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OBSERVED IN THIRD GENERATION ECRIS
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Abstract

The operation of third generation ECR ion source
heated with 24 or 28 GHz microwave frequency shows a
high energy x-ray spectrum with a characteristic
temperature much higher than the one observed at the
usual heating frequencies (14-18 GHz). The behaviour of
the x-ray spectrum is studied based on the review of a set
of data previously done at LBNL [1]. The data reviewed
shows that the hot x-ray temperature scales with the ECR
frequency. The experimental data is compared with the
prediction of a simple model of ECR heating developed
for this purpose. A formula to estimate the ECR resonance
thickness is calculated. The model explains nicely the
experimental x-ray temperature variation when the central
magnetic field of the ECRIS is changed. It demonstrates
that such a magnetic field variation does not change the
electron confinement time and that the change of the
x-ray spectrum temperature is due to the change of the
ECR zone thickness. The only way for the model to
reproduce the fact that the x-ray temperature scales with
the ECR frequency is to assume that the electron
confinement time scales (at least) with the ECR
frequency. This result brings new credit to the theoretical
prediction that the hot electron RF scattering is decreasing
when the ECR frequency increases.[2,3] The spatial gyrac
effect, which can be considered as another possible origin
of the very hot x-ray produced in ECRIS is recalled for
convenience in this paper.

VENUS EXPERIMENTAL DATA

Extensive experimental x-ray measurements have been
carried out on several third generation ECR ion sources.
This paper focuses on data formerly measured with the
VENUS ion source at LBNL. [1] The data considered in
this paper is the one comparing the x-ray spectrum
produced at 18 GHz and 28 GHz with a homothetic
magnetic field (i.e. scaling the ECR frequency) and for 2
values of the axial median magnetic field intensity (Bmin):

o steep Gradient configuration when Buin~0.47Becr

o shallow Gradient configuration when Bpin~0.47Becr

The axial magnetic field configuration associated to
these four tuning is shown on Figure 1. The red and blue
plots respectively stand for 28 and 18 GHz operation.
Solid lines are for shallow gradient, while dashed lines
are for steep gradient. The magnetic calculation have been
carried out with RADIA.[4] The VENUS radial magnetic
field is considered to reach 2.1 T at wall (radius 70 mm)
for the 28 GHz operation and 1.35T for the 18 GHz
operation.

The experimental x-ray spectrum plotted in [1] have
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been fitted with the usual Boltzmann temperature profile:
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The fits are plotted on Figure 2, and the spectrum

temperatures calculated are summarized in the Table 1.

The same convention of color and line style is used in

Fig. 1 and 2 for convenience.
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Figure 1: Axial magnetic field profiles used to study the
x-ray spectrum dependence for 2 ECR frequencies and 2
Bumin values.

Table 1: Experimental x-ray spectrum temperatures

fECr Gradient type kT
18 GHz Steep 477+2keV
18 GHz Shallow 912+2keV
28 GHz Steep 72.7 + 2 keV
28 GHz Shallow 139.5 + 2 keV
DATA ANALYSIS

A way to compare these spectrum is to normalize their
values at the energy E=0 and consider that an individual
x-ray population at a given dN/dE value undergoes an
energy boost from E; to E, when the magnetic gradient
changes from steep (kT;) to shallow (kT,), or when the
frequency is changed from 18 to 28 GHz (with an
appropriate homothetic magnetic field). This implies that:
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It is assumed next that when the magnetic gradient
and/or the ECR frequency is changed, the plasma hot
electron population undergoes an energy boost
proportional to the x-ray temperature change. The
experimental ratio of x-ray temperature between 28 and
18 GHz operation (for a homothetic magnetic field) and
between shallow and steep gradients for a given ECR
frequency are included in the Table 2. The experimental
28 to 18 GHz temperature ratio appears to be the same for
the two gradients considered with a value of ~1.53. Since
the ratio of the microwave frequencies 28 on 18 is 1.55, it
is guessed that the hot x-ray temperature tail in an ECRIS
is proportional to the microwave frequency (assuming a
homothetic magnetic field configuration). A second
interesting point comes from the fact that the shallow to
steep gradient x-ray temperature ratio gives the same
value for 18 GHz and 28 GHz. This time, the effect is
expected to be due to the magnetic field.

Table 2: Experimental x-ray spectrum temperature ratios

fEcr Temperature kT,
ratio type kT,
28/18 GHz  Shallow 1.52+0.11
28/18 GHz  Steep 1.53+0.06
18 GHz Shallow /Steep 1.91£0.12
28 GHz Shallow /Steep 1.924+0.08
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Figure 2: Fit of the x-ray spectrum extracted from [1].
Red curves are 28 GHz profiles. Blue curves are 18 GHz
ones. Solid line are the "shallow" gradient tuning, dashed
lines stand for "steep" gradient.

ISBN 978-3-95450-158-8
128

Proceedings of ECRIS-2014, Nizhny Novgorod, Russia

DISCUSSION

A higher temperature x-ray spectrum implies that the
ion source generates much higher energy electrons. There
are two obvious ways to increase the electron energy in
an ECR ion source: either by increasing the electron
confinement time or by increasing the mean energy
gained when an electron passes through the ECR
resonance area. This can be considered using a simple
electron heating model:

W, = Zév=1 €;~Ne 3)

Where W, is the electron perpendicular energy, N is the
electron mean number of passage through the ECR zone
(before it is lost to the wall), and € is the electron mean
energy gained per passage. Thus, increasing the
confinement time equals to increasing N which in turn
increases W, . This is the mechanism expected to occur
using the hypothesis that the hot electron RF scattering
phenomenon is decreasing when the ECR frequency
increases. [3] Another way to explain a higher W, is to
assume that N~Constant and that instead € increases. In
this paper, we investigate the hypothesis that the electron
energy could increase because of a change of the mean
energy gain per passage € through the ECR zone. To do
s0, a model to estimate € is developed as a function of the
ECR frequency.

ECR HEATING GAIN PER PASS

An estimate of an electron energy boost gained when
crossing the ECR zone in a magnetic gradient is given by:

eE2At?
~ m )
Where e is the electron charge, E the local microwave
field intensity, m the electron mass and At the time to
cross the resonance. At is not a convenient parameter to
estimate e. One can define the ECR zone thickness Al =
v,At where v, is the electron velocity parallel to the
magnetic field. But Al still depends on the local magnetic
field gradient intensity g =aa—'f, gradient taken along the
local magnetic field line crossing the ECR zone. Al can be
substituted by %B where 4Bis the intrinsic ECR zone
magnetic thickness. The ECR angular frequency w is
finally introduced in € by considering that <2 = > So the

expression for e becomes:

MmE2Aw?

2ev)2g?

5

The question is now to estimate Aw and study its
possible dependences with physical parameters such as
the ECR frequency w,, and the electrical field intensity E.
This point is investigated in the next section.

Theory and simulations
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ECR Peak Width Study

The intrinsic ECR thickness has been studied
theoretically by solving the equation of motion (non-
relativisitic cas) as a function of wgr , we :% being

considered constant:

dv _ eE

— ;coszth+wce§xﬁ (6)
The initial velocity considered is expressed as a
function of a random phase angle ¢: #(0) = v, cos ¢ +
singy and the theoretical solution for the velocity is
averaged on this angle. When wg; = 0., + Aw, an electron
gains energy while 4w x t < =. It then reaches an energy
noted T,,.,.. Next, the electron is out phased and eventually
decelerates back to its initial velocity: the electron kinetic
energy is thus increasing and decreasing periodically.
This well-known effect [5] is shown on Fig. 3 for the
particular case when v, = 0 for several values of Aw.
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Figure 3: Evolution of the electron kinetic energy as a
function of time for several values of Aw. The initial
energy is taken as null here for convenience. The electron
kinetic energy has a maximum as a function of time.

In order to build an estimator of the ECR frequency
peak width, the maximum electron kinetic energy
achievable T, is plotted as a function of ? (see Fig. 4).

The frequency width Aw to be considered in Equation (5)
is then the resonance width of the plot for a given kinetic
energy allowing multi-ionization. One can note that the
relative ECR peak width % decreases with the ECR
frequency. The reason is that the time to reach T, is
tmar = =, While on this plot the abscissa is ffﬁ =1+22 A
fixed % ratio implies that Aw « w. Hence, tyay <= : for a
given electrical field intensity and a given Aw, the higher
the ECR frequency, the shorter the time for acceleration
before an electron gets out phased, leading to a lower
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achievable kinetic energy. This study shows that the
intrinsic ECR thickness is a constant independent of the
ECR frequency. The phase averaged maximum of the
electron kinetic energy for wgpr = w,, + Aw is:
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Figure 4: Evolution of the maximum kinetic energy that
an electron can reach as a function of the RF frequency
normalized to the ECR one, with an electrical field
arbitrarily fixed to E=250 V/cm. The blue/red curves avec
respectively the plots obtained for fz-=18 and 28 GHz.

Model for the ECR Energy Boost per Passage

The Eq. 7 is eventually used to substitute Aw in Eq. 5.
This introduces the parameter T,,,, that is considered as a
constant. In the following, a value of T,.,~5 keV is
considered to study the physics of ECR heating in the
non-relativistic approximation. The energy kick per
passage through the ECR zone is now:

eE*

€ 4'77||292Tmax (8)

In the relativistic case, since the electron mass is
ym, the resonance occurs on a different ECR surface,
where B = yB, to keep the ECR condition w,, = wgr valid.
The study of Aw = f(T.,) can be extended by simulation
to the relativistic case, when assuming that the magnetic
field intensity automatically adjusts (by a factor y) to the
mass increase to match the ECR condition (gyrac effect).
Simulation shows that the function Aw = f(T,,,,) does not
change much in the relativistic case, apart from a
relativistic boost occurring above ~10 keV. In the next
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parts, the non-relativistic expression is assumed to
represent the appropriate dimensional dependence of e,
even for relativistic electrons.

COMPARISON OF THE DATA WITH THE
MODEL

The four magnetic configurations shown on Figure 1
have been simulated with RADIA and a 3 dimension
magnetic field map was constructed.[4] For each
configuration, the ECR zone is described by a network of
~105 points forming elementary surface triangles used to
compute the magnetic gradient distribution over the ECR
surface. A surface-weighted ECR gradient is next
calculated. The ECR volume is estimated for each
configuration on the basis of the ECR thickness:

Al = miw VmE

eg ~ 2Tmax g

@)

An electrical field of 250 V/cm, and a kinetic energy
Tax = 5 keV are used to estimate Al. A summary of the
ECR zone geometry is presented in Table 3 for the four
VENUS plasma configurations presented in the first
section of the paper.

Table 3: ECR zone geometry derived from the 4 magnetic
configurations as on Fig. 1. Lengths, surfaces and
volumes are expressed in cm, cm? and cm® respectively;
magnetic gradients are in T/m.
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possible to compare the mean energy boost € for the two
gradients and test the model presented earlier (see Table
4). It is noticeable that the ratio of the energy kick for the
shallow and steep gradient closely fits the respective
experimental x-ray temperature ratios. When the B,
value is changed, the electron energy boost closely fits
with g=2. So, in the framework of the simple electron
heating model W, ~Ne¢, the mean gain of electron energy
is not due to a change of the electron confinement time,
but mainly to a change in the ECR zone thickness. This
result obtained was not obvious because the two magnetic
gradients configurations have a significantly different
axial magnetic mirror ratio which could have been
thought as being able to modify the electron confinement
time and thus the hot x-ray tail temperature.

Table 4: Comparison of experimental data with the model
for a given ECR frequency

18GHz 18GHz 28GHz 28 GHz
Steep Shallow Steep Shallow
ECR 530.3 389.8 519.2 382.8
Surface
ECR 3.5 4.8 2.2 3.1
Thickness <107  x1073 x1073 x1073
ECR 1.85 1.91 1.14 1.18
Volume
Min 6.7 5.1 10.4 8.0
Gradient
Max 22.7 17.0 354 26.5
Gradient
Mean 17.2 12.5 26.7 19.5
Gradient

Shallow/Steep Gradient Comparison

For a given frequency (18 or 28 GHz), one can notice
that increasing the axial gradient by reducing B,
increases greatly the ECR surface (by ~33-35% ) but on
the other hand it reduces the ECR thickness (by ~33-37%)
which lets the ECR volume quasi unchanged. Because the
RF power absorbed by the ECR mechanism is necessarily
proportional to the ECR volume, it is reasonable to
assume that the RF electrical field intensity is a constant
for the two magnetic gradient configurations. It is thus
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18GHz 18GHz 28GHz 28 GHz
Steep Shallow Steep Shallow
€ (AU 6.25 11.83 2.59 4.86
€shallow
B R— 1.89 1.87
Esteep
KT,
e 1.91 1.89
kTsteep
ECR Frequency Effect

The model developed to estimate the mean energy kick
per passage € through the ECR zone shows that the
intrinsic ECR peak width Aw is independent of the ECR
frequency. Because in a given ECR ion source the
magnetic gradient is increased proportionally to the ECR
frequency (g X fzcr), the ECR zone thickness goes like
Al < 1/fgcr and € like fz%. The comparison of the 18
and 28 GHz experimental results is not obvious because,
as it can be seen in the table 2, the ECR volume scales
with 1/fgcr, which implies that, for a given electrical
field intensity, the total RF power absorbed by the ECR
volume is « 1/fgcg. So the equilibrium of the RF wave in
the source cavity is different and one would expect a
different quality factor @ of the cavity (the
electromagnetic wave (EMW) being less absorbed per
passage through the plasma, a larger number bounce in
the cavity can be imagined for the wave). Thus, the
electrical field to consider in the Eq. 8 is unlikely to be
the same for different ECR frequencies.

If one assumes an equal electrical field intensity for
both frequencies and a constant electron confinement
time, the model of mean electron energy W, ~Ne scales
like fz%. But experimentally, we observe that the hot x-
ray tail temperature is such that kT « fg-g. Consequently,
under this hypothesis, the discrepancy between the model
and experimental measurements is proportional to fzy.
The only way for the model to match the experimental
measurements is to assume that the confinement time
scales with f3-, which is unlikely to be real.

Theory and simulations
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If now one assumes that, for the same RF power
injected, the electrical field intensity is changing with the
RF frequency (because the power absorbed by the ECR
mechanism in a magnetic gradient scales with fick), we
can at least estimate the maximum theoretical electrical
field reached in the cavity for a given ECR frequency.
The RF power injected in the ion source can either be
absorbed by the ECR zone (plasma), reflected or lost to
the cavity wall:

Pinjectea = Pecr + Prefiectea T Pwan (10)
If we assume a perfect cavity wall and a null reflected

power, one can consider the perfect case when all the RF
is absorbed by the ECR mechanism:

EQ2 1

260 fECR

(11

EQZ
Pinjectea = PECR~_260 Vecr «

Where E, = QE is the RF field intensity in the cavity with
a quality factor @ at the frequency fic; and E the original
electrical field of the propagating RF wave in the section
of the cavity. This leads to E,*>« ficr. So in this
theoretically perfect cavity, because e « z—z we get, at best,

€(fgcr)~Const and the energy per passage does not scale
with the ECR frequency. So, in the case of a frequency
increase, the model fit to the data implies that
W, ~Ne~fgcr which is only fulfilled if N o fgcp: the
higher energy x-ray observed are then understood as a
consequence of a higher electron confinement time
proportional to the ECR frequency, leading to higher
energy electrons. This study is consistent with the
explanation that the higher electron energies observed at
higher ECR frequency are due to the electron RF
scattering reduction expected by theory.[2]

SPATIAL GYRAC EFFECT

Another possible track for the high energy x-ray
observed in ECRIS is the so-called spatial gyrac effect.[6]
The ECRIS magnetic field structure is a minimum-B with
field lines along which the magnetic intensity change is
important. See for instance on Fig.l the axial magnetic
profile of VENUS where the axial field line evolves from
Bax = 34T down to B, =057 for the 28 GHz steep
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gradient configuration, while the ECR is located at
B=1T. This extended magnetic gradient can favour a
thick ECR condition for electrons propagating along a
field line with an appropriate parallel velocity v, such that
the relativistic mass increase (due to the perpendicular
velocity increase) equals to the magnetic field increase:

__eB(OT

= omt = Const

(12)

WRF

In this case, an electron can reach a relativistic energy in a
single passage through the magnetic gradient going from
B,.r to B,... The maximum theoretical relativistic factor
reachable when the electron goes up the magnetic mirror
peak iS = Bnu/Bmin - The calculation for the VENUS
source heated at 28 GHz gives ~1.2 MeV which is
consistent with what is experimentally observed in the x-
ray energy spectrum. On the other hand, no ECR
frequency effect is a-priori expected on the spatial gyrac
effect in an ECRIS because the magnetic field structure is
changed with a homothetic ratio leading to the same value
Of Bmax/Bmin-
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