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Abstract
A single wavelength heterodyne interferometer has been set up to investigate the free electron
density integrated axially along the line of sight (line density) in a theta-pinch plasma to
determine its applicability as a plasma target for ion beam stripping. The maximal line density
reached in this experiment was (3.57± 0.28)× 1018 cm−2 at 80 Pa and 20 kV. The findings
demonstrate the pulsed character of the line density and its increase by raising the load voltage
and the working gas pressure. Additionally, the results were compared with spectroscopic free
electron density estimations, which were carried out by Hβ-line broadening and peak
separation. The time behavior of the line density indicates that its peak value is delayed by
about 10µs compared to the spectroscopic results. This effect is due to the formation of an
extended, magnetically compressed plasma column in the vicinity of the current maximum,
although the highest volumetric free electron density is reached near the current zero crossing.
Since the line density is an essential parameter in describing the stripping capabilities of the
plasma target, the interferometric diagnostic is superior to a spectroscopic diagnostic, because it
directly provides integrated values along the line of sight. Furthermore, the measurements of the
line density in this experiment partially show nonphysical negative values, which is due to
gaseous effects and residual shot vibrations.
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1. Introduction

Interferometry is a powerful tool applied for plasma density
measurements in the line of sight by simultaneously provid-
ing a high time resolution and a high accuracy. Since a free
electron density measurement is one of the most essential dia-
gnostic on a plasma, interferometry is widely applied for this
purpose in experiments such as magnetic fusion devices, arc
discharges and pulsed power devices like theta-pinchs [1–3].
Pinch devices have a long history in plasma physics since they
were first candidates for magnetic fusion research [4].

Our theta-pinch devices, however, were developed to study
ion beam plasma interaction for ion beam stripping [5–8].
When an ion beam interacts with a fully ionized plasma tar-
get, collisions of the projectile with free plasma particles (elec-
trons and ions) lead to a stripping of the projectile electrons
[9, 10]. The more collisions the projectile encounters on its
path through the plasma target, the more does the effective
charge state increase [9, 11]. After a certain propagation path
length in the plasma target, the projectile attains an equilib-
rium charge state, at which the cross sections of ionization and
recombination processes for the projectile are equal [9, 10].
Moreover, in a cold gas target, the total recombination cross
section is dominated by the cross section of the bound electron
capture, which is reduced by several orders of magnitude in a
fully ionized plasma leading to an higher charge state [9]. A
detailed overview of the atomic processes is given in [12]. As
a fully ionized plasma target is necessary, hydrogen is used as
the working gas. It is fully ionized (>99%) above a temperat-
ure of 3 eV at a density of 1017 cm−3. Since free electron and
ion densities match in a hydrogen plasma, the free electron line
density and the effective plasma ionization degree defined by
the fraction of the line densities of free electrons and neutral
gas atoms are the most essential parameters for characterizing
the plasma target regarding its stripping capabilities. Interfero-
metry offers themost convenient approach formeasuring these
parameters since it intrinsically provides an integrated meas-
urement along the line of sight. Additionally, the line densities
of free electrons and neutral gas atoms could be separated by
using two wavelengths.

Spectroscopicmethods like line broadening and line intens-
ity ratios, however, which have always been our diagnostic
approach, can only provide the number of free electrons per
volume. From such a measurement, a line density is not eas-
ily derived since a theta-pinch plasma is inhomogeneous and
changes its geometric dimensions rapidly [13]. Furthermore,
for an actual neutral particle density and ionization degree
measurement, respectively, a supporting electron temperature
estimation is necessary [14]. This is also quite challenging,
since the line intensity ratio technique requires an assump-
tion on the plasma state, which might also change in time.
For example, the validity of common criteria for a prevalent
local thermal equilibrium is violated in the ionization phase
of a theta-pinch plasma [15–18]. In addition, if full ionization
of the hydrogen plasma would be attained, spectroscopy by
line emission can not be used. Consequently, a different tech-
nique, e.g. continuum radiation observation or plasma dop-
ing could be utilized [14, 19]. Collisional-radiative modeling

could improve the spectroscopic approach significantly, but
the spatial inhomogeneity of the plasma along the total axis
could lead to erroneous line density results from such model
and high effort is necessary to model this plasma in space and
time appropriately.

In order to bypass these spectroscopic obstacles and resolve
the lack of a proper, direct free electron line density and plasma
ionization degree measurement at our plasma targets, an inter-
ferometric set-up was developed. Moreover, a new theta-pinch
set-up was built and tailored for an interferometric perform-
ance. In a first step described in this work, the interferometer
is run by a single wavelength to test its applicability, espe-
cially when dealing with high electromagnetic noise, and to
get a first impression of the magnitude of the line density and
its temporal behavior.

2. Theory

2.1. Interferometry

The physical principle which upon a interferometer can be util-
ized for a plasma density measurement is that a plasma posses
a refractive index which depends on the predominant densities
of free and bound electrons [20]:

(N− 1)p =
∑
i

(N− 1)i =
∑
i

αi ni (1)

N is the refractive index, αi and ni are the dynamic polarizab-
ility and the density of the ith species, respectively.

In an atmospheric plasma with highly populated excited
states, it was shown that excited states can be neglected within
an error 1.5% [21]. Consequently, only the free electron and
the neutral atom contributions are considered in the sum of
equation (1) for a hydrogen plasma. The free electron contri-
bution is given numerically by

(N− 1)e ≈−4.48× 10−28 cm
3

nm2
λ2 ne, (2)

andλ is thewavelength of the light interactingwith the plasma.
Similarly, the polarizability was calculated for neutral hydro-
gen atoms and molecules [22]. Since the wavelength depend-
ence is quite small, a mean value was taken between 400 and
700 nm for ground state hydrogen from the data in [22]:

(N− 1)H ≈ 3.5× 10−24 cm3 nH . (3)

The influence of molecular hydrogen is quite little, because the
refractive index of molecular hydrogen is about twice of that
of atomic hydrogen [22].

Since the particle densities may temporally evolve in a
plasma, the resulting change of the refractive index can be
measured interferometrically. The change of the refractive
index leads to a phase shift according to

∆φ=
2π
λ

ˆ
(N− 1)p dl . (4)

If a single wavelength interferometer is used and the refract-
ive index of the plasma is considered to be equal to only the
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electron contribution, the free electron line density can be eval-
uated as

ˆ
ne dl=

∆φ

2πCeλ
. (5)

The constant Ce is the numeric value in equation (2) in an
appropriate unit.

The phase shift∆φ is extracted by using a heterodyne tech-
nique by comparing the detector signal with a stationary ref-
erence signal [23, 24]. Then, two voltages

UI = cos(∆φ) (6)

UQ = sin(∆φ) , (7)

are resulting from a proper signal processing [25, 26] and the
phase shift can be calculated according to

∆φ= arctan

(
UQ

UI

)
. (8)

2.2. Spectroscopy

Themost common approach to measure the free electron dens-
ity spectroscopically is to evaluate the full width at half max-
imum (FWHM) of a hydrogen line and to compare it with
calculated values for which different combinations of electron
densities and electron temperatures were used [15, 27–29]. In
this context, the hydrogen balmer beta (Hβ) transition offers
the most convenient opportunity for a pure free electron dens-
ity estimation, because it is quite sensitive to the Stark-effect
and its temperature dependence is quite low [30, 31]. Con-
sequently, the free electron density can directly be evaluated
from the FWHM ∆λ1/2 [9]:

ne = 1.03× 1016
(
∆λ1/2

)1.488
. (9)

The numeric value is chosen in a way that the FWHM has the
unit (nm) and the free electron density the unit (cm−3).

In this procedure, the FWHM is extracted by a Voigt-fit and
its Lorentzian width is sufficient for representing the FWHM
to perform an free electron density calculation [31, 33]. The
Gaussian contribution is generated by instrumental and Dop-
pler broadening and the latter tends to be only significant
at low density/high temperature plasmas, which is not the
case in this work. Furthermore, ion dynamics play only a
role for the central dip of the Hβ-line, but do not alter the
FWHM [28, 32].

Besides the investigation of the FWHM, the central line
structure of the Hβ-line can also be used for a free electron
density measurement. Since its profile posses no pure Gauß-
or Lorentz-contributions, but is rather strongly influenced by
the Holtsmark-function, the central region of the Hβ-line may
exhibit two asymmetric peaks [33–36]. The distance between
these two peaks ∆λps has been examined for its applicability
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Figure 1. Schematic theta-pinch set-up.

as a free electron density diagnostic tool and an empiric for-
mula was derived [33]:

∆λps = 1.32
( ne
1017

)0.61± 0.03
. (10)

As in equation (9), the units are (cm−3) for the free
electron density and (nm) for the peak separation.
The peak positions can be extracted by either smooth-
ing the measured profile or by an actual line profile
fit [33, 36].

3. Experimental set-up

3.1. Theta-pinch set-up

In figure 1, a schematic overview of the theta-pinch set-up is
displayed. As can be seen, the theta-pinch consists of a capa-
citor bank, which has 30µF capacitance, and a coil, which
has 7.5µH inductance, forming a damped resonant circuit at
10.5 kHz. The load voltage of the capacitor bank reaches a
maximum value of 20 kV, which leads to a total stored energy
of 6 kJ. When the theta-pinch is ignited, a current up to 40 kA
is achieved.

A vessel is placed inside the coil, which contains hydro-
gen gas of about 20–80 Pa pressure and the total length
of the vessel and the connected vacuum components along
the axis is about 94 cm. Due to the alternating magnetic
field, an induced electric field acts on the working gas
and energy is coupled in by accelerating free electrons. If
the mean free path length of the electrons is sufficient to
gain the ionization energy by this acceleration, an avalanch-
ing process is initiated and a plasma is formed by colli-
sional ionization [37]. The azimuthal plasma current and the
axial magnetic field produce a Lorentz-force pinching the
plasma to the coil axis and a high free electron density is
achieved [37].
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Figure 2. Schematic heterodyne single wavelength interferometer
set-up.

Additional supporting diagnostic tools are used on this set-
up, e.g. a photo diode monitoring the plasma light emission in
the visible region, a rogowsky-coil for a current measurement
and a baratron for a precise pressure setting.

3.2. Single wavelength interferometer

Figure 2 shows the single wavelength interferometric set-
up schematically [38]. This heterodyne Mach–Zehnder
interferometer is run by a helium/neon-laser, which posses
an output power of 21.5mW. The frequency shift is produced
by an acousto-optic modulator and its value of 80MHz sets
a lower limit of 12.5 ns to the time resolution. This 80MHz
carrier is eliminated by 30MHz low pass filters at the outputs
of the I/Q-demodulator. Before using equation (8), deviations
from the ideal equations (6) and (7) resulting from imperfect
electrical components in the I/Q-demodulator are corrected by
calibration procedures [25, 26, 38]. Additionally, all electrical
components used in this set-up are contained inside a Faraday
cage to shield them from the electromagnetic noise produced
during the discharge.

3.3. Spectroscopic set-up

The spectroscopic set-up consists of a monochromator (Jobin-
Yvon-HR2), a CCD-camera (PCO Sensicam) and a fiber.
The fiber is placed end-on to have an axial line of sight.
The monochromator selects the Hβ-line, which is recorded
by the CCD-camera. The pixel to wavelength conversion is
achieved by adding argon to the hydrogen in a separated meas-
urement. In the vicinity of the Hβ-line, two to three strong
argon lines are visible, whose central wavelengths are known
and can be utilized for a calibration. In this way, a value
of 5.035 pm/pixel was derived. The instrumental broadening
caused by the optical system, e.g. by the slits of the mono-
chromator, has a value of 0.136 nm and was measured by a

very weak argon discharge. Then, the argon line widths are
only dominated by the broadening by the optical system since
they do not exhibit a linear Stark-effect [39]. The Doppler-
broadening of these argon lines is negligible due to the low
temperature in aweak discharge and the highmass of the argon
ions. In hydrogen, the Doppler-broadening of the Hβ-line is
at 0.037 nm at T = 1 eV. In argon, this broadening is about six
times lower at the same temperature since the temperature/rest
mass ratio is smaller by a factor of 40.

4. Experimental results and discussion

The free electron line density was measured in the range of
20–80 Pa at load voltages from 12 to 20 kV by interferometry.
The results were averaged over 20 shots for each combination
of these parameters except for 40 Pa/12 kV. At these paramet-
ers, the plasma ignited irregularly and only four shots were
averaged. The results will emphasize more on the shot condi-
tions 40 Pa/18 kV, because this a typical pressure applied with
our current plasma stripper prototype and the data will provide
good comparison with further interferometric diagnostics on
that experiment. Additionally, at the theta-pinch described in
this work, the energy transfer efficiency into the plasma is best
at 18 kV.

Figure 3 exemplarily shows the interferometric results for
a pressure of 40 Pa. It can be seen, that the higher the load
voltage, the earlier is the peak free electron line density
reached and the higher is its value. Moreover, the curves
demonstrate the pulsed character of this theta-pinch plasma.
In general, early cycles, which show no ignition, function as
a pre-ionization by producing enough free charge for a drastic
ignition in one the following cycles. By increasing the load
voltage, the induced electrical field increases accordingly and
the pre-ionization process is enhanced leading to an earlier
ignition. The peak value is not reached right after ignition, but
in a later cycle, where the cumulative energy input to magnetic
compression force ratio is optimal.

Furthermore, figure 3 shows nonphysical negative density
values, which appear as spikes at the zero crossings of the cur-
rent at the beginning of the discharge and as an offset from
around 0.6ms to the end of the discharge, except for the 12 kV
results. However, the 12 kV results can be used to find the
origin of the negative density values. In figure 4, the aver-
age phase shift from five shots at 12 kV and 40 Pa, which did
not achieve an ignition, is displayed. This data also exhibits
fast spikes at the beginning of the discharge and then show-
ing a transition to an oscillating behavior. In principle, the
single wavelength interferometer is incapable of distinguish-
ing between different particle species present in the plasma.
For the evaluation of the data in this work, only free elec-
trons are considered since their contribution to the refractive
index is about a factor of 100 higher than that of the neut-
ral gas for wavelengths around 1 µm as shown by equations
(2) and (3). But the free electron and neutral atom contribu-
tions have opposite signs. Consequently, if the discharge is
weak, gaseous effects are not covered up by the electron con-
tribution leading to negative values at the beginning of the
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Figure 3. Free electron line density at 40 Pa at different load
voltages.

discharge. The low frequency oscillating behavior, starting at
around 0.4ms and peaking between 0.6 and 0.8ms, is caused
by residual shot vibrations in the data, when vibrations from
the pulsed power system are transferred to the interferomet-
ric system after the onset of the current. For resolving this
problem, a vibration isolation of the interferometer or a good
statistic is necessary. This behavior is expected for all shot
conditions and to increase by raising the load voltage. How-
ever, the region of interest is at the highest free electron line
density values around 0.2 to 0.3ms after the onset of the cur-
rent and the offset-like error due to shot vibrations should be
well within 2 rad in this temporal area. An error of 2 rad is
equal to an error of about 1.1× 1017 cm−2 in the line density.
The further errors of the measurement consist of a systematic
error of the order 1015 cm−2 produced by the oscilloscope and
the data processing and a statistic error from the averaging of
around 1017 cm−2. The statistic error includes the shot-to-shot
variability of the data taking into account the reproducibility
of the plasma and the variations in the residual shot vibrations.
Low frequency vibrations can be neglected since they can be
assumed constant for measurement duration.

Figure 5 gives an overview over the global maximal free
electron line density values for all combination of shot con-
ditions, which achieved an ignition. The highest free electron
line density reached in this experiment was (3.57± 0.28)×
1018 cm−2 at 80 Pa and 20 kV. Additionally, figure 5 shows an
increase of the free electron line density by raising the working
gas pressure and/or raising the load voltage. Nevertheless, the
results for a pressure of 20 Pa are clearly showing a region of
saturation at high voltages. This saturation can be explained by
the load voltage having already passed an optimal pressure/-
voltage ratio [7, 13]. Unfortunately, this characteristic can not
be investigated further at the higher end of the pressure range,
because the electrical system regarding the load voltage is lim-
ited to 20 kV. Additionally, the data points in the low voltage
range seem not to be sufficient to draw a reliable conclusion,
whether this is a general behavior. Indeed, the 40 Pa trend line
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Figure 4. Average phase shift from five failed ignitions at 12 kV
and 40 Pa showing gaseous effects from 0 to 0.4ms and significant
residual shot vibrations from 0.4 to 1ms.
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Figure 5. Maximal free electron line density values at different
combinations of pressure and load voltage. Additional trend lines
are shown for 20, 40 and 60 Pa.

may indicate a saturation being achieved at higher voltages,
but the 60 Pa values behave highly linear, although three data
points do not provide high confidence there.

For comparison, a spectroscopic diagnostic was carried out
at 40 Pa and 18 kV. In this measurement, the free electron dens-
ity was derived by Stark-broadening as well as by peak separ-
ation according to equations (9) and (10). The latter can only
be used if the line posses two distinct peaks, but this charac-
teristic disappears at low densities [33]. The error of the Stark-
broadening method is around 10% and that of the peak separ-
ation method is given in equation (10). Since the peaks were
extracted by line smoothing, an additional uncertainty from the
smoothing algorithm must be taken into account. To increase
the precision, the algorithm discards a line which is still too
jagged even after smoothing, e.g. if more than one central dip

5



J. Phys. D: Appl. Phys. 54 (2021) 285203 P Christ et al

300 400 500 600 700 800
pixel

3.6

3.65

3.7

3.75

3.8

in
te

ns
ity

 (a
rb

. u
ni

ts
)

105

measured line
filtered line
peaks

Figure 6. Example of a measured Hβ-line for the spectroscopy at
40 Pa and 18 kV at 170.2µs delay.

position are registered. The smoothing algorithm is a combin-
ation of wavelet denoise at level 5 and a Savitzky–Golay filter
of the order 3 using 81 grid points [40]. Figure 6 exemplary
demonstrates a Hβ-line recorded for the spectroscopy and the
concerning filtered line and the central peaks. The exposure
used by the CCD-camera was set to 0.5µs. The x-axis is scaled
in pixels, since the spectroscopic systemwas not calibrated for
absolute wavelength values, but only for the pixel/nm conver-
sion. Concerning the line shape, the central dip may also be
caused by optical thickness of the Hβ-line. Whether the pro-
file is influenced by self-absorption can be tested by compar-
ing the free electron density obtained by the FWHM and by
the peak separation method [41].

Figure 7 summarized the interferometric and spectroscopic
results for the discharge condition 40 Pa/18 kV. The temporal
evolution of the spectroscopic results were composed from
single shots, which were separated by 1.0µs. In the tem-
poral area shown in figure 7, the plasma reproducibility only
changes the amplitudes of the data, but the total temporal evol-
ution remains the same. The overall behavior of both spec-
troscopic approaches are in good agreement, which is a clear
sign for no significant self-absorption of the Hβ-line. As indic-
ated by figure 7, both spectroscopic approaches show narrow
but high and synchronized free electron density peaks in the
first two half cycles. Contrary, the free electron line density
peak is delayed by about 10µs in that half cycles. Interest-
ingly, these sharp spectroscopic peaks are also reflected in
the interferometric measurements by similar narrow peaks,
but the maximal values are reached afterwards. The spec-
troscopic and interferometric measurements were not taken
simultaneously, since both need access to an axial line of
sight. A synchronization, however, was achieved by using
each corresponding current signal as a clock. Unfortunately,
these clocks are not stable in frequency as the plasma func-
tions as a time dependent load alternating the frequency. Con-
sequently, although the starting points of the current signals
were matched, a synchronization uncertainty of about 1.5µs
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Figure 7. Temporal behavior of the free electron densities at 40 Pa
and 18 kV obtained by Hβ-line broadening and Hβ-peak separation
compared to the free electron line density obtained from
interferometry.

occurs in the temporal window of figure 7. Nevertheless, the
temporal difference between the density peaks is still signific-
ant. A contribution to this difference could be the way the light
is collected for the spectroscopy. Although the fiber is directed
along the axis, it has a certain acceptance angle, which intro-
duces a spatial averaging of regions outside the central axis.
Consequently, spectroscopy and interferometry do not mon-
itor equal regions in this specific configuration. Nevertheless,
in an experiment, in which a collimating lens in front of the
fiber as well as diaphragms were used, a similar time behavior
of the spectroscopic results occurred showing comparable nar-
row density peaks [13].

To understand the discrepancy between the interferometric
and spectroscopic results concerning the occurrence of each
maximal density value, an analysis of the temporal behavior of
the discharge is useful. For this purpose, a CCD-camera was
targeted at the vessel to record the plasma shape. The exposure
was set to 0.5µs again. The images for selected delays from
the current starting point are displayed in figure 8.

Frame (a) shows a bright sphere-like but inhomogeneous
pinch of the plasma in the center of the vessel. This time coin-
cides with the peak spectroscopic free electron density in the
first visible full cycle in figure 7. Frame (b) indicates a kind of
disrupted shape caused by the plasma being axially ejected and
partially colliding with the vessel due to the lack of a sufficient
confinement on both sides to withstand the compression. This
ejection is more clearly demonstrated in an earlier experiment
[13]. The free electron density has already strongly decreased
at this point, but the free electron line density is still on a rising
slope. Frame (c) corresponds with the peak free electron line
density. As can be seen, the radius of the column has fur-
ther contracted and the emission indicates a more homogen-
eous density distribution. It seems that the elongated plasma
column created by the ejection more than compensates the
decreased free electron density leading to a free electron line
density peak. From this point on, both the spectroscopic and
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Figure 8. Images of the plasma shape at 40 Pa and 18 kV at different delays: (a) bright sphere-like pinch showing a local maximal free
electron density, (b) ejected plasma column colliding with the vessel and being disrupted, (c) homogenized and compressed plasma column
at local maximal free electron line density, (d) ring-like ignition in the next cycle showing only a remaining thin plasma near the center at
minimal spectroscopic and interferometric values.

interferometric results decrease further as the plasma starts to
diffuse and recombine. Thereafter, frame (d) presents the ring-
like ignition at the beginning of the next cycle. Since there
is only a thin plasma remaining on the central axis, both dia-
gnostic approaches show a synchronized minimal density at
this point.

5. Conclusion and outlook

The interferometric set-up used in this experiment has shown
its applicability to measure the free electron line density in this
theta-pinch plasma. Our former and current similar theta-pinch
experiments, which were constructed to investigate plasma ion
beam interaction for ion beam stripping, have always relied
on spectroscopic diagnostics and lacked a time-resolved, line
density measurement. This work provides the first directly
measured free electron line density values in the context of the
plasma stripper research in an inductively coupled plasma tar-
get by interferometry. From these measurements, significant
information is provided on the time evolution and the range
of the absolute values of free electron line density of this
plasma.

Since the line densities of free electrons and neutral gas
atoms are the crucial parameters for characterizing the plasma
target concerning its stripping properties, the interferometric
approach described here is superior to a spectroscopic
approach, because it directly provides the line integrated

values. As this theta-pinch plasma appears to be inhomogen-
eous and the length of the plasma column changes rapidly, an
estimation of a line density from a spectroscopic free electron
density measurement is highly inaccurate. Moreover, it was
shown, that the peak values of both approaches do not match
temporally and the interferometric peak results are delayed by
about 10µs. Consequently, using the spectroscopic data for
choosing the temporal range for the ion beam plasma inter-
action is inaccurate and the interferometric results must be
used. Furthermore, although anticipated, the time evolution of
the free electron line density reflects the pulsed character of
the experiment, which is an undesired property for ion beam
stripping, since the ion beam will be stripped non-uniformly.
However, compared to the coarse estimations in an earlier
investigation [42], the free electron line density is increased
by one order of magnitude in this experiment to values above
1018 cm−2.

The next step regarding this research will be an upgrade of
the interferometer by a second wavelength. In this way, the
line density of the neutral gas could be measured directly and
the effective ionization degree along the coil axis could be
derived by the fraction of the line densities of free electron
and neutral gas atoms. Consequently, a complete diagnostic
of the stripping properties would be achieved. But already
from the data provided in this work, we can conclude that the
free electron line density must be further increased. For hav-
ing universal stripping properties, a value of above 1020 cm−2

is desired [9]. Nevertheless, a free electron line density of
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around 3.5× 1018 cm−2 is already sufficient to compete with
foil strippers in a 20MeV Pb-ion beam [11]. However, for rais-
ing the charge state, for example, of an uranium ion beam at
1.4MeV u−1 significantly, an increase of the free electron line
density of one order of magnitude is necessary [43, 44]. Fur-
thermore, a change of the electrical circuit is also required
to prolong the discharge to provide a uniform stripping for
several 10µs.
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