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1.  Introduction

Caesium is used in large-scale sources for negative hydrogen 
ions, which are required for the neutral beam injection (NBI) 
of the ITER fusion device, for the sufficient production of 
D− or H− at low pressure (p � 0.3 Pa). One NBI beamline at 

ITER needs to deliver an accelerated current of 40 A equiva-
lent of 1 MeV D atoms (or 46 A equivalent of 870 keV H 
atoms) for a duration of up to one hour [1, 2]. Taking into 
account losses during the beam transport and neutralization, 
the ion source needs to deliver an extracted current density of 
286 A m−2 D− or 329 A m−2 H− from at an extraction area of 
0.2 m2. ELISE (extraction from a large ion source experiment) 
is a 1/2 ITER source size test facility at IPP (Max-Planck-
Institut f. Plasmaphysik) Garching that shall demonstrate the 
feasibility of the ITER requirements [3]. Full size sources 
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Abstract
Large-scale sources for negative hydrogen ions are required for the neutral beam injection of 
the ITER fusion device. Caesium is used for the conversion of hydrogen atoms into negative 
ions. The combination of moderate background vacuum conditions (10−7–10−6 mbar), the 
high reactivity of Cs, continuous evaporation of Cs and plasma-enabled redistribution of Cs 
and Cs+ forms a complex dynamics. ELISE (extraction from a large ion source experiment) is 
a half ITER-source scale experiment. A tunable diode laser absorption spectroscopy (TDLAS) 
diagnostic at the resonant Cs 62S1/2–62P3/2 transition (852 nm) has been applied to the source 
in order to measure the density of neutral Cs close to the conversion surface and thus gaining 
a better insight into the Cs dynamics. An inhomogeneous magnetic field created by permanent 
magnets (≈25–320 G) is located along the line-of-sight (LOS) of the TDLAS, leading to a 
varying effect of the Zeeman splitting of the concerning Cs states and thus the absorption line 
profile along the LOS. In long plasma pulses at ELISE, a change of the Cs absorption line 
profile takes place, which can be attributed to a variation of the Cs density profile along the 
LOS. In order to attribute a measured line profile to a certain magnetic field strength and thus 
a certain position along the LOS, absorption spectra with a defined B-field at a Cs vapor cell 
using the same diagnostic system have been measured. The strong broadening of the measured 
line profile at ELISE after several 10 s of plasma indicates that neutral Cs is mainly located in 
the area of high magnetic field strength, i.e. close to the side wall. A correlation between the 
measured Cs density and the source performance exists during the beginning of the pulse and 
is lost in this later phase.

Keywords: negative hydrogen ion source, Zeeman splitting, tunable diode laser absorption 
spectroscopy, caesium dynamics
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are under construction at Consorzio RFX, Padova [4]. The 
working principle of such ion sources is the following:

A low-pressure, low-temperature hydrogen plasma 
(Te ≈ 10 eV [5]) is created in several cylindrical drivers (4 at 
ELISE, 8 at the ITER sources) by inductive RF coupling with 
a power of up to 90 kW per driver. The plasma expands from 
the drivers into one common expansion chamber, in which a 
magnetic filter field (order of several 10 G) is applied to cool 
the plasma down to an electron temperature of Te ≈ 1 eV. The 
reduced electron temperature is mandatory in order to lower 
the destruction of negative ions by electron stripping. Negative 
hydrogen ions are created by surface conversion [6] of mainly 
hydrogen atoms [7] on the plasma grid (PG), which is the first 
grid of the extraction and acceleration system. For achieving a 
high conversion yield, a low work function of the conversion 
surface is mandatory. For this reason, Cs (work function of 
2.1 eV) is evaporated into the source.

The dynamics of Cs in the source is complex: during opera-
tion, Cs is continuously evaporated from several ovens (two 
at ELISE). Due to moderate vacuum conditions (background 
pressure in the order of 10−7–10−6 mbar, being far from ultra 
high vacuum conditions), the highly reactive Cs forms com-
pounds with residual gas vacuum impurities. A certain flux of 
elemental Cs onto the conversion surfaces needs to be delivered 
in order to maintain a layer of elemental Cs and thus achieve 
a stable, homogeneous low work function. Additionally, Cs 
is redistributed during plasma phases by the interaction of the 
plasma with Cs layers on the chamber surfaces [8, 9]. A large 
fraction of Cs is ionized during the plasma pulses due to the low 
ionization energy of Cs (3.89 eV). Unfortunately, ionized Cs is 
hard to access for diagnostics. For this reason, only the behavior 
of neutral Cs is investigated experimentally up to now in nega-
tive hydrogen ion sources. Nevertheless, the stability of the Hβ 
emission during a discharge (being dependent on the electron 
density and temperature in addition to further parameters [10]) 
indicates that the ionization degree of Cs is fairly constant.

Since electrons form the minority species in the ion–ion 
plasma close to the extraction system [11], a small change of 
the H− production yield can significantly change the electron 
fraction in the plasma and thus the co-extracted electron cur
rent. For this reason, the latter reacts usually more sensitive 
on the work function of the conversion surfaces and thus on 
the Cs coverage. Co-extracted electrons are a general issue in 
negative ion sources, since their thermal load of up to several 
10 MW m−2 (they are removed out of the beam by magnets 
in the second grid) limits their tolerable amount to je/jH− < 1 
for the ITER-source. The instability of the co-extracted elec-
tron current in long pulses is at the moment limiting the per-
formance of the ELISE source [11, 12]. Thus, the presence 
of Cs in the central part close to the convertor surface is of 
high relevance in order to achieve a sufficiently stable Cs cov-
erage and thus stable operation during long pulses of negative 
hydrogen ion sources. A deeper investigation of insight into 
the Cs dynamics close to the convertor surface is mandatory 
in order to understand the instability of electrons during long 
pulses and thus in order to reach the nominal ion current.

For the determination of the neutral Cs density in the ground 
state close to the convertor surface, a tunable diode laser 

spectroscopy (TDLAS) at the resonant Cs 852 nm transition 
(62S1/2 → 62P3/2, named Cs-D2) is applied at ELISE, meas-
uring the hyperfine spectrum. The density of Cs0 in the ground 
state reflects the total density of neutral Cs, because the densi-
ties in the excited states contribute with less than 1% to the 
total population [13, 14]. Significant broadening and distortion 
of the lines result from the Doppler effect as well as from the 
Zeeman effect; further broadening mechanisms as the pres
sure or Stark broadening are of no relevance in the ion sources. 
Two different magnetic filter field setups are in use at ELISE, 
for which the magnetic field topology differs significantly 
along the line-of-sight (LOS) of the TDLAS diagnostic: in the 
standard setup, the filter field is solely created by a vertical 
current through the PG in the range of several kA, resulting 
in a widely homogeneous field strength of several 10 G  
along the LOS (typical length  ≈1 m). In the second setup, the 
magnetic field topology is modified by adding bars of perma-
nent magnets externally to the source, leading to an inhomo-
geneous magnetic field strength along the LOS with a peak 
strength of several 100 G close to the side wall. In particular at 
these higher field strengths, the Zeeman splitting of the 62S1/2 
and 62P3/2 states leads to a distortion of the absorption line 
profile. The effect of the Zeeman splitting on the absorption 
spectrum of Cs has been used in order to gain a certain spatial 
resolution of the Cs distribution along the LOS.

2.  Structure of the Cs 62S1/2 and 62P3/2 states

The effect of the magnetic field strength on the relative 
energy of the Cs 62S1/2 ground state and 62P3/2 excited 
state is shown in figure 1. Without B-field, the 62S1/2 state 
is hyperfine-split into two levels (with the total angular 
momentum quantum number of the atom F = 3, 4). The 
62P3/2 state splits into four levels (F = 2, 3, 4, 5). The 
selection rule (∆F = −1, 0,+1) gives 6 transitions, at 
which each three overlap at relevant Doppler temperatures 
resulting in two resolvable peaks [16]. The presence of a 
magnetic field brakes the degeneracy of each hyperfine level 
into 2F  +  1 sub-levels with magnetic quantum number 
mF = −F,−F + 1, ...,+F . This splitting is symmetric at 
low field (Zeeman regime) and a strong shift of the levels 
occurs at high field strength (Paschen–Back regime, starting 
at  ≈100 G  for the 62P3/2 state and at several 1000 G for 
the 62S1/2 state). Whereas in the Zeeman-regime the levels 
are still grouped by F, the levels are grouped by the total 
magnetic quantum number mJ in the Paschen–Back regime. 
The additional selection rule ∆mF = −1, 0,+1 (σ−,π,σ+ 
transitions) results in a complex structure of 126 Doppler-
broadened lines. The wavelength position of these lines is 
shown in figure 2 for 100 G and 400 G [15, 17, 18].

3.  Absorption line profiles at a Cs vapor cell  
with varying B-field

In order to determine experimentally the effect of the magn
etic field on the measured absorption spectrum, measure-
ments at a Cs vapor cell, which has been positioned at varying 
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distance to a bar of permanent magnets, have been carried out 
using the same diagnostic setup as at the ELISE source. The 
experimental setup is shown in figure 3(a). As light source, 
a single-frequency, multimode fiber-coupled distributed feed-
back diode laser (Sacher Lasertechnik, DFB LQ5i-852-16) is 
used. It delivers an output power of up to 20 mW and can be 
tuned around the Cs-852 nm transition without mode hops by 
current tuning. Typically, the tuning speed is chosen to record 
ten spectra per second. Its output linewidth (1.5 MHz) is much 
lower than the Doppler broadening at room temperature (sev-
eral 100 MHz), thus the Doppler-broadened spectrum is well 
resolved. In front of the Cs vapor cell (diameter of 19 mm), 
an aspheric lens (focal length of 25 mm) creates a line-of-
sight (LOS) with a diameter of  ≈1 cm. A neutral density (ND) 
filter damps the light about 2 orders of magnitude in order to 
avoid depopulation of the Cs ground state at high light inten-
sity [16]. The light is collimated by a similar lens into a mul-
timode fiber and the intensity is recorded with an amplified 
photo diode (Thorlabs PDA36A). An interference filter (cen-
tral wavelength 852 nm, ∆λFWHM = 10 nm) is used in order 

to filter ambient light causing an offset on the photo diode 
signal. The wavelength calibration of the recorded spectra is 
carried out using the two positions of the recorded absorption 
peaks assuming linear dependence between the diode laser 
current and the output wavelength.

Figure 1.  Splitting of the Cs 62S1/2 ground state (left) and 62P3/2 state (right) as function of the magnetic field strength. Both axis are scaled 
differently for the 62S1/2 and 62P3/2 state [15]. Reproduced with permission from [15]. Copyright © 1998, by Daniel Adam Steck. All rights 
reserved.

Figure 2.  Wavelength (in air) of the individual Zeeman-split Cs-D2 
transition lines for a magnetic field strength of 100 G (top) and 400 G 
(bottom).

Figure 3.  (a) Experimental setup for the measurement of absorption 
spectra in a Cs vapor cell with a magnetic field created by a bar of 
permanent magnets. (b) Magnetic field map of the setup.

J. Phys. D: Appl. Phys. 51 (2018) 395203
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A bar of permanent magnets (CoSm magnets with a total 
size of 3.9 × 0.9 × 42 cm3) can be positioned at variable dis-
tance to the Cs vapor cell. A 2D plot of the resulting magn
etic field strength (calculated with QuickField) is shown in 
figure  3(b). The whole setup is kept at room temperature, 
where the vapor pressure of Cs creates a Cs density in the 
order of 1016 m−3 inside the Cs vapor cell [19].

The measured absorption line profiles − ln [I(λ)/I0(λ)], 
I(λ) denoting the light intensity after passing the absorption 
medium and I0(λ) before the absorption medium, are shown 
in figure  4 for six different magnetic field strengths up 
to  ≈400 G. The relative wavelength axis results from the 
tuning of the used diode laser. Due to temperature drifts, 
the zero point might not correspond to the same absolute 
wavelength in the figures 4 and 7. The line shape of the two 
resolvable peaks (both consisting of three overlapped hyper-
fine lines without B-field) is perfectly Gaussian due do to the 
dominating Doppler broadening in case of no B-field and still 
pretty Gaussian in case of 45–50 G and 110–120 G, and the 
linewidth is increasing with increasing B-field, attributed to 
the symmetric splitting of the 62S1/2 ground state and 62P3/2 
excited state in the Zeeman-regime (compare to figure  1). 
At stronger field strength, the recorded spectra are no longer 
Gaussian and in particular at the strongest B-field (360–460 G)  
both peaks show a strong distortion, created by the mixture 
of Zeeman-regime of the 62S1/2 and hyperfine Paschen–Back 
regime of the 62P3/2 state.

4.  Absorption line profiles in an inhomogeneous 
B-field at the ELISE test facility

Figure 5 shows a sketch of the ELISE ion source. A hydrogen 
plasma is created in four drivers by inductive RF coupling 
with a total available RF power up to 300 kW. The positions of 

Figure 4.  Cs-D2 absorption line profiles recorded at the Cs vapor cell without magnetic field and at different magnetic field strengths. The 
FWHM of each peak is given, resulting from a Gaussian fit.

Figure 5.  Top: horizontal cut through the ion source of ELISE. The 
positions of the Cs ovens as well as the axial position of the TDLAS 
measurement are indicated. Bottom: view of the ELISE ion source 
from the back with the two LOS for TDLAS.

J. Phys. D: Appl. Phys. 51 (2018) 395203
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the external magnets (similar bars as used at the Cs vapor cell) 
at the side walls are indicated. The particle beam is extracted 
through 640 apertures of 14 mm diameter, which are arranged 
in eight beamlet groups of 80 apertures each. For extraction 
and acceleration of the beam, high voltage of up to  −60 kV 
is applied to the source using a typical extraction voltage 
of 10 kV between PG and the second grid (extraction grid). 
The third grid is grounded. ELISE is capable to demonstrate 
plasma pulses with the full length of the ITER requirements 
(up to one hour); however, due to technical limitations of the 
HV supply, a particle beam can only be extracted for 10 s every 
three minutes within a plasma pulse (called beam extraction 
blips). Consecutive plasma pulses are divided by a vacuum 
phase of several minutes. For the evaporation of Cs, two Cs 
ovens are mounted at the side wall of the expansion chamber. 
During operation, Cs is continuously evaporated through two 
nozzles, which direct the Cs flow towards the back plate of the 
expansion chamber, as indicated in figure 5. In order to avoid 
a strong local adsorption of Cs, all walls of the ion source are 
controlled to a temperature of 45 °C. The PG as well as the 
bias plate, which covers the PG outside of the beamlet groups, 
is kept at a higher temperature of typically 125 °C. A more 
detailed description of ELISE can be found elsewhere [3, 11].

For the measurement of the Cs density, the TDLAS diag
nostic described before is installed at two horizontal lines of 
sight (LOS) in the top and bottom part of the source (vertically 
in the center of the driver projection) at an axial distance of 
2 cm to the plasma grid. It allows for the measurement of the 
LOS-averaged neutral Cs density (length of LOS: 0.875 m, 
diameter  ≈1 cm). In the following, only measurements from 
the bottom LOS will be presented—however, all results are 
also valid for the top LOS.

A 2D plot of the magnetic field topology as well as the 
field strength along the LOS of TDLAS with and without 
external magnets (both using a PG current of 1.5 kA) is 
shown in figure  6. The external magnets are placed with 
their polarity strengthening the regular B-field. Without 

external magnets, the B-field is pretty homogeneous along 
the LOS with a value of  ≈15 G. The external magnets lead 
to a peaking B-field close to the side wall (up to  ≈320 G), 
whereas in the central area the B-field is weakly increased to 
a value of  ≈20–25 G [20].

In the following, absorption line profiles from two ELISE 
pulses with and without external magnets are compared. Four 
line profiles of each pulse are shown in figure 7. The plasma 
was ignited at t  =  1.2 s and the RF power has been turned off 
at t  =  202.2 s. In the vacuum phase before the RF pulse, the 
Gaussian-shaped absorption peaks in case of ‘without external 
magnets’ result in a Doppler temperature of 350 ± 50 K. This 
fits very well to the temperature of the source walls (320 K) 
and of the Cs oven (550 K). For the evaluation of the Doppler 
temperature, only the hyperfine structure and no effect of the 
Zeeman splitting is taken into account. In case of ‘with external 
magnets’ the FWHM of both peaks is slightly increased by 
approximately 20%. More significant is the difference during 
the plasma phase: comparing the spectra at t = 200 s, the 
evaluated temperature in case of ‘without external magnets’ 
results in 960 ± 100 K, which is in agreement with the gas 
temperature of hydrogen in the source (0.1 eV [10]). With 
the external magnets, the FWHM of the peaks are increased 
by more than 70% caused by the Zeeman splitting. The dif-
ferent further broadening of the peaks by the external magnets 
between vacuum and plasma phase gives already a hint of a 
different spatial distribution of neutral Cs in these two phases.

Comparing TDLAS data of homogeneous and heteroge-
neous B-field distributions can reveal inhomogeneities of the 
Cs distribution along the LOS. Cs situated close to the side 
walls of the source chamber will show a strong Zeeman split-
ting in case of the mounted external magnets, while Cs atoms 
in the more central part of the LOS will be characterized by 
a weak Zeeman splitting. The much increased FWHM of 
the absorption peaks with mounted external magnets during 
plasma indicates that a large fraction of the measured neu-
tral Cs is located in areas with high field strength (�100 G , 

Figure 6.  2D plot of the magnetic field topology at ELISE with external magnets and the total magnetic field strength along the LOS of 
TDLAS for a PG current of 1.5 kA, with and without external magnets.

J. Phys. D: Appl. Phys. 51 (2018) 395203
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i.e. several cm close to the side wall). Of particular interest is 
the transition of the peak shape from t = 15 s to t = 200 s: 
whereas at t = 15 s the peak shape is fairly Gaussian, a clear 
distortion of the peak created in the mix of Zeeman regime 
of the 62S1/2 state and hyperfine Paschen–Back regime of the 
62P3/2 state is to be seen in the spectrum at t = 200 s (in fact, 
it appears already after a time of several 10 s). Comparing the 

spectrum to the measurements at the Cs vapor cell (figure 4),  
it can be stated that almost all neutral Cs along the LOS is 
located at positions with high B-field (�300 G) and thus very 
close to the side wall at t = 200 s. In contrary, the full dist
ortion of the mixed regime is not yet seen at t = 15 s, indi-
cating that a certain fraction of neutral Cs is located at lower 
magnetic field strength, i.e. more in the central part of the 
LOS closer to the beamlet groups of the plasma grid, filling 
the dip in the pure spectrum of the mixed regime. This fraction 
of neutral Cs is, however, obviously depleted during the pulse.

This depletion of neutral Cs in the central part of the LOS 
has an impact on the correlation between the extracted current 
densities and the measured Cs density: plotted in figure 8 is the 
extracted negative deuterium ion current jion and co-extracted 
electron current je as function of the measured neutral Cs den-
sity for several consecutive pulses during a Cs conditioning 
phase of the ELISE source. All values are averaged during the 
second half, i.e. 5 s, of the extraction phase (beam blip). Most 
of the pulses have been short (20 s plasma) including only one 
beam extraction blip, but also some longer pulses (up to 590 s 
plasma, including four beam extraction blips) have been car-
ried out. As mentioned in the introduction and regularly seen 
[11], the co-extracted electron current density shows a higher 
dynamic during the conditioning than the negative ions.

Both extracted current densities ( je more pronounced) 
show a clear correlation with the measured neutral Cs den-
sity—this correlation is, however, only valid for the first beam 
blip and is lost from the second beam blip onwards. This is 
in agreement to the fact that in this later phase no significant 
amount of the measured Cs is located in the central part of the 
LOS close to the beamlet groups of the plasma grid, where 

Figure 7.  Absorption line profiles recorded at the ELISE test facility in the vacuum phase before the pulse (top), after the pulse (bottom) 
and during the pulse (center). Left: without external magnets. Right: with external magnets.

Figure 8.  Extracted current densities jion and je as function 
of the measured Cs density during Cs conditioning of ELISE, 
distinguished between the first beam extraction blip of a pulse 
(red) and later extraction blips (blue). The evolution of one pulse 
containing three beam blips is indicated by the dashed line.

J. Phys. D: Appl. Phys. 51 (2018) 395203
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it is required for the formation of stable Cs layers. The Cs 
mainly situated close to the side walls from the second beam 
extraction blip onwards does not contribute to build up and 
maintain these layers. Techniques for achieving a sufficient 
flux of Cs onto the PG in long pulses need to be found.

5.  Conclusion

The distortion of Doppler-broadened absorption line profiles of 
the Cs-D2 transition by the Zeeman effect in a magnetic field has 
been used to gain a certain amount of spatial resolution along a 
LOS with inhomogeneous magnetic field strength in the ELISE 
test facility. The appearance of a clearly distorted spectrum after 
several 10 s of plasma time clearly indicates that almost all mea-
sured neutral Cs is located in regions with high field strength, i.e. 
close to the side walls and therefore Cs is depleted in the central 
part close to the beamlet groups of the plasma grid. This deple-
tion is in agreement with measurements indicating a correlation 
between the extracted current densities and the measured Cs 
density during the beginning of a pulse, but not later during the 
pulse. However, achieving a sufficient Cs flux onto the plasma 
grid for achieving stable Cs layers and thus a stable performance 
in long pulses is highly aimed for the negative hydrogen ion 
sources for the ITER neutral beam injectors.
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