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Abstract. The performance of negative hydrogen ion sources, which rely on the formation of
negative hydrogen ions on a surface with low work function, depends strongly on the caesium
dynamics in the source. A quantitative measurement of the amount of caesium in the source
during plasma-on and plasma-off (vacuum phase) is highly desirable. The laser absorption
technique is optimized for the diagnostics of neutral caesium densities close to the extraction
surface on which the negative hydrogen ions are generated. The setup has been simplified as
much as possible utilizing also an automatic data evaluation for online measurements at high
power rf sources. The setup has been tested and calibrated in a small scale laboratory
experiment. The system and the analysis of the D, caesium line at 852.1 nm is described in
detail, including effects of line saturation and density depletion. The system is sensitive in the
density range of 10"* — 10'" m™ (path length of about 15 cm), allowing also for a temporal
resolution of 40 ms. First very promising results from the negative hydrogen ion source are
presented, such as the increase of the caesium density due to the caesium evaporation and time
traces before, during, and after the discharge indicating a strong caesium redistribution.
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1. Introduction

The formation of negative hydrogen ions in hydrogen plasmas is strongly enhanced by introducing
caesium to the plasma chamber [1,2]. The underlying process is the surface process, in which
hydrogen atoms or positive hydrogen ions from the plasma are converted at a surface into negative
hydrogen ions [3]. Since the conversion yield depends on the work function of the converter surface
the work function is actively lowered by caesium deposition on metallic surfaces [4]. The work
function of pure caesium with 2.14 eV is only half as high as the work function of tungsten or
molybdenum [5]. Furthermore, the formation of a dipole layer on the surface of the metal can lower
the work function under high vacuum conditions (p < 10 Pa) and a clean caesium layer to a value as
low as 1.4 - 1.7 eV at a thickness below one monolayer [6]. Due to the high chemical reactivity of
caesium layers small amounts of impurities, for example the residual gas, can cause a degradation of
the caesium layer and thus of the work function [7, 8]. Besides the time dependence of the work
function in the vacuum phase of pulsed plasma operation, the plasma itself may modify the work
function by plasma surface interaction processes and eventually decrease the thickness of the layer
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until the layer is removed. As a consequence, the stability and reproducibility of the caesium layer at
the converter surface in the vacuum and the plasma phase determines the stability and the
reproducibility of the negative ion current from such an ion source.

Negative hydrogen ion sources are commonly used for high energy accelerators [9], for example the
front end of SNS (Spallation Neutron Source, Oak Ridge) [10] or at LANSCE (Los Alamos Neutron
Science Center, Los Alamos) [11], and gain more and more relevance for the neutral beam injection
systems of fusion devices [12,13]. According to the requirements small negative-ion sources (diameter
of several cm) with a mono-aperture extraction system are in operation with a high duty cycle for
accelerators whereas for neutral beam systems large area sources (width up to 50 cm, length up to 1
m) with a multi-aperture extraction system are applied. The requirements are even more challenging
for the neutral beam system of the next generation of a fusion device, namely the international fusion
experiment ITER [14], being currently under construction in Cadarache, France. The large area source
(90 cm width and 1.9 m height) has to provide a current density of 200 A/m> D~ (280 A/m* H")
homogeneously from 1280 apertures (0.2 m extraction area) and stable for 1 hour [15]. In order to
meet these requirements an ambitious R&D program has started at the Max-Planck-Institut fiir
Plasmaphysik (IPP, Garching) several years ago [16]. Three test facilities are currently available using
inductively coupled plasmas powered by an rf generator at | MHz frequency and up to 140 kW power.
The IPP prototype rf ion source has been chosen as the reference source for ITER in 2007 [17].

In both types of applications the performance of the negative ion source depends strongly on the
caesium dynamics, i.e. the caesium evaporation and desorption from surfaces, which determines the
formation of the caesium layer on the converter surface. Thus, monitoring of the caesium layer would
be a highly desirable tool for source optimization. However, a routine and in-situ measurement of the
work function of the converter surface in ion sources is not available and indirect methods to monitor
the caesium dynamics have to be used instead. One example is the optical emission spectroscopy
which monitors the emission of the caesium line at 852 nm close to the convertor surface as a measure
for the caesium density in the plasma phase [18]. Quantification, however, needs knowledge of plasma
parameters. Although this diagnostics is being routinely used in more and more systems, a deeper
understanding of the caesium dynamics is still missing. As indicated by the experiments at the test
facilities [19] and during experimental investigations in laboratory plasmas [8, 20], the caesium
dynamics and thus the built-up of the caesium layer in the vacuum phase, i.e. between the pulses,
determines the source performance.

Although there are several methods for caesium detection in the vacuum phase, for example the
photoelectric current measurement (work function method), a surface ionisation detector (Langmuir
detector), a quartz micro balance or a mass spectrometer, they cannot be easily used in combination
with plasma operation and in the harsh environment of an high power rf ion source operating at high
voltage. In addition diagnostic access to the source is also very limited.

A diagnostic method which offers direct access to the ground state density of a particle in the vacuum
and in the plasma phase is absorption spectroscopy utilizing a resonant transition. This well known
technique is being used in many applications using either white light absorption spectroscopy or
(tunable diode) laser absorption spectroscopy; however the application to caesium in discharge
chambers for caesium quantification is not well established so far. The white light absorption
spectroscopy of the caesium resonance line at 852 nm has been already successfully applied to
laboratory experiments [20], but is not suitable for routinely operating ion sources. Here, a robust and
easy-to-use setup is highly desirable with automatic data acquisition and analysis for online
monitoring in vacuum and plasma operation, being density sensitive over several orders of magnitude.
The paper focuses on the caesium laser absorption technique and its application to ion sources.
However, for comparisons with earlier measurements the white light absorption technique is presented
as well. The development of the laser absorption setup at a laboratory experiment is described together
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with the features of the data analysis and the improvements achieved in comparison to the white light
absorption technique. Finally the paper presents in detail the adoption of the customized system to the
ion source and reports on first successful measurements.

2. Caesium absorption

Absorption spectroscopy is an active diagnostic method which is widely used for measuring densities
of stable particles (atoms and molecules) in the gas and plasma phase and also gives access to the
densities of radicals, ions and metastable states of particles in the plasma. Since the intensity of the
signal depends on the Einstein coefficient for absorption By; for a transition from the lower excited
state k into the higher excited state i, with k as ground state, resonance lines are well suited for this
diagnostics. Therefore the caesium resonance lines in the near infrared spectral range are ideal
candidates for quantification of the ground state density of caesium in the vacuum and in the plasma
phase. One has to keep in mind that caesium will be partly ionized in the plasma which means a
caesium quantification is restricted to the neutrals only. Resonance lines of caesium ions are in the far
UV range (between 70 and 93 nm [21]) and thus not easy accessible. Candidates for light sources with
a detector are either a highly stabilized and intense white light source in combination with a
spectrometer equipped with a CCD camera (e.g. [22]) or a tunable laser system with a photomultiplier
(e.g. [23]). White light absorption spectroscopy is the more flexible and often cheaper method,
whereas for laser absorption the laser and the detector are chosen according to the respective
wavelength range with the advantage of improving the signal-to-noise ratio. In addition, the
combination of a laser with an optical fibre coupling and a photodiode with an interference filter as
detector offers a robust and compact setup applicable to ion sources.

2.1. Selected caesium transition

The ground state of caesium has a 5p°6s configuration resulting in a 6 °S,, state. For the first excited
configuration 5p°6p the fine structure results in two electronic states, the 6 P, and the 6 *Ps, state.
The resonance transitions correspond to the D; line at 895.3 nm and the D, line at 852.1 nm with
transition probabilities for spontaneous emission (Ay) of 2.87x10” s™ and 3.276x10” s, respectively
[24]. Due to the lower wavelength, which implies a better availability of light sources and sensitivity
of detectors, and the higher transition probability the D, line is been chosen for the absorption
diagnostics. In addition, this 852.1 nm line is also used for optical emission spectroscopy.

The nuclear spin | = 7/2 results in a hyperfine structure characterised by the total angular momentum
quantum number of the atom F. Thus, the ground state 6 S, splits up into two hyperfine levels (F =
3,4) and the 6 P, state into four hyperfine levels (F = 2,3,4,5). According to the selection rules for
optical transitions, AF = 0, £1, the caesium D, line consists of six hyperfine lines. Because of the
narrow energy splitting of the 6 *Ps, hyperfine states (=~ 8x107 eV) the Doppler broadening of the
individual lines reflects the energy splitting of the ground state (= 4x10™ eV) only resulting in two
peaks. An example is shown in figure 1(a) for a gas temperature of 1000 K which is typical for low
pressure ion sources [25]. The central wavelengths of the separate hyperfine lines and their relative
intensities are taken from [26] and [27], respectively. Due to the strong overlap of the three individual
lines (AArwum = 1.86 pm) in each of the two lines it is reasonable to use a Gaussian profile for each of
the two lines (AApwam = 1.87 pm left peak, (AArwnm = 1.91 pm right peak) separated by 21.4 pm.

In case of white light absorption spectroscopy, the apparatus profile of the spectroscopic system
determines the spectral resolution of the diagnostic system. The typical spectral resolutions of a 1 m
spectrometer with a grating of 1800 grooves per mm is similar to the line separation resulting in a
spectrum in which the two lines are barely separated. In case of tunable laser absorption, the line
profile of the laser determines the spectral resolution which is in most cases orders of magnitudes
below the line separation. A comparison of the absorption signals obtained with the white light
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absorption technique (spectral resolution AAgwiy = 15 pm) and a tunable diode laser (line profile 0.01
pm) is shown in figure 1(b). As expected the line separation is only indicated in the white light
absorption with a low number of data points whereas the laser absorption yields clearly two separated
Doppler broadened lines.
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Figure 1. (a) Calculated caesium resonance line (6 2P, — 6 °Sy, transition, 852 nm line) in which a Doppler-
profile at 1000 K is used for the individual hyperfine components. (b) Absorption signals measured with laser
absorption and white light absorption.

2.2. Absorption technique
The line absorption technique is an active diagnostic method for measuring particle densities using
intensive light sources such as stabilized high-pressure lamps which emit a broad white light emission
spectrum, or wavelength tunable lasers [22, 28, 29]. The method is commonly applied to atomic lines
as well as to molecular spectra, from the vuv to the IR spectral range.
Under the assumption that a beam of parallel light with spectral intensity 1(4,0) passes through a
homogeneous absorbing medium with length ¢ the spectral intensity 1(4,/) is related to the absorption
coefficient x(1) by:

1(A,0) = 1(A,0)exp[- x(2)/] (1)

For small values of x(1)/, in particular of &{Ao)¢ (with Ay the central wavelength of the line), the ratio
1(1,0)/1(4,0) is given by 1-x(A)¢ (linear approximation). Then, the absorption profiles of the observed
spectral intensity are of the same shape and width as the spectral line profile L,(4). At high absorption
their peaks are flattened and they become broader. For the spectral line profile of a single line it is
reasonable to assume a Gaussian profile caused by the Doppler broadening in the gas phase as well as
in the plasma phase (however with different temperatures), as it is also reasonable for the caesium
lines under consideration (see discussion above).

The wavelength-integrated absorption coefficient for transition k — i, is proportional to the number of
particles in lower state k and simply given by:

4 4
[ra(da= [ n, &ﬂ% Lydi=n % A )

line line k ¢ gk c 8z
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Ny is the population density of the lower level, g; and g the statistical weights of upper and lower level,
and Aj the Einstein transition probability for spontaneous emission. Ly(4) describes the normalised
line profile (area equal to one). More precisely, x(4) is the effective absorption coefficient, i.e.
absorption minus stimulated emission. Since in most cases N; << n (gases and low temperature
plasmas), stimulated emission is negligible.

This means the density of the lower state of an atomic line and thus the ground state density for
resonance lines is then directly accessible by

n =80 1 _h{'mjm

R e A 1) 3)

Concerning the two experimental setups discussed above, the white light absorption spectroscopy uses
a continuum source with intensity 1(4,0) and the corresponding spectroscopic setup determines the
measured line profile given by the apparatus profile Aday, which results, due to the corresponding
convolution of the line profiles, in a broadening of the absorption lines. For laser absorption the line
width of the tunable laser is often much smaller than the Doppler width of the spectral line such that
the absorption spectrum shows the Doppler broadening directly. Since in both cases the area under the
absorption line must be the same the peak intensity in the laser absorption spectrum is much higher
resulting in an improved signal to noise ratio for the same ground state density and absorption length.
For data evaluation, however two effects might be of relevance: one is the line saturation and the other
the depopulation of the ground state density by the intense light. If not considered both lead to a non-
negligible underestimation of the ground state density.

2.3. Line saturation

As briefly mentioned above, the line profiles flatten for high absorption, which means line saturation
occurs. Introducing o as the area of the absorption coefficient ¢ = Lme x(1) d4 equation (1) reads:

1(4,0) = 1(2,0)exp[- oLy (A)0] . (4)

10,1) / 1(1,0)

medium
absorptio

heavy apsorption
T

Lo Wavelength
Figure 2. Examples of a line profile for three cases of line saturation.

Figure 2 shows the ratio 1(4,£)/1(1,0) for different values of o,/ using a Gaussian line profile. As the
absorption becomes stronger, the line profile becomes broader and flattens at the central wavelength,
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caused by the strong absorption of the medium. The spectral intensity of the light source is being
reduced along the path length according to the absorption profile. Thus, the intensity at the central
wavelength of the absorption peak is reduced first before the wings cause a reduction. After a certain
path length, this results in the contrary effect. As the absorption is proportional to 1(4,0), the
absorption at the wavelength of the wings is stronger reduced than at Ay and the line becomes broader.

2.3.1. White light absorption

In case of white light absorption the spectral resolution of the used spectrometers used is not good
enough to identify the above features, i.e. the apparatus profile is much broader than the Doppler
width according the gas temperature of the particle (see figure 1). As a consequence, the observed
widths correspond almost to the apparatus profile, more precisely, to a convolution of the absorption
and the apparatus profiles, and the peak absorption is strongly reduced. The apparatus profile can also
be approximated by a Gaussian. In the case of small true absorption in the line centre (linear
approximation), the integral absorption coefficient and the density ny can be determined from the
measured integral absorption without knowing the line width

8o 1 1A0-1(D
B o A, 10 ©)

N

In many cases the linear approximation no longer holds and therefore, correction factors fi have to be
calculated relating the measured density according equation (3) to the corrected density:

N corr = fknk,meas . (6)

The correction factor is then defined as the ratio of the area under the logarithm absorption profile
before and after the broadening caused by the apparatus profile

1(4,0)
-1 di
f = IiJr:e n(l(ﬂ’o)j _ gl ™
k = = .
[ _m( Imeas(ﬂ,f)Jd 7 Pveas
line 1(4.,0)

Anmeas 18 the area of the measured logarithm absorption signal. Thus, the correction factor depends not
only on the optical thickness of the medium, i.e. oo/, but also on the broadening caused by the
apparatus profile, i.e. the ratio of the width of the apparatus profile to the width of the Doppler profile
of the absorption coefficient. Hence, the stronger the broadening of the measured profile the higher is
the correction factor, achieving soon very high correction factors. For the example shown in figure 1
(15 pm apparatus profile, 1000 K gas temperature for the Cs line, 15 cm absorption length) the
correction factor is approximately one for caesium densities below 2x10" m™ and rises to three for
10'° m™ and ten at 1.5x10'® m™, which means it is very sensitive on errors in the measured density.

2.3.2. Laser absorption

In the case of laser absorption the line width of the laser line is much smaller than the width of the
absorption line. The absorption profile is resolved and line saturation is obtained directly. However the
broad intrinsic baseline of the laser emission is also recorded by the photodiode and causes a line
saturation effect. Although the laser line is orders of magnitude higher than the baseline this results in
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an offset of the absorption signal. This is of particular importance if the laser peak is being almost
absorbed. Taking into account the baseline in the analysis, equation (4) gives

1(4,0) = 1 (2,0)exp|-ayLy(A)}+bI (4,0 (8)

with the offset depending on the wavelength. Similar to the procedure for the white light absorption, a
correction factor (equation (6)) is introduced, being in this case defined as

al )
I—ln [exp(— aOLp(/I)Z)+b] di

line

fk:

The result is shown in figure 3a in which the absorption signal (logarithm) is calculated with and
without an offset (b = 0.05). Since the determination of the offset is not straightforward and very
sensitive on the signal-to-noise ratio, a fitting procedure is been used instead. This is illustrated in
figure 3(b), where the measured signal is been fitted in particular in the line wings by a Gaussian
profile (Doppler profile). The correction factor is typically between one and three for the parameters
mentioned above (1000 K Doppler broadening, absorption length 15 cm) for caesium densities 1x10'®
m” (fg=1.1) and 3x10'"® m™ (f, = 2.8), and is taken onto account in the results presented in this paper.
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Figure 3. (a) Absorption signal calculated with and without an offset (b = 0.05). (b) Measured absorption signal
fitted to the wings of the line profile by a Gaussian profile.

2.4. Depopulation of the ground state density

The interaction of the intense and narrow band laser light with the absorbing particles at the
corresponding velocity along the line-of-sight reduces the population of particles in the ground state
and enhances the population in the upper state. Thus, a “Bennet hole” is created in the velocity-
dependent population distribution, which has a Gaussian population distribution in the undisturbed
case. Since the laser light is wavelength-tuned in a time scale (typically below milliseconds) longer
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than the relaxation (lifetime < 107 s), the system is in equilibrium. However, the wavelength
dependence on the absorption coefficient has to be taken into account, resulting in a reduction of the
absorption coefficient by a constant factor [30]. As a result the measured absorption signal is being
reduced; the depopulation however is not to be recognized in the absorption profile.

In order to test the relevance of such an effect, the laser light can be attenuated by neutral density
filters: with increasing attenuation the absorption signal saturates, as described in [31].

3. Customized laser absorption

The laser absorption setup has been customized for routine and robust online measurements of the
caesium line absorption at the ion source test facility. Specifications of the individual components as
well as the controlling circuit and the data acquisition system are described in the following.

3.1. Setup

A tunable mode hop free, single mode distributed feedback (DFB) diode laser system with a total
tunable range of 851 nm — 853 nm, a spectral line width of 0.01 pm and a maximum output power of
150 mW is used. The system is taken from Sacher Lasertechnik GmbH and consists of a laser head
(CHEETAH DFB-852-0609-0078) and a laser controller (Pilot PC 500); the technical specifications
are summarized in table 1. The laser beam has a diameter of approximately 1 mm. The wavelength of
the diode laser is set into the region of the caesium D, line by temperature modulation. Tuning over
the caesium D; line is done by current modulation, which is generated linear to an applied modulation
voltage by the diode laser controller.

Table 1. Technical data of the DFB diode laser.

Parameter Value

Tunable range 851 nm — 853 nm
Maximum output power > 140 mW @ 852.0 nm
Line width Akpyim 0.01 pm

Wavelength tuning by 50 pm/K

temperature modulation

Resolution of temperature 1 mK

set-point

Wavelength tuning by 3pm/ mA

current modulation

Maximum current 200 mA

Resolution of current tuning analog by applied
modulation voltage

For detection a Si-PIN photodiode from Laser Components GmbH (PDSIU500FC12-T-O) has been
chosen which has an active area of 0.5x0.5 mm®. In order to avoid an offset in the detected current of
the photodiode during plasma operation, an interference filter (Acenwe = 852 nm, Akpwam = 10 nm) is
used. Tests show that the photodiode does not react on the caesium line emission in the plasma phase
which means the same line in plasma emission has not to be taken into account into the absorption
measurement. The current of the photodiode is amplified by a transimpedance amplifier (Thorlabs
PDA 200). The voltage is recorded together with the corresponding modulation voltage as indicated in
figure 4.
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The light of the diode laser is coupled into an optical fibre with a core diameter of 105 pm. A lens
with a focal length of 25.4 mm is used to create a beam diameter of 11.5 mm. In order to minimize the
effect of depopulation of the ground state by the intense laser light the laser can be attenuated by using
a neutral density filter (as justified later on, a transmission of 1.8% at 852 nm is being used in the
present setup). Behind the absorption medium the light is coupled by a lens with the same focal length
into an optical fibre ending at the photodiode as detector. A wider fibre with a core diameter of 200
um is used to enhance the coupling efficiency decreased by the optical aberration of the lens. (The
individual components of the light path are to be seen in figure 7.)

3.2. Controlling and timing

Figure 4 shows a schematic diagram of the individual components of the laser absorption setup. The
photodiode amplifier has an amplification of 5x10” to 5x10” V/A, determining also the temporal
resolution of a measurement: the higher the amplification the slower the measurement.

Laser Controller Laser Photo- chr);;ﬁfi;?e
- " : -
PilotPC 500 € Diode diode Thorlabs PDA 200
3
A/D - D/A Converter BATMAN
NI PCI-6221 Trigger

PC
LabView

Figure 4. Schematic diagram of the controlling circuit and data acquisition system.

The data acquisition system is controlled by a customized LabView©-Program. A combined A/D-D/A
converter is used to generate voltage ramps for the wavelength modulation recording simultaneously
the photodiode signal. In order to enhance the signal-to-noise ratio, averaging of spectra is provided.
As indicated above, the frequency of the voltage ramp and thus the temporal resolution is a trade-off
between the attenuation of the laser light and the amplification factor of the photodiode since a slow
amplifier determines the temporal resolution. Investigations showed, that an amplification 5x10° V/A
is compatible with a frequency of 25 Hz. In order to use the full dynamic range of the amplifier and
the A/D converter a voltage of several V is desirable which means in turn the photodiode current
should be in the range of several pA. Hence, the neutral density filter should be chosen accordingly.
For the evaluation of the laser absorption spectrum a wavelength calibration is needed. Since there is
no wavelength sensitive element in this simple setup, the wavelength calibration can only be done by
using the wavelength positions of the two resolvable Doppler-broadened peaks assuming linear
wavelength modulation with the applied diode laser current. The latter is a good approximation for a
mode hop free diode laser.

For the wavelength scan a range of approx. 40 pm is been chosen which allows for obtaining the two
peaks with their separation of 21.4 pm and the baseline. This results together with a recording
frequency of 25 spectra per seconds in a scan velocity of 1 nm/s.

As indicated in figure 4, the data acquisition system can be coupled with the trigger from the
experiment which is of particular importance for the pulsed mode operation of the ion source at the
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test facility BATMAN. A delay and the total recording time can be adjusted according to the
experimental needs. Typically, 2 to 5 spectra are averaged resulting in a 5 to 12.5 Hz time resolution.

3.3. Data analysis

For the first tests, the spectra have been analysed manually according equation (3). However for online
monitoring of signals an automatic analysis routine is highly desirable. The routine, implemented in
the LabView©-Program, integrates the (optionally averaged) spectrum using equation (3) and saves
the value together with the time which allows for recording of a long time interval. The spectrum
without absorbing medium, i.e. 1(4,0), is been measured before the measurement campaign and stored
as baseline spectrum. In order to minimize the influence of drifts in the reference spectrum 1(A4,0), for
example due to window coatings or misalignments an automatic baseline fitting procedure will be
implemented in future and is not applied to the measurements shown here.

Corrections factors which might be necessary due to line saturation effects or due to depopulation are
not implemented in the routine analysis since this requires a careful manual analysis of the spectra.
However, a fitting procedure to correct for weak line saturation caused by the offset is optional.

The ground state density represents clearly the total caesium density in the vacuum phase, whereas in
the plasma the population of the excited states has to be taken into account. Since low pressure
plasmas are far from thermal equilibrium the population of the excited states is far from a Boltzmann
distribution, which means their population do not contribute significantly to the total neutral caesium
density. Thus the ground state density ny is considered as the total neutral caesium density Ncs.

A comparison of results from the automatic routine with the manual data evaluation resulted in a very
good agreement with deviations of less than 10% over two orders of magnitude in the signal and the
whole time interval of 200 min in which caesium has been evaporated from a caesium dispenser [32].

4. Calibration at the caesium reference cell

For the very first investigations a commercially available caesium absorption cell has been used which
allows testing of the laser absorption system as well as the analysis procedure. In addition, the effect
of depopulation is been analysed systematically allowing for an identification of the strength of the
required neutral density filters and a measurement of the corresponding correction factors. In a similar
manner the line saturation is investigated as well.

caesium absorption cell

heating coil

[ ./

[ S f L[
= QUL e
VA2V A A A A A

cold spot
cooling

ND
filter

Figure 5. Experimental setup for the laser absorption at the caesium absorption cell.

Figure 5 shows a sketch of the experimental setup in which the line-of-sight of the fibre optics is only
indicated as this is shown in detail in figure 7. The closed absorption cell has a length of 75 mm and a
diameter of 19 mm. Heating of the cell (up to about 80°C by heating wires) and cooling of a small
point of the surface (cold spot) to a definite temperature, results in a well controlled vapour pressure.
The cold spot control was achieved by an in-house development using a copper cylinder (6 mm
diameter) to contact the cell and which is temperature controlled by a thermoelectric cooler. The
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temperature of the cell is set to be more than 10°C above the cold spot temperature (T.s) and
determines the gas temperature (Tgss). The caesium density is then given by: Nes = Puapour(Te-s)/(Kg Tgas)
using the caesium vapour pressure curve [33]. The error of the temperature measurement is
determined to be + 1°C. The cold spot temperature is varied between -20°C and +30°C allowing for
investigations of caesium densities from 10" up to 10" m™.

The measured caesium density can be compared with the actual density for different laser intensities
(different neutral density (ND) filters) and for different vapour pressures (different cold spot
temperatures). For the determination of the ground state depopulation, the depletion of the individual
hyperfine structure lines has to be taken into account [31]. Since for the analysis the integral of all
hyperfine components is used it is sufficient to obtain the correction for the full D, line.
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Figure 6. Caesium density measured by laser absorption as a function of the laser intensity. The dashed area
indicates the density according the caesium vapour pressure.

The results for the caesium densities at fixed cold spot temperature and fixed gas temperature of the
absorption cell are plotted in figure 6. The dashed region represents the caesium density according to
the vapour pressure with the above mentioned uncertainty of 1°C. Depending on the attenuation of the
laser intensity, i.e. strength of the neutral density filter, the depletion and thus the correction factor
decreases. Obviously an attenuation of more than three orders of magnitude is required to neglect
depopulation effects. On contrary, the amplification of the photodiode has to be increased with
consequences on the temporal resolution, as discussed above. In order to achieve an acceptable
temporal resolution a neutral density filter with a transmission of 1.8% at 852 nm is been chosen. It
has to be taken into account that the correction factor also depends on the value of the absorption
coefficient, so the real caesium density and the scaling with the absorption length must be considered
as well. These dependencies generate a large uncertainty in the correction factors. On account of this,
for the present investigations, which means demonstration of the applicability of the laser absorption
to negative ion sources, this correction has not been taken into account and all values represented here
give the lower limit for the caesium density.

The investigations on the correction for the line saturation effect resulted in a very good representation
of the caesium density by using the above mentioned fitting procedure, i.e. the Gaussian fit to the
wings of the lines. It turned out that the effect appears at densities above 2x10'® m™ increasing the
correction factor almost exponentially to four at measured densities of 4x10'® m™ and thus a true
density above 10'” m™ for the absorption length of 75 mm. Since the fitting becomes more and more
uncertain for these high values, this represents the upper detection limit.
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5. Proof-of-principle measurements and results from the lab

5.1. The planar ICP

The complete experimental setup has been applied first to a laboratory experiment which provides a
good access and can be equipped simultaneously with other caesium diagnostics as well as with
different caesium supplies [20].

planar ICP
f=27.12 MHz; d=15cm

beam
diameter
lens 11.5 mm lens
. f=254mm
(]

port

interference
port filter 852nm 400

3 / 200 pm

NA =0.22

photo-
diode

/\Ql N

multimode optical
fiber coupler isolator

Figure 7. Experimental setup for the laser absorption at the planar inductively coupled plasma (ICP).

The plasma is generated by inductively coupling (ICP) using a planar coil with a Faraday screen at the
top of the stainless steel cylinder (15 cm in diameter, 10 cm in height). The rf generator has a
maximum output power of 600 W (f = 27.12 MHz). A matchbox is used to adjust the plasma
impedance. As shown in figure 7 the chamber is equipped with several diagnostic ports, the bottom
plate houses several feedthroughs and ports as well. Hydrogen plasmas can be generated in the
pressure range of 1 Pa to 50 Pa. Mixtures with helium are often used to measure the electron
temperature by optical emission spectroscopy and to influence the electron temperature and density
actively. Typical parameters of hydrogen plasmas at 10 Pa are electron densities of 10'® m~ and
electron temperatures of 2 eV, measured by Langmuir probes and optical emission spectroscopy [34].
The inductively coupled plasma source operates at similar vacuum conditions and plasma parameters
as the ion sources. Similar caesium evaporation rates are used as well using either caesium dispenser
from SAES [35] which contain Cs,CrO4 embedded in Al and Zr acting as oxidant or the standard
caesium oven of the ion sources at IPP (liquid caesium reservoir) as utilized at the IPP test facilities.
From the optical emission spectroscopy of the caesium line at 852 nm it is known that the amount of
caesium evaporated is in the similar density range [20].

The experimental setup for the laser absorption is shown in figure 7, showing also the line-of-sight and
the geometry for the caesium dispenser with the typical amount of 10 mg mounted at the bottom plate.
Alternatively to the laser absorption setup the white light absorption spectroscopy can be installed at
the same ports. For the latter, a stabilized high-pressure xenon arc lamp (OSRAM XBO 250W) acts as
light source and a 1-m spectrometer with a CCD detector (apparatus profile (Gaussian) Alpwpm = 15
pm) and fibre optics are used for the measurements. Typically five spectra are averaged allowing for a
recording time of two data points per minute.

5.2. Vacuum measurements
Figure 8 shows the absorption lines close to the detection limit for both setups. As expected a much
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better spectral resolution and signal-to-noise ratio is obtained for the laser absorption. For the
absorption length of 15 cm the detection limit for the caesium density (nc) is at 3.5 x 10"* m™ which
means a factor of 40 better than the white light absorption. In addition the dynamic range is also
enlarged, since line saturation effects result in smaller correction factors and thus uncertainties at same
caesium densities than for white light absorption. During plasma operation however the rf-noise can
influence the signal-to-noise ratio resulting in a change of the lower detection limit. Thus, a density
range of typically 5x10"” m™ to 10'” m™ (limited by the line saturation effect) is accessible, being
perfectly in the range in which the ion sources operate.
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Figure 8. Absorption signal for white light absorption (a) and laser absorption (b) at the detection limit. The
Caesium lines are fitted by a Gaussian profile.

A good long term stability of the laser absorption system and a very good agreement of the automatic
data analysis with the manual analysis have been demonstrated [32] by using a 100 mg caesium
dispenser from Alvatec [36].

The response of the laser absorption during a dynamic change of the signal and thus the recording of
time traces has been checked by a comparison with the signal of the surface ionization detector (SID).
The SID measures the caesium ionized at a hot tungsten surface by applying a voltage between the
outer spiral wire and the inner wire [20]. The SID is mounted on the bottom plate in line-of-sight of
the caesium dispenser. The measurements were taken at a background vacuum pressure of 10° mbar.
As shown in figure 9(a) a very good agreement between the two methods is obtained keeping in mind
that they measure at different locations with different detection geometries. At t=0 the caesium
dispenser has been switched on (after being stopped a certain time to achieve a certain dynamic range
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in caesium density) and both signals follow the abrupt caesium enhancement and the slow decay of the
signal. This is the typical behaviour of the used SAES caesium dispenser evaporating at a constant
heating current. Since the SID can only detect relative changes of the caesium flow, the scaling of the
axes is set to match the maximum of the caesium density measured by the laser absorption
spectroscopy. Line saturation effects have been taken into account being obviously relevant for
reflecting the peak as the comparison of the corrected with the uncorrected signal demonstrates.
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Figure 9. Time traces of the caesium density determined by laser absorption compared to the signal obtained by
the surface ionization detector (SID) in the vacuum phase (a) and by optical emission spectroscopy in the
plasma phase (b).

5.3. Plasma measurements

In case of plasma operation the laser absorption signal is compared with the signal from the optical
emission spectroscopy (OES) as SID measurements are not compatible with plasma operation. For
simultaneous measurements a line-of-sight perpendicular to one of the laser absorption but in the same
plane is been chosen. Such differences in the geometry are of no relevance for the comparison because
caesium is distributed homogenously in the chamber by the plasma. Since the spectroscopic system is
intensity calibrated caesium densities can be deduced from the line emission of Cs 852 nm line
provided the electron density and temperature are known [18], Measurements of these parameters
have been carried out with a Langmuir probe system in the same experiment at same discharge
parameters, but without evaporation of caesium. Caesium however will change the plasma parameters
depending on the amount of caesium in the discharge. Therefore it has to be kept in mind that the
OES data of figure 9b are obtained using the n. and T, values of the pure H/He discharge.

Due to the low ionization energy of caesium (3.89 eV) caesium is easily ionized in the plasma. The
next ionization stage needs much higher energies (about 22 eV), which means the probability for
doubly ionized caesium in low temperature plasmas is rather low. It has to be kept in mind that laser
absorption and OES give access to the caesium density of the neutral caesium and that the values
obtained in the plasma phase do not account for the ions and thus do not represent the total caesium
amount in the chamber.

Figure 9(b) compares the caesium densities from both diagnostic methods over a dynamic range of
three orders of magnitude. As for figure 9(a) two curves are given for the laser absorption accounting
for the line saturation effect (corrected) or not (uncorrected). The Hy/He plasma at 10 Pa pressure has
been switched on first and at t=0 the caesium evaporation from a caesium dispenser has been started.
The caesium density increases instantaneously followed by a decrease; a similar behaviour as obtained
in the vacuum case but the dynamic range is much higher in plasma operation. The signals are in
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reasonable agreement for the peak value (at t = 0), the OES densities falling more rapidly than the
results from the laser absorption. As mentioned above OES relies on the knowledge of electron density
and temperature. Constant values have been used for the time traces representing values for Caesium
free discharges. The huge caesium amount however might change the plasma parameters which cannot
be accounted for in the analysis. Since the analysis of the laser absorption is independent on plasma
parameters the more reliable method is the laser absorption. Even if line saturation or depopulation
effects would have been neglected the results represent a lower limit for the caesium density.

6. Start of operation at the negative ion source

Since the preceding investigations demonstrated the capabilities of the diagnostic system with respect
to reliability and reproducibility, dynamic range, temporal resolution and analysis procedure, the laser
absorption setup has been applied to the IPP prototype rf ion source at the test facility BATMAN
(BAvarian Test MAchine for Negative ions).

6.1. The BATMAN rf source

The IPP prototype rf ion source can be basically divided into three parts: the driver, the expansion
chamber and the extraction region [9]. The hydrogen plasma is generated by inductively coupling in a
cylindrical driver (24.5 cm diameter, 15 cm length) surrounded by a water-cooled rf coil connected to
a 140 kW, 1 MHz oscillator. The plasma expands into a rectangular expansion chamber (copper
coated stainless steel chamber with the widthxheightxdepth of 32x59x23 ¢cm’) which represents the
source body and houses permanent magnets for the generation of a magnetic field parallel to the
extraction system. This filter field with a typical strength of 7 mT cools the electrons down and
reduces the amount of the co-extracted electrons. The plasma in this extraction region has electron
densities in the range of 10" m™ and temperatures of 1 eV [37,38]. The multi-aperture grid system
consists of three grids: the plasma grid which is on source potential, the extraction grid with
permanent magnets to remove the co-extracted electrons out of the beam, and the grounded grid.
Typical extraction voltages are between 8 and 10 kV, total acceleration voltages are around 20 kV.

The standard IPP caesium oven is mounted in the upper half of the backplate of the expansion
chamber. The oven houses three ampoules with 1g caesium each and is heated up to temperature of
200°C. The temperature control is used to regulate the caesium release from the oven. Typical
evaporation rates are 10 mg/h. Based on experimental experience, caesium conditioning of the source
improves if the chamber walls are kept at temperatures of typically 45°C and the plasma grid at
150°C. Due to these elevated temperatures strong caesium accumulation is avoided enhancing also the
redistribution of caesium. The caesium layer at the plasma grid acts as converter surface for the flux of
atomic hydrogen and positive hydrogen ions from the driver. Thus, understanding and controlling the
caesium dynamics in this extraction region has the highest priority in source optimisation at present.
BATMAN is the short pulse test facility with beam extraction of 4 s during the typical 6 s plasma
discharge every 3 minutes and is dedicated for improving and understanding of the physical
performance of the IPP prototype ion source. Thus, the ion source is well equipped with plasma
diagnostic systems, as for example OES and Langmuir probes. A typical experimental campaign lasts
several weeks, starting with a cleaned source, i.e. without caesium, in hydrogen at around 0.6 Pa and
reduced power to limit the co-extracted electron current. This is followed by caesium conditioning of
the source, which means continuous caesium evaporation from the caesium oven adjusting the oven
temperature according to the source performance. Pressure and power are adjusted accordingly until
the required performance is achieved: high ion current density and low co-extracted electron current at
low pressure, i.e. 0.3 Pa. Parameters scans, such as magnetic filter field studies, power scan etc. are
performed only at stable source conditioning. Caesium conditioning is a quite tedious task and can
take several days of 100 pulses per day [16]. Deuterium operation is usually undertaken after caesium
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condition of the source in hydrogen since beam-on time is limited in deuterium to reasons of radiation
protection due to neutrons generated via the D-D reaction on the calorimeter. In that case source and
diagnostics are operated remotely from outside the experimental hall.

6.2. Laser absorption at BATMAN

The laser absorption setup, as shown in figure 7, has been mounted at BATMAN using a vertical line-
of-sight which passes the source parallel to the plasma grid in vertical direction at a distance of
approx. 2 cm. The length is 60 cm. For OES a similar line-of-sight is available which allows for a
comparison of the results. The setup illustrating both lines of sight is shown in [32]. The system has
been coupled to the trigger system of BATMAN. An interlock system assures save laser operation.
Optical signal transmission lines have been chosen to minimize the rf noise during plasma operation.
This was in particular necessary for the long connection between the laser controller (the laser is
placed below the experimental hall in the cellar which results in 20 m length) and the D/A converter.
The temporal resolution is again limited by the laser system i.e. 40 ms can be achieved, but using an
averaging of 2 to 5 spectra data points 80 to 200 ms can be achieved, respectively. The neutral density
filter with the transmission of 0.018 is been used to minimize the influence of the depopulation,
however the extended path length - from 15 c¢cm in the reference cell to 60 cm at the ion source - has to
be accounted for, resulting in a correction factor of typically 1.5 £ 0.5. Since this correction is not been
taking automatically into account it has to be kept in mind that all following caesium densities are
underestimated by a factor in this range.

6.3. First results

The first systematic measurements are carried out during the caesium conditioning of the ion source
directly in the beginning of an experimental day. The day before caesium has been evaporated;
however reconditioning is needed every morning before reaching the same parameters as the day
before. Data are taken only in the vacuum phase, i.e. between the discharges, a few seconds before the
start of the plasma ignition. Figure 10 shows the growth of the caesium density one order of magnitude
over a period of approximately one hour source operation which is related to the increase of the
temperature of the caesium oven, one error bar of the measured caesium density is plotted as an
example. The temperature is measured at the cold spot of the oven which is the temperature of the
body temperature; all other temperatures of the six temperatures control units are set to be more than
20 °C higher. The cold spot determines the vapour pressure and thus the evaporation rate. Changes of
the set-value of the temperature are indicated in figure 10 which shows also the stepwise increase after
a few minutes, i.e. 1-2 discharges.
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Figure 10. Growth of the caesium density in the vacuum phase and temperature of the cold spot of the caesium
oven as a function of the discharge number of the negative ion test facility BATMAN (6 s discharge every 3 min).
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Although the caesium oven is mounted at the backplate of the source body, the caesium density close
to the plasma grid rises accordingly. Thus, the caesium distribution in the vacuum phase together with
its redistribution by the plasma results in a fast response of the caesium density close to the grid. The
latter is mandatory for supplying the plasma grid with caesium. Additionally, figure 10 shows that
with higher set-value of the oven temperature the increase in the density is more pronounced and more
time is needed until an equilibrium density is achieved, which is a typical behaviour as seen in many
other measurements. This, in turn, is important for avoiding caesium accumulation in the source and
thus unstable conditions. It is worth to notice that the sensitivity of the laser absorption is exactly in
the required range and that already these first tests of measurements during caesium evaporation give
some insight in the evaporation and distribution of caesium which was not measurable before and thus
point of speculation. In addition, caesium evaporation of the oven can be determined by measuring the
amount of caesium in vacuum and plasma operation and in turn the absorption signal might be usable
as a control loop signal for caesium evaporation in future experiments.

Obviously, in the beginning of an experimental day the caesium amount in the volume above the grid
is determined by the caesium evaporation. During the day, other effects like redistribution by the
plasma and release from the plasma grid surface as well as surface temperatures of the source body
and the grid might determine the caesium density in this particular volume.

The automatic data acquisition and analysis together with the coupling of the trigger of BATMAN
allows for routine measurements, before, during, and after the discharge. Such a time trace is shown in
figure 11 for one of the discharges plotted in figure 10. In the vacuum phase the caesium density is
close to 10" m™. As the rf power is switched on a small peak or disturbance occurs until a more or less
stable caesium density is been detected. The disturbance at the beginning of the discharge is caused by
a change in the pressure due to a gas pulse which is commonly used at the IPP ion source to ensure
plasma ignition.
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Figure 11. Typical time traces of the caesium density determined by laser absorption 3 s before the discharge is
turned on, during the discharge (rf on and rf off) and 5 s after the discharge (0.6 Pa, 60 kW, hydrogen).

During the discharge the density of neutral caesium atoms remains at a similar level as before which is
quite surprising. At the plasma conditions of the ion source, i.e. electron densities in the range of 10"
m” and temperatures of 1 eV, above 90 % of the caesium is ionized [18]. This means, starting with the
vacuum phase a strong decrease of the signal is been expected. The non-appearance of the behaviour
let to the conclusion that a strong redistribution of caesium from the surfaces appears during the
discharge. As also shown in figure 11 is the OES signal obtained by a simple photodiode equipped
with a interference filter with central wavelength of the caesium 852 nm line. Since the photodiode is
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not calibrated, the scaling of its signal is set to fit the measured Cs-density of the laser absorption
spectroscopy. The comparison shows an excellent agreement in the temporal behaviour. As stated
from earlier OES measurements the caesium density (neutrals) is mentioned to be in the range of 10"
m” [18,19], which of course depend on the caesium conditions but also on the knowledge of the exact
plasma parameters, electron density and temperature. As discussed for the results obtained in the
laboratory experiments, the laser absorption is the more reliable method.

After the rf power is been switched off the caesium density increases rapidly which is attributed to the
recombination of caesium ions into neutrals. Thus, the ionization degree of caesium might be deduced
from the peak height. However, recombination takes place in a much shorter time scale than can be
measured by the laser absorption, which means the actual height of the peak is, for the present time
resolution given, point of speculation. Nevertheless, a lower limit for the ionization can be deduced
from the measure peak height which is determined to be roughly 70%. The slow decay after the
discharge reflects the diffusion time and sticking coefficient of the caesium particles towards and at
the surfaces. For this example a decay time of 2 s is obtained.

In summary, it can be stated that these first examples demonstrated the applicability of laser
absorption as a standard method for ion sources with first promising results giving already some new,
quite surprising, insight into the caesium dynamics. The method itself was for the first time established
at caesium-seeded hydrogen ion sources and opens a window for more systematic investigations of the
caesium dynamic which will be described in a following paper.

7. Conclusion

The setup for the laser absorption diagnostics of caesium densities has been thoroughly tested in the
laboratory before applying to the negative hydrogen ion sources which are in routine operation. The
detection limits, the effect of line saturation and depletion are been discussed in detail and accounted
for. The system has been optimized to operate under ion source conditions, which means being
sensitive in the required density range and being equipped with an automatic data acquisition and
analysis system. A temporal resolution of 40 ms is achieved; signal averaging reduces the time
resolution but improves the signal-to-noise-ratio. The method is calibrated by using a caesium
absorption cell with a well defined cold spot. Dedicated measurements and comparison with other
techniques for caesium detection in a laboratory plasma chamber demonstrated applicability and
excellent reliability of the method.

The usage at the IPP prototype rf ion source for ITER demonstrated clearly the applicability of the
method in routine operation. The easy-to-use setup with its perfect dynamic range and a high signal-
to-noise ratio is perfectly suited for the needs of the rf ion source. First results gave already an insight
into the dynamics of the caesium evaporation and the temporal behaviour of caesium before during
and after a discharge. The method itself complements other diagnostic methods as the OES and does
not rely on the knowledge of plasma parameters. However, the line-of-sight integrated caesium
densities can be obtained only and a improved temporal resolution would be desirable to obtain the
dynamics immediately after a discharge in more detail. The laser absorption has a high potential for
bringing more insight into the caesium dynamics and thus further improvements of the ion sources
with respect to faster source conditioning, reproducibility and reliability. It also has been demonstrated
that the white light absorption spectroscopy works well in the small scale lab experiment with the
possibility of an easy adaption to small sources for the determination of caesium dynamics. Further
systematic studies of the laser absorption spectroscopy at the short pulse test facility BATMAN are
underway and will be described in a subsequent paper. It is also planned to transfer the system to the
long pulse test facility MANITU at IPP, which is capable to extract a beam of up to one hour. Of
particular interest is the caesium dynamics during long pulse operation with short time slots between
the pulses only.
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