steep �low minimum B field�
and shallow �high minimum B field� magnetic field gradients
is observed. The spectrum extends to higher energies and has
a higher spectral temperature for the higher Bmin �compare
Fig. 6, blue curves�. In addition, the slopes of the spectra do
not change with increasing power. However, when the
18 GHz spectra are compared to the 28 GHz spectra using
the same injected power and scaled magnetic fields, the latter
spectra extend up to much higher energies and have higher
spectral temperatures. This suggests that 28 GHz heating �or
higher frequency heating, in general� is more efficient than
lower frequency heating. This result is consistent with a
model developed by Girard et al.,13 which predicts higher
mean electron energies for increased heating frequencies.

The development of a high energy tail in the electron
energy distribution for the 28 GHz heated plasma can ex-
plain why the heated x-ray heat load from a 28 GHz heated
plasma is much higher than what could be expected from the
simple increase in electron density using the frequency scal-
ing law.14 Since the Ta shield and the plasma chamber walls
become almost transparent for x rays above 300 keV, the
high energy x rays are primarily responsible for heating the
cryostat �see Sec. VII�.

VI. COMPARISON OF THE ION SOURCE
PERFORMANCE AND X-RAY SPECTRA FOR AN
AXIAL MAGNETIC FIELD PROFILE WITH A Bmin OF
0.67 T AND 0.45 T

The goal of these measurements was to systematically
compare the high charge state performance using a middle
field of 0.45 T and a double frequency heating to single fre-
quency heating using a middle field of 0.67 T. For the mea-
surements presented in this paper, the source was operated

with xenon using oxygen as mixing gas, but similar trends
have been found for other ion beams, such as argon, krypton,
and uranium.

As shown by many authors before, for the single fre-
quency heated plasma, the high charge state performance of
the ECR ion source is strongly dependent on the minimum B
field.7,14,15 For VENUS, an optimum can be found for a mini-
mum B field of 0.64–0.75 T,14 which results into a magnetic
field gradient at the resonant zone of about 0.08–0.07 T /cm.
Good plasma stability can be achieved above microwave
powers above 2 kW or a power density of 220 W / l. When
the gas flow into the source is unchanged, the charge state
distribution slowly shifts to higher charge states as more
power is injected. For example, the peak of the xenon charge
state distribution shifts from 30+ to 32+ using 4, 5, and
6 kW of 28 GHz microwave power. Figure 7 shows the in-
crease in high charge state current for Xe33+ to Xe39+ for this
power range.

For the double frequency heated plasma, the large fre-
quency gap between 18 and 28 GHz requires a relatively low
minimum B field to enable the coupling of 18 GHz into the
plasma. A typical magnetic field profile used for a double
frequency operation is shown in Fig. 3 �dashed line�. For
28 GHz heating, this field profile results in a relatively steep
magnetic field gradient on axis at the resonant zone
�0.13 T /cm� with a BECR /Bmin ratio of 0.45. For 18 GHz
heating, this profile results in a gentle magnetic field gradient
�0.075 T /cm� with a BECR /Bmin ratio of 0.70 T. The combi-
nation of these two frequencies in this mode enables a very
stable operation of the VENUS ECR ion source and is the
preferred mode to use when the source is conditioned after
maintenance. The optimum ratio of 28–18 GHz microwave
power was found to be about 85% of 28 GHz to 15% of
18 GHz. If a higher percentage of 18 GHz power is coupled
into the plasma, no performance improvements are observed,
but the source plasma becomes slightly unstable.

Both modes of operation �single and double frequency�
produce high intensity, high charge state ion beams. In fact,
an identical high charge state performance can be achieved,
but more microwave power is required for the double fre-

FIG. 6. �Color online� Comparison of the bremsstrahlung spectra for
28 GHz heating to 18 GHz heating at scaled fields with a Bmin /BECR of 0.70
�a� and 0.47 �b�.

FIG. 7. �Color online� Xenon high charge state distributions for a single
frequency heated plasma using a Bmin of 0.67 T �Bmin /BECR=0.67� for 4, 5,
and 6 kW of 28 GHz microwave power.
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quency mode. For example, the same currents for Xe33+ to
Xe39+ can be produced by using either 6 kW of 28 GHz mi-
crowave power in a single frequency mode �with
BECR /Bmin=0.67� or 7.5 kW of 28 GHz and 1.3 kW of
18 GHz power in a double frequency mode. As an illustra-
tion, Fig. 8 shows the dependence of Xe35+ with power for
those two modes. As can be seen from the graphs, the source
performance can be matched in each case, but more total
power has to be used in the double frequency mode. If the
x-ray energy spectra are compared for two tunes with iden-
tical high charge state, heavy ion currents, it is found that the
numbers of counts in the low energy region of the spectra are
very similar �Fig. 9�. As expected �see Sec. IV�, the x-ray
spectrum extends up to much higher energies for the higher
middle field. However, since lower energy electrons have the
highest ionization cross section, the result suggests that a
similar performance can be achieved if the warm electron
density is matched in the two cases.

It is evident that in terms of power efficiency the gentle
gradient is superior over the steep gradient double frequency
mode. However, from an operational point of view, the
double frequency mode with its steep gradient has clear ad-
vantages over the single frequency mode. Since the brems-
strahlung spectra for the steep gradient contain much fewer
x-rays in the energy region above 400 keV �where the Ta
shield around the plasma chamber is not effective�, the re-

sulting heat load into the cryostat is much smaller �see Sec.
VII� If the charge state distributions of the ion beams ex-
tracted for each mode are plotted on top of each other, the
xenon spectra are remarkably similar �Fig. 10�. However, the
oxygen mixing gas spectra are very different for the two
modes. In the double frequency mode, the oxygen spectra are
clearly peaked on high charge states, while in the single fre-
quency mode, the oxygen charge state distribution is much
flatter. For example, in the case of oxygen 7+, only 40 e �A
are produced in the single frequency mode when the source
is optimized for high charge state xenon ions, but 270 e �A
are produced in the double frequency mode. This shift in the
mixing gas distribution is also reflected in an increase of
total current when the source is switched from the single to
the double frequency mode as the oxygen ions are shifted
toward higher charge states. At the moment, we do not have
an explanation for this phenomenon, but it has been experi-
mentally observed for all heavy ions produced so far �Ar, Kr,
Xe, and U�.

VII. HEAT LOAD INTO THE CRYOSTAT FROM
BREMSSTRAHLUNG

The emitted bremsstrahlung, created by electron-ion col-
lisions within the plasma volume and by electrons lost to the
plasma chamber wall, adds a substantial heat load to the ion
source cryostat. To better understand the amount of power
absorbed in the cold mass under various tuning conditions,
the heat load caused by x-ray absorption was measured in the
VENUS source depending on coupled microwave power for
the double and single frequency heated sources. The heat
load was determined by comparing the temperature rise of
the liquid helium when the helium reservoir was heated by a

FIG. 8. �Color online� Comparison of the power dependence of Xe35+ pro-
duction for a Bmin of 0.67 T �single frequency heating, 28 GHz� to a Bmin of
0.45 T �double frequency heating 28+18 GHz�.

FIG. 9. The axial x-ray spectra for a Bmin of 0.44 T �8.8 kW power� in
comparison to a Bmin field of 0.67 T �6 kW power�. The Xe charge state
distributions are nearly identical �Fig. 11�.

FIG. 10. �Color online� Charge state distribution �Xe+O� for the double
frequency source and the single frequency heated source. The oxygen
mixing gas charge state distribution is much more peaked toward the higher
charge states for a Bmin of 0.45 T, which increases the total extracted current
from the ECR source.
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calibrated heater without plasma to the temperature rise ob-
served when the source was operated at various microwave
power levels. In Fig. 11, the heat load into the cryostat is
plotted for a Bmin of 0.45 T and Bmin of 0.64 T. For a Bmin of
0.64 T, a heat load of about 1 W /kW was found, while for
the double frequency heated source, the heat load was deter-
mined to be only 0.1 W /kW. The error bar indicates the
range of heat load depending on the discharge pressure and
the accuracy of the measurement. This big difference is
caused by the high energy tail of the x rays present in the
spectra for Bmin fields of 0.6 T and higher. Since the 2 mm
Ta shield becomes transparent for x-ray energies above
400 keV, the shield loses its effectiveness at these energies,
and the bulk of these x-rays produced is absorbed in the cold
mass.

VIII. CONCLUSION

A few conclusions can be drawn from the above mea-
surements. A gentler magnetic field gradient at the resonant
zone will result in a more efficient heating process and will
lead to the generation of a hot electron tail in the electron
energy distribution. This high energy tail is strongly affected
by the ratio of Bmin /BECR and by the heating frequency. As
expected, an ECR plasma heated with 28 GHz microwaves
produces more x-rays than a plasma heated with 18 GHz
microwaves if scaled fields are used and the mean electron
temperature increases with frequency.

The high energy x-ray produced by 28 GHz heating us-
ing gentle magnetic field gradients at the resonant zone can-

not be effectively shielded by a few millimeters of Ta or
other heavy-metal x-ray shields. Therefore, they can pen-
etrate into the cryostat, where they are absorbed by the cold
mass and add a substantial heat leak to the cryostat system.
As the comparison for 18 and 28 GHz spectra using scaled
magnetic fields show, this problem can be expected to be
worse for fourth generation sources using microwave fre-
quencies greater than 28 GHz. On the other hand, generation
of this high energy tail can be avoided using double fre-
quency heated plasma and a combination of steep gradients
for the main heating frequency �e.g., 28 GHz� and gentle
gradients for the second frequency �e.g., 18 GHz�. Using
higher total power, the performance of the source for gentler
heating gradients can be matched, but with a much reduced
heat load into the cryostat.
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a b s t r a c t

An electron cyclotron resonance (ECR) ion source is one of the most used ion source types for high

charge state heavy ion production. In ECR plasma the electrons are heated by radio frequency

microwaves in order to provide ionization of neutral gases. As a consequence, ECR heating also

generates very high electron energies (up to MeV region) which can produce a vast amount of

bremsstrahlung radiation causing problems with radiation shielding and heating superconducting

cryostat of an ECR ion source. To gain information about the time evolution of the electron energies in

ECR plasma radial bremsstrahlung measurements were performed. JYFL 14 GHz ECR ion source was

operated in pulsed mode and time evolution measurements were done with different axial magnetic

field strengths with oxygen and argon plasmas. Bremsstrahlung data were analyzed with a time interval

of 2 ms yielding information at unprecedented detail about the time evolution of high energy

bremsstrahlung radiation from an ECR ion source. It was observed, for example, that reaching the steady

state phase of the plasma bremsstrahlung requires several hundred milliseconds and the steady state

time can be different with different gases.

& 2008 Elsevier B.V. All rights reserved.

1. Introduction

In an electron cyclotron resonance ion source (ECRIS)
[1]bremsstrahlung radiation is generated in three distinctive
processes: (1) in the plasma volume due to collisions between
charged particles, (2) on the plasma chamber walls due to the
interactions between the chamber wall material and the electrons
escaping from the B-minimum structure and (3) in the plasma due
to acceleration of charged particles. The resulting photons can
penetrate through the plasma chamber wall causing radiation
that requires heavy shielding around the ion source. In addition, in
the case of superconducting ECR ion sources the bremsstrahlung
radiation can substantially increase the heat load of the cryostat
[2]. In order to be able to solve these problems it is essential to
first try to understand the electron heating processes and ion
source parameters affecting the electron energy and the photon
flux. In addition, time evolution measurements of electron
energies will give valuable input parameters for electron heating
simulations.

Bremsstrahlung spectroscopy is a standard plasma diagnostics
tool that has been widely applied to obtain information about the
hot electron population of ECRIS plasmas [2–6]. The recorded
spectra can be used, for example, for obtaining information of the
spectral temperature of the high energy electron population, but
the spectra should be cleaned especially from pile-ups which are
causing severe distortion to the spectra at high count rates.
However, unfolding the exact electron energy distribution func-
tion (EEDF) from the data is extremely difficult, if not impossible,
due to the ion source geometry. The bremsstrahlung spectrum of
an ECRIS is typically recorded in continuous (CW) operation mode
yielding information about the steady state plasma properties. It
has been reported [6] that the build-up of the bremsstrahlung
spectrum takes tens of milliseconds while the decay time can be
up to 100 ms (a simple mirror machine was operated in pulsed
mode in the measurements). This observation is supported by
electron cyclotron emission and diamagnetism measurements
with an 18 GHz B-minimum ECRIS in pulsed mode [3] yielding
corresponding timescales for build-up and decay of the hot
electron population.

According to electron heating theories and experimental
observations [2,4,7,8] low magnetic field gradient at the resonance
zone results into high electron energies and high count rates of
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bremsstrahlung radiation. In order to gain understanding on the
effect of the magnetic field strength on the hot electron
population and bremsstrahlung build-up time the JYFL 14 GHz
ECRIS was operated in pulsed mode. During the measurements
ion beam was not extracted from the ion source (high voltages
were not used) and the main focus was to obtain information
about the timescales related to electron heating. The time
evolution of the bremsstrahlung spectrum was measured as a
function of time with three different axial magnetic field
strengths, and photon counts at different energies was studied
in detail with an analysis code developed for this purpose.

2. Experimental procedures

In this section the measurement setup for the bremsstrahlung
experiments is presented and the analysis code written for the
purpose of sorting the vast amount of collected data is described.
Issues related to the shielding of the detector and corresponding
effects on the recorded spectra are discussed.

2.1. Measurement setup

The measurement setup for the bremsstrahlung experiments
with the JYFL 14 GHz ECRIS is presented in Fig. 1. A reference time
signal was generated with an analog circuit providing a standard
TTL signal as an output (TTL trigger in Fig. 1). In the experiments
the pulse ratio (on/off time) of the circuit was fixed so that the RF
power was launched into the ECRIS plasma chamber for 1.76
seconds while the power was off for 5.92 seconds between the
consecutive pulses. Pulse length was selected in a way that the
plasma would have sufficient amount of time to reach steady state
phase (around 2 seconds), and it was also decided that there
should be enough time between the RF pulses in order to have
adequate time for the plasma breakdown (about three times the
‘‘on time’’ was selected). The TTL type trigger signal was then used
to synchronize the measurement setup. A fast RF switch was
employed to pulse the driver signal from the 14 GHz GUNN-type
oscillator to the klystron. The rise time of the TTL controlled RF
switch is specified to be 40 ns (0–100%) and 15 ns (10–90%). Due
to the fast response time of the switch and the operational
principle of the klystron (constant gain amplifier), it is reasonable
to estimate that the RF power was launched into the plasma
chamber some tens of nanoseconds after applying the TTL trigger

pulse. The relevant timescales for ECR heating are on the order of
milliseconds (up to few hundred milliseconds) and, therefore, the
delays induced by the RF switch, klystron and wave propagation
in the waveguide can be ignored. The gain of the klystron i.e. the
position of the attenuator was adjusted manually in order to avoid
any ripple of the applied power due to remote control system.

Much of the lead shielding around the ECRIS was removed to
get a clear line of sight from the ECR chamber to the germanium
detector (GE in Fig. 1). However, several tens of millimeters of
material, including permanent magnets, was still in between the
plasma chamber wall and the detector. This amount of material
attenuates lower energy (less than 80 keV) part of the brems-
strahlung spectrum very efficiently (half-thickness of 80 keV
photon e.g. in copper is 1 mm), and attenuation cannot be avoided
in radial bremsstrahlung measurements. A collimator (COL in
Fig. 1) was made out of lead bricks and two different size of
openings were used—0:5� 1:0 and 2:0� 2:0 mm. The collimator
consisted of two 10� 10� 5 cm lead bricks leaving quite a lot of
unshielded surface into the solid angle seen by the detector.
Therefore, lead plates were added around the collimator to absorb
the bremsstrahlung radiation leaving only a small hole of the
collimator unshielded. The Ge detector was located in the
proximity of the ECRIS so that the crystal was aligned with one
of the magnetic poles of the sextupole structure. Measured in
axial direction, the collimator was located in the center of the
plasma chamber. At this (axial) location the plasma flux is
directed to all of the six magnetic poles. The placements of the
detector mount with respect to the ECR plasma chamber are
presented in Fig. 2.

Radial measurement from a magnetic pole was chosen for the
first type of time evolution measurement instead of other
measurement geometries for two reasons: (1) the electrons
tend to follow the magnetic field lines and because of that the
majority of collisions between the electrons and plasma chamber
walls take place on a magnetic pole and (2) most of the low
energy radiation detected through a radial port is generated by
the plasma itself. The objective of this article was especially to
study the evolution of high energy electrons which generate
problems in the most powerful ECR ion sources, and therefore the
measurements were performed at the location of the highest
bremsstrahlung flux.

Signals recorded by the Ge detector were routed to the digital
signal processing unit (TNT2 [9] in Fig. 1), which linked the data
with the reference timing signal. The shaping time of the pulse
was set to 2:0ms where both the rise time of the trapedzoid and
the flat top of the trapedzoid were set to 1:0ms. Short shaping
time was used in order to gain good timing resolution. Measured
with 152Eu 444 keV peak, the energy resolution was about 4.2 keV
(FWHM) and about 7.4 keV with 152Eu 1408 keV. A computer was
used to collect and store all the data from the TNT2 unit.

During the measurements the collimator size and the shielding
geometry around the ion source were varied in order to better
understand where the measured bremsstrahlung is created and
how substantial amount of the measured photons penetrated
through the collimator setup. It was observed that while these
changes in the geometry affected the count rate and the shape
of the recorded spectra, the timescales required for obtaining a
steady state remained unaffected. This is shown in Fig. 3
illustrating the number of total counts, integrated over all
energies, as a function of time.

After experimenting with different lead shielding geometries it
is understood that the recorded bremsstrahlung radiation in radial
measurement is originating from all of the six magnetic poles. The
lead shielding around the collimator was enhanced between the
reported measurements with argon and oxygen. However, it is
emphasized that the purpose of the measurements was to obtain
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information about the timescales of electron heating which are
practically independent of shielding as demonstrated in Fig. 3. The
effect of the lead shielding is seen on the measured spectra in the
form of two characteristic lead peaks (ka1 ¼ 74:9694 keV and
kb1 ¼ 84:393 keV), which can be very dominant on the lower
energy part of the spectra. It should also be noted that the
measurement data are corrected by using a relative efficiency
calibration for the germanium detector used in the setup. Due to
complex measurement geometry and resulting material attenua-
tion an absolute efficiency calibration was not done.

The wall bremsstrahlung from an ECRIS is an example of thick
target bremsstrahlung at non-relativistic energies (energies that
are smaller or comparable to the rest energy of the electron) [10].
Absorption of the bremsstrahlung photons in the target i.e. ECRIS
plasma chamber walls is substantial. At these non-relativistic
energies the angular distribution of the radiation intensity is
widely spread being about the same order of magnitude at 0� and
90�, compared to the trajectory of the incident electron causing
bremsstrahlung radiation [10].

In the ECR ion source plasma the electron energies vary from
thermal (less than 1 eV) to MeV region meaning that the
bremsstrahlung is generated by electrons with a wide range of

energies. On the other hand photons can scatter several times
in the ECR structure (Al chamber, permanent magnets, etc.) before
they are observed at the detector. The lower energy part of the
bremsstrahlung spectrum is largely damped as the radiation
penetrates into the ECRIS structure. Attenuation of the brems-
strahlung from an ECR ion source (at different energies) is difficult
to correct due to complex geometry of the plasma chamber,
cooling systems, magnets and outer casing. Compton tails from a
bremsstrahlung event has a distinct effect on the shape of the
bremsstrahlung spectrum. It is well known that unless the
Compton tails are removed (unfolding of the spectra) the lower
energy part of the bremsstrahlung spectrum is over-emphasized.

Separation of the bremsstrahlung events from each magnetic
pole of an ECRIS is virtually impossible (sextupole structure). This
affects the measured spectra due to unequal attenuation for
photons originating from the different magnetic poles. It is also
noteworthy that the electrons hitting the plasma chamber walls
are in rotational motion around the magnetic field lines and a
large portion of their energy is perpendicular to the magnetic field
due to ECR heating processes. Therefore the angular distribution
of the bremsstrahlung deviates from the ellipsoidal [10] cone. One
has to also remember that the plasma chamber is not a point
source. Bremsstrahlung is generated all the way along the
permanent magnet poles (although the intensity changes along
the magnetic pole) i.e. along a length of about 280 mm in the case
of JYFL 14 GHz ECRIS (the electron losses at each magnetic pole
also depend on the radial component of the solenoid field).
Therefore, the bremsstrahlung processes are generating radiation
basically in every direction around an ECR ion source.

2.2. Data analysis

During the experiments the raw data from the germanium
detector are processed in the TNT2 unit in situ so that ADC
overflows are rejected at once. Pile-up events and other unwanted
phenomena are tagged by the TNT2 unit allowing them to be
removed while sorting the measurement data at a later time. A
single RF pulse does not produce enough statistics so that the
analysis code combines data from several consecutive RF pulses.
For example, the results presented in this article consist of data
from 680 combined RF pulses corresponding a measurement time
of 90 minutes for each ion source setting. Following this
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Fig. 2. The location of the detector in respect of the ECRIS. CAD drawing—radial

cross-section. Germanium detector, collimator and ECRIS are labeled. Distance
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procedure it is possible to illustrate bremsstrahlung spectra in
time intervals of a few milliseconds, and have enough events in
each spectrum to make reliable observations. The analysis code
also monitors the data tags for the trigger signal and rejects
possible erroneous RF pulses (such as undetected trigger on/off
signal) before final data processing. The code uses recorded
background spectrum (recorded while the ion source was shut-
down) to correct the bremsstrahlung spectra i.e. remove the
counts at each energy channel corresponding to average back-
ground count rates. The code also takes the relative efficiency
correction for the germanium detector into account. It was noted
that only energies over 15 keV should be processed due to the
efficiency curve of the detector (the curve goes down rapidly at
lower energies). If a time interval of 2 ms, for example, is used for
processing a 1500 ms RF pulse, 750 spectra are created by the
analysis code for the ‘‘RF on’’ period alone meaning that a vast
amount of data in both ‘‘RF on’’ and ‘‘RF off’’ cases is produced
with the sorting code giving a possibility of thoroughly studying
the time evolution of the bremsstrahlung produced by an ECRIS.

3. Experimental results

In this section bremsstrahlung measurement data for both
oxygen and argon plasmas is presented as a function of time with
three axial magnetic field strengths. Detailed data from the
beginning and the end of the RF pulse are presented in order to
highlight the observed differences between varying source
settings. During the measurements high voltages were not used
and therefore ion beams were not extracted from JYFL 14 GHz
ECRIS.

3.1. Time evolution of bremsstrahlung radiation as a function of time

with three magnetic field strengths

The magnetic field strengths at the injection (Binj), extraction
(Bext) and B minimum (Bmin), corresponding to different coil
currents used in the measurements, for JYFL 14 GHz ECRIS are
given in Table 1. The axial gradients at the injection (rBres

inj ) and
extraction (rBres

ext) side resonances are also shown. Finally, the
calculated axial distances (dres) between these resonance points
(Bres ¼ 0:504 T) are presented (a frequency of 14.1 GHz is used).

3.1.1. Oxygen plasma

Fig. 4 shows the time evolution of total photon counts
(integrated over the energy spectrum) measured with oxygen
plasma for ‘‘RF on’’ period with different magnetic field strengths.
The same data for the first 60 ms from the beginning of the RF
pulse are presented in Fig. 5. This is done in order to highlight the
difference in plasma ignition times observed with different
magnetic field strengths. It should be noticed that the count
rates in vertical axis in all of the figures presented in this article
are not absolute—only a relative efficiency calibration of the
germanium detector was performed. The plotted data curves in all

ARTICLE IN PRESS

Table 1
Magnetic field strengths of the JYFL 14 GHz ECRIS with different coil settings and

the corresponding resonance length in axial direction.

Coils currents

(inj/ext) (A)

Binj Bmin Bext rBres
inj (T/m) rBres

ext (T/m) dres (mm)

470/470 1.945 0.321 0.901 6.2 5.8 121

500/500 2.011 0.346 0.946 5.9 5.5 111

550/550 2.111 0.388 1.019 5.1 4.9 92

Magnetic field values are given in Tesla.
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aforementioned pictures (as well as in Fig. 6) correspond to the
following currents in both coils (for magnetic field values refer to
Table 1): the uppermost curve/550 A, the middle curve/500 A and
the lowest curve/470 A (this applies also to Figs. 7 and 8).

It was observed that the strongest axial magnetic field (lowest
magnetic field gradient) yields the highest count rates and also
significant instabilities in the bremsstrahlung count rates (see the
oscillation of the uppermost curve in Fig. 4) are observed. The first
counts at energies over 15 keV for coil currents of 550/550 A were
observed 4–6 ms after switching on the RF power (see Fig. 5).
With the lower coil currents it took around 10 ms for the first
counts to appear. This difference in timescales could possibly arise
from the more efficient heating usually connected to low
magnetic field gradient at the resonance zone.

Fig. 6 shows the corresponding data for the first 800 ms of the
‘‘RF off’’ period starting at the end of the microwave pulse. The
maximum count rate on the vertical axis in this figure is chosen to
illustrate the observed differences in detail. Typical bremsstrah-
lung ‘‘decay times’’ are on the order of 300–400 ms for the two
lowest Bmin values and around 700–800 ms for the highest Bmin.
Some ‘‘peaks’’ can also be seen at the decay data. The reason for
this behavior remains unknown. It is difficult to extract precise
information about the decay times of the bremsstrahlung

radiation because the decay of the RF power in the klystron and,
consequently, in the plasma chamber of an ECRIS are unknown.
However, it seems that the decay of the bremsstrahlung in ‘‘RF off’’
phase is approximately as fast as the time to reach the steady state
in ‘‘RF on’’ phase (see Figs. 4 and 6).

3.1.2. Argon plasma

The ‘‘RF on’’ data measured with argon plasma is presented in
Figs. 7 and 8. The same coil currents as for oxygen plasmas were
used. It can be seen from Fig. 7 that the instabilities in
bremsstrahlung count rates observed with the strongest axial
magnetic field (lowest gradient) are even more pronounced than
with oxygen plasma. It is noted, as in the case of oxygen plasma,
that the lower the gradB the higher the count rates. Fig. 8 shows
that with coil settings of 550/550 A bremsstrahlung events above
15 keV starts to be produced after 8 ms from the leading edge of
the RF pulse while with the lower coil current values this takes
about 14 ms. The timescales are close to that observed with
oxygen. This means that electron energies that are over one order
of magnitude higher than required to produce highly charged ions
(ionization potential e.g. for Ar8þ is about 144 eV [11]) are seen
when the RF power has been launched into the plasma chamber
for a time period of around 10 ms.

An interesting observation is that the timescales for reaching
the steady state bremsstrahlung production are quite different for
oxygen and argon. With argon the steady state is reached at
around 200 ms while with oxygen it takes more than 600 ms to
reach the steady state. The discrepancy could be explained by the
fact that argon is a noble gas while oxygen is chemically reactive.
It is possible that oxygen accumulates on the plasma chamber
walls during the ‘‘RF off’’ period and is released due to the
collisions of plasma particles during the beginning of the ‘‘RF on’’
period. This process can lead into varying neutral gas pressure for
some hundreds of milliseconds.

3.2. Detailed time evolution of the measured bremsstrahlung spectra

during the ‘‘RF on’’ period

In Section 3.1, the time-dependence of the count rates
integrated over the whole energy spectrum for different elements
and magnetic field settings was presented. Therefore, valuable
information about the timescales required for the plasma ignition
and reaching the steady state have been obtained. In this section a
more detailed view of the time evolution of different energies that
are present in the measured bremsstrahlung spectra will be
presented. This is done in order to study the timescales of
electrons to reach certain energies. In order to illustrate the time
evolution of the bremsstrahlung spectra an example of a spectrum
at different time intervals measured from the leading edge of the
RF pulse will be presented. This example was measured with
oxygen plasma using the following settings: RF power of 500 W,
coil currents of 500/500 A and neutral gas pressure of
2:6� 10�7 mbar.

Fig. 9 shows how the recorded bremsstrahlung spectrum
evolves in time. Very few events are observed before 10 ms but
during the time interval of 10–12 ms some events start to appear.
The bremsstrahlung spectrum develops as follows: between 10
and 12 ms small characteristic lead peak at 75 keV can already be
seen. Otherwise there are not many events on the spectrum;
12–14 ms: energies over 100 keV start to appear and the
characteristic lead peaks (75 and 84 keV) are seen. The
corresponding endpoint energy of the spectrum, reflecting the
maximum electron energy, is about 150 keV while the maximum
number of counts in this 2 ms interval is about 100 (maximum
number of counts at the lower characteristic lead peak);
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14–16 ms: the count rate increases and the maximum number of
events is roughly 140. At this point both of the characteristic lead
peaks can be clearly observed. The endpoint energy is still around
150 keV; 20–22 ms: the count rate is increased again, now the
maximum is around 330 events at the lower energy lead peak.
Both lead peaks are very clearly visible while the endpoint energy
is still around 150 keV; 50–52 ms: the maximum number of
counts in one channel is about 450. At this point the higher energy
part of the spectra starts to emerge. The endpoint energy has

shifted to over 350 keV and there is a ‘‘plateau’’ between energies
from 200 to 300 keV. One possible explanation for this ‘‘plateau’’
can be a higher energy electron population which starts to build
up after around 50 ms and continues to grow until the spectra
reaches its steady state phase. This means that with the given
ECRIS parameters it takes more than 20 ms and less than 50 ms to
produce a visible amount of electrons in the spectra with energies
exceeding 200 keV. 100–102 ms: the maximum count rate at this
interval is around 550 and the endpoint energy is about 400 keV.
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At this point the ‘‘plateau’’ between energies from 200 to 350 keV
is even more pronounced. Proceeding a few hundred milliseconds
forward it is seen that more counts are recorded between 600 and
602 ms than between 100 and 102 ms raising the whole spectrum
up in the intensity scale. The endpoint energy is still around
400 keV. Comparing the spectra recorded at 1500–1502 and
600–602 ms reveals that a steady state is reached between 600
and 1500 ms after launching the RF power into the plasma
chamber of JYFL 14 GHz ECRIS (steady state is actually reached at
around 600 ms which can be confirmed from the time evolution
animation of the spectra). The saturation of the total counts after
600 ms can also be verified from Fig. 4.

Another illustration of the time evolution of the bremsstrah-
lung is presented in Fig. 10 showing the time evolution of the
count rates at different energies (1 keV windows around a given
center) from the same data set used in Fig. 9. The ripple in the
data, which is more pronounced at high energies, is related to the
amount of statistics. However, from Fig. 10 it is seen that some
electrons reach high energies very fast (a very low amount of high
energy counts can be seen already after 12 ms). Therefore, counts,
for example, at 300 keV appear soon after applying the RF power

but it takes several hundreds of milliseconds to reach the steady
state at this energy. The steady state count rate was estimated at
the figures and then the time to reach 50% and 90% of the steady
state count rate was approximated from the figures. Table 2 lists
approximate times to obtain the steady state phase for the
energies considered in Fig. 10 with two different threshold values
(50% and 90%).

From Table 2 it is seen that the time to reach the steady state
with the energy of 75 keV is much shorter than with the other
energies. Photons having energy over 75 keV can cause lead
excitation which is released as characteristic lead radiation, thus
the characteristic peak(s) of lead are strongly present and their
time evolution is accelerated due to photons originating from the
plasma. The 50% threshold time at 75 keV is 14 ms while threshold
of 90% corresponds to a time of 44 ms. This means that the
characteristic lead peak rises rapidly after the RF power has been
launched into the plasma chamber. At the energy of 100 keV the
times are 58 and 290 ms corresponding to thresholds of 50% and
90%, respectively. These times are significantly longer than the
corresponding times for 75 keV. With both threshold values the
steady state times are increasing as a function of energy, and
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finally the steady state times are 172 ms (50%) and 458 ms (90%) at
300 keV. The steady state time of the total count rate extracted
from Fig. 4 (the middle curve) with 90% threshold is about 340 ms
which is in the same order of magnitude than the data in Table 2.

4. Discussion and future prospects

The measurements described in this article reveal new
information about the electron heating processes in an ECR ion
source under different magnetic field strengths at unprecedented
detail (time-resolving capability). Main focus of this article was to
gain understanding about the electron heating timescales and
energies at the plasma ignition and therefore, pulsed RF power
was used. During the bremsstrahlung measurements ion beam
was not extracted from the ion source.

In the experiments three arbitrarily chosen magnetic field
configurations within the normal operation conditions were used.
According to the measurements the lower magnetic field gradient
resulted in significant increase in total bremsstrahlung emission
count rates which can be seen in Figs. 4 and 7. With the two
lowest coil settings the bremsstrahlung emission data are very
stable, but with the highest coil currents the bremsstrahlung
count rate is unstable throughout the RF pulse. There are at least
three possible explanations for the increased count rate: (1) the
gradient of the axial magnetic field, (2) concentration of electron
losses into the radial loss cones possibly caused by the increased
strength of the axial magnetic mirrors and (3) plasma instabilities.
In the ECRIS plasma (1) and (3) can be connected because plasma
instabilities are driven by the temperature gradients [1] which can
arise from the changed magnetic field gradient. More efficient
heating, caused by the lower magnetic field gradient, increases
the electron energy (and v?=vk ratio) faster than ‘‘high gradB’’
heating generating increasing temperature gradients in the
plasma. Using higher coil currents decreases the distance between
the axial resonance zones (see dres values from Table 1) which can
lead to increasing density gradients inside the plasma. It is also
known that the density gradients in the ECR plasma can drive
instabilities [1]. Thus, changing the axial magnetic field strength
can affect the particle temperature and density gradients which
can lead to instabilities.

The conventional definition of mirror ratio of a magnetic bottle is
based on the relation of magnetic field strength at the maximum and
at the minimum of the magnetic field (Bmax=Bmin). However, it is
assumed that the magnetic moment of electrons is conserved at the
resonance which is not the case in the ECRIS plasma due to
microwave heating. Therefore, it is reasonable to use the value
B=Becr to describe ‘‘mirror ratios’’ in ECRIS plasmas (see also scaling
laws from Ref. [1]). In the measurements described in this paper it is
seen that Baxial=Becr is increasing in both injection and extraction sides
as the coil currents are increased and the Bradial=Becr remains constant.
Therefore, it is plausible to claim that increasing the strength of axial
magnetic mirrors causes the electron losses to concentrate into radial
direction (radial magnetic field on the poles is constant, 0.85 T). It is
also noted that the value Bradial=Bmin decreases as the coil currents are
increased which could favor radial electron losses.

It remains unknown whether the instabilities observed in Figs.
4 and 7 could be avoided by slightly tuning the ion source
magnetic field. The instabilities seen in the figures were found
several weeks after the bremsstrahlung measurements when the
data processing was completed. Therefore the authors did not
have a chance to look into this subject more thoroughly during the
measurements. Increased count rates were also observed as the
magnetic field gradient was decreased (increasing Bmin) without
increased instabilities in bremsstrahlung spectrum (see the two
lowest curves in Figs. 4 and 7). Therefore it cannot be definitely
concluded that the axial magnetic field gradient, concentration of
electron losses into the radial loss cones or instabilities are solely
responsible for the increased bremsstrahlung count rate, but it
might be a combination of these phenomena.

According to the results the time required to reach the steady
state phase of electron energies requires several hundred milli-
seconds and is different for oxygen and argon. Argon plasmas
reached the steady state bremsstrahlung conditions in about one
third of the time compared to oxygen plasmas (200 ms for argon,
600 ms for oxygen). There is at least one possible explanation for
this: oxygen, as a more reactive gas than argon, will be deposited
into the plasma chamber walls during the ‘‘RF off’’ period and is
slowly released by the particle bombardment during the ‘‘RF on’’
period. The information about the bremsstrahlung time evolution
in the moment of plasma ignition is very important in order to
understand the heating process. This information can be used to
write more realistic electron heating codes.

Studying the very beginning of the RF pulse revealed that
energies over 15 keV start to appear in the ECRIS plasma chamber
after a few milliseconds. These electron energies are probably
present in the ECRIS plasma before this time but the electrons at
these energies might not be scattered into the radial loss cones of
the magnetic bottle until some time has elapsed (this time can be
negligible, but is unknown at the moment). The lowest magnetic
field gradients produced energies over 15 keV faster than the
higher gradient values. Typical rise times for the first brems-
strahlung counts (over 15 keV energy) to appear with oxygen
plasma are about 6 ms (Bmin 0:388 T) and 10 ms (Bmin 0:346 and
0.321 T). For argon plasma the corresponding numbers are 8 ms
(Bmin 0:388 T) and 14 ms (Bmin 0:346 and 0.321 T). With the lowest
magnetic field gradients the electron stays longer within the
resonance volume and therefore can gain energy more efficiently.
This can be seen as shorter rise times in the total count rate
spectra.

From the time evolution of the bremsstrahlung spectra it is
seen that it takes more than 20 ms and less than 50 ms to produce
a visible amount of electrons with energies over 200 keV. After
around 50 ms the ‘‘plateau’’, which could be an evidence of the
higher energy electron population, starts to grow at energies
starting from 200 keV. It was observed that the steady state is
reached at different times at different electron energies. The lower
characteristic lead peak (at 75 keV) appears after 44 ms with 90%
threshold. With the same threshold it takes about 250 ms longer
to reach the steady state at the electron energy of 100 keV and
additional 26 ms to reach the steady state at 150 keV. Times of
380, 407 and 458 ms are needed to reach the steady state with
energies of 200, 250 and 300 keV, respectively.

This was the first attempt to measure the time evolution of
bremsstrahlung emission from the plasma chamber of an ECR ion
source. The time evolution experiments will be continued in the
near future in order to receive new information about the ECRIS
related plasma parameters. For example the time evolution of ion
currents of different charge states with the time evolution of
bremsstrahlung and the effect of the microwave frequency on the
bremsstrahlung time evolution has to be measured. It is also
needed to take a more thorough look into the effect of magnetic
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Table 2
Times to reach steady state phase with different energies and percentage

thresholds from the steady state count rates presented in Fig. 10.

Energy (keV) 75 100 150 200 250 300

Steady state (ms) (TH: 50%) 16 58 110 127 150 172

Steady state (ms) (TH: 90%) 44 290 316 380 407 458
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field by measuring the bremsstrahlung using several different coil
currents in order to understand how the bremsstrahlung produc-
tion becomes unstable and use longer RF pulses to see if the
instabilities will be damped after a while. It is assumed that after
comprehensive studies of ECR bremsstrahlung more realistic
simulation codes can be developed and photon flux could be
affected. In addition, the results can probably be used to decrease
the radiation problems related especially to the superconducting
ECR ion sources.

Acknowledgments

This work has been supported by the EU 6th Framework
programme ‘‘Integrating Infrastructure Initiative—Transnational
Access’’, Contract no. 506065 (EURONS), by the Academy of
Finland under the Finnish Centre of Excellence Programme
2006–2011 (Nuclear and Accelerator Based Physics Programme
at JYFL) and US Department of Energy contract DE-AC52-
06NA25396. T. Ropponen would like to acknowledge financial
support from the Graduate School in Particle and Nuclear Physics.
The authors would also like to thank Dr. Daniela Leitner for

valuable discussions. The use of germanium detector from the
GAMMAPOOL resource is gratefully acknowledged.

References

[1] R. Geller, Electron Cyclotron Resonance Ion Sources and ECR Plasmas, Taylor &
Francis, London, 1996.

[2] D. Leitner, J.Y. Benitez, C. Lyneis, D.S. Todd, T. Ropponen, J. Ropponen,
H. Koivisto, S. Gammino, Measurement of the high energy component of the
X-ray spectra in the venus ecr ion source, in: Proceedings of the 12th
International Conference on Ion Sources, vol. 79, Article ID. 033302, Rev. Sci.
Instrum. (2008).

[3] C. Barue, M. Lamoureux, P. Briand, A. Girard, G. Melin, J. Appl. Phys. 76 (1994)
2662.

[4] H. Koivisto, Rev. Sci. Instrum. 70 (1999) 2979.
[5] A. Girard, Rev. Sci. Instrum. 63 (1992) 2676.
[6] K. Bernhardi, K. Wiesemann, Plasma Phys. 24 (1981) 867.
[7] Y. Jongen, E.C.R. electron acceleration, in: Workshop on the Sixth International

ECR Ion Source, Lawrence Berkeley Laboratory, Berkeley, CA, 1985, pp.
238–255.

[8] Y. Liu, H. Bilheux, Y. Kawai, F.W. Meyer, G.D. Alton, Nucl. Instr. and Meth. B 241
(2005) 965.

[9] L. Arnold, R. Baumann, E. Chambit, M. Filliger, C. Fuchs, C. Kieber, D. Klein, P.
Medina, C. Parisel, M. Richer, C. Santos, C. Weber, IEEE Trans. Nucl. Sci. NS-53
(2006) 723.

[10] H.W. Koch, J.W. Motz, Natl. Bur. Stand. 31 (1959) 920.
[11] D.R. Lide, Handbook of Chemistry and Physics, CRC Press, Boca Raton, 2004.

ARTICLE IN PRESS

T. Ropponen et al. / Nuclear Instruments and Methods in Physics Research A 600 (2009) 525–533 533





APPENDIX A.V





IOP PUBLISHING PLASMA SOURCES SCIENCE AND TECHNOLOGY

Plasma Sources Sci. Technol. 18 (2009) 035018 (9pp) doi:10.1088/0963-0252/18/3/035018

Plasma breakdown diagnostics with the
biased disc of electron cyclotron
resonance ion source
O Tarvainen, T Ropponen, V Toivanen, J Ärje and H Koivisto
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Abstract
The electron cyclotron resonance ion sources at the JYFL (University of Jyväskylä,
Department of Physics) accelerator laboratory have been operated in pulsed mode to study the
time-resolved current signal from the biased discs of the ion sources. The purpose of the
experiments is to gain an understanding of the ion source parameters affecting the time required
for the transition from neutral gas to plasma. It was observed that the plasma breakdown time
depends strongly on the neutral gas density, gas species and density of seed electrons. In
particular, it was observed that a low power microwave signal at secondary frequency makes
the breakdown time virtually independent of the neutral gas density. The results can be utilized
for operation of ECR ion sources in the so-called preglow mode. A simple qualitative model,
which is in good agreement with the experiments, has been developed to interpret the results.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The production of highly charged ions with electron cyclotron
resonance ion sources (ECRIS) can be enhanced significantly
by applying negative voltage to a biased disc, located at the
injection end of the plasma chamber [1]. Practically all modern
ECR ion sources are equipped with such a biased electrode with
its voltage ranging typically from −20 to −300 V with respect
to the source potential [2].

Several experiments have been performed to explain the
beneficial effect of the biased disc. These include experiments
with a movable disc [3], experiments with different sizes and
shapes of the disc [4] and experiments with a pulsed voltage
applied to the disc [5]. It is commonly understood that the
negative voltage of the disc reduces the electron flux towards
the injection end of the ion source followed by an increase in
the electron density and a decrease in the plasma potential
[6, 7]. To satisfy the condition for quasineutrality (current
balance) the ion fluxes from the plasma have to decrease
simultaneously [8] yielding a longer confinement time for ions.
As a result the charge state distribution of the extracted ion
beams shifts towards higher charges, which is often desired
for beam injection into accelerators.

In this paper we present a study of plasma breakdown
diagnostics with the biased disc of ECR ion source(s) in pulsed
microwave power operation mode. The main purpose of
the work is to understand the effects of different ion source
parameters, such as microwave power, neutral gas density and
magnetic confinement, on the time required for the plasma
breakdown process to occur. Understanding this process is
important for applications of ECR ion sources demanding
fast ionization times, e.g. radioactive ion beam production in
pulsed operation mode. The implications of the results on these
applications are discussed in the last section of the paper.

2. Experimental setup and procedure

The plasma breakdown was studied with two different
ECR ion sources (14 GHz and 6.4 GHz) at the JYFL
accelerator laboratory [9, 10] (JYFL—University of Jyväskylä,
Department of Physics). The main differences between these
ion sources are the magnetic field strength and plasma chamber
volume, 1.3 L for the 14 GHz source and 7.7 L for the 6.4 GHz
source. The diameter of the biased disc is 21 mm in the case of
JYFL 14 GHz ECRIS and 60 mm in the case of JYFL 6.4 GHz

0963-0252/09/035018+09$30.00 1 © 2009 IOP Publishing Ltd Printed in the UK
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Figure 1. A schematic of the measurement setup.

ECRIS. The disc is located very close to the magnetic field
maximum on the injection end of the plasma chamber (referred
to as Binj in this paper). Further details of the JYFL ion sources
in their present configuration, including schematics, can be
found from [10, 11]. For the experiments described in this
paper the ion sources were operated in pulsed mode and the
time-resolved current signal from the biased disc was recorded
as a function of disc voltage, gas species, neutral gas pressure,
microwave power, magnetic field strength and time between
consecutive microwave pulses.

The output power of the klystron amplifier was controlled
by pulsing the input signal from the oscillator. The gain
(attenuator setting) of the klystron was kept constant during the
pulsing. The microwave power was measured and the output
signal from the klystron was directed to an oscilloscope to
be used as a trigger signal (t = 0 s) for the time-resolved
measurement. The bias disc current was measured across
a 992 � resistor connected directly between the biased disc
power supply and the disc itself, which corresponds to a disc
voltage drop of approximately 1 V/1 mA. The voltage drop is
negligible compared with typical biased disc voltage. As a
consequence, the oscilloscope was floating on the biased disc
voltage and the required optical isolation from the electronics
of the klystron. Therefore, the output power signal (trigger)
was directed through an optical isolation component (CNY66).
The delay in the isolation circuit is on the order of microseconds
and can be omitted in the following considerations. Due to
a threshold voltage level of the optical isolation circuit, a
voltage comparator was used to amplify the klystron output
power signal (TTL level, 0–5 V). This allowed measurements
at microwave powers corresponding to the output signal level
below the threshold of the optical isolation. The delay of the
comparator was measured to be 6 µs and is therefore negligible
compared with the plasma breakdown time scales. Extraction
voltage was not applied to the ion source during the bias
disc current measurements. However, it was confirmed by
measuring the time evolution of extracted beam currents (for

some ion source settings used in the biased disc measurement)
that the extraction voltage does not affect the measured
plasma breakdown times. It was also confirmed with different
measurement resistors that the characteristics of the current
signal from the biased disc are not due to the RC constant of
the circuit but truly due to plasma phenomena. The possibility
of the power supply voltage regulation affecting the data was
excluded by comparing biased disc current signals measured
with different power supplies (including a high current unit)
yielding no observable difference. The neutral gas pressure in
the plasma chamber was measured with a Penning ionization
gauge adjacent to the chamber. The gauge reading was
corrected for each element according to a calibration chart
provided by the manufacturer. The subsequent error in neutral
gas pressure values is within ±2%. A schematic for the
measurement setup is presented in figure 1. Figure 2 shows
the biased disc of the JYFL 14 GHz ECRIS inside the plasma
chamber.

3. Experimental results

3.1. Time dependence of the bias disc current as a function of
bias disc voltage

The studies of the plasma breakdown process were started by
measuring the time-resolved current signals from the biased
discs of the JYFL ECR ion sources as a function of the disc
voltage. As an example, in figure 3, we present a family of
curves measured for argon plasma with the JYFL 14 GHz
ECRIS. The ion source settings were as follows: 14 GHz
microwave power (pulsed) P = 500 W, calibrated neutral
gas pressure nn = 3.8E-7 mbar, magnetic field at injection
Binj = 2.02 T, magnetic field at extraction Bext = 0.95 T and
magnetic field minimum Bmin = 0.35 T. The axial distance
from the resonance to the biased disc is approximately 100 mm
under the given magnetic field settings. The radial magnetic
field on the plasma chamber wall is 0.85 T (fixed for the JYFL
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Figure 2. Biased disc of the JYFL 14 GHz ECRIS inside the plasma
chamber (viewed from the extraction end). The triangular plasma
loss pattern can be seen on the disc. Two rectangular waveguides
from the klyston (WR62) and TWT (WR75) amplifiers are also
visible. Penning ionization gauge is located adjacent to one of the
pumping holes between the poles of the permanent magnet
sextupole.

-1

 0

 1

 2

 3

 0  5  10  15  20

B
ia

se
d 

di
sc

 c
ur

re
nt

 [m
A

]

Time [ms]

-200 V
-150 V
-100 V

-80 V
-60 V
-40 V
-20 V
-15 V
-10 V
-5 V
0 V

Figure 3. Time-resolved bias disc current of argon plasma as a
function of biased disc voltage during the first 22 ms of the applied
microwave pulse. JYFL 14 GHz ECRIS, neutral gas pressure
3.8E-7 mbar, pulsed microwave power of 500 W, magnetic field at
injection of 2.02 T, magnetic field at extraction of 0.95 T and
magnetic field minimum of 0.35 T.

14 GHz ECRIS). These settings are well within the range of
typical values used for the beam production. The duration of
the microwave pulses was about 6 s with off time greater than
30 s between consecutive pulses.

It is clear from the figure that the time required for the
plasma breakdown to occur, namely 7–8 ms under the given
ion source settings, is virtually independent of the biased disc
voltage. By plasma breakdown we mean the fast transition
from the undetectable current level to the mA level current.
The biased disc current peaks between 8 and 9 ms with the
maximum value depending on the applied voltage. The shape
of the curve is determined by ‘neutral starvation’ and plasma
sheath formation as a consequence of the proceeding step-wise

ionization. This was confirmed by studying time-resolved
signal from the pressure gauge exhibiting a drop in the neutral
gas pressure of 20–25 ms after switching on the microwave
power and reaching saturation by 500 ms. Taking into account
the diffusion time from the plasma chamber to the pressure
gauge (few milliseconds), it is concluded that the peak in
the biased disc current signal reflects the number of neutrals
available for ionization. In the case of ECR ion sources
peaks lasting for a few milliseconds have been observed on
the extracted beam currents. The effect has been related to the
formation of the steady-state charge state distribution (multiply
charged ions) through step-wise ionization, and build-up of the
plasma potential and electron energy distributions during the
plasma breakdown [11].

The saturation current is reached after 0.5–1 s after the
breakdown (not shown in figure 2). This suggests that the time
required for the electron and ion densities and electron energy
distribution function to reach their equilibrium is on the order
of seconds. This observation is supported by time-resolved
experiments [12] showing that the high energy (>30 keV)
bremsstrahlung emission from the JYFL 14 GHz ion source
reaches the steady state within similar time scale. Since the
dependence of the bias disc current on the bias disc voltage
has been thoroughly studied [6, 7] in cw mode, we do not
discuss the saturation currents in this paper. It was shown
with other gas species (O2, He, Ne) that the time required for
the breakdown is truly independent of the bias disc voltage for
given element at fixed neutral gas pressure. This observation
was confirmed with the JYFL 6.4 GHz ECRIS. By studying the
bias disc current after switching off the microwave power it was
observed that the (positive) signal decays from the saturation
value to zero in 500–800 ms. This indicates that the electron
confinement in ECRIS plasma is very strong.

In the case of the JYFL 14 GHz ECRIS the sign of the
bias disc current changes at voltages between −5 and −10 V
for argon plasma, i.e. electron flux towards the disc exceeds
the ion flux. Since the biased disc can be considered as
a primitive planar Langmuir probe, this indicates that the
floating potential Vf (potential for which Iion = Ielectron)

lies between these values. For the JYFL 6.4 GHz ECRIS
the floating potential for argon plasma was measured to be
between 0 and −3 V, suggesting that the plasma potential for
the 6.4 GHz ion source is slightly higher compared with the
14 GHz ion source. This has been confirmed with dedicated
plasma potential measurements performed with the JYFL ion
sources [8, 13]. The electron densities cannot be deduced
from the biased disc current signal (in comparison with typical
Langmuir-probe diagnostics) due to the high energy electrons
reaching the disc in spite of the retarding potential and due to
the triangular shape of the particle flux (probe area �= flux area)

3.2. Plasma breakdown time as a function of microwave
power

The microwave power dependence of the plasma breakdown
was studied with the JYFL 14 GHz ECRIS. The ion source
settings were chosen as follows: calibrated neutral gas pressure
of argon nn = 3.4E-7 mbar, Binj = 2.02 T, Bext = 0.95 T,

3



Plasma Sources Sci. Technol. 18 (2009) 035018 O Tarvainen et al

Table 1. Time measured from the leading edge of the microwave
pulse required to reach 10% of the peak current, t10%, and the time
required to reach the peak current, tpeak, for different microwave
powers. Data measured for argon plasma (3.4E-7 mbar) with the
JYFL 14 GHz ECRIS.

14 GHz microwave t10% tpeak

power (W) (ms) (ms)

50 7.6 (±0.5) 9.1 (±0.5)
75 7.8 (±0.5) 9.1 (±0.5)

100 7.8 (±0.5) 9.8 (±0.5)
125 8.0 (±0.5) 9.4 (±0.5)
150 8.0 (±0.5) 9.4 (±0.5)
175 7.8 (±0.5) 9.2 (±0.5)
200 8.0 (±0.5) 9.3 (±0.5)
225 8.2 (±0.5) 9.5 (±0.5)
250 8.2 (±0.5) 9.9 (±0.5)
300 8.5 (±0.5) 10.6 (±0.5)
350 8.3 (±0.5) 9.6 (±0.5)
400 8.6 (±0.5) 10.1 (±0.5)
450 8.7 (±0.5) 9.9 (±0.5)
500 8.4 (±0.5) 9.8 (±0.5)
550 8.7 (±0.5) 10.1 (±0.5)
600 8.3 (±0.5) 9.6 (±0.5)
650 8.9 (±0.5) 10.4 (±0.5)
700 9.0 (±0.5) 10.7 (±0.5)

Bmin = 0.35 T and bias disc voltage Vbd = −150 V. The
duration of the microwave pulses was about 2 s (enough
to reach saturation current) with off time of 6 s between
consecutive pulses. The results are presented in table 1
showing the time, measured from the leading edge of the
microwave pulse, required to reach 10% of the peak current,
t10%, and the time required to reach the peak current, tpeak, for
different microwave powers. The error bars were determined
by comparing ten consecutive pulses (average times shown in
the table).

The data presented in the table suggest that the time
required for plasma breakdown is almost independent of
the applied microwave power. After the breakdown occurs,
the peak current is reached very fast (within 1.5 ms). The
saturation current is reached within 0.5–1 s. The ramp up
time of the microwave power was measured to be on the
order of microseconds. This cannot explain the delay between
the applied microwave signal and plasma breakdown nor the
current peak observed immediately after the breakdown.

3.3. Time dependence of the bias disc current as a function of
neutral gas pressure and gas species

The neutral gas pressure of the plasma breakdown was studied
with the JYFL 14 GHz ECRIS with all noble gases (helium,
neon, argon, krypton and xenon) and oxygen (O2). The neutral
gas pressures used for the measurements are within typical
operational limits for ECR ion sources (E-7 to E-6 mbar).
In these pressures the neutral gas is in the Knudsen regime,
i.e. bulk properties vary significantly within a mean free path
of neutrals. Enriched isotopic gases were not used for the
measurement. The ion source settings were chosen as follows:
(pulsed) microwave power P = 500 W, Binj = 2.02 T, Bext =
0.95 T, Bmin = 0.35 T and bias disc voltage Vbd = −150 V.
The duration of the microwave pulses was about 5 s (enough
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Figure 4. Time-resolved bias disc current of neon plasma as a
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minimum of 0.35 T.

to reach saturation current) with off time greater than 30 s
between consecutive pulses. As an example, figure 4 shows the
time-resolved bias disc current signals measured at different
neutral gas pressures of neon.

The figure shows that the time required for plasma
breakdown depends strongly on the neutral gas density in the
plasma chamber. The effect was further studied with different
gas species as discussed below. The biased disc current
increases with increasing neutral gas pressure indicating an
increase in plasma density. However, by comparing the peak
currents at each neutral gas pressure it can be deduced that the
ionization degree of the plasma reduces with increasing neutral
gas pressure degrading the gas efficiency of the ion source.

Figure 5 shows the time required to reach 10% of peak
current, t10%, as a function of calibrated neutral gas pressure
for oxygen, argon, krypton and xenon. The time is measured
from the leading edge of the microwave pulse. Also a fit
to the measured data is presented for each gas species. The
equation describing the fit is presented in the data label with
proper units. Similar data for helium and neon are presented
in figure 6. The data are divided into two sets due to different
order of magnitude in calibrated neutral gas pressures, which
is a consequence of a vast difference in ionization probabilities
of different gas species for a given electron energy distribution
[14–16]. Note that error bars for t10% also depend on the neutral
gas pressure.

The data in figures 5 and 6 show that the time required
for the plasma breakdown (reaching 10% of the peak current)
is almost inversely proportional to the neutral gas pressure for
each gas species. The units in the equations for the data fits
are ms for the time and E-7 mbar for the neutral gas pressure.

In order to explain the results we consider a simple model
for the plasma breakdown. The volumetric rate of ionizing
collisions f can be written as

f = dne

dt
= nenn〈σionv〉, (1)
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where ne is the electron density, nn the neutral density, σion the
ionization cross section, v the relative velocity (electron and
neutral particle) and 〈 〉 denotes the average over the velocity
distribution. At the beginning of the plasma breakdown
process we can assume that nn is practically constant although
the ionization degree reaches several tens of percent later
during the microwave pulse. The validity of this assumption
is supported by the fact that neutral gas density was observed
to drop only after 20–25 ms from switching on the microwave
power (this value contains the diffusion time of neutral gas
from the plasma chamber to the pressure gauge). Furthermore,
we impose a criterion for the plasma breakdown by stating
that the breakdown occurs when the electron density reaches
a critical value, ne,critical sustaining the plasma and yielding
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Figure 7. Calculated plasma electron density (maximum) for
different gases from equation (2) as a function of time at 5 E-7 mbar
neutral gas pressure. Cross section data from [14–16]. Decrease in
the neutral gas density as a function of time is not taken into account.

measurable biased disc currents. Integrating the electron
density in equation (1) from ne,0, i.e. electron density in the
plasma chamber at the beginning of the microwave pulse, to
ne,critical and time from t0 to tbreakdown, yields a characteristic
time required for the breakdown:

tbreakdown = ln(ne,critical/ne,0)

nn〈σionv〉 . (2)

For the integration we have assumed that 〈σionv〉 is independent
of time, i.e. electron heating is not taken into account.

Equation (2) predicts that the time required for plasma
breakdown is inversely proportional to neutral particle density
as long as the other variables remain constant. The model is in
good agreement with the results presented in figures 5 and 6.
The exponent of the neutral gas pressure in the data fits ranges
from −0.91 to −1.14 for the studied gas species (nn ∝ p).
The fact that the plasma breakdown is inversely proportional to
〈σionv〉 explains the difference in breakdown times (an order of
magnitude) observed with different gas species at fixed neutral
gas pressure. The extreme cases in this respect are helium
and xenon whose ionization cross sections from neutral gas to
1+ ion differ approximately an order of magnitude at electron
energies most relevant for the ionization of neutral gas [14–16].
Cross sections for all other gas species that were studied for
this work fall within the range set by helium and xenon.

As an example, we calculate the (maximum) electron
density as a function of time from equation (2) for all the
noble gases at neutral gas pressure of 5 E-7 mbar. For
the calculation we use maximum cross sections for ionizing
collisions, i.e. optimum electron energy, and assume that ions
are essentially stationary. Substituting cross section values
from [14–16] into equation (2) and estimating that ne,crit is 107

times greater than ne,0 yields the curves presented in figure 7.
The corresponding (maximum) cross sections and (optimal)
electron energies are as follows [14–16]: helium σ = 4.00
E-17 cm−2/Ee = 100 eV, neon σ = 6.67 E-17 cm−2/Ee =
170 eV, argon σ = 2.40 E-16 cm−2/Ee = 90 eV, krypton
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σ = 5.61 E-16 cm−2/Ee = 30 eV, xenon σ = 4.90 E-
17 cm−2/Ee = 50 eV. A more realistic calculation would
require calculating 〈σionv〉 over the range most relevant for
the plasma breakdown. However, the order of magnitude for
tbreakdown remains unchanged even if this procedure is carried
out. Our estimate of ne,0 assumes that the electric fields of the
microwave modes excited to the cavity are capable of creating
an electron density of 104 cm−3 by field ionization, which
is plausible due to the extremely high Q factor of an empty
cavity [17]. Therefore, the saturation electron density in our
example is on the order of 1011 cm−3, which is a commonly
accepted value for ECR ion sources [18].

Figure 7 shows that the plasma breakdown times
calculated from equation (2) are on the same order of
magnitude as the experimental results. Moreover, the model
can explain the difference between the elements. Studying
the time evolution of the electron density, calculated from
equation (2), also reveals that the observed abrupt rise in
plasma density (within 1–2 ms from the breakdown) can be
explained with the simple model. This is due to the exponential
increase in the electron density as a function of time as
long as the supply of neutrals remains sufficient, i.e. ‘neutral
starvation’ does not take place. As long as the assumptions
of the model hold, the availability of neutrals limits the peak
density (biased disc current), which was also observed during
the experiments (figures 4 and 9).

3.4. The effect of ‘seed electrons’ on the plasma
breakdown time

According to our simple model the characteristic plasma
breakdown time depends strongly on the electron density in
the plasma chamber at the beginning of the microwave pulse,
ne,0. As a next step of the experiments this prediction was
tested qualitatively.

It has been observed earlier that at the usual pressure
regime of ECR discharge bremsstrahlung is detected even
seconds after switching off the microwave power [19], i.e.
electrons can remain confined in the minimum-B structure
of an ECRIS for relatively long times. Therefore, it can
be expected that the microwave pulse repetition rate affects
the plasma breakdown time if the off time is shorter than
the confinement time. In this scenario the electrons from
the previous microwave pulse would act as ‘seed electrons’
shortening the breakdown time for the consecutive microwave
pulse. The effect of the microwave pulse separation was
studied with the JYFL 6.4 GHz ECRIS. This ion source was
chosen because the effect of the axial and radial magnetic
field strength on the plasma breakdown time could be studied
simultaneously. The Modified MultiPole Structure [20] of the
JYFL 6.4 GHz ECRIS allows adjusting the radial sextupole
magnetic field (in addition to adjusting the axial field), which
makes this ion source more versatile for the experiment
compared with the JYFL 14 GHz ECRIS with fixed sextupole
strength.

The effect of the microwave pulse separation was
studied with the following settings: (pulsed) microwave power
P = 200 W, neutral gas pressure of argon = 3.2 E-7 mbar,

Table 2. Time measured from the leading edge of the microwave
pulse required to reach 10% of the peak current, t10%, for different
microwave pulse separations. Data measured for argon plasma
(3.2E-7 mbar) with the JYFL 6.4 GHz ECRIS.

Time between microwave Plasma breakdown time,
pulses (s) t10% (ms)

1 7.5 (±0.5)
2 8.5 (±0.5)
3 10.5 (±0.5)
5 12 (±0.5)

10 17.5 (±1)
15 22 (±3)
30 21 (±3)
60 36 (±9)

120 28 (±4)
180 26 (±3)
300 34 (±8)

Binj = 1.08 T, Bext = 0.54 T, Bmin = 0.17 T and bias disc
voltage Vbd = −50 V. The duration of the microwave pulses
was 5 s with variable off time between consecutive pulses. The
plasma breakdown time as a function of microwave off time is
presented in table 2.

The data presented in the table demonstrate that the
time between microwave pulses indeed affects the plasma
breakdown time, which increases almost linearly from 7.5 ms
to 22 ms as the time between microwave pulses increases
from 1 to 15 s. As the off time was further increased, the
time required for the plasma breakdown became clearly more
random, which is highlighted by the increase in the error
margins. The effect was observed to be independent of
the microwave power and was also observed with the JYFL
14 GHz ECRIS. The result indicates that some electrons from
the previous microwave pulse are being confined up to 10–20 s.
These electrons affect the plasma breakdown time for the
consecutive pulse, as suggested by our model.

This conclusion was tested further by varying the magnetic
field strength of the JYFL 6.4 GHz ECRIS at fixed off time
between microwave pulses. Microwave power (pulsed) was set
to P = 200 W, neutral gas pressure of argon to 3.2 E-7 mbar,
bias disc voltage to Vbd = −50 V and the time between
microwave pulses to 5 s. Varying the magnetic field (axial
and radial) affects the electron confinement and, consequently,
the density of seed electrons from the previous microwave
pulse, ne,0. Figure 8 illustrates the plasma breakdown time
(t10%) as a function of the axial magnetic field strength for
three different microwave pulse separations (off times). The
solenoid field strength is compared with the maximum field
that can be attained with the JYFL 6.4 GHz ECRIS (maximum
coil currents). The highest possible magnetic field strengths
with maximum coil currents are Binj = 1.2 T, Bext = 0.6 T,
Bmin = 0.19 T, i.e. the field strength was varied as follows:
Binj = 1.2–0.96 T, Bext = 0.6–0.48 T, Bmin = 0.19–0.15 T.
The radial field strength was set with the MMPS structure
to 0.9 T, measured on the wall of the plasma chamber at the
magnetic pole.

The plot clearly shows that the time required for the
plasma breakdown (measured from the leading edge of the
microwave pulse) depends on the magnetic field strength and
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microwave pulse separation. When the microwave pulse
separation was increased further, it was observed that there was
practically no difference in plasma breakdown times observed
with different magnetic field strengths. This confirms that the
effect displayed in figure 8 is indeed due to seed electrons from
the previous pulse.

The effect of the radial confinement was studied by
adjusting the MMPS structure. The sextupole field at the
magnetic pole was lowered to 0.5 T. It was observed that the
plasma breakdown time at given pulse separation (3, 5 and
10 s were used) increased approximately 10% compared with
the situation at 0.9 T radial field. The effect of the radial
confinement was therefore less pronounced as the effect of
the axial confinement. This is supported by the observation
[3] that in ECRIS minimum-B structure electron losses are
concentrated in the axial direction.

Finally, the role of seed electrons in the plasma breakdown
time was studied with the JYFL 14 GHz ECRIS operated in
double frequency mode. A very low power (<10 W) secondary
frequency of 11.56 GHz was launched into the plasma chamber
by a travelling wave tube amplifier (TWTA) in continuous (cw)
mode. This corresponds to only 2.5% of the full capacity of the
TWTA at JYFL. In addition, 350 W of microwave power from
the klystron was applied in pulsed mode. The pulse length was
set to 5 s with spacing of 30 s between consecutive pulses. In
fact, the TWTA is already sustaining a very low density plasma,
which is illustrated by the offset of bias disc current before
triggering the microwave pulse from the klystron (t = 0).
Therefore, by ‘plasma breakdown’ time we mean the time
required to reach high density plasma after applying 350 W
at 14 GHz. Figures 9 and 10 illustrate the effect of the seed
electrons provided by the microwave power from the TWTA
(5 W in this case). The experiment was carried out with
helium since it was observed earlier that ignition of helium
discharge takes most time at given pressure (lowest ionization
cross section of noble gases). The magnetic field was set to
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Figure 10. Time-resolved bias disc current of helium plasma as a
function of neutral gas pressure during the first 45 ms of the applied
microwave pulse. JYFL 14 GHz ECRIS, pulsed microwave power of
350 W at 14 GHz, cw microwave power of 5 W at 11.56 GHz, biased
disc voltage of −70 V, magnetic field at injection of 2.02 T, magnetic
field at extraction of 0.95 T and magnetic field minimum 0.35 T.

Binj = 2.02 T, Bext = 0.95 T, Bmin = 0.35 T and bias disc
voltage to Vbd = −150 V.

The figures demonstrate the remarkable effect of the seed
electrons. The plasma breakdown time (time to reach 10%
of maximum current) was reduced from 4–62 ms without the
TWTA to 0.3–2.2 ms with the TWTA. The latter time range is
practically equal to the confinement time (diffusion time) of
ions from the core plasma to the biased disc [21]. The most
outstanding result is that the breakdown time becomes almost
independent of the neutral gas pressure. The implications of
this result are discussed in the next section. The effect was
observed already at cw power level of 2.5 launched from the
TWTA (lowest possible). The current signal at t < 0 ms in
figure 7 is due to the seed plasma sustained by the TWTA.
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The reason for the sudden drop in the biased disc current
followed by application of the high power microwave signal is
somewhat unknown. It is possible that this behaviour is due to
higher mobility of electrons compared with ions, which causes
the flux of electrons to override the flux of ions momentarily
as the plasma density is increased by the additional microwave
power. More experiments including a time-resolved plasma
potential measurement will be carried out in the near term
future to explain this behaviour. Equation (2) can be used
to understand the shift of the rise time to the sub-millisecond
time scale by substituting the known cross sections [14–16],
neutral gas density and noticing that the steady-state electron
density (with 350 W pulsed at 14 GHz + 5 W cw at 11.56 GHz)
is higher by a factor of 3–10 to the electron density sustained
by the TWTA (5 W cw at 11.56 GHz) at the given neutral gas
pressure.

4. Discussion

We have presented a consistent set of experimental results
covering the effects of ECR ion source tuning parameters
such as microwave power, neutral gas density, bias voltage,
magnetic field strength etc, on the plasma breakdown time.
It was observed that the plasma breakdown time is virtually
independent of biased disc voltage and applied microwave
power. During the initial phase of the breakdown the biased
disc current (plasma) exhibits a transient peak. A similar
transient has also been observed with other plasma devices
such as inductively coupled rf ion sources [22] and helicon
plasma generators [23] operated in MHz-range with orders of
magnitude higher neutral gas pressures (0.1–100 mbar). In
these cases the observed transient peak in plasma density has
been associated with neutral depletion due to ‘ion pumping’
as the ions transfer energy to neutrals in collisions [23, 24].
In fact, neutral depletion presents a problem for inductively
coupled rf ion sources suffering from inability to sustain high
plasma densities when operated with long rf pulses (>1 ms)
[22]. Our results suggest that a similar process (neutral
depletion) could also take place in a very low pressure regime.
The observation that microwave power had virtually no effect
on the plasma breakdown time could be explained by the
fact that electrons can gain energies far beyond the ionization
potential of neutral atoms in single resonance crossing. This
is due to very high electric field (high Q-value of the plasma
chamber) [17] sustained even by low power microwaves before
the plasma breakdown.

We have observed that the plasma breakdown time is
inversely proportional with the neutral gas pressure. This
result is in good agreement with a simple model derived
from the volumetric rate of ionizing collisions in section 3.3.
Similar dependence has been observed in microwave heated
plasmas at higher pressures [25]. Our results extend the
validity of this model into the very low pressure regime.
Furthermore, the model predicts that the plasma breakdown
time depends strongly on the density of ‘seed electrons’ whose
role on the plasma breakdown characteristics was studied by
varying the microwave pulse separation and magnetic field
strength, presumably affecting the electron confinement times

and finally by igniting a low density plasma sustained by less
than 10 W (in cw mode) of microwave power corresponding
to the power level of cheap commercial TWT amplifiers.

It was observed that microwave pulse separation up to
several seconds is required to erase the influence of the
previous pulse. The conclusion is that hot electrons can
remain confined in the magnetic field structure of a modern
ECR ion source for several seconds after the ECR heating
process is interrupted by switching off the microwave power.
Cold electrons escape from the magnetic field immediately
after the microwave power is switched off since they are
no longer being actively removed from the loss cone by
the ECR heating process increasing the velocity component
perpendicular to the external magnetic field. This sudden
leakage of charged particles from the magnetic field leads
into a well-known afterglow transient at the end of the
microwave pulse [26]. However, as the plasma density
exhibits a fast decay, the collision frequency of the trapped
hot electrons with v⊥ > v‖ is reduced leading presumably to
hot electron confinement times on the order of seconds. As
the cold electrons escape and hot electrons remain trapped,
the electron energy distribution function shifts towards higher
energies and the plasma becomes prone to instabilities, which
have been detected (with JYFL 14 GHz ECRIS) during the
afterglow.

Sustaining low density plasma with low level microwave
power from the TWTA caused the plasma breakdown time
to become very short (<1 ms) and virtually independent of
the neutral gas pressure. This could be very important result
for future operations of ECR ion sources in pulsed mode.
It has been recently observed [11] that a fast transient peak
in extracted ion currents of low and medium charge states
occurs at the very beginning of the microwave pulse. This
phenomenon has been named preglow as an explicit reference
to the well-known afterglow transient. It has been suggested
that the preglow transient could be utilized for the Beta Beam
project [11] (neutrino physics) requiring fast and efficient
ionization of radioactive 6He and 18Ne in pulsed operation for
direct injection into a post accelerator LINAC. Seed electrons
provided by low power microwaves from the TWTA could
provide a cost-effective means to speed up the ionization
process and minimize losses of radioactive ions. Moreover,
this ‘forced preglow’ -technique could allow optimizing the
charge state distribution of the extracted ion beams by varying
the neutral gas pressure without simultaneously affecting the
time required for the plasma breakdown (ionization time). This
was confirmed with the JYFL 14 GHz ECRIS by measuring
the extracted ion beam currents of helium and neon exhibiting
the preglow transient. It was observed that the seed electrons
cause the charge state distribution of the extracted ion beams
to shift towards higher charges during the preglow, which is
very practical taking into account the possible applications.
Presenting these results in detail is out of the scope of this
work focusing to plasma breakdown diagnostics with the
biased disc. A similar technique, i.e. low power secondary
frequency applied between high power pulses in order to
ensure fast and repeatable plasma breakdown has been utilized
earlier for the SNS (US Spallation Neutron Source) inductively
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coupled rf ion source (MHz frequency range, orders of
magnitude higher neutral gas pressure) intended for H− ion
production [27].
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Time Evolution of High-Energy Bremsstrahlung and
Argon Ion Production in Electron Cyclotron

Resonance Ion-Source Plasma
Tommi Ropponen, Olli Tarvainen, Pete Jones, Pauli Peura, Taneli Kalvas, Pekka Suominen, and Hannu A. Koivisto

Abstract—Bremsstrahlung radiation measurement is one of
the most commonly used plasma-diagnostics methods. Most of
the bremsstrahlung measurements with electron cyclotron reso-
nance ion sources (ECRISs) have been performed in continuous-
operation mode yielding information only on the steady-state
bremsstrahlung emission. This paper describes results of
bremsstrahlung and argon ion-current measurements with the
JYFL 14-GHz ECRIS operated in a pulsed mode. The bremss-
trahlung radiation was studied as a function of neutral-gas
pressure and radio frequency power. The timescale of ECRIS
bremsstrahlung production is compared to ion-production time-
scale for different charge states of argon for the first time. It was
observed, for example, that the ion currents of different charge
states reach the steady state before the bremsstrahlung emission
rate saturates.

Index Terms—Bremsstrahlung time evolution, electron cy-
clotron resonance (ECR), preglow.

I. INTRODUCTION

E LECTRON cyclotron resonance ion sources (ECRISs) [1]
with solenoid and sextupole confinement have commonly

been used to produce highly charged ions from heavy ele-
ments since the 1980s. Despite of the dedicated experiments
on bremsstrahlung emission from magnetized ECR heated
plasmas (see, e.g., [2], [3]) and all the operational experience
with modern ECRISs (with sextupole structure), the details
of the electron heating mechanism in ECRIS plasmas are
still not completely understood. Therefore, more information
about the effects of different ion-source parameters on the
electron energy distribution is needed. This information could
eventually help to mitigate radiation and cryostat heating prob-
lems often related to high-performance fully superconducting
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third-generation ECR ion-source technology utilizing 28-GHz
radio frequencies. Large-scale nuclear physics infrastructures
and programs, such as RIBF at RIKEN, will need ion-beam
intensities beyond the performance of the best third-generation
ECRISs. Consequently, next-generation ECRISs using 50–
60-GHz microwave frequencies has to be developed. The heat-
ing of cryostat of such an ion source will be a considerable
problem.

In order to understand the stochastic ECR heating process,
time-resolved measurements of the bremsstrahlung radiation
under a variety of ion-source plasma conditions have been
performed with the JYFL 14-GHz ECRIS [4]. The goal of
the experiments has been to measure the timescale needed for
production of high-energy (over 30 keV) electrons and link
this information with ion-beam production times. This paper
completes the experiments with different ion-source param-
eters (data on the effect of the magnetic field gradient on
the time evolution of bremsstrahlung have been presented in
[5]) and connects the ion-production times for different charge
states of argon to the time evolution of the electron energies.
The measurement setup and the data-analysis code have been
thoroughly described in [5]. Thus, the measurement setup is
discussed only briefly in this paper.

It has been observed [6] that the ion currents (low and
medium charge states) extracted from an ECRIS plasma ex-
hibit a repeatable transient current peak occurring at the very
beginning of the plasma breakdown. This phenomenon has
been named preglow as an explicit reference to the well-known
afterglow transient at the end of the microwave pulse. The ex-
periments at 18 and 28 GHz have demonstrated that the preglow
effect occurs within a few milliseconds from the beginning of
the microwave pulse. A theoretical model describing the pre-
glow effect has also been developed [6], being in relatively good
agreement with the experimental results. During the preglow
transient, the ion currents of low and medium charge states are
typically two to five times higher compared to steady state [6].
It has been proposed that the preglow transient could be used in
ion production in Beta Beam Project [7], for example.

In this paper, the results of the time-resolved plasma diag-
nostics of the hot-electron population in modern ECRIS with
solenoid and sextupole confinement are combined with the
data on the ion currents (preglow effect) for the first time.
The time dependence of high-charge-state argon ion-beam
currents, not exhibiting the preglow behavior, is also briefly
discussed.

0093-3813/$26.00 © 2009 IEEE
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Fig. 1. Measurement setup of the bremsstrahlung time evolution and the preglow measurements. Germanium detector marked with “GE,” collimator marked
with “COL,” and “TNT2” is the digital signal processing unit.

II. MEASUREMENT SETUP AND THE DATA ANALYSIS

A capability for the ion-beam current measurement in pulsed
operation was added to the setup described in detail in [5].
The main components of the setup are a fast RF switch, digital
signal processing unit (TNT2 [8]), and a germanium detector.
The schematic drawing of the setup is shown in Fig. 1.

The timing signal from the TTL trigger is used to synchro-
nize the pulsing of the microwave power, the data processing
in the digital signal processing unit, and the triggering in the
oscilloscope. This allows the marking of both the leading and
the trailing edge of the RF pulse into the raw measurement
data. Signal from the 14-GHz GUNN-type oscillator is pulsed
with the RF switch resulting in a pulsed RF power
launched into the plasma chamber. Inside the ECRIS chamber,
bremsstrahlung events are generated, and after collimation,
the photons are detected at the germanium detector. Digital
signal processing is used to record and time-stamp the raw
measurement data, and finally, the preprocessed data are stored
to a computer hard drive. A digital oscilloscope (Tektronix
DPO4104) connected to a Faraday cup located downstream
from the bending magnet was used for the time-resolved ion-
beam current measurements of different charge states. The volt-
age signal corresponding to extracted ion current was recorded
from the Faraday cup with a sample rate of 250 ks/s, i.e.,
430 ks/RF pulse (1.76-s pulses with a duty factor of 22.9% were
used). An extraction voltage of 10 kV was applied whenever
ion-beam currents were recorded. When the bremsstrahlung
was studied as a function of neutral-gas pressure or RF power,
extraction voltage was not applied (as in the measurements
described in [5]).

Due to the nature of the klystron amplifier (constant gain)
and the fast rise time of the RF switch (specified rise time of
40 ns), the error due to the RF control circuit is negligible.
The ion time-of-flight from the plasma to the Faraday cup
ranges roughly from 7.2 μs(Ar5+) to 4.7 μs(Ar12+) with an
extraction voltage of 10 kV. This is approximately three orders
of magnitude less than the timescale of interest (in millisecond)
and is omitted in the following considerations.

Bremsstrahlung data from 680 RF pulses are combined in
the C++ analyzing code in order to gain enough statistics
when sorting the bremsstrahlung data. The counts caused by
background radiation and pile-up events are subtracted from the
data. The preglow ion-current measurement data are averaged
over 20 consecutive data points to decrease the noise. Only the
relative efficiency calibration of the Ge detector was performed,
and subsequently, the count rates are not absolute. Shaping time
of the signal created in the Ge detector was set to 2 μs, and a
time step of 2 ms was used while generating the time evolution
of bremsstrahlung spectra and the total count rate. The detector
crystal was located about 990 mm away from the outer plasma
chamber wall of the JYFL 14-GHz ECRIS [5].

By measuring the amplified RF signal from the klystron, it
was also observed that there is a transient peak in the beginning
of the RF pulse. A short power peak (600 W) with a duration
of about 50 μs is observed immediately after the RF oscillator
signal is launched into the klystron. This peak drops rapidly,
and the RF power reaches the preset RF power value after about
600 μs.

The bremsstrahlung radiation is measured radially from one
of the magnetic field poles of the JYFL 14-GHz ECRIS. The de-
tector was located between the solenoids in axial direction. The
bremsstrahlung observed by the Ge detector is consequently
a mixture of thick target (wall) and plasma bremsstrahlung.
In the ECR ion-source plasma, the location of the resonance
zone depends on the electron energy due to relativistic effects.
As a consequence, it is impossible to determine the relative
location of the resonance zone, and the detector in a unique
manner as the high-energy electrons (subject of this paper) are
accelerated in a large volume. Moreover, the angular distrib-
ution of the thick target bremsstrahlung is a function of elec-
tron energy (for pinhole images showing the radial locations
where bremsstrahlung events are generated in a typical 14-GHz
ECRIS plasma, see [9]).

Typical photon energies in the bremsstrahlung spectra re-
corded from the JYFL 14-GHz ECRIS with the Ge detector are
between 30 keV (close to the detector threshold) and 400 keV.
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TABLE I
MAGNETIC FIELD STRENGTHS OF THE JYFL 14-GHz ECRIS WITH

DIFFERENT COIL SETTINGS AND THE CORRESPONDING RESONANCE

LENGTH IN AXIAL DIRECTION. SUBSCRIPT “INJ” REFERS TO INJECTION

SIDE OF THE ECRIS, “EXT” EXTRACTION, “MIN” MINIMUM OF THE

MAGNETIC FIELD LOCATED AT THE CENTER OF THE PLASMA CHAMBER,
AND SUPERSCRIPT “RES” REFERS TO RESONANCE. RESONANCE POINTS

CALCULATED FOR AN ELECTRON WITH NO KINETIC ENERGY

Usually, it takes about 10–15 ms before the bremsstrahlung
counts start to appear in the spectra, and the bremsstrahlung
spectra become time independent as soon as the total count
rate data saturate (for a typical radially measured time-evolution
animation of JYFL 14-GHz ECRIS bremsstrahlung spectra and
time evolution of different photon energies, see [5]).

III. EXPERIMENTAL RESULTS

In the measurements presented in this paper, two different
axial magnetic field settings (different solenoid currents) of the
JYFL 14-GHz ECRIS were used. Details of these magnetic
field values can be found at Table I. A biased disk voltage
of −150 V, which is typical for ECRIS operation, was used
throughout the measurements reported in this paper. Argon and
oxygen plasmas were studied.

A. Time Evolution of the Bremsstrahlung Radiation as a
Function of the Neutral-Gas Pressure

The presented neutral-gas pressure readings for argon and
oxygen plasmas were calibrated with calibration factors indi-
cated in a Balzer’s Penning gauge manual. Gas feed rate was
adjusted to correspond a given pressure reading with magnetic
field setting #1 (magnetic field has a slight effect on the gauge
reading), and the RF power was kept off during the gas feed
adjustments. After each measurement, the neutral-gas pressure
reading was verified in order to ensure that the pressure re-
mained constant during the experiment. The data for argon
and oxygen are measured using magnetic field setting #1 and
RF power of 500 W. Due to similar behavior, only data from
argon plasma bremsstrahlung are presented in this paper. Mea-
surements with oxygen plasma are discussed. In the following
figures, T = 0 corresponds to the leading edge of the RF pulse.

The time evolution of bremsstrahlung counts integrated over
the energy spectrum (plotted from 15 to 600 keV) is shown
in Figs. 2 and 3 for argon plasma with different neutral-gas
pressures. In Fig. 2, the lowest, middle, and uppermost curves
at a time of 1000 ms correspond to the neutral-gas pressures of
3.5 · 10−7, 2.6 · 10−7, and 1.5 · 10−7 mbar, respectively. The
highest count rate was produced with the lowest pressure,
which is likely to yield the lowest plasma density. The
steady-state count rates are reached between 200 and 300 ms
depending on the neutral argon gas pressure inside the ECRIS
plasma chamber.

The drain current indicating total amount of extracted ions
from the JYFL 14-GHz ECRIS is typically lower at low neutral-
gas pressures, supporting the assumption that the plasma den-

Fig. 2. Comparison of the bremsstrahlung counts during the “RF on” period
with different neutral-gas pressures. Measured with argon plasma, 500 W of RF
power, and magnetic field setting #1.

Fig. 3. First 60 ms of the data from Fig. 2.

sity is affected by the pressure. This is also confirmed by
measuring current from the biased disk at −150 V at steady-
state conditions. The observation (high count rate at low pres-
sure) can be explained by the frequency of collisions in the
plasma. In a dense plasma, collisions between plasma particles
(e–e, e–i) are more frequent than in low-density plasma. Due
to reduced collision rate in low-density plasma, the number
of high-energy electrons increases, resulting in an increased
amount of bremsstrahlung radiation at energies over 30 keV. In
addition, the electric field of the microwaves is damped less in
the case of low plasma density, which means that the electric
field strength on the resonance could be higher, resulting in
higher energy gain in a single resonance crossing [10].

From Fig. 3, showing the first 60 ms, it is shown that
the slopes of data curves are practically independent of the
neutral-gas pressure for a duration of 15–20 ms after the count
rate has started to build up. The lower the pressure, the later the
bremsstrahlung emission starts. Changing the argon pressure
from 3.5 · 10−7 to 1.5 · 10−7 mbar changes the time of plasma
breakdown from 8 to around 20 ms. With 2.6 · 10−7 mbar, the
plasma breaks down at 14 ms. This suggests that the plasma
breakdown takes longer due to lower frequency of ionizing
collisions depending on the density of neutrals.
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Measurements with oxygen plasma yielded similar results
as in the case of argon plasma. The highest count rates
were observed at the lowest pressure. Plasma-breakdown times
from 8 to 10 ms are recorded with pressures 2.6 · 10−7 and
3.5 · 10−7 mbar. With 1.5 · 10−7 mbar, it takes about 20 ms
before photons are detected in the germanium crystal.

A clear steady state with pure O2 gas feed is reached only
with the neutral-gas pressure of 1.5 · 10−7 mbar (at around
600 ms) but no definite saturation of count rates can be observed
with 2.6 · 10−7- and 3.5 · 10−7-mbar neutral-gas pressures, al-
though the count rate increase is very slow after 600 ms.
This observation could be explained by the fact that oxygen
is chemically reactive. It can accumulate on the walls of the
plasma chamber during the “RF off” period and becomes
partially released by out-gassing due to plasma heating during
the “RF on” period. This additional source of neutral gas affects
the plasma properties. In the case of low gas feed rate, the
accumulation rate of oxygen on the surface of the plasma
chamber between the RF pulses is lower. Therefore, it takes
less time to burn off the oxygen layer which could presumably
lead to faster times for reaching an equilibrium.

The timescale for the plasma-breakdown process seems to be
roughly similar for both gases (Ar and O2) at given neutral-gas
pressures. This can be explained with almost similar ionization
probabilities for the first ionization for the electrons between
10 eV and 10 keV (for cross sections, see [11]).

B. Time Evolution of the Bremsstrahlung Radiation as a
Function of the RF Power

The time evolution of total counts integrated over the energy
spectrum measured with different RF powers in the case of
argon plasma is shown in Figs. 4 and 5. The uppermost curve
in the figures corresponds to RF power of 690 W, the middle
curve 500 W, and the lowest curve 300 W. These power levels,
which are typical for the JYFL 14-GHz ECRIS operation, are
measured at the output of the klystron amplifier and do not
take into account the losses in the waveguide. Estimated power
losses are on the order of 20%–30%.

As expected, the higher the RF power, the higher the
amount of steady-state bremsstrahlung (see Fig. 4). With 300-
and 500-W RF powers, the steady state is reached at about
200 ms, but with the RF power of 690 W, the maximum of
the bremsstrahlung count rate is observed at 200 ms, reducing
slightly until the steady state is reached around 600 ms.

Times when the first bremsstrahlung counts are observed are
very close to each other (around 10 ms). The increase of the
count rate with increasing RF power is most probably due to
faster heating process. This can be observed from the slopes
shown in Fig. 5. In the beginning of the RF pulse, the most
pronounced difference between the curves measured at different
power levels is the variation of the slope, i.e., heating rate. It has
been observed earlier that, above a certain threshold (few tens
of watts), increasing the RF power does not affect the spectral
temperature of the bremsstrahlung spectrum [12].

As in the case of argon plasma, the plasma breakdown in
oxygen plasma takes place at 10 ms with all the RF powers.
The steady state is reached at around 300 ms with the lowest

Fig. 4. Comparison of the bremsstrahlung counts during the “RF on” period
with different RF powers. Measured with argon plasma, neutral-gas pressure of
2.6 · 10−7 mbar, and magnetic field setting #1.

Fig. 5. First 60 ms of the data from Fig. 4.

RF power (300 W), but the steady state is not observed during
the pulse (1.76 s) for the higher RF powers (500 W, 680 W).
It seems that the time required for reaching the steady state
increases with the RF power in oxygen plasma. Higher RF
power levels lead into increased heat load onto the plasma
chamber walls, which increases the “out-gassing area” adjacent
to the plasma flux due to heat conduction. Thus, the observation
does not contradict the assumption of the chemical reactivity of
oxygen explaining the difference between the results measured
with oxygen and argon.

Increased electron heating rate results to increased
bremsstrahlung emission rate as long as the confinement
time of electrons remains unchanged (constant magnetic field).
The timescale for bremsstrahlung generation at the beginning
of the RF pulse is similar for all of the RF powers used in
the experiments. There is virtually no difference in times of
detection of the first photons (above the detector threshold) as
the RF power is varied.

C. Comparison of the Argon Ion Production and
Bremsstrahlung Emission Timescales

In order to gain understanding how the electron energies
in the ECRIS plasma affect the ion production, the time
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Fig. 6. Measured time evolution of the ion currents for different charge states
of argon and corresponding bremsstrahlung counts integrated over the whole
energy range—first 100 ms. At 30 ms: the uppermost curve “counts,” the
second curve from the top “Ar8+,” the middle curve “Ar6+,” the second
lowest curve “Ar5+,” and the lowest curve “Ar12+.” The two lowest curves
are overlapping each other after 65 ms.

dependence of extracted ion-beam currents of different ar-
gon charge states was measured simultaneously with the
bremsstrahlung. Special attention was paid into studying the
preglow transient. The source was tuned (B field, neutral-gas
pressure, and RF power) for maximum beam current of Ar9+

(roughly 110 μA) in continuous-operation mode before switch-
ing into pulsed mode. The source settings were as follows:
extraction voltage of 10 kV, RF power of 515 W, neutral argon
pressure of 4.3 · 10−7 mbar, and magnetic field setting #2. In
this case, the preglow effect was clearly detected with charge
states of Ar5+ and Ar6+. Ion-beam currents of the lower charge
states were not measured because the dipole magnet in the
beam line of the JYFL 14-GHz ECRIS cannot bend ion beams
with M/Q < 8 to the Faraday cup at given extraction voltage
(10 kV). Reducing the extraction voltage would have caused
the drain current and, subsequently, plasma potential to change
(see [13]). This kind of variations in the plasma conditions are
to be avoided in order to compare bremsstrahlung radiation
and ion production under identical ion-source plasma parame-
ters. In addition, at extraction voltages less than 10 kV, space
charge limits the extracted ion current (Child–Langmuir law,
I ∝ V 3/2/d2) instead of the plasma density. The comparison
between steady-state and preglow peak ion currents would have
been impossible under space-charge-limited conditions.

Fig. 6 shows the time evolution of the ion currents of selected
charge states and bremsstrahlung for a period of 100 ms. It is
seen that the low (Ar5+, Ar6+) and the medium (Ar8+) charge
state ion currents reach steady-state conditions in less than
40 ms. However, Ar12+ ion current rises until about 65 ms.
While studying the count rate of bremsstrahlung emission, it is
noticed that the count rate increases long after the ion currents
have reached their steady state. The bremsstrahlung emission
reaches the steady state after 320 ms, the steady-state count rate
being around 19.000 counts/2 ms. This means that the argon
beam currents (at least up to charge state Ar12+) saturate much
faster than the bremsstrahlung emission. This result supports
the conclusion that the most energetic electrons are useless from
ionization point of view. However, in order to confirm this, the

Fig. 7. Measured time evolution of the ion currents for different charge states
of argon and corresponding bremsstrahlung counts integrated over the whole
energy range—first 20 ms. At 20 ms: the uppermost curve “counts,” the second
curve from the top “Ar8+,” the middle curve “Ar6+,” the second curve from
the bottom “Ar5+,” and the lowest curve “Ar12+.”

time evolution of very high charge state of argon, like Ar16+,
has to be studied using the most powerful ECRISs such as
VENUS [14].

Fig. 7 shows the details of measured ion currents for selected
charge states during the first 20 ms of the RF pulse and the
corresponding bremsstrahlung counts integrated over the whole
energy spectrum. With the lowest charge states (5+, 6+), the
preglow effect is clearly observed, yielding peak currents of
1.4–4.1 times the steady-state current. Ar5+ and Ar6+ ion
currents starts to rise after 5.8 ms from the leading edge of the
RF pulse. Sharp peak in the ion current of Ar5+ is reached
at 7.3 ms while a wider peak of Ar6+ is observed between
7.3 and 9.5 ms. The preglow peak of Ar8+, which starts to
rise at 7 ms, is deformed: Two distinctive peaks are observed
in the ion current. The first is seen at 9.5 ms and another at
13.8 ms. This behavior was observed to be repeatable but the
reason for “double peak” observations is not known and needs
to be studied further. With the charge states higher than Ar8+,
preglow transient was not observed. The ion current of Ar12+

appears slightly after 15 ms and reaches saturation at 65 ms.
The observations can be explained by stepwise ionization

process. The lower charge states build up first and after that
“feed” the higher charge states. This has been observed by
Vondrasek et al. [15] with fast sputter sample and pulsed gas
valve in a steady-state buffer gas plasma. When the ion currents
start to rise, there is already a significant amount of high-energy
bremsstrahlung, suggesting that the maximum electron energy
is at higher energies than required for the ionization processes
(ionization thresholds for Ar5+ and Ar12+ are 75 and 618.5 eV
[11], respectively).

IV. CONCLUSION

In this paper, the time evolution of the bremsstrahlung ra-
diation from an ECRIS is studied as a function of neutral-
gas pressure and RF power. In particular, a comparison of
the bremsstrahlung radiation and the ion-production times of
different argon charge state is performed for the first time.
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With argon plasma, the steady-state conditions are reached
between 200 and 300 ms with all the neutral-gas pressures used
in the measurements. The first bremsstrahlung counts appear
between 8 and 20 ms. At the pressure of 1.5 · 10−7 mbar,
there is a noticeable delay before the bremsstrahlung production
starts (see Fig. 3). The total count rate slopes are however very
similar between the different pressures. With oxygen plasma,
it takes about 600 ms to reach the steady-state conditions at
low neutral-gas pressure. If the pressure is increased, a definite
steady state is not observed during the first 1500 ms from the
leading edge of the RF pulse. The bremsstrahlung counts above
30 keV start to appear, as in the case of argon, between 8 and
20 ms, depending on the neutral-gas pressure. It is assumed that
the difference between reaching the steady-state values with
argon and oxygen plasmas can be explained by the out-gassing
effect.

The high-energy bremsstrahlung from argon plasma reaches
steady state around 200 ms at 300 and 500 W. The highest
RF power (690 W) yields steady state around 600 ms. The
bremsstrahlung production starts at 10 ms with all the RF pow-
ers, but there are significant differences between the total count
rate slopes. The highest RF power produces a very steep slope
in total count rate while the slope produced by the lowest RF
power is quite gentle. Bremsstrahlung emission from oxygen
plasma reaches steady state after 300 ms with the lowest RF
power (300 W). With higher RF powers (500 W, 680 W), the
steady state is not observed during the RF pulse. Similarly to
argon, bremsstrahlung starts to be observed when 10 ms have
elapsed from the leading edge of the RF pulse.

It is observed that the so-called preglow effect takes place
with low and medium charge states. The preglow pulses for
medium charge states (5+, 6+) start after about 5.8 ms from
RF triggering. Ion current of Ar8+ appeared after 7 ms. Du-
ration of the preglow pulses ranged from 2.8 ms (Ar6+) to
7.1 ms (Ar8+), and the beam current during the transient is
1.4–4.1 fold as compared to the steady-state current. No ions
were detected roughly before 6 ms measured from the leading
edge of the pulse. Similar behavior has been recorded by
Thuillier et al. [6] who associated the observation with a su-
peradiabatic electron energy distribution function (EEDF) and
plasma-potential behavior during the plasma breakdown (for
details, see [7]).

Typically, with the low and the medium charge states, the
steady state is reached in less than 40 ms. Charge states higher
than 9+ were observed to slowly (in few tens of milliseconds)
reach the steady state without exhibiting any preglow behavior.
From the ion-current measurements, it can also be seen that
the time required to reach the leading edge of the ion-current
pulse increases with increasing charge state of argon. This can
be explained by the stepwise ionization process in the ECRIS
plasma.

When the high-energy bremsstrahlung count rate is com-
pared to the ion-current time evolution, it is noticed that the
ion currents saturate well before the bremsstrahlung count rate
reaches steady-state conditions. The saturation times are less
than 65 ms for ion currents and 320 ms for bremsstrahlung
count rate. This means that the EEDF continues to shift toward
higher energies long after the ion currents have saturated.

Photon energies ranging from 50 to 150 keV (see, e.g., [5])
are detected at time interval of 14–16 ms. Therefore, it can be
deduced that a significant amount of electrons have energies
well over 1 keV at the time when a high charge state, like
(Ar12+), ion current starts to rise.

The results have demonstrated that neutral-gas pressure does
not affect the bremsstrahlung count rate significantly. The RF
power has a remarkable effect on the count rate, as expected.
Argon ions are produced in much faster timescale than is
required for the electron energy distribution to reach a steady
state. This is due to the fact that high-energy electrons (several
tens of kiloelectronvolts and higher) are less important to the
ionization process than lower energy electrons on the order of
a few kiloelectronvolts. On the contrary, they create problems
in the form of excessive bremsstrahlung radiation that requires
heavy shielding for personnel safety and adds a significant
heat load on the cryostat of superconducting ECRISs. These
results open up an interesting possibility of controlling the
electron energy in ECRIS plasmas by pulsing the RF power
with very short pulses and high repetition rate after attaining the
optimal electron energy distribution function for the production
of desired charge state. Parallel to optimized ion production,
the amount of bremsstrahlung could be conceivably reduced.
Since it is questionable whether such a technique would work
at all, this issue will be a subject of future investigations with
the JYFL 14-GHz ECRIS. One of the most important aspects
of the results presented in this paper is that they can be utilized
for developing and benchmarking electron heating simulation
(e.g., [10]) and ion-production (e.g., [16]) codes for ECRIS
plasmas in order to understand what are the meaningful physi-
cal processes and how they work in a modern high-performance
ECRIS.
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The effect of RF pulse pattern on bremsstrahlung and ion current time evolution of

an ECRIS∗
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Time-resolved helium ion production and bremsstrahlung emission from JYFL 14 GHz ECRIS is
presented with different radio frequency pulse lengths. RF on times are varied from 5 ms to 50 ms
and RF off times from 10 ms to 1000 ms between different measurement sets. It is observed that the
plasma breakdown occurs a few milliseconds after launching the RF power into the plasma chamber,
and in the beginning of the RF pulses a preglow transient is seen. During this transient the ion
beam currents are increased by several factors compared to a steady state situation. By adjusting
the RF pulse separation the maximum ion beam currents can be maintained during the so-called
preglow regime while the amount of bremsstrahlung radiation is significantly decreased.

I. INTRODUCTION

Bremsstrahlung emission is considered as a standard
plasma diagnostics tool used to study electron cyclotron
resonance (ECR) heated plasmas [1, 2]. Bremsstrahlung
emission has recently been studied with modern ECR ion
sources [3–5] in order to understand the influence of vari-
ous source parameters (frequency, magnetic field strength
etc.) on the bremsstrahlung flux and energy. The time
evolution of the bremsstrahlung spectra has been studied
in pulsed operation mode and compared to extracted ion
beam currents. It has been observed that the extracted
ion beam currents attain their final values well before
the bremsstrahlung emission reaches a steady-state. In
particular, the so-called preglow transient, exhibited by
low and medium charge states in the beginning of the
RF pulse, occurs well before the bremsstrahlung count
rate saturates to its maximum value. It has been sug-
gested that the preglow could be utilized for applications
requiring fast and efficient ionization of radioactive ion
beams and their further injection into circular acceler-
ator or storage ring [6, 7]. During the preglow the ion
beam currents exceed their final steady-state value by a
factor of 2–9. The characteristics, such as peak current
and plasma breakdown time, associated with this tran-
sient, are strongly affected by the RF pulse duration and
repetition rate. In order to explain this observation, the
bremsstrahlung emission and preglow transient with var-
ious RF pulse patterns with pulse duration ranging from
5 to 50 ms and pulse separation from 10 to 1000 ms have
been studied. The study presented in this article com-
pletes the set of time-resolved measurements comparing
time scales of bremsstrahlung generation and ion beam
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nessee, USA, September 2009.
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production with the JYFL 14 GHz ECRIS (see refer-
ences [3–5]).

II. MEASUREMENT SETUP AND

EXPERIMENTAL RESULTS

The measurement setup has been thoroughly intro-
duced in references [4] and [5]. A TTL signal is used
to synchronize the digital signal processing system with
the RF switch controlling the input signal from an oscil-
lator into the klystron. Photons (bremsstrahlung) are de-
tected with a germanium detector in radial direction with
respect of the ion source plasma chamber. The detec-
tor set-up restricts the recorded bremsstrahlung spectra
to energies above 30 keV. Time-resolved bremsstrahlung
spectra and integrated count rates are obtained after data
analysis with 50 µs time step. The experiments described
in this article were performed with helium plasma. The
bremsstrahlung data are corrected with a relative effi-
ciency calibration. The collimator structure used during
the measurements described in this article is presented in
figure 1. Openings of the collimator were chosen in order
to reach suitable count rates at the detector. During the
measurements the count rates ranged from a few kHz to
7 kHz.

A. Helium ion and bremsstrahlung production

with different duty factors

Figure 2 shows time-resolved ion beam currents of He+

and He2+ together with the integrated bremsstrahlung
emission count rates for various RF pulse patterns at a
fixed power of 350 W at a frequency of 14.1 GHz (helium
partial pressure of 1.8·10−7 mbar). During the measure-
ments the source conditions were not optimized for max-
imum ion beam currents of helium. It should be noted
that ECRIS settings such as magnetic field, RF power
and neutral gas pressure affect the bremsstrahlung emis-



A BGe detector
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D

Lead

ECR plasma
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FIG. 1: Schematic drawing of the collimator and the detector. Distances marked in the figure are A: 20 mm, B: 10 mm, C:
163 mm and D: 1170 mm.

sion and ion beam current timescales as discussed in de-
tail in references [4, 5, 8, 9].

Subfigure a) shows that with 5/1000 ms (on/off times)
RF pulses the delay between the leading edge of the
RF pulse and first observation of extracted ion beam
(He+) is about 2.5 ms. He2+ appears about 1 ms later
reflecting the stepwise nature of the ionization process.
Bremsstrahlung count rate starts to increase about 1 ms
before ion currents are detected, which could indicate
that the diffusion time of ions from the ECR zone, where
the plasma breakdown avalanche takes off, to extraction
is on the order of ms (see e.g. [10]). In comparison, the
time-of-flight from the ion source to the Faraday cup at
10 kV extraction potential is roughly 10 µs i.e. orders
of magnitude less. With the given RF pulse pattern
(short on time and long off time) the preglow is heav-
ily concentrated on He+ reaching the maximum in 4 to
5 msfrom the leading edge of the RF pulse. In addition,
after the RF has been switched off, He+ ion beam cur-
rent is still detected for tens of milliseconds. This could
be due to slow plasma decay due to well-confined hot
electrons and diffusion times of ions. It has been shown
previously [8] that some electrons can stay confined and
affect the plasma breakdown of the consecutive pulse up
to several seconds (between the RF pulses). In subfigure
b) the RF pulse duration has been increased to 50 ms
while the off time is kept at 1000 ms. The most inter-
esting feature of subfigure b) is the fact that a clearly
visible dip of bremsstrahlung count rate occurs after the
bremsstrahlung count rate has started to build up. It has
been suggested [6] that in the very beginning of the RF
pulse the density of electrons is low and the RF power is
sufficient to heat essentially all free electrons until they
reach the stochastic heating limit. This situation cor-
responds to a so-called superadiabatic electron energy
distribution function. As the plasma density increases
by ionization, the RF power becomes insufficent to sup-
port the existing energy distribution, which is followed
by a collapse of average electron energy. The observa-
tion i.e. dip in count rate coinciding with rapid increase
of plasma density provides experimental support for this
model. As soon as the preglow transient fades away, the
bremsstrahlung count rate continues to increase almost
linearly. It was confirmed from the bremsstrahlung data
(not shown here) that the saturation is typically reached
after 200–300 ms. Afterglow instabilities are observed

following the switch-off of the RF with both diagnostics
(count rate and beam current). It can be seen that the
beam current of He+ is decaying slower than the beam
current of He2+. This is presumably due to high den-
sity of neutrals causing charge exchange reactions in the
low density plasma. In subfigure c) the RF on time is
5 ms while the off time is reduced to 20 ms. It is obvious
that the plasma does not decay between the pulses. The
breakdown is immediate and both charge states exhibit
a preglow transient with maximum between 1–2 ms. The
effect of so-called “seed electrons” on the plasma break-
down time (becoming shorter) has been studied earlier
with the JYFL 14 GHz ECRIS [8, 9]. In those measure-
ments the seed electrons were provided by a continuous
low power signal at secondary frequency. It was observed
that seed electrons shift the charge state distribution dur-
ing the preglow transient towards higher charge states.
Shortening the RF off period yields similar result. In this
case the seed electrons originate from the (low density)
plasma remaining confined from the previous pulse.

In subfigures d)-f) the RF on time is kept at 5 ms and
the RF off time is varied. The RF off time affects the
plasma breakdown time and time to reach the maximum
of the preglow peak due to variation of seed electron den-
sity. The bremsstrahlung count rate is also affected, i.e.
the longer the off time, the lower the count rate dur-
ing the RF on period. This is believed to be caused by
the amount of seed electrons which decreases as the time
between the RF pulses increases. As the off time is in-
creased from 10 ms to 40 ms the bremsstrahlung count
rate decreases about 30 %. When the off time is in-
creased to 100 ms the bremsstrahlung count rate drops
yet another 30 %. However, the variation of the preglow
peak currents is not as pronounced as the variation of
the bremsstrahlung count rates.

III. DISCUSSION

From figure 2 it can be seen that the times when ion
currents start to rise and reach their maximum values are
strongly affected by the RF pulse pattern, and plasma
breakdown can be decreased by shortening the RF pulse
separation. If the RF off time is kept short enough, suf-
ficient amount of seed electrons are kept confined in the
magnetic bottle and feed the ionization avalanche im-
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FIG. 2: Time-resolved bremsstrahlung count rate and ion beam currents of helium with different RF pulse patterns (ON/OFF):
a) 5 ms/1000 ms duty factor 0.5 %, b) 50 ms/1000 ms duty factor 4.8 %, c) 5 ms/20 ms duty factor 20.0 %, d) 5 ms/10 ms
duty factor 33.3 %, e) 5 ms/40 ms duty factor 11.1 % and f) 5 ms/100 ms duty factor 4.8 %. In subfigures a)-c) RF phases
are illustrated completely (RF on) and in part (RF off). In Subfigures d)-f) detailed data from the first milliseconds of the RF
pulse is presented. Bremsstrahlung count rates are projected on the left-hand y-axis and ion currents on the right-hand y-axis.
T = 0 denotes the leading edge of the RF pulse. Bremsstrahlung data are averaged over 616 RF pulses.

mediately after turning on the RF again. The observed
bremsstrahlung count rates with short pulses (less than
100 ms) are considerably smaller than in continuous oper-
ation mode of the ECRIS. It seems that ECR ion sources
operated in pulsed mode utilizing the preglow transient
can produce ion beam intensities well over the steady
state values with less problems due to bremsstrahlung
and heat load to the cryostat (in the case of supercon-
ducting ion sources). However, extensive studies with
multiply charged ECR plasmas are needed in order to
confirm these results.
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