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The balance between warm and hot (>1 keV) electron density and their losses from the magnetic

confinement system of an Electron Cyclotron Resonance Ion Source (ECRIS) plasma is considered

to be one of the main factors determining the rate of the high charge state ion production. One of

the key loss channels for heated electrons is thought to be induced by the injected microwaves.

While this loss mechanism, referred to as rf-induced pitch angle scattering, has been studied theo-

retically and with computational tools, direct experimental evidence of its significance in

minimum-B ECRIS plasmas remains limited. In this work, experimental evidence of microwave

induced electron losses in the axial direction is presented in both continuous wave (CW) and pulsed

operation of a 14 GHz ECRIS. In the CW mode, the experiment was carried out by comparing the

characteristic X-ray emission from the plasma volume and from the surface of the biased disc

located in the flux of the escaping electron at the axial magnetic mirror. Parametric sweeps of mag-

netic field, neutral gas pressure, and microwave power were conducted to determine their effect on

electron losses. In the pulsed mode, the experiment was conducted by measuring the flux of escap-

ing electrons through aluminum foils of different thicknesses providing some energy resolution.

Both diagnostics support the view that rf-induced losses account for up to 70% of total hot electron

losses and their importance depends on the source parameters, especially power and neutral gas

pressure. Published by AIP Publishing. https://doi.org/10.1063/1.5029443

I. INTRODUCTION

The extractable charge state distribution (CSD) of ions

from an Electron Cyclotron Resonance Ion Source

(ECRIS),1 as well as the plasma energy confinement time, is

strongly dependent on the density of the different electron

populations (see Baru�e et al.2 and Shirkov3) present inside

the ECRIS plasma.4 The number of warm and hot electrons

lost from the magnetic confinement system of an ECRIS is

therefore a critical parameter affecting the volumetric pro-

duction rate of high charge state ions. Additionally, the

warm and hot electrons are thought to play a crucial role in

the build-up of an electrostatic potential which is suggested

to regulate ion confinement via a small potential dip in the

core of the plasma. This confinement scheme, extensively

discussed by Petty et al.,5 enables ions to remain in the

plasma for a sufficiently long time in order to reach the

desired charge state through step-wise electron impact

ionization.

Some of the first theoretical studies on electron cyclo-

tron resonance heating (ECRH) in magnetic mirror devices

were published in the 1970s,6 with the relativistic theory of

ECRH developed later.7 In the 1980s, Mauel performed

experimental measurements on ECRH of a highly ionized

plasma in a pulsed magnetic mirror configuration.8 The

results obtained in this study demonstrated that the fractional

densities of the warm and hot electron populations depend

on the absorbed microwave power. The experiment revealed

an enhanced electron end-loss current associated with the

increase in microwave power and consequently it was con-

cluded that the electromagnetic (EM)-field of the incident

microwaves could enhance electron losses. Moreover, an

investigation of helium plasma diamagnetism and electron

end losses conducted by Perret et al.4 suggested that the

warm and hot electron losses from the magnetic confinement

system of an ECRIS plasma can under certain conditions

exceed those accounted for by Coulomb collisions only. This

led to the suggestion of enhanced electron losses induced by

the EM-field of the incident microwave power affecting the

performance of modern ECR ion sources. The role of micro-

wave induced pitch angle scattering in ECRIS was recently

discussed for e.g., by Noland et al. comparing the emission

power from the plasma bremsstrahlung to the wall brems-

strahlung9 and by Cluggish et al. conducting a computational

study on the topic.10

Although the concept of radiofrequency (rf)-induced

pitch angle scattering is well-established, direct and system-

atic experimental evidence on its role in ECRIS plasmas is

scarce. With the current investigation, three complementary

plasma diagnostic methods are combined to study electrona)Electronic mail: muneer@tlabs.ac.za
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losses from the minimum-B confinement system of an

ECRIS. The diagnostics study different electron populations

of the electron energy distribution function (EEDF) allowing

for a more complete understanding of the physics governing

electron losses. For the first part of the investigation, Ka
diagnostics obtained in the continuous wave (CW) mode are

used to estimate the relative electron losses from the mag-

netic confinement system. The electron losses are estimated

from the ratio of the thick target Ka (iron) emission from the

axial wall of the plasma confinement vessel to the Ka emis-

sion of the confined ion species (argon). The measurement of

this ratio as a function of the ion source parameters probes

the electron loss rate against the inner shell ionization rate,

which is affected by mostly the warm electron density, and

thus can be used for identifying electron loss mechanisms in

action. With the second part of the investigation, bremsstrah-

lung diagnostics and electron end-loss current are measured

in pulsed mode operation. This allows a comparison of the

electron losses between microwave power on and off periods

and sheds new light on the influence of the plasma parame-

ters on electron losses. The electron end-loss current is mea-

sured through different attenuators (aluminium foils)

enabling a study of the electron losses as a function of elec-

tron energy with discrete steps. Altogether, the investigation

demonstrates the feasibility of the Ka-diagnostics for prob-

ing the role of microwave induced electron losses in CW

mode while the pulsed experiments provide direct evidence

of such losses in ECRIS plasmas.

II. THEORETICAL BACKGROUND

A. Electron loss processes

The electrons inside an ECRIS are confined by a com-

plex magnetic field. This magnetic field consists of a sole-

noid mirror field, for axial confinement, combined with a

multipole field, for radial confinement, forming the so-called

minimum-B field and magnetic bottle.1 In the absence of col-

lisions and interaction with electromagnetic waves, the con-

finement of an electron depends only on its parallel ðvkÞ and

perpendicular (v?) velocity components defining the electron

loss cone in velocity space.1 Upon entering the loss cone, the

electrons experience a force as a result of the gradient and

curvature of the magnetic field and will leak out of the mag-

netic bottle as thoroughly discussed by Thuillier et al.11

From the analysis performed, it appears that the electron

losses through the weakest mirrors occur faster in compari-

son to the characteristic time of the diffusion into the loss

cone11 i.e., the loss cone can be assumed to be empty.

Contrary to the plasma electrons, high charge state ions are

confined electrostatically5,12 and their losses are due to elec-

tron losses i.e., ions follow the electrons owing to the ambi-

polar field.13

The (electron) loss cone can be populated by a number of

processes, as thoroughly discussed in the literature,10,14 includ-

ing Coulomb collisions, inelastic collisions, microwave induced

pitch angle scattering, and non-linear effects.15 The most impor-

tant loss channels in stable operating conditions of high-

performance ECRISs are considered to be collisional and micro-

wave induced losses, the latter being discussed and studied

extensively in this paper. Additional loss mechanisms include

synchrotron radiation losses7 and radial diffusion losses16 but

their contributions on the total flux of escaping electrons are

considered to be insignificant.10

B. Microwave induced electron losses from the ECRIS
plasma

In ECR plasmas, the electrons interact with the EM-field

of the microwaves mainly at a surface where the resonance

condition given by

xrf ¼ xceðBÞ � kkvk (1)

is fulfilled. Here, xrf is the microwave (angular) frequency,

kk is its parallel wave number, and xce(B) is the relativistic

electron gyrofrequency at magnetic field B. For the purpose

of this study, it is sufficient to consider only the interaction

between the circulating electrons and the right-hand circu-

larly polarized wave (RHCP) component. Considering

energy conservation in the frame moving with the wave, it

can be shown that the electrons interacting with the RHCP

wave, of phase velocity vp, move in the velocity space along

a circle defined by

v2
? þ ðvk � vpÞ2 ¼ a2; (2)

where v? and vk are the electron velocity components per-

pendicular and parallel to the external magnetic field, respec-

tively, and a is a constant.17 It is convenient to express this

in a spherical polar coordinate system (v, w, /) in the veloc-

ity space, where v is the electron speed, arccosw is the pitch

angle, i.e., w ¼ vk
v , and / is the angle about the axial mag-

netic field.4 The equation defining the loss cone then

becomes

v2 � 2vwvp ¼ b2; (3)

where b is yet another constant. Differentiating Eq. (3) yields

the increments (Dv, Dw) in velocity and pitch angle during

the interaction, i.e.,

Dv
v

vp
� w

� �
� vDw ¼ 0: (4)

In order to understand microwave induced loss pro-

cesses, we need to consider two cases defined by the phase

difference between the electron gyromotion and the electric

field of the microwaves i.e., (a) Dv> 0 and (b) Dv< 0, corre-

sponding to acceleration or deceleration of electrons at the

resonance, respectively.

1. Electron energy gain (Dv > 0): it follows from Eq. (4)

that if v
vp
� w

� �
< 0, then Dw < 0, similarly if v

vp
� w

� �
> 0, then Dw > 0. We may rewrite this condition as
v
vp
9 vk

v . It is evident from v2 ¼ v2
k þ v2

? that
vk
v 61 and

hence the condition for microwave heating improving

electron confinement (decrease of w) becomes v
vp
< 1 i.e.,

v < vp. On the contrary, microwave heating induces elec-

tron losses (increase of w) if v
vp
> 1 i.e., v > vp. Since

062502-2 Sakildien et al. Phys. Plasmas 25, 062502 (2018)



electrons with velocities above the phase velocity are

mainly pitch-angle scattered, the maximum mean velocity

of the electron distribution function is the phase velocity

at the resonance.

2. Electron energy loss (Dv < 0): applying similar reasoning

as above, it follows from Eq. (4) that Dw90 when v0vp

i.e., for electron velocities less than the phase velocity of

the EM-wave, the electron confinement is weakened by

the interaction between electrons and the microwave elec-

tric field in the decelerating phase. On the other hand,

electrons whose velocity exceeds the phase velocity

become better confined as a result of interacting with the

magnetic field of the EM-wave despite their energy loss.

All of the interaction mechanisms identified above play

a role in ECRIS plasmas. However, the improvement of the

electron confinement due to pitch angle scattering (Dv,

Dw< 0) during electron deceleration is of negligible impor-

tance since, as explained above, the electrons exit the plasma

through the weakest mirror very fast.

Following Girard et al., the mean velocity kick parallel

Dvk and perpendicular Dv? to the magnetic field in a single

resonance crossing can be expressed as18

Dvk ¼
eE

me

v?
vp

ffiffiffiffiffiffiffiffiffi
p

x0vk

r
; (5)

Dv? ¼
eE

me
1� v?

vp

� � ffiffiffiffiffiffiffiffiffi
p

x0vk

r
; (6)

where –e and me is the charge and mass (relativistic if neces-

sary) of an electron, respectively, E is the microwave electric

field amplitude at resonance, and x0 is the derivative of the

local electron cyclotron angular frequency along the mag-

netic field B.

According to this formulation, the electron confinement

is improved, i.e.,
Dvk
Dv?
� 1 when vp� 2v?. This results to a

stochastic diffusion coefficient Dll in the pitch angle which

can be defined as14

Dll ¼ p
eE

2me

� �2 d

Lx
v

vp

� �2

¼ Dvv
v

vp

� �2

; (7)

where d is the characteristic length for the magnetic field

gradient, L is the characteristic plasma length, and x is the

microwave (angular) frequency. Dvv corresponds to the

velocity diffusion coefficient. It is emphasized that the rf-

induced pitch angle diffusion coefficient in Eq. (7) is less

than the velocity diffusion coefficient if v< vp and increases

quadratically with increasing ratio of the electron velocity to

phase velocity. Furthermore, the diffusion coefficient is sen-

sitive to the microwave electric field i.e., it can be expected

that the rate of pitch angle scattering depends predominantly

on the microwave power and plasma density (neutral gas

pressure).

Estimating the phase velocity vp ¼ x
k , where k is the

wave number, in ECRIS plasmas, is challenging due to the

inhomogeneous plasma density and the existence of the elec-

tron cyclotron resonance, which affect the dispersion relation

of the EM-wave through the local plasma permittivity.

According to Stix,16 the phase velocity can be expressed as

vp

c
¼ 1

p
1
6

x
xpe

� �2
3 hvi

c

� �1
3

; (8)

where xpe is the plasma oscillation frequency, c is the veloc-

ity of light in vacuum, and hvi is the mean velocity of the

(non-Maxwellian) electron distribution. The electron density

in ECRIS plasmas is considered to be below the critical den-

sity at which x¼xpe, which implies that only >260 keV

electrons satisfy the condition v> vp for pitch angle scatter-

ing. However, the given expression does not take into

account the reduction of the phase velocity in the resonance,

which is thoroughly discussed by Ropponen et al.20 and

Williamson et al.21 The actual phase velocity at the reso-

nance depends for e.g., on the plasma density and is reduced

at least by an order of magnitude20 from the maximum value

given by Eq. (8), which implies that the warm and hot elec-

tron populations of ECRIS plasmas with energies on the

order of 10–100 keV are affected by microwave induced

pitch angle scattering. These considerations demonstrate that

although, due to stochasticity, on average ECR-heating

improves the electron confinement, microwave EM-fields

also cause electrons to populate the loss cone throughout

their energy distribution especially at high plasma densities

which implies that the pitch angle scattering can limit the

densities of the warm and hot electron populations.4

III. EXPERIMENTAL SETUP AND PROCEDURE

The experimental data described in this work were taken

with the JYFL 14 GHz ECRIS, presented in Fig. 1 and

described in detail by Koivisto et al.22 The source has a

plasma chamber length and a diameter of 28 cm and 7.8 cm,

respectively, and uses an Nd-Fe-B permanent magnet sextu-

pole arrangement and solenoid coils forming a minimum-B

structure for plasma confinement. The magnetic confinement

field provided by the solenoid coils and sextupole, results in

typical magnetic field strengths at injection and extraction of

2.0 T and 0.9 T, respectively. The strength of the sextupole

field on the wall of the plasma chamber is 1.09 T on the mag-

netic poles and 0.71 T in between them when the solenoids

are not energized. The (typical) strength of the B-field and

sextupole, as a function of axial and radial distance, respec-

tively, is shown in the inset of Fig. 1. The plasma is sustained

by 50–800 W of microwave power at 14.1 GHz. Typical

operating neutral pressures are in the 10�7 mbar range.

The experimental setup used for the Ka diagnostic mea-

surement campaign was thoroughly described by Sakildien

et al.23 and only the most important features are mentioned

here. The axially emitted Ka X-rays are measured with a sili-

con drift detector (SDD) mounted in one of the ports of the

vacuum chamber of the analyzing magnet [see Fig. 1(a)] pro-

viding a direct line-of-sight into the ECRIS plasma through

the /¼ 8 mm extraction aperture. In an attempt to limit the

measured spectrum to mostly observe the plasma volume

and biased disc, a collimator structure (/ 900 lm) was

installed in front of the entrance of the detector. A permanent

062502-3 Sakildien et al. Phys. Plasmas 25, 062502 (2018)



magnet filter was also included in the experimental setup to

protect the detector against damage by charged particles in

the event the analyzing magnet is not energized. The detector

has an energy resolution of 120 eV at the Ka of Mn at

5.90 keV, which enables it to resolve many of the character-

istic lines observed in a typical X-ray spectrum measured

from the ECRIS plasma. To quantify the relative electron

losses, the intensity of the Ka counts of the confined Ar ion

species was compared to the intensity of the Ka counts of

Fe. The latter signal results from warm and hot electrons

escaping the magnetic confinement system and interacting

with the stainless steel biased disc located at the tip of the

iron plug at the injection side of the plasma chamber.

The argon counts measured by the detector emanate from the

plasma volume and therefore represents the confined warm

and hot electrons. This assertion is based on the fact that

argon, as a noble gas, does not accumulate on the walls of

the plasma chamber and is therefore confined to the plasma

volume. The density of iron sputtered from the biased disc in

the plasma volume, on the other hand, is negligible. This

claim is supported by the fact that the iron extracted beam

intensity is below the detection threshold of the Faraday cup

in the transfer beamline. The characteristic emission of iron

is therefore dominated by thick target (characteristic) radia-

tion from the surface of the biased disc and the count rate of

Fe Ka is therefore proportional to the axial electron loss rate.

The schematic layout of the experimental setup used for

measuring the electron losses in the pulsed mode is shown in

Fig. 1(b). The incident microwave power into the source was

controlled with a fast RF-switch. A dedicated detector record-

ing the electron current escaping the magnetic confinement

through the extraction aperture was used for the experiments.

The detector, first described by Izotov et al.,24 consists of an

array of aluminium foils, a suppression electrode, and a

Faraday cup. A transimpedance amplifier with 40 ls rise-time

(0%–90%) was used to convert the electron current to a volt-

age signal. The aluminium foils were assembled on a movable

cradle whose position could be adjusted through a vacuum

feed-through. Foils of specific thickness were used for the

experiments to provide a crude energy resolution for the

detection of escaping electrons. The thicknesses and corre-

sponding (approximate) energy thresholds25 for the perpendic-

ular angle of incidence are listed in Table I. The electron

detector was positioned 205 mm downstream from the

FIG. 1. Experimental setup used for

measuring the relative electron losses

in CW operation (a) and the setup used

for measuring the escaping electrons in

pulsed operation (b).

TABLE I. Aluminium foil thickness and corresponding (approximate)

energy threshold.

Foil number Thickness Energy threshold

(mg/cm2) (keV)

1 No foil 0

2 1.0 20

3 6.8 55

4 18.4 100

5 88.1 270

6 270 (1 mm plate) 570

062502-4 Sakildien et al. Phys. Plasmas 25, 062502 (2018)



extraction aperture (location of the foil) where the magnetic

field strength has decreased to about 5% compared to the

extraction mirror. The effect of the magnetic field on electron

trajectories and velocity components has been neglected when

calculating the threshold energies in Table I. In order to install

the electron detector, the pumping speed of the ion source had

to be reduced from the nominal value. Consequently, all the

data in this particular experiment were recorded using only

residual gas (mainly oxygen and nitrogen) whose pressure

remained constant at 4� 10�7 mbar throughout the experi-

ments in the pulsed mode. Additionally, the high voltage was

switched off (source potential was set to zero) during the

pulsed mode measurements as this would have obstructed the

escaping electron flux especially at low energies.

In order to understand the experimental conditions

allowing the detection of pitch angle scattered electrons,

some qualitative understanding of the sequence of events in

the pulsed operation mode of an ECRIS is required. After

switching off the microwaves, the electron density of the

plasma decays exponentially due to collisional diffusion pro-

cesses. Since the collision frequency of electrons scales with

their temperature (energy) as T�3=2
e , the hot electrons are the

last ones to leak out from the magnetic bottle distorting the

electron energy distribution during the afterglow plasma

decays, which often results due to instabilities.24 These hot

electrons act as seed electrons for the following pulse reduc-

ing the plasma breakdown time.15 The seed electron density

naturally depends on the pulse pattern of the microwaves. At

the very beginning of the microwave pulse, due to negligible

plasma loading and high EM-fields,26 electrons interact

strongly with the microwaves. Therefore, we expect to

observe a burst of pitch angle scattered electrons from the

plasma immediately after turning on the microwave power.

It is also possible to study the role of microwaves inducing

pitch angle scattering by measuring the decay characteristics

of electron signals after switching off the microwave power.

The microwave induced pitch angle scattering should mani-

fest itself by abrupt drop of electron flux from the plasma as

soon as microwave EM-fields have decayed.

In addition to direct measurement of electrons escaping

through the extraction aperture, two auxiliary diagnostics

monitoring the radially emitted bremsstrahlung (>35 keV)

and visible light emission were installed. The bremsstrahlung

radiation was measured radially from one of the magnetic

field poles of the ECR ion source simultaneously with the

measurement of the escaping electron flux. The detector was

located between the solenoids in the axial direction. Thus,

the bremsstrahlung observed by the germanium detector is a

mixture of thick target (wall) and plasma bremsstrahlung

with the former dominating the spectrum. Because the focus

of the experiments was to study the temporal evolution of

the bremsstrahlung, no special attention was paid in optimiz-

ing the collimator structure. For this reason, only time-

resolved (normalized) total count rates integrated over the

energy range of the detected photons are presented. During

the analysis, data from hundreds of rf pulses were combined

to gain statistics. The counts caused by background radiation

and pile-up events are subtracted from the data during the

analysis with a dedicated code.20 Visible light was collected

from the radial port (between the magnet poles) viewing the

plasma with a lens system connected to a photodiode (IRD

Inc. AXUVPN100) with an optical fiber. The photodiode

was reverse biased with 24 V and the collected signal was

amplified with a current to voltage amplifier (400 ls rise-

time).

IV. EXPERIMENTAL RESULTS

A. Relative electron losses in CW mode of operation

The relative electron losses from the magnetic confine-

ment system of the ECRIS were studied in the CW mode by

measuring the ratio of Fe-to-Ar Ka emission (denoted r here-

after). Figure 2 shows a typical X-ray spectrum measured

with the JYFL 14 GHz ECRIS. The two dominant peaks i.e.,

Ar Ka and Fe Ka are identified in the figure. The remaining

two prominent lines are Al Ka (1.5 keV) and Cr Ka
(5.4 keV). The detector efficiencies at the relevant energies

is 0.91 (Ar Ka) and 0.99 (Fe Ka). The main sources of error

for the relative electron loss results presented are related to

the repeatability of the plasma conditions during the mea-

surement and the variation of the plasma parameters over

long data acquisition times. The uncertainty related to the

repeatability was estimated from a set of consecutive mea-

surements under identical conditions while the effect of

long-term parameter drifts was minimized by reducing the

data acquisition time to twenty minutes. Altogether, the

experimental uncertainty is estimated to be 618%. It is

worth noting that the comparison of Ar and Fe Ka count rate

eliminates the error related to the detector alignment, the

energy dependent efficiency, and the assumption of a spa-

tially uniform and isotropic plasma distribution, which influ-

ence the accuracy of absolute measurements as discussed in

Ref. 23.

The experiments were started by conducting a paramet-

ric sweep of the four source tune parameters i.e., neutral gas

pressure, microwave power, magnetic field configuration and

biased disc voltage, and measuring r. These experiments

revealed that the biased disc voltage had practically no influ-

ence on r and hence the discussion is limited to the influence

of the magnetic field configuration, microwave power, and

neutral gas pressure.

Figure 3 shows the behaviour of r as a function of the

magnetic field strength, characterized by two figures;

the Bmin/BECR-ratio and the average field gradient parallel to

FIG. 2. A typical X-ray spectrum measured with the JYFL 14 GHz ECRIS.

With this spectrum, pile-up events have been removed, however the brems-

strahlung background has not been removed and the detector efficiency cor-

rection has not been applied.
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the field, i.e.,
~B
j~Bj � r~B. The magnetic field strength was

altered by adjusting the currents of both coils simultaneously

and hence preserving the relative strength of the axial mag-

netic mirrors. The fact that the JYFL 14 GHz ECRIS has

only two solenoids makes it impossible to adjust the Bmin

independently from the axial mirror fields. However, the

mirror ratio is defined here as Bmax/BECR (where max is

injection or extraction), not Bmax/Bmin which is often used

for simple mirror traps. This definition is due to the fact that

the magnetic confinement is based on the conservation of the

magnetic moment which is violated each time the electron

crosses the resonance where its velocity components are

affected non-adiabatically. Hence, it is more meaningful to

define the mirror ratio as Bmax/BECR, which is a common

practice of the ECRIS community. The definition then

implies that the change of the axial mirror field (injection

and extraction) is directly proportional to the change of the

mirror ratio, independent of Bmin. The general trend observed

from Fig. 3 is for the electron losses to decrease, indicated

by the monotonic decrease in r, as Bmin/BECR increases or

the average parallel magnetic field gradient decreases. It has

been shown that the average electron energy, determined

from bremsstrahlung diagnostics, is higher with increasing

Bmin/BECR.19 Recent investigations performed by Izotov

et al. also show directly that the local maxima of the EEDF

of the escaping electrons shift towards higher energies with

increasing Bmin/BECR-ratio.27 It is therefore argued that the

average electron energy increases with the decreasing aver-

age parallel magnetic field gradient. This relation can also be

understood on the basis of more efficient ECR heating due to

the lower gradient at the resonance surface.28,29 It is known

that the inner shell ionization rate is a function of electron

density, ion density, and rate coefficient for inner shell ioni-

zation. Accepting the fact that the ratio of the inner shell ion-

ization rate of Fe-to-Ar should increase with increasing

average electron energies30 leads to two possibilities to

explain the experimental observation: (1) the electron den-

sity in the plasma volume is visible to the detector increases

and/or (2) the electron loss rate towards the injection region

decreases with increasing magnetic field strength i.e., Binj

from 1.98 T to 2.13 T and Bext from 0.90 T to 1.02 T. The

first possibility would cause r to decrease as the Ar Ka emis-

sion rate within the probed plasma volume would increase.

This result is in line with the fact that the source perfor-

mance, in terms of high charge state production, tends to

increase with the B-field as long as the instability threshold

is not crossed.15 However, this result of increasing electron

density with increasing magnetic field strength is inconsis-

tent with an earlier investigation which found that the elec-

tron density (responsible for inner shell ionization) remains

virtually constant with the varying B-field in the range dis-

cussed here.23 This strengthens the argument that the result

presented in Fig. 3 is most probably being caused by the

axial B-field affecting the electron loss rate, i.e., the electron

flux towards the biased disc is reduced when the axial mag-

netic field strength is increased. This would be due to the

increasing injection (and extraction) mirror ratio reducing

the axial electron losses. Thus, the conclusion drawn from

the experimental observation in Fig. 3 is that the combined

effect of higher plasma density (which is suggested by

Sakildien et al.23 to play a lesser role) and reduced electron

losses with increasing B-field results in the decrease in r. As

remarked later again, the proposed reduced axial electron

losses might affect the loss pattern of electrons and could

most likely result in enhanced radial electron losses.

Additionally, the variation of r with the B-field sweep should

be interpreted with caution. The B-field sweep can also

change the EEDF of the escaping electrons as discussed ear-

lier.27 However, the results presented in this work combined

with an analysis of inner shell ionization rate coefficients

indicate that the influence of the B-field strength on the axial

flux of escaping electrons is greater than the influence of the

shifting EEDF.27 It should also be pointed out that the effect

of the B-field is not directly probing pitch angle scattering.

Nevertheless, the results presented here demonstrate that r is

sensitive to particle losses and can therefore be used to probe

the pitch angle scattering with different parametric sweeps.

Furthermore, since it has now been established that r is sen-

sitive to the magnetic field strength, this parameter needs to

be kept constant (as was done for the remainder of this inves-

tigation) during any experiments trying to probe the signifi-

cance of microwave induced pitch angle scattering.

Figure 4 shows the variation of r with neutral gas pres-

sure at different microwave powers. The first observation

made is that the neutral gas pressure has the most significant

effect on the relative electron losses. This effect is especially

pronounced at a low pressure. Based on auxiliary diagnostics

signals (e.g., the biased disc current), it can be assumed that

the electron density increases with increasing neutral pres-

sure. The microwave power absorbed by the plasma at low

neutral pressure/electron density results in an EEDF with

high average electron energies. This is supported by the fact

that the threshold magnetic field for the appearance of

kinetic instabilities, driven by the anisotropy of the EEDF, is

consistently lower at reduced neutral gas pressure. From an

earlier investigation performed in the pulsed mode, it is

known that the confinement time of high energy electrons

can easily be of the order of seconds,31 when collisional scat-

tering is the only loss process. The fact that the experimental

FIG. 3. Variation of r as a function of the magnetic field strength with 400

W microwave power and 4.3� 10�7 mbar argon pressure.
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results in Fig. 4 indicate enhanced (warm and hot) electron

losses at a low pressure point to a different loss mechanism

at work. At low pressure/low plasma density, the EM-field

strength is higher due to reduced damping of the field.

Therefore, rf-induced scattering becomes more prominent at

these conditions. This result is presumably displayed by the

low pressure part of Fig. 4. The electron losses, as estimated

by r, increase substantially if the incident microwave power

increases. As the neutral gas pressure is increased, both the

electron density and argon density increase. This could

impact r in two distinct ways: (1) the increasing argon den-

sity leads to increased argon inner shell ionization decreasing

r and/or (2) the increasing electron density leads the average

electron energy to decrease as the absorbed microwave

power is now distributed between a larger electron popula-

tion and the strength of the EM-field at the resonance is

damped.20 This results in a decrease in the mean velocity of

the EEDF and reduced EM-field strength at the resonance

due to increased damping of the EM-wave, reducing r due to

the reduced rate of rf-induced electron losses. Since these

effects cannot be separated unambiguously, the conclusion

drawn from the parametric sweep is that the best way to

probe rf-induced scattering is to conduct a power sweep at

several different neutral pressures keeping the magnetic field

constant.

Figure 5 presents the variation of r with absorbed micro-

wave power, at different neutral gas pressures. The absorbed

power is defined as the power available at the interface

between the waveguide and the plasma (as discussed thor-

oughly in Ref. 23). The definition takes into consideration

the power losses in the waveguide which are estimated to

�20% as well as the reflected power which was measured to

be less than �2%. It is assumed that all power which is not

lost in transmission or reflected back to the WR-62 wave-

guide is absorbed by the plasma i.e., losses at the chamber

wall are not taken into account. Initially, r increases with

absorbed microwave power, which could be due to two

instances: the changing EEDF favoring r or alternatively (or

simultaneously) there could be a loss mechanism i.e., pitch

angle scattering proportional to the microwave power. The

second tendency observed from the figure is a saturation of r

at powers higher than �300 W. To account for both tenden-

cies, the influence of the EEDF, electron density, and elec-

tron loss mechanisms on r were considered. As a result of

the increasing absorbed microwave power, the changing

EEDF could result in both increased electron density as well

as higher average electron energies. The increased electron

density would result in both argon and iron Ka emission

increase, under the assumption that the rates of the various

electron loss mechanisms remain constant. This would not

impact r and therefore could not influence the first tendency

observed in Fig. 5. The changing EEDF could also result in a

higher average electron energy. This could propel the aver-

age electron energy pass the optimum required for inner shell

ionization of argon and closer to the optimum for inner shell

ionization of iron. The increasing average electron energy

could also lead to enhanced electron losses due to pitch angle

scattering. From the discussion in Sec. II, it is known that the

rf induced velocity space diffusion of the electrons and their

subsequent losses are driven by the relation between the

mean velocity of the EEDF and the phase velocity of

the EM-field. Increasing the mean velocity in excess of the

phase velocity of the EM-field (in the case of electron heat-

ing) would induce increased electron losses driven by the

microwave heating. These effects resulting from increasing

average energy of the electrons could account, either par-

tially or wholly, for the first tendency observed in Fig. 5. The

variation of the EEDF, as a function of power is, however,

not supported by the recent experimental data reported by

Izotov et al.27 Thus, it seems fair to argue that purely based

on elimination of the changing EEDF and increasing electron

density, the measured result of increasing r with microwave

power is most likely due to the increased rate of pitch angle

scattering. It is worth noting that Perret et al. arrived at a

similar conclusion by assessing the results of a power sweep

obtained with diagnostics complementary to this work.4

Assessing the second tendency, namely the saturation of r at

microwave powers >300 W, against the three parameters

that influence r leads to the conclusion that this tendency is

dictated by the plasma energy content. The saturation of the

plasma energy content with increasing microwave power has

been observed e.g., by Noland et al. measuring the diamag-

netic effect of the ECRIS plasma in the pulsed mode.9 From

FIG. 4. Variation of r as a function of neutral gas pressure at injection, at

different microwave powers.

FIG. 5. Variation of r as a function of absorbed microwave power, at differ-

ent neutral gas pressures.
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a previous investigation, it was observed that the argon Ka
emission rate saturates with increasing absorbed microwave

power.23 The current investigation also indicates that r satu-

rates with absorbed microwave power. Altogether, this leads

to the conclusion that the iron Ka emission rate also saturates

with the absorbed microwave power. It can be reasonably

assumed that the increasing absorbed microwave power

results in increasing electron density. Beyond a certain

threshold, the absorbed microwave power becomes insuffi-

cient to heat the additional electrons resulting from ioniza-

tion and causes the saturation of r observed in Fig. 5 and

discussed by Perret et al.4 Also, it can be argued that the

EM-field of the microwave scales with the power (P) as the

field is proportional to
ffiffiffi
P
p

and is also affected by the plasma

density through damping effects. Thus it is expected that the

pitch angle scattering rate which depends on the EM-field

strength does not follow the injected power in a linear

manner.

B. Electron losses in the pulsed operation mode

This experimental campaign was started by measuring

the temporal evolution of escaping electron signals with dif-

ferent aluminum foils. Different pulse patterns were used in

order to vary the density of the so-called seed electrons.32

Figure 6 shows an example of the electron signals (in lA)

measured with 25 ms/200 W microwave pulses at a repeti-

tion rate of 2 Hz (note different vertical scales). In the given

example, the solenoid magnetic field (injection/minimum/

extraction) was set to Binj ¼ 2.11 T/Bmin ¼ 0.39 T/Bext

¼ 1.02 T (later referred as the B-field profile #3).

The data in Fig. 6 reveal that turning on the microwave

power leads to a burst of electrons from the trap. In this

example, the duration of the transient is about 100 ls. The

characteristics of the ignition peak, i.e., duration and magni-

tude, were observed to change with the ion source settings.

The given example was selected for display because depend-

ing on the repetition rate, the peak either vanishes (lack of

FIG. 6. Variation of the electron signal

with a 25 ms/200 W microwave pulse

at a repetition rate of 2 Hz at B-field

profile #3.
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seed electrons) or overlaps with the effects caused by the

ionization cascade (high seed electron density).

The effect of the pulse repetition rate on electron signals

in the beginning of the microwave pulse is presented in Fig.

7 showing an example measured with a 1 mg/cm2 foil

(20 keV threshold) at 0.5–20 Hz/25 ms pulses (note different

vertical scales). The data were obtained with 700 W incident

power and a solenoid field profile of Binj ¼ 2.01 T/Bmin

¼ 0.35 T/Bext ¼ 0.95 T (B-field profile #2). The fact that the

magnitude of the transient peak depends on the repetition

rate suggests that the initial burst of electrons at the very

beginning of the microwave pulse is indeed caused by the

seed electrons that are expelled from the trap. A similar

behavior depending on the pulse repetition rate was observed

also with other aluminum foils.

In order to highlight the fact that the discussed burst of

hot electrons is a transient, independent of the plasma break-

down, stepwise ionization, and gradual saturation of plasma

density and temperature, Fig. 8 shows the electron signal

measured with various foils, visible light signal recorded with

the photodiode, and the total bremsstrahlung count rate for the

full length (25 ms) of the microwave pulse. The presented

data were measured with 200 W of incident power at 20 Hz

repetition rate and a magnetic field configuration of Binj

¼ 1.95 T/Bmin ¼ 0.32 T/Bext ¼ 0.90 T (B-field profile #1).

The data show that with the given ion source settings,

the initial transient peak is more pronounced with increasing

electron energy, thus strengthening the claim that the rf-

induced pitch angle scattering plays a significant role in

determining the electron losses (as opposed to collisional

scattering) of high energy electrons especially. Also, the

bremsstrahlung count rate at energies >35 keV peaks imme-

diately after microwave turn-on meaning that the burst of

electrons is observed in both axial (electron detector) and

radial (germanium detector) directions. The signals related

to the existence of low energy electrons and their losses, i.e.,

electron flux measured without the aluminum foil and inte-

grated light signal from the plasma, suggest that the EEDF in

FIG. 7. Variation of the electron signal

with a 25 ms/700 W microwave pulse at

different repetition rates at B-field profile

#2. The measured results were obtained

with a 1 mg/cm2 foil (E> 20 keV).
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steady-state plasma differs greatly from the one observed

during the burst. All these observations support the conclu-

sion that at low plasma density in the beginning of the micro-

wave pulse, the electric field and average electron energy are

high, which enhances the microwave induced pitch angle

scattering rate. As the ionization cascade proceeds, the elec-

tric field strength and average electron energy drop,20,26

which finally leads to saturation of e.g., plasma density and

loss rates of electrons.

Table II summarizes the effects of magnetic field config-

uration and microwave power on the detected electron flux

and bremsstrahlung count rate during the initial transient.

The presented values are the ratios of the transient to the

value of the signal at the end of the pulse with various repeti-

tion rates. The length of the microwave pulse was set to

25 ms. With certain ion source settings, the signal to noise

ratio was too low for the thickest two foils and, therefore, the

corresponding data are omitted from the table.

The following is a summary of the qualitative tendencies

observed with different ion source settings: (i) the electron

flux during the transient burst increases with microwave

power. This is probably due to increased plasma density dur-

ing the microwave pulse, which in turn enhances the seed

electron density in the beginning of the following pulse.

Also, the transient could increase with power due to the fact

that the RF-field strength scales with the power E /
ffiffiffi
P
p� �

.

(ii) The electron flux during the transient burst increases

with the pulse repetition rate, which can be explained by the

higher seed electron density as well. (iii) Increasing the sole-

noid magnetic field strength results in s stronger burst of

electrons (flux in axial direction) in the beginning of the

microwave pulse. From the earlier discussion, it is known

that the axial mirror ratio (best defined by Bmax/BECR) affects

the hot electron confinement. During the microwave-off

period, the electron loss rate depends on the strength of the

mirror field and the rate of collisional scattering. The fact

FIG. 8. Variation of the electron signal

(lA), visible light signal, and the total

bremsstrahlung count rate with 25 ms/

200 W microwave pulse, at 20 Hz rep-

etition rate, and B-field profile #1, with

the various foils.
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that a stronger burst of electrons is observed with increasing

B-field during the microwave-on period is probably due to a

combination of two effects. First, the electron confinement is

enhanced as a result of the higher axial mirror ratio during

the microwave-off period which leads to a higher seed elec-

tron density in the beginning of the subsequent microwave

pulse. Second, the lower average magnetic field gradient

over the resonance zone leads to higher average electron

energies and, thus lower collision frequency, as shown from

bremsstrahlung measurements19 and direct measurement of

the energy distribution of the escaping electrons.27 The lower

gradient also enhances the energy gain of the electrons as

shown by Eqs. (5) and (6) and presumably increases the pitch

angle scattering rate in the beginning of the microwave

pulse. The result suggests that the process responsible for the

initial burst expels electrons to all directions, which is indic-

ative for microwave induced pitch angle scattering.17 It is

important to note that with this comparison, the initial elec-

tron burst was compared to the saturation electron flux at the

same solenoid field setting and the behavior at different sole-

noid field settings was not compared. Furthermore, the obser-

vation of the transient peak in the beginning of the pulse,

i.e., at low plasma density, across the given range of electron

energies and ion source settings implies that the phase veloc-

ity of the microwave is significantly reduced, which high-

lights the importance of the resonant interaction inducing

electron losses.

In addition to the initial electron burst, microwave

induced electron losses presumably affect the decay of the

electron flux following the trailing edge of the microwave

pulse. Deviations from exponential afterglow decay

(Coulomb collisions driving diffusion) could be interpreted

as a signature of microwave induced pitch angle scattering

actively increasing the electron loss rate during the micro-

wave pulse. Figure 9 shows the electron signal measured

with selected foils, visible light signal, total bremsstrahlung

count rate, and microwave power signal associated with the

trailing edge of the microwave pulse at 24.85 ms. The pre-

sented example was measured with 200 W of incident power

at 20 Hz repetition rate and a magnetic field configuration of

Binj ¼ 1.95 T/Bmin ¼ 0.32 T/Bext ¼ 0.90 T (B-field profile

#1). The data were chosen for display because the signal lev-

els are adequate and no instabilities affecting the electron

losses are observed during the plasma decay, which is often

the case.33

Independent of the foil thickness, the electron flux drops

to less than 50% of its saturation value in <20 ls after the

microwave power is switched off, followed by slower decay

lasting tens of milliseconds. In the case of the two thickest

foils (not shown here), the signal practically vanishes imme-

diately after the microwave is switch off. Also the brems-

strahlung count rate initially decays very fast and then

follows a smoother, exponential behavior. On the contrary,

the decay of the visible light signal, representing the excita-

tion and recombination rate of low charge state ions, exhibits

much slower decay. The microwave power signal decays

from its maximum value to zero in less than 20 ls. The mea-

sured decay of the signal shown in Fig. 9 is limited by the

RC-constant of the klystron output channel—the switch-off

time of the RF-switch being 40 ns (from 100% to 10%).

Altogether, it is concluded that the escaping electron and

bremsstrahlung signals decay faster than can be explained by

Coulomb collisions alone. Thus, the data suggest that micro-

wave induced pitch angle scattering contributes significantly

(more than 50%) to the electron losses across the whole

energy range during the microwave pulse. The fractional

contribution to electron losses due to the three loss mecha-

nisms discussed in Sec. II has been numerically investigated

by Cluggish et al.10 From the results of this simulation, it is

concluded that Coulomb collision losses account for between

20% and 35% of the total electron losses under stable plasma

conditions. The drop of the electron signal at the end of the

microwave pulse to less than 50% of the rf ON signal sug-

gests that the Coulomb collisions account for this fraction of

the total losses, which is in good agreement with the numeri-

cal prediction.

The effect of ion source settings, i.e., microwave power

and magnetic field configuration, on the decay characteris-

tics of electron flux, bremsstrahlung count rate, and visible

light signal is summarized in Table III, which shows each

signal measured at 200 ls and at 2 ms after the microwave

switch off and normalized with respect to the steady-state

value. It was observed that the repetition rate and duty fac-

tor did not affect the decay characteristics and, therefore,

only data recorded with 20 Hz/50% duty factor are

displayed.

With all source settings, the qualitative decay character-

istics of the electron, bremsstrahlung and visible light signals

are similar to those illustrated in Fig. 9 i.e., the electron flux

escaping the trap drops much faster than could be expected

from diffusive decay. This corroborates the conclusion that

during the microwave pulse, there is an active loss mecha-

nism scattering electrons into the loss cone and contributing

more than 50% to the total electron loss rate.

TABLE II. Variation of the ratio of electron signal (lA) and total bremsstrahlung count rate at the initial transient to the value of the signal at the end of the

microwave pulse, as a function of B-field configuration and microwave power, at different repetition rates.

B-field profile 1 2 3 2 2

l-wave power 200 W 200 W 200 W 500 W 700 W

Rep. rate (Hz) 2/5/10 2/5/10 2/5/10 2/5/10 2/5/10

e�, all E 0.12/0.20/0.26 0.12/0.28/0.53 3.16/2.28/1.87 0.07/0.17/0.36 0.07/0.12/0.22

e�, E > 20 keV 0.16/0.25/0.45 1.04/1.79/7.24 41.2/51.4/80.4 0.76/2.08/3.98 0.64/1.32/1.81

e�, E > 55 keV 0.07/0.20/0.37 1.00/1.09/3.81 40.1/45.4/42.9 0.53/0.96/1.14 0.51/0.57/0.78

e�, E > 100 keV 0.08/0.26/0.53 1.28/1.42/2.11 4.71/4.49/3.40 0.55/1.01/1.67 0.40/0.63/0.97

X-ray rate (ratio/norm.)34 1.14/0.41 1.09/0.46 1.33/1 –/– –/–
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V. CONCLUSION

The relative electron losses in CW operation and the

temporal behavior of the electron flux escaping through the

extraction mirror of an ECRIS in pulsed operation have been

shown to exhibit features that can be associated with micro-

wave induced pitch angle scattering. In the former case, it

was observed that r (defined above) increases with micro-

wave power. An even more pronounced increase in r at low

plasma density with increasing microwave power was also

observed. Both these behaviors can be attributed to micro-

wave induced pitch angle scattering in action. With the latter

case, the initial burst of electrons in the very beginning of

FIG. 9. Variation of the electron signal

(lA) (with selected foils), visible light

signal, the total bremsstrahlung count

rate, and the microwave power signal

associated with the trailing edge of the

microwave pulse at 24.85 ms. The

results displayed were taken with 200 W

of incident power, at 20 Hz repetition

rate, and B-field profile #1.

TABLE III. Variation of the electron signal (lA), total bremsstrahlung

count rate, and the visible light signal measured at 200 ls and at 2 ms (after

microwave switch off) and normalized with respect to the steady-state value,

as a function of B-field configuration and microwave power.

B-field profile #1 #2 #3 #2 #2

l-wave power 200 W 200 W 200 W 500 W 700 W

e�, all E 0.35/0.26 0.31/0.24 0.18/0.11 0.23/0.21 0.25/0.22

e�, E > 20 keV 0.49/0.50 0.36/0.71 0.59/0.84 0.50/0.92 0.26/0.61

e�, E > 55 keV 0.47/0.32 0.24/0.64 0.38/0.63 0.61/0.60 0.28/0.34

e�, E > 100 keV 0.41/0.24 –/– –/– 0.47/0.41 0.39/0.32

X-ray rate 0.41/0.18 0.37/0.21 0.55/0.33 –/– –/–

Visible light35
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the microwave pulse and the abrupt drop of electron flux at

the trailing edge of the pulse is also suggested to be associ-

ated with microwave induced pitch angle scattering. Finally,

it should be mentioned that the agreement between the

experiment and simulations10 is good.
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