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Abstract

FAR-TECH, Inc. has been developing an inexpensive
and robust X-ray spectral diagnostic for monitoring
electron cyclotron resonance ion sources (ECRIS). To this
end, FAR-TECH, Inc. has recently performed extensive
measurements of X-ray emission from the ECR-II device
in the ATLAS facility at Argonne National Laboratory. We
find that both the intensity and the shape of the observed
spectra are highly correlated with the charge state
distribution (CSD) of ions extracted from the ECR-II
plasma as measured by a Faraday cup (FC).

INTRODUCTION

X-ray measurements provide much useful information
about ECRIS plasmas. The intensity, width, and energy
shift of the K and L lines provide information about the
species present in the plasma and their charge states. The
bremsstrahlung continuum provides information about the
electron distribution function (EDF). The EDF determines
both the ionization rates as well as the particle
confinement time, thus determining the CSD. This
information can be of great use in improving ECRIS
modeling codes. In addition, X-ray measurements are
non-invasive and can be made without taking the beam
offline. However, many X-ray detectors, such as crystal
spectrometers [1] or CCD cameras [2] are expensive
(~$100K) and/or difficult to use and maintain. In addition,
many detectors have limited energy range (< 20 keV) [2],
which is insufficient for measuring the bremsstrahlung
spectra, where photon energies can be over 100 keV.
Therefore, FAR-TECH, Inc. has been developing an
inexpensive, robust X-ray diagnostic tool for ECRIS
plasmas.

EXPERIMENTAL SETUP

The X-ray measurements described here were
performed using an Amptek XR-100T-CdTe detector [3].
The CdTe diode has a detection efficiency of over 20%
from 2 to 200 keV and an energy resolution of 600 eV at
60 keV. The detector was controlled using an Amptek
PX4 digital pulse processor. The detector and controller
together cost only $10K.

The detector was installed on the ECR-II device [4] at
the ATLAS facility at Argonne National Laboratory. The
detector was installed inside the vacuum chamber through
a side port so as to have a view across the plasma
transverse to the axis of the device, as shown in Figure 1.
The port is located at the midplane of the plasma, where
the X-ray detector can view the plasma through apertures
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between the hexapole magnets. Considerable care was
taken ensure that only X-rays generated by collisions in
the plasma would be detected, and not X-rays generated
by electron collisions with the walls of the device. Lead
shielding and two, 2 mm thick, tungsten collimator plates
separated by a tungsten spacer blocked all line-of-sight X-
rays except those passing through the collimator holes.
The holes in the collimator plates (100 um and 200 pm)
are small enough that the solid angle viewed by the
detector passes through apertures on either side of the
plasma chamber without intersecting it. Thus, only X-rays
generated in the plasma pass through the collimator holes.

W

Figure 1: Experimental setup of the X-ray diagnostic.
(Not to scale.) Device axis is perpendicular to the page.
All components shown are in vacuum. (1) CdTe detector
(2) Lead shielding (3) Collimator plates (4) Tungsten
spacer (5) Plasma chamber (6) Viewing solid angle

The X-ray measurements presented here were
performed on argon plasmas. Unless otherwise stated, the
operating parameters were RF frequency wpr = 14 GHz,
minimum magnetic field B,,;, = 3080 G, argon pressure p
=8x 10°® torr, and RF power P = 300 W. The charge
state distribution (CSD) of extracted ions was measured
with an analyzing magnet and Faraday cup. The RF
frequency at 14 GHz is resonant with the electron
cyclotron motion at a magnetic field of Bgzcz = 5000 G, so
Bmin/BECR =0.62.

Typical acquisition times for X-ray spectra were 20
minutes for ~10° counts. Figure 2 shows a typical raw
spectrum acquired on ECR-II. Characteristic K, and Kg
(Kqp) lines for different species visible to the detector are
easily seen. Lead is in the shielding, tungsten is in the
collimator, and CdTe is in the detector itself. The argon
Kqp line disappears if a different working gas is used,
which shows that it comes from the plasma and is not an
artifact of the detector.

Most of the X-ray counts come from the
bremsstrahlung continuum. Our measurements showed a
broad peak in the continuum around 120 keV, similar to
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that observed by other researchers [5,6]. It is unlikely that
this broad peak is due to bremsstrahlung alone, since
theory predicts that the bremsstrahlung spectrum should
monotonically decrease with energy. Instead, we attribute
this peak to X-rays that circumvent the lead and tungsten
shielding by diffusing through the copper magnets and
steel vacuum chamber by Compton scattering. Only X-
rays with energies above 100 keV or so can do this; lower
energy X-rays are absorbed, resulting in the observed
broad peak.
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Figure 2: Typical X-ray spectrum, with K, lines of lead
(PDb), tungsten (W), argon (Ar) and CdTe labeled.

Multiplying the raw counts, C(E), by X-ray energy E and
dividing by the detection efficiency, n(E) [7], and the
acquisition time 7 gives the X-ray power spectrum:

APy _ CE) o
dE  m(E)

The contamination of the spectra by the Compton
scattering peak prevented us from determining the EDF
from the bremsstrahlung spectrum. However, we can
determine an effective temperature of the tail of the EDF,
T, by fitting a line to logarithm of the exponentially
decreasing high energy tail of the power spectrum:

P _ | - L
dE T,

e

This effective temperature is a relative measurement of
the distribution of high energy electrons, but not a direct
measurement of the EDF. Another useful quantity is the
total measured X-ray power, obtained by integrating the
power spectrum over energy:

dP,,

Py =]
¥ dE
The range of integration can be the whole spectrum to

give the total X-ray power or just over the width of a K
line to give the power in that line.

dE

EXPERIMENTAL RESULTS

The X-ray signal from the plasma was found to depend
strongly on the plasma parameters, often more strongly
than the CSD. In general, an increase in intensity or
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effective temperature was accompanied by a shift in the
CSD towards higher charge states.

The dependence of X-ray intensity on the pressure of
the argon working gas is shown in Figure 3. The plot
shows that the intensity of the bremsstrahlung decreases
with increasing argon pressure even as the intensity of the
argon K, line increases. This is probably because while
increasing the argon pressure reduces the number of high
energy electrons, there are still plenty of electrons left
with sufficient energy (~3 keV) to ionize the K shell of

argon.
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Figure 3: The measured X-ray power, Pyz, over all
energies (diamonds) and in the argon K, line (circles) vs.
the argon pressure. The K, data has been multiplied by
100. Note that at “zero” pressure there was still a small
but non-zero argon flow.

We have also studied the effect of two-frequency
heating on X-ray emission. In these experiments, RF
power was supplied to ECR-II with two power supplies
operating at two different frequencies, 14 GHz and 11.1
GHz, while maintaining a constant total power of 300 W.
Figure 4 shows the measured total X-ray power and the
effective temperature as a function of the fraction of 11.1
GHz power.
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Figure 4: The measured X-ray power over all energies
(diamonds) and the effective temperature (circles) vs. the
fraction of 11.1 GHz power used.
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The total X-ray power decreases by a factor of 7 as the
fraction of 11.1 GHz power increases from 0% to 100%.
The effective temperature also drops, but only after the
11.1 GHz fraction increases to more than 50%, and only
from 30 keV to 20 keV. The corresponding CSDs are
shown in Figure 5. A small amount (17%) of 11.1 GHz
power pushes the CSD to higher charge states, but further
increasing the fraction of lower frequency power causes
the CSD to move towards lower charge states. For
instance, the current of Ar'*" increases by factor of 1.6 as
the fraction of 11.1 GHz power increases from 0% to
17%, but then drops by more than an order of magnitude
as the fraction increases to 100%.
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Figure 5: Current to Faraday cup as a function of charge
state for different fractions of 11.1 GHz power in the two-
frequency heating experiments.

The X-ray signal is also a strong function of the
magnetic field strength. Figure 6 shows that both the
effective temperature and the total X-ray power increase
as the ratio of B,,;, to Bgcy increases.
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Figure 6: Measured total X-ray power and effective
temperature vs. ratio of minimum field to resonance field.

In this experiment, the magnitude of the mirror field
was changed while the profile was kept constant by
changing the current in the injection and extraction
solenoids while keeping the ratio of their currents
constant. Since ECR-II has only two solenoid magnets,
the ratio of the injection field, B;,;, to the extraction field,
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B..;, and the minimum field, B, is kept constant. Only
one RF power supply was used, at a constant RF
frequency of 14 GHz, so that the ratio B,;/Bgcr is
proportional to the strength of the mirror field.

Note the very strong dependence of the measured X-ray
power on the strength of the mirror field — a factor of 20
increase for a 20% increase in field strength. The increase
in X-ray emission is accompanied by a higher charge
states in the CSD, as shown in Figure 7. A 20% increase
in magnetic field strength increases the peak of the CSD
from Ar'® to Ar™'® and gives a factor of 10 increase in the
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Figure 7: Current to Faraday cup as a function of charge
state for different magnetic field strengths.

DISCUSSION

It is clear from the data presented here that much useful
information can be obtained by measuring X-ray emission
using an inexpensive and robust diode detector. In
general, increases in both the intensity and the effective
temperature of the X-ray signal tend to be correlated with
higher charge states in the CSD. This makes sense, as the
same factors that increase X-ray emission (increases in
electron density and energy) also lead to higher ionization
rates and confinement times.

Many of the experiments presented here have been
performed by other researchers, but under different
conditions. For instance, previous researchers [8]
observed that the intensity of the krypton K, line
decreased with increasing krypton pressure, in apparent
contradiction with our results. However, in that
experiment the RF power (13 W) was much lower than
ours and the gas pressure (>3.8 x 10™ torr) was ~100
times higher.  Certainly, the argon K,; line must
disappear when the argon pressure goes to zero, as we
observed in our experiments. However, we also observed
that the intensity of the K,y line started to saturate at
higher pressure, and it would not be inconsistent if further
increases in the pressure resulted in a drop in the K,z
intensity due to a decrease in the electron density and
energy.

Increases in X-ray intensity, effective temperature, and
charge state with changes in frequency and magnetic field
have also been observed by other researchers [9,10], but
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the effects are not as dramatic as those we observe. For
instance, Figure 4 shows that when using 100% of 11.1
GHz heating then the measured total X-ray power was 1
x 10" W. At 11.1 GHz, the field strength ratio is
Bi/Becr = 0.78. Extrapolating the data in Figure 6
indicates that for 14 GHz heating we would expect to
measure around 5 x 107" W of X-ray power for 14 GHz
heating at the same value of B,,;,/Brcg. That is, our results
indicate a factor of 50 increase in X-ray power for a factor
of 1.26 increase in RF frequency at B,,;,/Brcr = 0.78. This
is a remarkable jump in X-ray power, given that theory
[11] predicts only a factor of (1.26)* = 1.59 increase in the
electron energy density for this change in RF frequency.
In contrast, only a factor of 3 increase in X-ray power for
a factor of 1.56 increase in RF frequency at B,,;,/Bgcr =
0.70 was reported in [10]. This may be related to the fact
that ECR-II uses permanent hexapole magnets, while the
data in [10] was obtained from an all superconducting
device in which the mirror field and the hexapole field
could be scaled together.

Finally, it is interesting to note that while we do
observe some increase in the higher charge states, similar
to other researchers [12], when employing two-frequency
heating with a small amount (17%) of 11.1 GHZ heating,
it is not accompanied by an increase in the X-ray power or
effective temperature. To our knowledge, the effect of
two-frequency heating on the X-ray spectrum has not
been systematically investigated by other researchers.
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