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The long-term operation of high charge state electron cyclotron resonance ion sources fed with high
microwave power has caused damage to the plasma chamber wall in several laboratories. Porosity, or
a small hole, can be progressively created in the chamber wall which can destroy the plasma chamber
over a few year time scale. A burnout of the VENUS plasma chamber is investigated in which the
hole formation in relation to the local hot electron power density is studied. First, the results of a
simple model assuming that hot electrons are fully magnetized and strictly following magnetic field
lines are presented. The model qualitatively reproduces the experimental traces left by the plasma
on the wall. However, it is too crude to reproduce the localized electron power density for creating
a hole in the chamber wall. Second, the results of a Monte Carlo simulation, following a population
of scattering hot electrons, indicate a localized high power deposited to the chamber wall consistent
with the hole formation process. Finally, a hypervapotron cooling scheme is proposed to mitigate
the hole formation in electron cyclotron resonance plasma chamber wall. © 2015 AIP Publishing
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LLC. [http://dx.doi.org/10.1063/1.4935989]

. DAMAGE TO THE PLASMA CHAMBER

The long-term operation of high charge state electron
cyclotron resonance ion sources (ECRISs) fed with high
microwave power has caused damage to the plasma chamber
wall in several laboratories. On the VENUS ECRIS,! slow
metal erosion was observed over a few year time scale at
the place where the magnetic field intensity to the wall is
the weakest. The hole was formed on the injection flute at
z = —45 mm with respect to the plasma chamber center (see
Figure 1). Metal analysis has shown that the aluminum alloy
recrystallized and became porous. The temperature required
to favor this process is approximately 300 °C that could be
reached when the power flux to the wall exceeds the so
called critical heat flux (CHF) limit of ~1 MW/m? 23 Despite
an efficient flute-channel cooling fed with 6 bars water at
25°C and a fluid velocity of 9 m/s, the power flux imbalance
makes the wall temperature increase above 150 °C when steam
bubbles are created. With stationary bubbles, the wall dries
and the heat exchange coeflicient decreases, making the wall
temperature to increase further to reach the equilibrium. In
ECRIS, the radio frequency (RF) power injected into the
plasma is mainly transferred to the electrons. The ions are cold
and do not contribute significantly to the power balance. The
paper describes the interaction of the hot electrons with the
chamber walls. In Section II, the microscopic effects influenc-
ing the motion of electron in the magnetic field are reviewed.
Section III presents a first geometrical model to estimate the

Note: Contributed paper, published as part of the Proceedings of the 16th In-
ternational Conference on Ion Sources, New York, New York, USA, August
2015.
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power flux at wall. Section IV covers the result of a Monte
Carlo simulation resulting in a high localized power density
at wall. Section V explores the option to use hypervapotron
cooling to tackle the CHF limit observed in third generation
ECRIS.

Il. ELECTRON SCATTERING IN AN ECRIS PLASMA

The plasma hot electrons are strongly magnetized and
confined in ECRIS. The minimum-B field configuration, re-
sulted from the superimposition of axial magnetic mirrors
and radial hexapole fields, confines the charged particles with
lifetime up to milliseconds. The magnetic mirror ratios R
= Bax/Bmin between 2 chamber walls derived from Figure 1
are spanning from 6.4 to 3.8 and the associated limit theta pitch
angles 6 (where particles become deconfined) are ranging
from 23° to 31°. At low to intermediate energy, the electron
confinement is improved when it gains energy passing through
the ECR zone. The mechanisms, which cause deconfinement
of those electrons, are the Coulomb collision and the electron
impact (EI) with ion. At higher energy, the electrons are de-
confined by the RF scattering.* In this section, the different
mechanisms affecting the electron trajectories are reviewed
and estimated in the ECRIS plasma.

A. Coulomb collision

The Coulomb scattering (CS) of electrons with the
charged particles in a plasma having an electron temperature
kT, and a mean ion charge state Z is estimated by the mean
(momentum) electron collision frequency with ions (v,;) and
electrons (Vee),*

©2015 AIP Publishing LLC
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FIG. 1. Diamonds: Axial magnetic field on axis. Solid and dashed lines:
Magnetic field intensity at the wall along two consecutive hexapole magnetic
flutes.
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where n; and n, are the ion and electron density, —e is the
negative electron electric charge, In A is the Coulomb loga-
rithm, €j is the vacuum permittivity, and m, is the electron
mass. Egs. (1) and (2) correspond to the mean frequency of
multiple low angle Coulomb scattering resulting in a total scat-
tering angle of 90°. Eq. (1) is valid for a Gaussian distribution
of electrons at a temperature T, interacting with cold ions.
In ECRIS plasma, it is commonly accepted that 3 different
electron populations co-exist:’ a cold electron population asso-
ciated with the plasma potential and the secondary electron
emission from the wall, a quasi-Maxwellian warm electron
distribution with a temperature measured around ~1 keV, and
an anisotropic hot relativistic energy tail.’ The relative weight
of each population is not known precisely. In this study, the
mean electron temperature used to estimate the electron colli-
sion frequency is assumed to be 5 keV. The other parame-
ters necessary to estimate the collision frequency are taken
as follows. The Coulomb logarithm is estimated to ~10 and
the electron density of the fully ionized plasma is taken as
~10" cm™3, the cutoff density when the plasma is heated with
28 GHz microwaves. The chamber failure occurred when the
source was tuned for a high charge state xenon plasma with
a mean charge state Z ~ 22. The electron Coulomb collision,
which occurs in the Debye sphere, is understood as a tiny
random deviation of the electron velocity per unit time. Thus, a
large scale change of direction requires a very large number of
small angle collisions. The electrons are expected to have their
pitch angle 6 slowly varying with time and moving toward the
loss cone. The characteristic times 7,; and 7, for an electron to
scatter by 90° are included in Table I as a function of its kinetic
energy. The dominant effect is electron—ion scattering here.
Electron-electron scattering is neglected in the next study.

B. Electron impact

The EI collision of an energetic electron with an ion
causes the impinging electron to loose energy, but also to

Rev. Sci. Instrum. 87, 02A736 (2016)

TABLE I. Characteristic time for electron diffusion in the plasma.

Kinetic energy (keV) 1 5 10 100
Tei~ 1/ {Vei) (ms) 0.005 0.054 0.15 5

Tee~ 1/ {Vee) (MS) 0.11 1.22 345 109
TrF~ 1/{VRF) (15) co 00 0o ~2-3
T~ 1/(0gmive) (ms) 1.11 0.45 0.48 0.93

TpriFr (MS) ~0.001 ~0.005 0.002 0.0002

redistribute randomly its velocity direction. In this process, the
electron comes close to the ion nuclei and undergoes a subse-
quent deep Coulomb interaction which can change the electron
velocity direction by 90°. So, the EI has to be considered as far
as electron de-confinement is concerned. The time scale Tg; for
this process is estimated using the Lotz empirical cross section
oz for a Xe??* creation considering Tgr ~ 1/(0gmv.), v,
being the impinging electron velocity. In the plasma of interest,
the time for EI is much larger than the time for CS.

C. Radio frequency scattering

The microwave injected in the ECRIS can couple to the
whistler mode whose wave vector k is parallel to the local
magnetic field B.® The RF scattering in an ECRIS plasma has
been studied by Girard” to estimate the mean electron velocity
kick parallel (v ) and perpendicular (6v,) to the magnetic
field when it crosses the ECR zone,

eEv, 3

61)” = —
mevy

E
6vL=e—(l—ﬂ) [y @)
m, Vo W

E is the electric field intensity, v4 is the phase wave veloc-
ity, and w’ is the derivative of the local electron cyclotron
frequency w = eB/m, along the magnetic field B. The above
equations are used to estimate the time Tgp for the electron
theta pitch to be tilted by 90° as a function of its kinetic
energy. As expected, the RF scattering improves the electron
confinement when v, < v4. The deconfinement process is esti-
mated to start above ~25 keV for de, ~ 0.45. This last value
being estimated from Girard and with typical numbers for the
VENUS plasma. In the present study, the RF scattering is not
considered. The hot electron tail is neglected with respect to
the warm electrons population responsible for the ion ioniza-
tions. Anyway, the RF scattering process is expected to scatter
slowly the electron like the CS. The lost to the wall induced
by the RF for hot electrons is likely to be similar to the CS
considered with warm electrons.

3)

’ 9
w V||

D. Drift velocity

There are two distinct regions in an ECRIS as far as
particle trajectories are concerned. The first region is a cyl-
inder centered around the chamber axis. There, the hexapole
magnetic field intensity is negligible with respect to the axial
one; the field lines are slightly bent and the magnetic gradient
does not exceed 10 T/m. The electron trajectories are very
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stable there. In the second region, located around this central
tube, the hexapole magnetic field gradient becomes much
stronger (up to ~60 T/m at wall) and the field lines are strongly
bent toward the wall (bending radius R ~ 0.1 m). There, the
electrons motion undergoes drift velocities resulting in a quite
rapid scattering from a magnetic pole to another. The drift
velocity expression due to the magnetic gradient and the field
line curvature is'®
v_l; _ _meszl—i _,l—é _ mevHZ
2eB’ R’eB*

-

R x B. 5)

The two drift contributions, related through the Maxwell equa-
tions, have the same order of magnitude in ECRIS. The time
Tp for an electron to drift azimuthally by 360° in the peripheral
region can be roughly estimated by Tp ~ 2ar/vp, with r taken
as the half radius of the plasma chamber accounted from the
source axis. For 1 keV electrons, Tp is of the order of the us,
which is much smaller than the collision time as seen in Table L.
This means that peripheral electrons are spending their time
roaming along the whole hexapole field lines connected to the
cylinder wall. Because the Coulomb scattering is much longer,
this roaming is likely to make the majority of electrons impinge
the wall where the magnetic mirror intensity is the weakest.

lll. MAGNETIC FIELD LINE MODEL

As a first approach, the heating power distribution to the
wall is studied using a simple geometrical model based on
the study of the field lines passing through the ECR zone and
impinging the chamber walls. This hypothesis is validated by
the fact that electrons are strongly magnetized in the non-
collisional ECRIS plasma. The surface created by the field
lines intersecting the wall is used to estimate the power density
to the wall. Helped with a 3 dimensional magnetic field map
of the cylindrical VENUS plasma chamber, the ECR zone
surface is meshed into a set of 1 mm? elementary triangles.
Next, the magnetic field line passing through each individual
triangle edge is computed and followed on both sides until
it reaches the plasma chamber wall, either radially or axially.
Information on the field lines geometry and magnetic inten-
sities is stored for further analysis. The plasma chamber wall
is cut into three surfaces: the injection plane (z = —250 mm),
the extraction plane (z =250 mm), and the cylinder wall
(r =71.4 mm and |z| < 250 mm).

The electron flux F to the wall is weighted for each field
line by a set of factors to estimate at best the power density
at wall. It is generally thought that the dense plasma in an
ECRIS is located inside the closed ECR zone. In this model,
it is assumed that the electron density is uniform inside the
ECR zone and that the field lines have approximately all the
same mirror ratios. Under these assumptions, the number of
electrons populating a particular field line is proportional to
its length. So the first weighting considered is the part of the
magnetic field line length L; included in the ECR zone. The
second weighting considered is the magnetic field intensity at
wall. The magnetic field confinement acts as a “leaky box”
where the particles are mostly escaping by the weakest mag-
netic intensity point. If we consider the magnetic pressure

Rev. Sci. Instrum. 87, 02A736 (2016)

for a plasma of density n, we get P = B*>/2uy ~ nkT. The
differentiation gives An ~ AB = (Bax — B;), where By, and
B; are, respectively, the maximum and the local magnetic field
intensity at wall. It is expected that plasma regions with a high
density should leak toward region with the weakest magnetic
field; the flux of particle to the wall is thus assumed to be
proportional to (B — B;). The total power to the wall is
finally calculated as follows:

N
P =) FdS; ©)
F; :fLi (Bmax — Bi) , @)

with N the total number of triangles, dS; the local triangle
surface, f a normalization coefficient. The local power density
is such that

dpP
— =F;.
ds ®)

In the case of VENUS, the chamber burnout occurred with a
total power of 4 kW and this power is used to determine f.
The result of the computation is summarized in Table II and
displayed in Figure 2. It is noticeable that the model predicts
a peak power density above the CHF of 1 MW/m? along the
injection flute at the wall. The peak power position is found
at z = —74 mm (see the black dashed line in the upper part of
Fig. 2) while it is experimentally measured at —45 mm. The
model is too crude to predict the accurate peak power position.
The white area visible in the center of the extraction plot (Fig. 2
bottom right) corresponds to the extraction electrode hole. No
electrons are expected to cross this area where a high voltage
electrical field is used to accelerate the ions and repels the
electrons. It is also noticeable that the density plots in Fig. 2
are very similar to the observed plasma marks in ECRIS.

IV. MONTE CARLO SIMULATION

The investigation continues with a 3-d Monte Carlo simu-
lation in which hot electron trajectories are followed until they
touch the wall. The simulation includes the Coulomb scatter-
ing and the electron impact collisions. The spatial distribution
of incident electron is chosen to match a uniform electron
density in the ECR zone. The electron initial pitch angle is
chosen to grant its magnetic confinement. The electrons are
tracked using a Boris scheme leapfrog algorithm.!! The time
interval to solve the equations of motion is chosen to grant
numerically stable trajectories above 1 ms. The particle ve-
locity is randomly scattered at each cyclotron turn by a tiny
angle 66 calculated according to Eq. (1). The probability to

TABLE II. Estimated power deposited on the ion source wall by the geomet-
rical simulation.

Injection Extraction Cylinder
Surface (cm?) 7.7 10.7 106.3
Power deposited (%) 3.2 10.6 86.2
Power deposited (W) 127 426.3 3446.7
Peak power density (kW/m?2) 348 948 1085
Location of the peak power Z =—74 mm
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FIG. 2. Top: Power density to the cylinder wall on an injection flute. Bottom:
Power density deposited on the injection (left) and extraction (right) planes.
The power density increases with the colors in the following order: white (0),
gray, yellow, red (1.1 MW/m?).

get an EI is also randomly evaluated which resulted in a large
45° pitch angle scattering. The extraction electrode hole with
an 8 mm diameter is modeled as a perfect electron reflector,
since the electric field, present in this area to extract ions, repels
electrons back to the source. The electron kinetic energy in the
simulation is chosen to be 5 keV, well below the source high
voltage (20-30 kV). The simulation includes the experimental
plasma chamber position offset with respect to the magnetic
field. The offset is, respectively, 0.5 and 0.7 mm along X and
Y directions, Z being the source axis. The result of the Monte
Carlo simulation is synthesized in Table III and plotted in
Figure 3 when the pixel size is set to 1 mm?.

With a total deposited power of 4 kW, it is striking to note
that the power density along the flute reaches up to 3.1 MW/m?>.
The highest power density of 4.6 MW/m? is located on 3 tiny
spots very close to the extraction electrode hole. Erosion of
extraction electrode has been observed in many laboratories,
but this massive part is easy to cool and replace in case of
failure. The very small pattern found on the injection plane is
interpreted as an image of the electron population efficiently
reflected by the high voltage extraction system. The size of this
pattern is smaller than the plasma electrode diameter of 8 mm.
As expected, the highest power flux to the cylinder wall goes
where the magnetic field intensity is the weakest (pole 2). It
is striking to note that the tiny chamber offset unbalances the
flux density to the even poles by ~14%. The flux imbalance
for the odd poles reaches 40%. The total surface impacted
by electron is 149 cm?, larger by 25 cm? to the one found

TABLE III. Estimated power deposited on the ion source wall by the Monte
Carlo simulation with a 1 mm? pixel size.

Surface (cm?) Power deposited Peak power density (MW/m?)

Injection 1.3 73 34+0.1
Extraction 18.2 425 4.6 0.1
Pole 1 23.2 546 1.6 £ 0.1
Pole 2 22.0 754 30+0.1
Pole 3 23.9 604 2.0+0.1
Pole 4 19.7 591 3.1+0.1
Pole 5 21.6 449 1.3+0.1
Pole 6 19.3 558 2.6+0.1
Total 149.2 4000

Rev. Sci. Instrum. 87, 02A736 (2016)
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FIG. 3. Top: Power density to the cylinder wall on the pole 2. Bottom: Power
density deposited on the injection (right) and extraction (left) planes. The
power density increases with the colors in the following order: white (0),
gray, yellow, red (4.6 MW/m?).

with the previous field line model. Despite a larger surface
covered, the power density to the wall is found 3 times higher
with the Monte Carlo than with the field line model. Here,
a large portion of the surface of impact corresponds to a
low electron flux, while narrow surfaces get the highest flux.
Figure 4 shows the local histogram plot of power density
on the flute 2 along Z (top) and RO direction (bottom), with
particles selected to impinge close to the peak (37.3 < R6
< 37.5 mm and -60 < z < —40 mm). With a histogram bin
size of 0.05 mm, the power density appears very localized
along the RO direction where a narrow peak thinner than 1 mm
can be seen right on the theoretical pole axis. The power
distribution is broader and quasi-Gaussian along Z with a root
mean square of 19 mm. The maximum peak density on the
wall goes up to 5 MW/m? for z = —49 mm which is close to
the experimental hole position found at —45 mm. The power
flux remains high and nearly constant for —60 < z < —40 mm.
As the cooling water flows toward the positive Z direction,
the water temperature increases toward the positive Z which
suggests a higher wall temperature for z > —49 mm. This
effect could explain the 4 mm position discrepancy between
simulation and measurement.

cut : 37.3<RO<37.5 mm

MW/m?
(=R S VNS SNJ | -

|
|
|
|
|
A
-100 -50 0 50

|
—
N
=3
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4 35 36 P T R
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FIG. 4. Histogram plots along Z (top) and RO (down) of the power den-

sity near to the peak power location along flute 2. A sharp peak reaching
5 MW/m? is observed right at the theoretical pole position.
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V. PROSPECTS TO IMPROVE CHAMBER COOLING

For the 3rd generation sources such as VENUS, there
are straightforward ways to improve the cooling to prevent
chamber burnout. For example, the aluminum wall thickness
where burnout occurred was only 2 mm and this was too thin
to provide sufficient lateral heat flow away from the localized
heating. A new chamber is in operation, which addresses this.
Still, the constant need for higher beam intensity and higher
charge state ions strongly motivates the development of the
4th generation of ECR ion sources, which are anticipated to
operate at much higher wave power of tens of kW. The plasma
chamber failure which occurred in long-term operations of
ECRIS must be addressed with care to assure the success of the
next generation of ECR ion sources. Very high power density
fluxes are well managed in several experimental fields, like
microwave tubes, beam dumps, and tokamak divertors, thanks
to the hypervapotron technique. Hypervapotron has been pio-
neered by C. Beutheret for cooling of anodes in high power
tetrodes at Thomson CSF.'? The effect has been visualized
by Cattadori.'® A clear and concise explanation of the hyper-
vapotron principle is reproduced here for convenience'* (see
also Figure 5): “in this technique, fins are placed transverse
to a forced fluid flow. The bulk fluid remains well subcooled.
If the water between the fins is sufficiently stagnant, steam
bubbles will grow inside the grooves and drive the warm water
out. Once the steam bubble extends into the well subcooled
bulk water, the bubble collapses and the colder bulk water

Bubbles collapse
In contact with

High velocity subcooled water flow The cold flow

e PEEEEEERRAEE Sy
formation is drawn into the groove

High power flux 10-20 MW/m? And re-wets the surface

FIG. 5. Schematic showing the principle of the hypervapotron technique.

Rev. Sci. Instrum. 87, 02A736 (2016)

is drawn into the groove where it re-wets the surfaces. This
process allows operation with parts of the exchange surface
at above the CHF. The rate of surface temperature rise during
the steam phase is reduced by heat conduction into the cold
fins.” Hypervapotron uses a diphasic heat exchange and takes
advantage of the fact that steam has a high heat flux capacity,
provided the steam is rapidly replaced by a liquid in contact
with the surface to cool. Hypervapotron’s efficient cooling
should be considered for the plasma chamber cooling, espe-
cially for the next generation ECRIS to ensure safe and reliable
operations with possible tens of kW wave power needed. The
hypervapotron thickness is of the order of 20 mm: the future
magnetic structure should include an extra room in the cryostat
warm bore to grant space for a hypervapotron cooled plasma
chamber.
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