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Spectroscopy on magnetically confined plasmas
using electron beam ion trap spectrometers’

A. T. Graf, S. Brockington, R. Horton, S. Howard, D. Hwang, P. Beiersdorfer,
J. Clementson, D. Hill, M. May, H. Mclean, R. Wood, M. Bitter, J. Terry,
W.L. Rowan, J. K. Lepson, and L. Delgado-Aparicio

Abstract: Multiple spectrometers originally designed for and used at the University of California Lawrence Livermore
National Laboratory’s electron beam ion trap have found use at various magnetically confined plasma facilities. Three
examples will be described. First is a soft X-ray/EUV grating spectrometer (6-150 A), which is operating at the National
Spherical Torus Experiment. Second is an EUV spectrometer with wavelength coverage up to 400 A, which has just
recently started operating at the Sustained Spheromak Physics Experiment. The last is a high-resolution transmission-
grating spectrometer for visible light that has been used at the Compact Toroid Injection Experiment and is currently at the

Alcator C-Mod tokamak.

PACS Nos.: 39.30.4-w, 52.55.—s, 32.30.Rj, 07.60.Rd, 52.70.La

Résumé : Plusieurs spectrometres initialement congus pour utilisation au laboratoire du piége ionique a faisceau
d’électrons du Lawrence Livermore National Laboratory de 1’University of California ont été utilisés a divers laboratoires
étudiant le confinement magnétique du plasma. Nous donnons trois exemples. Le premier est un spectrometre a réseau
pour rayons-X mous/EUV (6-150 A), qui est présentement utilisé au National Spherical Torus Experiment. Le deuxiéme
est un spectrométre EUV qui couvre les longueurs d’onde jusqu’a 400 Aet qui a récemment commencé 2 fonctionner au
Sustained Spheromak Physics Experiment. Le dernier est un spectrometre par transmission a réseau de haute résolution
pour la lumiere visible qui a été utilis€é au Compact Toroid Injection Experiment et qui est actuellement au tokamak

Alcator C-Mod.

[Traduit par la Rédaction]

1. Introduction

Spectroscopy is a valuable, noninvasive diagnostic for all
plasmas. In particular, work done at the University of Califor-
nia’s Lawrence Livermore National Laboratory (LLNL) elec-
tron beam ion trap (EBIT) facility continues to establish useful
benchmarks for atomic physics that can be used to diagnose
characteristics of less well understood plasmas. A multitude
of spectrometers have been developed and used at the LLNL
electron beam ion traps [1-10]. Each are state-of-the-art instru-
ments, many of which can be adapted to diagnosing magnet-
ically confined plasmas. In these new environments they con-
tribute to the science performed by providing data on plasma
conditions that are otherwise not available. Three examples with

results from four facilities will be described. These include a flat
field grazing-incidence reflection-grating spectrometer for soft
X-ray and Extreme Ultraviolet (EUV) light used at the National
Spherical Torus Experiment (NSTX) [11] and a longer wave-
length spectrometer used at the Sustained Spheromak Physics
Experiment (SSPX). Finally, a description of a high spectral res-
olution transmission-grating spectrometer [12] for visible light
used at the Compact Toroid Injection Experiment (CTIX) and
the Alcator C-Mod tokamak is given. In all instances, the EBIT
spectrometers have provided valuable data on plasma perfor-
mance such that the spectrometers have been integrated into
the general diagnostic suites at these facilities and provide data
on an ongoing basis.
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2. Soft X-ray/EUV spectrometer (6-150 A)

2.1. Experiments at the electron beam ion trap

For some perspective, we give a brief review of the spectro-
scopic characteristics [ 1] and some of the results obtained previ-
ously at the electron beam ion trap using the soft X-ray grazing-
incidence spectrometer. The dispersion element is a variable
line spacing concave reflection grating [13, 14], which creates a
flat field of focus and allows the use of a two-dimensional array
detector such as a Photometrics, cryogenically cooled, back-
illuminated charge-coupled device (CCD). The grating has a
variable line spacing with on average 2400 lines/mm allowing
a resolving power of 300 to 600 at 25 and 50 A, respectively.
The blazing angle is 1.3°. The wavelength coverage is roughly
50 A/frame anywhere between 6 and 150 A. Since the elec-
tron beam width is ~50 wm, there is no entrance or exit slit.
Differential pumping is used between the spectrometer housing
(107 torr) and the EBIT vacuum chamber (10~ !! torr).

Many experiments have benefited from the use of this spec-
trometer. Tribert et al. [15] were able to investigate line emis-
sion between 20 and 60 A from Br-like Au*** to Co-like Au>>*
by systematically increasing the electron beam energy to sep-
arate the resulting charge states. Using the Hebrew Univer-
sity Lawrence Livermore Atomic Code [16] it was possible
to identify various An = 0 (n = 4-4) transitions in Rb-like
Au*?* to Cu-like Au’’t to a higher precision than previous
observations on other experiments. In a similar manner, Utter
et al. [17] were able to identify roughly 60 features in Rb-
like W37* through Cu-like W between 40 and 85 A. Also,
Beiersdorfer et al. [18] discovered magnetic-field sensitive Ne-
like lines in the EUV and demonstrated this in Ar®t spectra.
An external magnetic field allows the mixing of sublevels of
neighboring levels with the same magnetic quantum number
and parity, possibly permitting an otherwise strictly forbidden
transition to occur. If one of the interacting sublevels has a
significantly larger radiative decay channel, the intensity of an
otherwise dim line will be significantly enhanced. The intensity
can be related back to the magnetic field. Other examples can
be found in the refs. 1 and 19.

2.2. Experiments at the National Spherical Torus
Experiment

The National Spherical Torus Experiment [20] at the Prince-
ton Plasma Physics Laboratory is primarily a facility for de-
termining the feasibility of a near-unity aspect-ratio toroidal
magnetic confinement scheme for a fusion reactor. Some of
the peak characteristics include an aspect ratio, R/a ~ 1.3, a
pulse length of ~1 s, a plasma current, I, = 1.5 MA, a toroidal
magnetic field, Br < 0.55 T, and an electron temperature and
density of 7. < 1.2 keV and ne < 8 x 1019 m=3, respectively,
during neutral beam heated discharges.

Some modifications were made to the original spectrome-
ter design to be appropriate for use at NSTX. For example,
the plasma source is now extended, requiring an entrance slit
(typically between 30 and 100 uwm) to preserve spectral reso-
lution. Also, since the discharges are transient (1.5 s) and are
dynamic, a mechanical shutter is used to obtain exposures as
short as one 50 ms frame per plasma. It is possible to create a
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Fig. 1. K-shell emission from O and C as well as L-shell
emission from Fe from the National Spherical Torus Experiment
shot # 114459 using the soft X-ray/EUV spectrometer.
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fairly repeatable discharge and build up a temporal description
of a spectrum by moving the exposure window in time incre-
mentally. The spectrometer has a radial view at the mid-plane,
thus allowing the observation of all available charge states of an
ion of interest. During neutral beam injection into NSTX plas-
mas, neutrons are produced, which, in principle, can adversely
affect the performance of the CCD camera and contribute to
background noise. No noise or pixel failure attributed to neu-
trons has been seen, although no shielding against neutrons has
been employed. However, a background attributed to hard X-
rays is seen in the spectrum whenever the neutral beam sources
are operated on NSTX. The reason the detected counts are at-
tributed to hard X-rays and not to neutrons is because they are
also detected in the absence of plasma, for example, before the
NSTX discharge, or during high-voltage (80 kV) conditioning
of the neutral beam ion sources. Lead shielding may reduce this
background, but has not been implemented because the effect
prevents measurements only in extreme cases and because of
cost.

Initial tests of the spectrometer [11] were done by looking
at impurities in the plasma between 5 to 65 A, namely, the K-
shell emission from B, O, C, and N as well as L-shell emission
from Ar, Fe, and Ni (Fig. 1). Impurity monitoring is important
to the NSTX operation for several reasons. The presence of
high-Z metal ions indicates erosion of plasma-facing materials.
Further, a decrease in boron suggests that the effects of the
boronization process may also decrease. Boronization is meant
to reduce the amount of high-Z impurities present from the
containment vessel structure, allowing a decrease in radiated
power and an increase in confinement. Finally, gases are puffed
into the plasma for transport studies. An example of a Ne puff
is shown in Fig. 2. Two spectra from identical discharges are
shown. The neon puff can clearly be seen.

The NSTX plasma is at a higher density than the electron
beam ion trap (ne = 10'7 m™3) and the energy distribution
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Fig. 2. Two overlaid National Spherical Torus Experiment shots
obtained using the soft X-ray/EUV spectrometer. The discharges
are identical except one had Ne puffed for transport studies.
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is roughly Maxwellian as opposed to being mono-energetic.
These differences along with a well-diagnosed electron tem-
perature from Thomson scattering make possible a spectral line
ratio calibration for comparison to astrophysical sources. One
measurement in particular has helped to unravel a long-standing
debate concerning line ratios between the major 3s — 2p and
3d — 2p transitions in Fe XVII around 15 and 17 A, re-
spectively. The Astrophysical Plasma Emission Code predicts
a smaller line ratio than measured from astrophysical sources.
It has been suggested that resonant scattering within an opti-
cally thick plasma of one of the 3s — 2p transitions (3C at
15.01 A) is the culprit [21]. Beiersdorfer et al. [22, 23] have
shown that the optically thin tokamak plasmas in DITE, PLT,
and JET as well as in NSTX can produce the same line ratio as
astrophysical results. This rules out opacity as being necessary
for the explanation and directs the attention back to theoreti-
cal predictions. Further information can be found in Brown’s
contribution to these proceedings [24] as well as in ref. 25.

3. EUV spectrometer (25-400 A)

3.1. Experiments at the electron beam ion trap

This spectrometer is similar to that previously described in
Sect. 2. Here, a 1200 lines/mm grating allows a resolving power
of more than 300 and 600 at 100 and 200 A, respectively. The
focusing field is flat permitting the use of a two-dimensional
array, liquid-nitrogen-cooled, back-illuminated CCD as the de-
tector. It is in fact the same type of detector as described in
Sect. 2.1. The CCD has a 1 in range of motion (1 in = 2.54 cm),
which makes the coverable wavelength from 25 to 400 10\, with
<200 A/frame. The beam again acts as an entrance slit but there
are additional slitted apertures to block X-ray light and reduce
the gas load on the EBIT chamber.

The first demonstration of this spectrometer showed that it
was possible to resolve the forbidden transition 1s% 'Sy —
152s3S; in He-like N>t [10] from the Li-like N** inner-shell-
excited satellite 1s2s2p 2P3/2 — 15225 2S; 5. This allowed a
correction to the identification of these lines used as a transport
diagnostic in Alcator C-Mod [26]. Beiersdorfer et al. [27], in
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Fig. 3. Time-integrated spectra from four Sustained Spheromak
Physics Experiment discharges using the EUV spectrometer.
Shown are preliminary identification of some impurity species
including O*—>*, N**, and B3*.
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another experiment, concentrated on EUV emission from Fe
VII, Fe VIII, Fe IX, and Fe X and found in addition to a few
prominent line features, a multitude of smaller features that
creates an underlying continuum that are not included in the
MEKAL or CHIANTI data bases. It is pointed out that this in-
completeness in spectral flux inclusion could explain the poor
results from global-fitting techniques applied to the Extreme-
Ultraviolet Explorer satellite data. Finally, by using the low-
energy capabilities of EBIT, Lepson et al. [28] extended the
experimental data base of spectral lines from Neon-like ions
down to SiV, S VII, and Ar IX.

3.2. Experiments at SSPX

The Sustained Spheromak Physics Experiment [29] at LLNL
is yet another option being evaluated for use as a magnetic
confinement fusion reactor. It differs from a spherical tokamak
in that there is no central column and the plasma is created and
potentially sustained by way of helicity and particle injection
from a Marshall gun. Its peak characteristics include a pulse
length of 4 ms, an injector current of 200 kA, and an electron
temperature and density of 7, = 350 eV and n = 10%°° m~3,
respectively.

The spectrometer fielded at SSPX is structured similar to that
at NSTX except it uses the 1200 lines/mm grating as described
in Sect. 3.1. Since the plasma duration is relatively short, a
mechanical shutter is useless and the entire 2—4 ms discharge
is time integrated. The view is roughly 1 m from the plasma
directed at the mid-plane with a slight toroidal tilt. Preliminary
results before the onset of SSPX upgrades have allowed some of
the impurities to be identified including emission from O*—5+,
N4+, and B3T (Fig. 3).

4. Transmissjon grating spectrometer
(3600-6700 A)

4.1. Experiments at the electron beam ion trap

Again, for perspective, the characteristics of the transmis-
sion grating spectrometer [3] and some of its uses at the elec-
tron beam ion trap are described in the following. The diffrac-
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tion element is a 6 in diameter transmission grating with 2857
lines/mm. An instrument spectral line width has been demon-
strated to be as small as 0.4 A (at 5676 A). The diameter of the
grating along with comparably large but with small focal-length
focusing optics allows a high optical throughput (for example,
f/# = 3.1). The detector is a two-dimensional Photometrics
cryogenically cooled, back-illuminated CCD as in Sects. 2.1
and 3.1. This detector permits a 130 A bandwidth anywhere
within 3600 to 6700 A. The electron beam width, again acts as
a pseudo entrance slit.

The high spectral resolution of this spectrometer allowed
Beiersdorfer et al. [30] to resolve the hyperfine splitting of the
Is state between two H-like 23TI39+ and 203TI3%+ isotopes.
This gave a higher precision measurement of the nuclear mag-
netization radii (the results being 5.89(14) and 5.83(14) fm,
respectively). Chen et al. [31] made a methodic study of visi-
ble Kr emission appropriate for radiative cooling in the edge of
magnetic confinement devices. A total of 78 features were iden-
tified existing in neutral to He-like Kr3**. Other examples of
work done at the electron beam ion trap with this spectrometer
can be found in refs. 32-34.

4.2. Experiments at CTIX

The design of the Compact Toroid Injection Experiment [35]
is based on a Marshall gun whose original purpose is to fuel
tokamak plasmas. The gun is a coaxial arrangement that creates
and accelerates a small (i.e., 5-50 ng) spheromak plasma up
to 200 km/s. Some peak characteristics of the plasma include a
shot duration of 60 us, a repetition rate of 0.05 Hz (1 shot every
20 s), and an electron temperature and density of 7. = T; <
50 eV and n. = 10! m™3, respectively. Various gases can be
used such as H, He, and Ar.

Some alterations of the original design of the spectrometer
were necessary to be useful in diagnosing the CTIX plasma. The
short duration of a discharge required using a two-dimensional
DiCam Pro gated intensified CCD from Cooke. The camera al-
lowed a single 1 us exposure per discharge. The reproducibility
and fast repetition rate of CTIX were key to obtaining time-
resolved spectra. Four spatially localized, simultaneous views
were possible using fiber optics vertically separated at the en-
trance slit. Three were placed at various ports along the length
of the gun with transverse views of the plasma and one view
down the barrel. This was ideal for measuring ion velocity from
Doppler shifts since line emission from the latter view should
be blue-shifted with respect to the other three.

An impurity survey was recorded which produced a rich re-
gion of line emission from He!*, O'*, and N!* that could be
captured in the bandwidth of a single shot. Performing multiple
1 wus exposures propagated in time from shot to shot allowed
a temporally resolved spectrum for line-integrated Doppler-
velocity measurements [12]. The first 19 us of data is shown
again here for completeness in Fig. 4. There are two peculiar
features to the result. First, the velocity of the He'* peaks twice.
The first peak is the expected qualitative acceleration of the
compact torus while the second is coincident in time with a re-
strike that results from electrical ringing of the injector circuit.
The second curiosity is that the He!™ peaks to only 70 km/s
upon leaving the end of the accelerator. This disagrees with

Can. J. Phys. Vol. 86, 2008

Fig. 4. Line-integrated impurity Doppler-velocity measurements in
the Compact Toroid Injection Experiment for the the first 19 us
of discharge for He!*, O'*, and N>* using the transmission
grating spectrometer [12].
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magnetic probe measurements that suggest a peak velocity of
200 km/s. A possible explanation for the discrepancy is that the
He!" becomes bare He and thus ceases to radiate before it is
fully accelerated. An electron temperature of 54.4 eV is suffi-
cient to do this. Further, photodiodes filtered for +20 A around
the brightest He't emission line (at 4685.5 A) and displaced
along the length of the gun show a clear decrease in the peak sig-
nal as the plasma propagates. One further observation is that the
heavier impurities tend to drag behind the lighter ones, which is
desirable if a compact toroid injector is to be used for tokamak
fueling. In a separate experiment, an attempt was made to mea-
sure toroidal rotation velocity of the compact toroid by using
opposing transverse views. No rotation was seen for integration
times of 1 us though recent magnetic measurements along with
Lagrangian interpolation methods [36] suggest a velocity rever-
sal from front to back of the torus. To see this would require
integration times on the order of 0.1 us for the spectrometer.
The order of magnitude of the toroidal velocity is thought to be
comparable to the bulk velocity (i.e., as much as 200 km/s).

4.3. Experiments at Alcator C-Mod

The Alcator C-Mod tokamak [37] at the Plasma Science
and Fusion Center at MIT, is a compact high-magnetic-field
experimental fusion device. It operates with an aspect ratio,
R/a = 3.2, toroidal magnetic field, Br = 6-8 T, a pulse
length of 4 s, a plasma current, I, = 1.5 MA, and a peak
electron temperature and density of 7. = 7; = 2 — 3 keV and
ne = 102! m™3, respectively.

Alcator C-Mod produces a dynamic transient plasma requir-
ing high (~1 ms) time resolution. The use of a Hamamatsu
linear photodiode array for detection yielded unsatisfactory re-
sults. The arrays sensitivity was much less than expected and
produced poor signal-to-noise for the measured spectra. The
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Fig. 5. Partial visible survey in Alcator C-Mod using the
transmission grating spectrometer. The well-known features
include the deuterium Balmer series (top), and emission lines
from F'*, He't, C1't, and B'* and B** at 4940.38 and
4944.67 A, respectively. The identification of the remaining
features is still preliminary.
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present detector is a low read noise camera as described in
Sect. 2.1. The signal-to-noise is much improved. Unfortunately,
what one gains in a decreased readout noise one also loses in
the readout rate (for example, 1 frame/min). Time resolution
is achieved by moving the camera vertically through the dis-
persion plane during a discharge, as described in ref. 12. This
allows spectral measurements on the order of 100 Hz. This ap-
proach restricts the number of spatial views to 1.

The Alcator C-Mod plasma is ideal for investigating the ra-
dial distribution of intrinsic toroidal and poloidal rotation in
regimes appropriate to ITER-type operating scenarios. In con-
trast to most tokamaks, the primary heating mechanism in C-
Mod is from ion cyclotron and lower hybrid resonant-frequency
antennas. This is significant in that the antennas impart no direct
momentum or particle input to the plasma. This would other-
wise complicate the analysis of Doppler-velocity and temper-
ature measurements. The core-ion velocity is diagnosed using
Doppler shifts of X-ray line emission while visible spectroscopy
is used in the region around the last closed flux surface. Be-
tween the two, UV spectroscopy or possibly visible emission
from magnetic dipole transitions of higher Z impurities such
as Ar or Kr (for example, 2s22p 2p, 2= 2p, 2 in Al-like
Ar3t at 4413 A and 35s23p23P; — 3P, in Si-like Kr22t at
3841.1 A) is appropriate. This requires a light-sensitive high
optical throughput device such as our spectrometer. A visible
survey was conducted to identify impurities that may be useful
for probing different spatial locations in the plasma (Fig. 5).
Multiple impurities including B'*, B>+, B4+, O!*, and CI'*
were identified. Examples of impurity ion velocity measure-
ments at various locations are seen Figs. 6a and 7a. Doppler-
velocity measurements using active charge exchange between
neutral deuterium from either a gas puff or a radially oriented
diagnostic beam and the deuterium majority species are also
being performed. A direct comparison of velocity profiles from
impurity and majority species is vital to understanding plasma
rotation in tokamaks.
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Fig. 6. Alcator C-Mod shot 1060314012: The top two plots
reflect data taken with the transmission grating spectrometer
using an inner-wall toroidal view. (a) Line-integrated Doppler-
velocity measurements using emission from Dg and the

253d ' D, — 2s53d 'F, transition from B'* (see Fig. 5) in units
of km/s. (b) Corresponding signal level in units of 10° counts.
(¢) D, emissivity. (d) Line-integrated electron density in units
of 10" cm™3. (e) Net power input from all the Ion Cyclotron
Resonance Frequency antennas in units of MW.
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5. Summary

Multiple spectrometers originally designed for and success-
fully used at the University of California Lawrence Livermore
National Laboratory’s electron beam ion traps have been very
productive as diagnostics for other magnetically confined plas-
mas. Several examples are given here and compared with the
spectrometers original use at the LLNL EBIT’s. First, is a soft
X-ray/EUV grating spectrometer (6—150 A), which is operating
at the National Spherical Torus Experiment. This spectrome-
ter has allowed intrinsic and puffed impurity identification and
monitoring of emission from K-shell B, O, C, and N as well
as L-shell emission from Ar, Fe, Ni, and Ne between 5 and
135 A. Also, the investigation of commonly used and contro-
versial L-shell Fe emission line ratio diagnostics for compar-
ison to results from EBIT and celestial sources has helped to
redirect the attention back to the improvement of theoretical
results. Second, is an EUV spectrometer with wavelength cov-
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Fig. 7. Alcator C-Mod shot 1060616006: The top two plots
reflect data taken with the transmission grating spectrometer using
a poloidal view at R = 0.9 m (i.e, ~2 cm outside the last closed
flux surface. (a) Line integrated Doppler-velocity measurements
from two separate B>t lines at ~4487 and 4497 A and from a
blend of O'* and neutral He!* at 4686 A, in units of km/s. Refer
to Fig. 5. (b) Corresponding signal level in units of 10 counts.
(c) D, emissivity. (d) Line-integrated electron density in units

of 10'® cm™3. (e) Net power input from all the Ion Cyclotron
Resonant Frequency antennas in units of MW.
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erage up to 400 A, which has just recently started operating
at the Sustained Spheromak Physics Experiment. First results
have allowed preliminary identification of intrinsic impurities
including emission lines from O*3F, N**, and B37. Finally,
is a high-resolution transmission-grating spectrometer for vis-
ible light (36006700 A) that has been used at the Compact
Toroid Injection Experiment and is currently at the Alcator
C-Mod tokamak. Results from CTIX have yielded an impu-
rity survey and time-resolved line-integrated impurity Doppler-
velocity measurements. The work at Alcator C-Mod has also
yielded an impurity survey as well as both toroidal and poloidal
line-integrated Doppler measurements of various impurities as
well as the majority species.

All of the spectrometers mentioned continue to be of use
at the respective facilities. In fact, additional instrumentation
has been added at various facilities. For example, the EBIT
1 m normal-incident grating spectrometer [38] has been imple-
mented at CTIX as an impurity monitor. Spectrometers from
the Livermore EBIT facility thus continue to answer important
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questions in plasma research not only by improving the state of
knowledge of atomic physics and atomic spectroscopy through
experiments conducted on EBIT itself, but also by direct obser-
vation of the plasmas of interest at remote locations. Needless to
say that by doing so, also valuable feedback is generated, which,
for example, allows tailoring of atomic physics experiments on
EBIT to the needs at magnetic fusion devices.
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