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ABSTRACT

Terahertz (THz) absorption spectroscopy has recently been developed as a diagnostic technique for measuring absolute ground-state atomic
oxygen densities in plasmas. To demonstrate the validity of this approach, we present in this Letter a benchmark against a more established
method. Atomic oxygen densities were measured with THz absorption spectroscopy and compared to those obtained from picosecond (ps)
two-photon absorption laser induced fluorescence (TALIF) measurements on the same capacitively coupled radio frequency oxygen dis-
charge. Similar changes in the atomic oxygen density were observed with both diagnostics when varying the applied power (20–100W) and
the gas pressure (0.7–1.3 mbar). Quantitatively, the results are in good agreement as well, especially when considering the total margin of
error of the two diagnostics. For example, for a gas pressure of 1.3 mbar and an applied power of 30W, atomic oxygen densities measured
with THz absorption spectroscopy and TALIF were ð7:06 1:7Þ � 1014 cm�3 and ð5:36 3:2Þ � 1014 cm�3, respectively. This shows that THz
absorption spectroscopy is an accurate technique that can be reliably used for real-world applications to determine atomic oxygen densities
in plasmas.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0160303

Plasmas containing oxygen are used in a variety of applications,
including biological decontamination,1 modification of polymer surfa-
ces,2–4 removal of photoresist,5 catalysis,6,7 and plasma-assisted nanofab-
rication.8,9 As oxygen atoms are a key species in most of these plasmas,
knowledge on their densities is crucial to better understand the plasma
chemistry and improve industrial processes. Frequently used methods
to determine atomic oxygen densities include two-photon absorption
laser induced fluorescence (TALIF)10–12 and actinometry.13,14 However,
TALIF is rather expensive and requires a complex calibration procedure
involving a comparison between two-photon absorption cross sections
of oxygen and xenon,15,16 whereas actinometry relies upon many
assumptions and possibly perturbs the plasma.

An alternative method is provided by terahertz (THz) absorption
spectroscopy. The possibility to employ this diagnostic technique has

been opened up by the increasing availability of suitable THz sources
and detectors.17–21 Recently, we have demonstrated the first imple-
mentation of THz absorption spectroscopy to measure atomic oxygen
densities in plasmas.22 The measurement principle is based on the
detection of the 3P1 3P2 fine structure transition of ground-state
atomic oxygen at approximately 4.75THz, using a tunable quantum
cascade laser (QCL) as THz source17,18 and a bolometer for detection.
One of the main advantages of THz absorption spectroscopy is that it
allows for direct measurements (i.e., no calibration procedure
required) of absolute ground-state atomic oxygen densities. Its accu-
racy depends almost exclusively on the accuracy to which the transi-
tion line strength is known. In addition, the experimental setup for
THz absorption spectroscopy is relatively compact,18 especially
compared to TALIF setups that typically involve bulky laser systems.
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The requirements for the optical alignment are not as strict as for cav-
ity ringdown spectroscopy (CRDS),23 and vacuum conditions are not
essential, making THz absorption spectroscopy experimentally less
challenging than vacuum ultraviolet (VUV) absorption spectros-
copy.24 Furthermore, the high spectral resolution and narrow laser
linewidth (below 10MHz) make it possible to reliably determine the
temperature of oxygen atoms from the measured absorption profiles
as well. These features make THz absorption spectroscopy an attrac-
tive diagnostic for atomic oxygen density measurements in plasmas.
However, it cannot compete with the high spatial and temporal resolu-
tions of TALIF measurements, mainly because yielded results are typi-
cally line-of-sight integrated. THz absorption spectroscopy is,
therefore, most suited for measurements on non-transient plasmas
with a well-defined density distribution.

In this Letter, THz absorption spectroscopy is benchmarked
against TALIF measurements, as this is currently the most established
method for measuring atomic oxygen densities.10 To this end, both
THz absorption spectroscopy and picosecond (ps) TALIF measure-
ments were performed on the same capacitively coupled radio
frequency (CCRF) discharge generated in pure oxygen for a
variation of the applied RF power (20–100W) and the gas pressure
(0.7–1.3 mbar).

The experimental setup for THz absorption spectroscopy is sche-
matically depicted in Fig. 1(a). The investigated absorption transition
is the 3P1 3P2 transition between two of the fine structure levels of
ground-state atomic oxygen, as shown in Fig. 1(b) (top). The
transition frequency is 4.744 777 49THz (corresponding to
158.268 741 cm–1).25 A tunable, continuous-wave THz QCL with an
output power of approximately 4 mW was used as THz source.17,18 It
was operated in a Stirling cryocooler (Ricor K535) at a temperature of
43.3K. Temperature fluctuations were minimized to be below 5 mK
by an additional temperature controller (Stanford Research Systems,
CTC100). Tuning of the laser output was achieved by linearly ramping
the input current (tuning coefficient: 7:8� 10�4 cm�1/mA).

The current was supplied by a laser driver (Wavelength Electronics,
QCL1000 OEM), which was controlled by a function generator
(Tektronix, AFG3022C) to provide sawtooth waveforms with a slope
of 74.8mA/s and a frequency of 11Hz. The laser beam with a diameter
of ð361Þ mm (full width at half maximum) was guided through the
plasma reactor as indicated in Fig. 1(a). The part of the laser beam
path outside the plasma reactor was purged with nitrogen gas to mini-
mize the absorption by atmospheric water vapor. An etalon or refer-
ence gas cell (RGC) could be placed in the beam path to characterize
the laser tuning properties and laser linewidth; this is described in
more detail elsewhere.22 The THz radiation was detected by a helium-
cooled bolometer (Infrared Laboratories, 4.2K Bolometer). A phase-
locked optical chopper (New Focus, Model 3502) with a frequency of
5.5Hz was used to block each second period of the laser output. The
detected signals were recorded with a digital sampling oscilloscope
(R&S, RTO 1014), and all results presented in this Letter were aver-
aged over 100 individual measurements to improve the signal-to-noise
ratio (total measurement time of approximately 10 s).

The plasma used for the investigations is an asymmetric CCRF
oxygen discharge similar to the one used in previous work.22 The planar
RF electrode had a diameter of 120mm and was positioned at a dis-
tance of 55mm beneath the top surface of the grounded reactor vessel,
which had a diameter of 240mm and a height of 105mm. Power
(20–100W at 13.56MHz) was delivered by an RF generator (Advanced
Energy, Cesar 133) and an automatic matching network (Advanced
Energy, Navio). The reactor outlet was connected to a turbopump sys-
tem (Welch-Ilmvac, CDK 263) with a throttle valve to constantly adjust
the pressure in the chamber to 0.7 or 1.3 mbar. Oxygen gas was let into
the reactor by a mass flow controller (MFC) (MKS 1179A with control
unit MKS PR4000) at a flow rate of 45 or 50 sccm, respectively.

The experimental setup for performing ps-TALIF measurements
on the same plasma reactor is shown in Fig. 1(c). The two-photon
excitation scheme of the investigated fluorescence transition is given in
Fig. 1(b) (bottom). Photons with a wavelength of approximately

FIG. 1. Schematic representation of the experimental setups used for (a) THz absorption spectroscopy and (c) ps-TALIF measurements, with (b) the corresponding excitation
schemes of the investigated atomic oxygen transitions.
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226nm were provided by a ps laser system that consisted of an Nd:YLF
pump laser (EKSPLA, PL3140), a harmonic generator (EKSPLA,
APL2100), and an optical parametric generator (EKSLPA, PG411).
More details on this laser system can be found elsewhere.26 Neutral
density filters (NDFs) were placed in front of the laser output to attenu-
ate the laser beam. The laser energy was monitored by a calorimeter
(Coherent, J-10MB-LE) connected to an oscilloscope (Teledyne
Lecroy, Wavesurfer 10). The fluorescent radiation, with a wavelength
of approximately 845nm, was detected perpendicular to the direction
of the laser beam by a streak camera (HAMAMATSU, C10910–05) to
record the spatiotemporal development of the TALIF signal. Technical
details on this method of detection can be found in the work of
Invernizzi et al.27 The streak camera was synchronized with the laser
pulses (repetition rate: 5Hz) by a delay generator (Stanford Research,
DG645) and connected to a digital CMOS camera for readout
(HAMAMATSU, ORCA-Flash4.0 V3). The fluorescent radiation was
focused on the horizontally oriented entrance slit (width: 100lm) with
a magnification of 0.25. A bandpass filter (BPF), with a bandwidth of
21nm centered around 840nm, was used to filter for only the fluores-
cence wavelength. The streak camera images were recorded using a
time range of 200ns, full gain, and a total acquisition time of 200 s,
which corresponds to an accumulation of 1000 laser shots. Temporal
information was extracted from the images spatially averaged over the
full image range, i.e., over a length of approximately 15mm.

Figure 2(a) shows a typical example of a time-resolved TALIF
signal, measured for a laser wavelength of 225.555 nm, a gas pressure
of 1.3 mbar, and an applied RF power of 30W. The exponential decay
directly provides the effective lifetime seff of oxygen atoms in the
excited state 3p 3PJ. Effective lifetimes were determined to be approxi-
mately 21 and 17 ns at 0.7 and 1.3 mbar, respectively, with minor
changes when varying the applied RF power. Integration over time for
different laser wavelengths resulted in a spectral profile such as shown
in Fig. 2(b). It was fitted by a Gaussian function, although a slight
asymmetry can be observed; this was due to contributions from the
3p 3P1;2;0 fine structure levels, as the laser linewidth (approximately
28 pm) was insufficiently narrow to distinguish between them. The
spectrally integrated TALIF signal SF (i.e., the area under the Gaussian
fit) is proportional to the ground-state atomic oxygen density; how-
ever, a calibration using xenon gas is required to obtain absolute
ground-state densities. This calibration method is widely used and
well-explained in the literature.10,11,15,16,28–30 The density of oxygen
atoms in the 2p4 3P2 state was obtained by comparing fluorescence
intensities measured for oxygen and xenon

nOð2p43P2Þ ¼ C
SOF
SXeF

sXeeff
sOeff

EXe
laser

EO
laser

 !2

: (1)

Here, Elaser is the laser energy, and C a calibration constant involving
various invariant parameters, such as the two-photon absorption cross
sections and natural lifetimes of oxygen and xenon.10 In this work, the
following value for the two-photon absorption cross section ratio was
used:

rXe

rO
¼ 1:02 ð650%Þ; (2)

which is based on the cross sections of oxygen and xenon reported by
Bamford et al.31 and Drag et al.,32 respectively. The natural lifetime of

the excited state Xe(6p0[3/2]2) was measured to be 32.8ns (625%10),
while the natural lifetime of the excited state O(3p 3PJ) was taken from
the work of Bamford et al.,31 who reported a value of 34.7 ns (611%).
Furthermore, a sufficiently low laser energy had to be selected to
ensure that no saturation effects (e.g., photo-ionization, photo-
dissociation, and stimulated emission) occur.10 Therefore, several mea-
surements were done to determine the non-saturation regime, which
is characterized by a quadratic dependence of the TALIF signal on the
laser energy, and laser energies were chosen well below the saturation
limit. For the calibration with xenon, results were averaged over five
measurements with different laser energies in the range from 0.4 to
1.0 lJ. The atomic oxygen measurements were done with a laser energy
of 3–4 lJ, and the densities presented further on in this Letter all repre-
sent the average of five single measurements using the peak excitation

FIG. 2. (a) Time-resolved 3p 3PJ! 3s 3S1 TALIF signal for a laser wavelength of
225.555 nm and (b) spectral profile of the time-integrated TALIF signal, measured
in a CCRF O2 discharge for a gas pressure of 1.3 mbar and an applied RF power
of 30W.
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method described by Bisceglia et al.,33 as it could be shown that the
results obtained with this method are in excellent agreement with those
obtained from the full spectral profile (comparison not shown
here). Total ground-state densities were calculated from the measured
O(2p4 3P2) densities by assuming that the fine structure levels are in ther-
mal equilibrium and populated according to a Boltzmann distribution.

Figure 3 shows a typical example of a spectral absorption profile
of atomic oxygen, obtained with THz absorption spectroscopy under
the same plasma conditions as the TALIF signal shown in Fig. 2. The
shape of the spectral profile was determined by Doppler and instru-
mental broadening, and it could be described with a Gaussian func-
tion. The width of the instrumental broadening contribution was
2� 10�4 cm�1 (625%).22 As this is narrower than the Doppler width
(typically 5 to 6� 10�4 cm�1), the temperature of the oxygen atoms
could be reliably determined from the Gaussian width of the fit.34 This
could be done with a much better accuracy compared to previous
work22 due to several improvements of the experimental setup. These
included purging a part of the setup with nitrogen gas and choosing a
different laser tuning frequency (11 instead of 10Hz), which led to a
significantly better signal-to-noise ratio and a reduction of signal dis-
turbances, and hence an improved quality of the Gaussian fit. The
obtained temperatures were approximately 365 and 440K (612%) at
0.7 and 1.3 mbar, respectively, with no evident influence of the applied
RF power. Although the TALIF spectral profiles were affected by the
same broadening mechanisms, it was impossible to deduce the tem-
perature from spectral profiles such as the one shown in Fig. 2(b); the
reason for this is that the laser linewidth of the ps laser (approximately
28 pm, i.e., 5.5 cm–1) was significantly broader than that of the THz
QCL and dominating over the Doppler broadening.

According to the Lambert–Beer law, the integrated absorbance
(i.e., the area under the Gaussian fit in Fig. 3) is directly proportional
to the absolute density nO of ground-state atomic oxygen,ð

line
Absorbance d� ¼ nO L SðTÞ; (3)

where L is the absorption length, and S the line strength.34 The line
strength of the investigated atomic oxygen transition was reported to
be 1:117� 10�21 cm�1/(molecule cm�2) at a reference temperature of
296K (no uncertainty in S given).35,36 Temperature-specific values were
calculated to be 0:92� 10�21 and 0:78� 10�21 cm�1/(molecule cm�2)
at 365 and 440K, respectively.37 The temperature dependence
of the line strength involves the same Boltzmann factor as used
for the ps-TALIF measurements to convert O(2p4 3P2) densities
into total ground-state atomic oxygen densities. In addition, it
takes into account the non-negligible effect of stimulated emis-
sion from the 3P1 to the 3P2 state.37 For this reason, small
changes in the temperature generally have a significantly larger
impact on total atomic oxygen densities obtained with THz
absorption spectroscopy than on those obtained with TALIF.

As absorption spectroscopy is a line-of-sight integrated tech-
nique, atomic oxygen densities determined with THz absorption spec-
troscopy typically represent the average density along the absorption
length L. It could, however, be assumed that the oxygen atoms were
distributed homogeneously throughout the reactor volume, such that
the line-of-sight integrated densities measured with THz absorption
spectroscopy should differ only marginally from the spatially resolved
ones measured with TALIF. This assumption was supported by
TALIF measurements done at different heights above the powered
electrode (in the range from 2 to 30mm), showing no distinct impact
of the electrode proximity on the density of atomic oxygen (results not
shown). Therefore, a value of (846 2) cm was taken for the absorption
length [i.e., twice the window-to-mirror distance, see Fig. 1(a)]. It
could, however, not be confirmed if the density distribution along the
laser line of sight was indeed homogeneous, as the small size of the
window for observation of the fluorescent radiation did not allow for
density measurements more than 3 cm away from the center of the
plasma reactor.

The deviation between the spectral absorption profile presented
in previous work22 and the one shown in Fig. 3 was caused by a slight
difference in plasma conditions (a flow rate of 70 instead of
45–50 sccm), possibly in combination with a part of the THz radiation
passing through the reactor multiple times, which would result in an
unanticipated increase in the absorption length, and hence an overesti-
mation of the atomic oxygen density. In this work, the reactor win-
dows were attached under an angle to avoid this unwanted effect.

Figure 4 shows a comparison between absolute ground-state
atomic oxygen densities obtained from THz absorption spectroscopy
and ps-TALIF measurements for gas pressures of 0.7 and 1.3 mbar
and a variation of the applied RF power from 20 to 100W. All data
points represent the average of five individual measurements. The ver-
tical bars indicate the standard deviation (i.e., not the total error) and,
hence, demonstrate the reproducibility of the observed trends.
Relatively large spreads in the results were observed mainly for applied
RF powers above approximately 70W. For a gas pressure of 1.3 mbar,
this was attributed to an unstable discharge behavior. For a gas pres-
sure of 0.7 mbar, the larger spreads in the TALIF results for higher
applied RF powers were a consequence of the low signal intensity in
combination with the more intense background radiation emitted by
the plasma.

In general, increasing the gas pressure led, as expected, to higher
atomic oxygen densities, while a slight decrease in the atomic oxygen
density was observed with increasing applied RF power. Similar trends

FIG. 3. Gaussian-shaped spectral absorption profile of the 3P1 3P2 fine structure
transition of ground-state atomic oxygen, measured in a CCRF O2 discharge for a
gas pressure of 1.3 mbar and an applied RF power of 30W.
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in atomic oxygen densities were obtained with both diagnostics. The
plasma chemical processes underlying these trends are not the focus of
this Letter but will be investigated in the future by means of a compari-
son with modeling.

Quantitatively, the results obtained with THz absorption spec-
troscopy and TALIF are in good agreement as well, especially when
considering the total margin of error of the two diagnostics. Total sys-
tematic errors were calculated to be 25% and 60% for THz absorption
spectroscopy and TALIF, respectively, based on a quadratic propaga-
tion of the uncertainties in the independent variables. The systematic
error of the ps-TALIF measurements was mainly determined by the
uncertainties in the two-photon absorption cross section ratio
(50%)31,32 and the natural lifetime of xenon (25%),10 while the largest
contributions to the systematic error of THz absorption spectroscopy
came from the uncertainties in the line strength (estimated to be maxi-
mally 20%) and its temperature-dependence (10%).37 Absolute
ground-state atomic oxygen densities including systematic errors are
in good agreement for all investigated plasma conditions. For example,
for a gas pressure of 1.3 mbar and an applied RF power of 30W,
atomic oxygen densities measured with THz absorption spectroscopy
and TALIF were ð7:06 1:7Þ � 1014 and ð5:36 3:2Þ � 1014 cm�3,
respectively. The overlap between the results is irrefutable and con-
firms the validity of both diagnostics.

In this Letter, we have presented a benchmark of THz absorption
spectroscopy against a more established method. It has been shown
that absolute ground-state atomic oxygen densities measured with
THz absorption spectroscopy are in good agreement with those
obtained from ps-TALIF measurements. These results demonstrate
that THz absorption spectroscopy is a technique with high accuracy
that can be reliably used in real-world applications to determine
atomic oxygen densities in plasmas.
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