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ABSTRACT
In this work, we report an annular beam confocal laser-induced fluorescence (LIF) configuration, which allows for high spatial resolution
measurements of plasma properties in plasma setups and sources with limited optical access. The proposed LIF configuration utilizes the
annular laser beam generated by a pair of diffractive axicons. The LIF signal is collected along the main optical axis within the ring region. It
is shown experimentally that at a focal distance of 300 mm, a spatial resolution of ∼5.3 mm can be achieved. Using geometric optics estima-
tions, we showed that ∼1 mm resolution at the same focal distance could potentially be achieved by modifying laser beam parameters. This
approaches the localization accuracy of conventional LIF collection methods (with crossing laser beam injection and fluorescence collection
optical paths). Measurements of the ion velocity distribution function in an argon plasma using both the confocal LIF with an annular laser
beam and conventional LIF demonstrate a satisfactory agreement. The proposed LIF setup has potential applications for diagnostics in various
plasma processing equipment and plasma sources, such as hollow cathodes, microplasmas, electric propulsion, etc.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0147669

I. INTRODUCTION

Laser-induced fluorescence (LIF) is a non-invasive, active
optical diagnostic technique that is commonly used for measur-
ing the velocity distribution function (VDF) of ions or neutral
species in low-temperature plasmas in a range of conditions, from
weakly collisional low-pressure plasmas to collisional plasmas gen-
erated at elevated pressures. The principle of the LIF diagnostic is
based on the optical pumping of a plasma sample with a laser light
and analyzing the resulting fluorescence signal. By using a narrow
linewidth tunable laser, this diagnostic method is able to provide
high-resolution information about the velocity distribution function
of plasma species.1 This makes LIF a versatile and valuable tool for
plasma physicists and engineers studying plasma behavior in various
applications. The VDF obtained from LIF can provide informa-
tion about important parameters such as ion or atom temperatures
and flow velocities. When the relation between the ground state
and excited states is known, the absolute densities can be deduced
from VDF data. In this paper, we focus on LIF measurements with
excitation from metastable levels in weakly collisional plasma with
non-equilibrium VDFs. Under such conditions, the measurements
of the LIF signal, as the laser wavelength is scanned over a Doppler-

broadened transition, provide a profile of the VDF. This approach
is commonly used for the measurements of VDFs for ions and
atoms of numerous gases with applications to, for example, plasma
thrusters, ion sources, and basic plasma science experiments such as
plasma–wall interactions, double layers, etc.2–11

The conventional LIF diagnostic requires optical access to
plasma from the following two directions: one for the laser beam
injection and another for the fluorescence emission collection.12

In such configurations, spatial resolution is defined as an overlap
between injection and collection focal regions. This overlap is min-
imized when an angle between the laser beam and the collection
optical axis is 90○, resulting in sub mm spatial resolutions. How-
ever, this sets a limit on the applicability of this technique for some
plasma sources, as it is not always possible or allowable to provide
the required optical access (e.g., plasma hollow cathodes and anodes
and plasma processing reactors for microelectronics). Several in-
depth reviews of conventional LIF measurements with intersecting
optical paths are available in the literature.13,14

A confocal configuration of laser-induced diagnostics is widely
used in biology and medicine,15–17 and there are several works
demonstrating its application for Raman spectroscopy,18,19 Thomp-
son scattering,20 and for laser-induced fluorescence diagnostic.21,22
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The primary advantage of confocal configurations is the coincidence
of the laser beam injection and fluorescence collection branches,
enabling measurements in systems with limited optical access or
complex geometries (e.g., industrial plasma sources used for micro-
electronics production, Hall thrusters, and magnetic fusion devices,
etc.), where conventional LIF methods with intersecting injection
and collection optical paths are not feasible. However, the spatial res-
olution of a confocal system is mainly defined by the depth of field
(DOF) of the focusing/collection optics, which becomes challeng-
ing to maintain at smaller values as the distance to the measurement
point increases. The DOF for the Gaussian beam can be expressed as

DOF =
8λ
π
(

F
D
)

2
, (1)

where λ is the wavelength, F is the focal length of the lens, and
D is the lens diameter. To achieve high spatial localization, large dia-
meter laser beams and optical elements are required for very long
focal lengths. Despite the advantage of a single optical path in con-
focal LIF, its application can be limited by the need for high spatial
localization and constraints on sampling volume.

A confocal optical arrangement was employed for two-photon
LIF (TALIF). The spatial resolution was determined by the DOF
of the optical setup. This is due to the TALIF intensity being
proportional to the squared laser beam intensity. Consequently, con-
tributions from fluorescence light outside of the focal region are
significantly reduced. As a result, measurements were primarily con-
centrated within the DOF, leading to improved spatial resolution. In
the works,22,23 a coaxial TALIF system was designed where the col-
lection lens has an aperture at the center, which is used for passing
the laser beam. The fluorescence signal is collected from the hol-
low cone, the base of which is defined by the difference between
the lens and aperture diameters. The reported spatial resolution was
about 20 mm at f = 820 mm focal distance. In more recent works,24

the conservative estimation for TALIF measurements resolution of
5 mm was reported.

For single-photon LIF, the fluorescence intensity is directly
proportional to the laser beam intensity; thus, spatial resolution is
solely defined by the DOF of the optical setup. In a number of
previous studies,25,26 there were attempts to overcome this issue,
especially for setups with long focal distances. In Ref. 21, a spatial
resolution of 3 cm at 20 cm focal length was achieved by using the
fact that DOF is inversely proportional to the focused laser beam dia-
meter. The laser beam was expanded in a beam expander and then
focused with a 5 cm lens. In Ref. 25, the confocal design included the
obstruction disk, which cuts the fluorescence light along the opti-
cal axis. The spatial resolution is then defined by the overlapping
region between the hollow fluorescence cone and the laser beam.
The reported resolution was about 1.4 mm at f = 150 and ∼7.3 mm
at f = 500 mm focal distance.26 In a more recent work,27 a spatial
resolution of 1 mm was reported.

In all the above LIF configurations, the laser beam remains the
same cylindrical shape, and the spatial resolution was ensured either
by expanding the laser beam or by cutting the fluorescence light
along the laser beam, thus reducing the overlap between the injection
and collection paths. Although in the case of the expanded beam,
when the collected fluorescence light was not cut, the achievable spa-
tial resolution is moderate. Cutting the fluorescence light along the

optical axis would result in a reduction of the signal-to-noise ratio
(SNR), which can be crucial for the cases of low plasma density or
bright emitting background within the field of view (e.g., thermionic
cathode).

Here, we present a proof-of-concept LIF configuration with an
annular laser beam, which ensures a relatively high spatial localiza-
tion of a few mm over large focal distances of >200 mm with a high
SNR (>10). The large diameter annular laser beam (22 mm) ensures
a small DOF. All fluorescence light enclosed by the focused laser
beam is collected, resulting in a high SNR. A set of diffractive axi-
con lenses was used to create an annular laser beam of high quality.
With the current setup, the achieved spatial resolution is 5.3 mm at
f = 500 mm focal distance. Here, the spatial resolution is defined as
a region with 95% of focused laser beam intensity. The paper is orga-
nized as follows: the experimental setup and LIF diagnostics used in
this work are described in Secs. II and III, respectively; and the mea-
surement results are presented and discussed in Sec. IV, followed by
conclusions in Sec. V.

II. EXPERIMENTAL SETUP
The reported experiments were performed with an argon

plasma generated by a 100 W DC discharge with a thermionic cath-
ode in a fully enclosed container with an approximate volume of
105 mm3 (see Fig. 1). The source is installed in a vacuum chamber
made from a standard 10 in. diameter six-way cross. The chamber is
equipped with mechanical and turbomolecular pumps. The source
has a 1 cm diameter opening on the longer front wall (Fig. 1). This
opening allows vacuum pumping of the gas from the source and
access for diagnostics of the enclosed plasma (e.g., by probes, opti-
cal emission spectroscopy, and laser diagnostics). In the described
experiments, the argon background gas pressure measured with a
commercial ion gauge in the vacuum chamber was in the 100 μTorr
range, whereas the argon gas pressure in the source was estimated
to be about ten times higher. Under such conditions, plasma in the
source is weakly collisional with the ion mean-free path, λi

L ≫ 1,
whereas plasma leaking through the opening is nearly collisionless.
Here, L is the width of the source in z-direction.

FIG. 1. Schematic of the plasma source (not to scale) showing enclosed plasma
volume with a diagnostic opening of about 10 mm diameter at the front side and
three collection ports of 3 mm diameter each on the side, which was used for
the conventional LIF. Confocal LIF collection points were evenly spaced between
Z = 0.0 and Z = 0.5 (dimensionless locations).
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FIG. 2. LIF transition for Ar-II (argon ion).

For the implementation of the confocal and conventional LIF
configurations, the laser beam with the wavevector k and frequency
ν is injected through the 10 mm opening on the front wall. In addi-
tion, for the conventional LIF, the source has three additional 3 mm
diameter orifices on its side wall. These orifices are used to collect
the LIF signal from the three spatial locations (Z = 0.0 to Z = 1.0) as
shown in Fig. 1 (note that z is in the same direction here as will be
shown in Figs. 4 and 5).

In this work, LIF measurements are performed by sweeping
the frequency of a tunable diode laser with a narrow linewidth
over the absorption line of an argon ion that is broadened due to
Doppler shift. By measuring the emission intensity at different laser
wavelengths, a VDF profile can be recovered. For an argon ion, a
three-state scheme is used. The selected transition is illustrated in
Fig. 2.

Ar ion at the 3d4F9/2 metastable state is optically pumped by
a 664.553 nm (in vacuum) laser light to the 4p4D7/2 state, which
decays to the 4s4P5/2 state by emission at 434.929 nm.28,29 This
transition was chosen over more commonly used 3d4F7/2 − 4p4D5/2
(excitation at 668.614 nm and emission at 442.724 nm)30 as hav-
ing better signal intensity for the experimental conditions. Plasma
ion density profiles along the z-axis were measured with a cylin-
drical, tungsten Langmuir probe (diameter dp = 0.1 mm and length

3 mm), negatively biased at −40 V and installed on a moveable stage.
Plasma density was obtained from the orbital motion limited (OML)
theory.31 Probe measurements were conducted through the same
10 mm diagnostic opening utilized for LIF measurements. Measure-
ments were carried out along the direction of the laser beam path.
A distance increment of 2 mm was set. These profiles were used to
compare with metastable density profiles obtained from VDF data.

III. CONFOCAL LIF SETUP WITH ANNULAR
LASER BEAM
A. Annular beam generation with axicons

Axicon is an optical element, which allows for annular beam
formation.32 The principle of the operation of the refractive axicon is
shown in Fig. 3(a). Due to the conical shape of the axicon, the pass-
ing laser beam with a diameter 2δ is transformed into the annular
beam with the annulus thickness of ≈δ. Such beams can be colli-
mated with the second axicon of the same geometry. The diameter
of the collimated beam is determined by the distance between two
axicons.

Refractive axicons,33 as shown in Fig. 3(b), suffer from beam
interference due to imperfect geometry of the optical element. This
results in the formation of the region with the residual intensity
within the laser light ring (see Ref. 6 for more details). This will result
in a reduction of the spatial resolution, due to the increased focal
spot size.

In this work, a pair of diffractive axicons (DA), which were cus-
tom made by HOLO/OR for 670 nm wavelength, was used.34 The
element size is 25.4 mm, with a clear aperture of 22.9 mm and an
equivalent apex angle of 170○. Diffractive axicon results in very low
residual intensities of the central region, as shown in Fig. 3(c). The
quality of the annular beam is sensitive to the input beam shape
and beam collimation. To improve the performance of the DA ele-
ment, the laser beam was converted into a circular beam of 3 mm
in diameter with a Gaussian intensity profile by fiber coupling and
follow-up collimation (see Sec. III C).

FIG. 3. (a): Conventional axicon and annular beam generation (see Ref. 5 for more details), (b) annular beam profile after refractive axicon (R is normalized to 2 mm), and
(c) annular beam profile after the DA (R is normalized to 2 mm). The input Gaussian beam diameter was maintained at 3 mm for all measurements. The beam profile was
measured ∼200 mm away from the axicon, after focusing it with an f = 100 mm lens to fit it onto the camera sensor.
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B. Annular beam confocal (ABC)-LIF setup
The LIF system is built around a single-mode TOptica DLC

DL PRO 670 tunable diode laser (TDL), and its design is shown
in Fig. 4. The diode laser is a Littrow-type grating stabilized exter-
nal cavity design and has a coarse tuning range between 660 and
673 nm and a mode-hop free tuning range of 20 GHz. The output
power is wavelength-dependent, with a maximum value of about
23 mW. Power variations during the wavelength scan were moni-
tored with a wavemeter and were found to be below 10% over the
scan range. The LIF signal was corrected by multiplying lock-in val-
ues by the value of the normalized power at each laser frequency.
The short-term linewidth stability is 600 kHz (over 5 μs). The laser
wavelength is controlled by scanning the voltage applied to the piezo
actuator. The output beam is a Gaussian beam of elliptical shape with
a characteristic size of about 3 mm.

Part of the laser beam is sampled by a beam splitter (BS1)
and is directed to the Bristol 621-A wavemeter, which has a built-
in continuous calibration (single-frequency He–Ne laser, accuracy
±0.0002 nm at 1000 nm). With this accuracy, the achievable veloc-
ity resolution is ∼60 m/s. The main beam is modulated by the
mechanical chopper (C1), which is set to a frequency of 2 kHz.
The modulated beam is sampled with the beam splitter (BS2), and
the sampled beam is set to the photodiode (PD). The output of
the photodiode provides the reference frequency for the lock-in
amplifier.

The beam is then directed by the mirror M1 through the fiber
launch system (FLS) Thorlabs MBT613D into a single-mode fiber.
This is to ensure the circular beam shape with a Gaussian profile. The
fiber output was collimated with a F260FC-B collimator providing a
3 mm diameter beam.

The beam is then passed through a pair of diffractive axi-
con lenses (DA1, 2-HOLO/OR 670 nm), which are installed in XY
adjustable mounts to ensure their coaxiality. Both diffractive axicons
are installed on the rotation (around the Y axis) stages to ensure
that they are parallel to each other. The beam quality after the axi-
cons was verified with the CMOS camera. Circularity, equal intensity

distribution, and the absence of light intensity within the ring were
monitored. After the axicons, an annular beam (with a diameter of
∼22 mm) is directed by mirror M2 and dichroic mirror D1 (short-
pass, 490 nm cutoff) into the vacuum chamber. Beam focusing is
achieved by lens L1 with the focal distance f = 300 mm.

The fluorescence light is collected by the same lens L1 and
then passed through the dichroic mirror D1. Iris I1, which has an
inner diameter of 19 mm, selectively cuts the outer part of the col-
limated light cylinder. This serves to reduce the contribution of
fluorescent light from species that are excited along the laser beam
path, rather than solely at the focal spot. By doing so, Iris I1 helps
maintain the system’s spatial resolution by minimizing the influ-
ence of fluorescence that occurs outside the focal spot. The collected
light is then passed through the bandpass filter 430/10 nm (Thor-
labs FBH430-10) and then focused by lens L2 with the focal distance
f = 50 mm into the 100 μm pinhole P1. The pinhole mainly elimi-
nates stray light from the dichroic mirror and other optical elements,
with its diameter being large enough to not influence the DOF.
After the pinhole, the light is sent into the photomultiplier tube
(PMT). The PMT output is fed into the lock-in amplifier input,
and the fundamental component, arising due to laser beam ampli-
tude modulation, is filtered out. Laser wavelength and readings from
wavemeter and lock-in amplifier outputs (signal and phase) are
collected with in-house–developed LabVIEW-based software.

The fluorescence excitation line shape can broaden if the tran-
sition is saturated due to high laser intensity.35 LIF signal intensity
was measured as a function of the laser power to ensure such
line-shaped distortions are prevented. A linear relation between flu-
orescence signal and laser power was observed, confirming that the
measurements were conducted within the unsaturated regime.

C. Conventional LIF setup
A diagram of the conventional optical arrangement used in

these experiments is presented in Fig. 5. The laser, wavemeter, and
data acquisition electronics were maintained the same as in the

FIG. 4. Block diagram of the ABC-LIF setup and beam path into the ion source. BS—beam splitter; C—mechanical chopper, PD—photodiode; M—mirror; FLS—fiber launch
system; DA—diffractive axicon; L—lens; D—dichroic mirror; I—iris; F—bandpass filter; P—pinhole; and PMT—photomultiplier tube.
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FIG. 5. Block diagram of the conventional LIF setup and beam path into the ion source. BS—beam splitter; C—mechanical chopper, PD—photodiode; M—mirror; L—lens;
I—iris; F—bandpass filter; P—pinhole; and PMT—Photomultiplier tube.

confocal setup. The beam path into the chamber is similar to the
confocal setup, except that no axicons were installed, and the beam
was directed into the chamber immediately after mirror M2. The
beam was not focused before entering the chamber to simplify the
alignment between the injection and collection paths by increasing
the emission volume created by the laser beam. Measurements were
performed through three collection ports on the side of the plasma
source, which were specifically designed for LIF measurements and
are not part of the original design. The port diameter is ∼3 mm.
Light collected with lens L1 with f = 400 mm, passed through
the bandpass filter F1–430/10 nm (Thorlabs FBH430-10) and then
focused by lens L2 with a 50 mm focal length into the 100 μm
pinhole P1. Light collection was performed with a PMT, and the
output was fed into a lock-in amplifier. The collection path was
installed on a translational stage along the z to avoid realignment for
each diagnostic hole. The spatial resolution of this system was deter-
mined by the pinhole diameter dpinhole multiplied by fL1/ fL2 that
is 0.8 mm.

D. Light collection and spatial resolution
in the confocal setup with the annular beam

Light collection with the proposed confocal setup is illustrated
in Fig. 6. The collimated annular laser beam is focused with lens L.
Fluorescence intensity is maximized in the region with maximum
laser intensity at the focal distance f . Fluorescence light, spreading
in all directions from the focal point, is collected with the same lens
L, forming a light cone with base L and height f [shown in blue in
Fig. 6(b), not to scale]. The base of this cone can be reduced, avoiding
overlap with the laser beam path. From this sketch, one can see that
the spatial resolution is defined only by the overlap volume between
the laser beam and collection cones. The contour of the overlap area
is marked with black lines. However, due to nonuniform laser inten-
sity distribution, only fluorescence light from the shaded area is the
main contributor to the detected signal.

Spatial resolution or DOF is defined by the intersection between
annular beam paths at the focal point. This is illustrated in Fig. 7(b),
where the annular beam of radius R and annulus thickness δ are

FIG. 6. (a) Fluorescence light collection with the proposed confocal design. L is a lens with a focal distance of f . Red lines mark the contour of the annular laser beam, and
the blue region is the collected cone of the fluorescence light. The black line is the intersection of the fluorescence light cone, and the laser beam hollow cone. Black-shaded
area is the collection volume. (b) Diagram showing DOF for the annular beam. R is the annular beam radius; δ is the annulus thickness; δ′ is the beam waist at the focal
plane; and DOF is the depth of focus.
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FIG. 7. Spatial resolution characterization. (a) Schematic of the experiment for spatial resolution characterization. (b) Cross-section of the beam profile, where δ′ is the beam
thickness at the lens focal plane.

focused by the lens with a focal length of f . From geometrical
considerations, the length of DOF can be found as

DOF =
4λ f
πδ

1
sin(a tan(R/ f ))

, (2)

where λ is the laser wavelength [see Eq. (4) in Ref. 36]. For the setup
used in this work, R ≈ 11 mm, δ = 1.5 mm, f = 300 mm, λ = 668 nm,
and the theoretical DOF is ∼4.6 mm. Note that this is an upper limit
due to the laser intensity being not uniformly distributed (Gaussian)
along the DOF. Such nonuniformity will result in smaller effective
spatial resolution. It is important to note that the presented model is
simplified and does not consider the hyperbolic shape of the focused
laser beam. Additionally, the model does not account for the effect of
the full volume of the overlap between the injection and collection
paths (see Fig. 6), which contributes to a reduction in spatial reso-
lution. The effect of optical aberrations, including geometrical and
chromatic aberrations, can significantly influence spatial resolution,
particularly at increased focal distances. However, these aberrations
were not considered in the current model. Addressing and incor-
porating the impact of optical aberrations into the model will be a
subject for future work to further refine the technique.

From Eq. (2), one can see that at a fixed focal length f , the
DOF can be minimized by increasing δ or annulus radius R. For
example, for an annular beam with R = 20 mm and δ = 3 mm, it
should be possible to achieve ∼1 mm resolution. In the current setup,
the main limit for the spatial resolution improvement is the axions
diameter, which is 25.4 mm each, and the clear aperture is about
22 mm. By utilizing 2 in. optics (with clear aperture of ∼48 mm) and
further increasing the annulus thickness δ to 4 mm (with commer-
cially available fiber collimators), it is possible to achieve a spatial
resolution of 0.8 mm at f = 300 mm.

As demonstrated by Eq. (1) for Gaussian beams and Eq. (2) for
ring-shaped beams, the DOF is inversely proportional to the inci-
dent beam area entering the focusing lens. The DOF of the proposed

setup is equivalent to that of a setup with a Gaussian beam having a
radius of ∼10 mm. However, the advantage lies in not overlapping
the LIF signal while maintaining the DOF of an expanded beam.

The control of overlap volume in the proposed setup can be
achieved by adjusting the annulus thickness δ and annulus radius
R. This allows for the collection of all fluorescence light within the
laser beam cone without compromising spatial resolution. The pri-
mary distinction between the current setup and the configurations
presented in Refs. 25 and 26 lies in the improved control of spa-
tial resolution. In Refs. 25 and 26, the obstruction disk determines
spatial resolution, and achieving higher spatial resolution necessi-
tates reducing collected fluorescence light, consequently leading to a
decrease in SNR.

E. Spatial resolution characterization
To experimentally characterize the spatial resolution and the

optical response function of our system, the CMOS camera on
the movable stage was installed at the focal point of the lens L1
(see Fig. 4). The schematic of the experiment is shown in Fig. 7(a).
The camera was moved along the optical axis (Z), and the beam
profile images were collected. The origin was selected at the lens
focal point. Camera exposure was adjusted at each position to avoid
pixel saturation. Linearity of the camera pixel response to exposure
time and laser intensity was verified. During post-processing, the
image intensities at each location were corrected by applying a scal-
ing factor τN

exp/τ1
exp, where τ1

exp represents the exposure time at the
first location, and τN

exp denotes the exposure at the current location
N. The linearity of the camera’s pixel response to both exposure
time and laser intensity was confirmed. This correction procedure
facilitated the relative comparison between different images cap-
tured with varying exposure times. All images were stacked together
allowing for the laser beam profile visualization [see Fig. 7(b)].

Spatial resolution and optical response function were deter-
mined from the intensity profiles along the centerline at R = 0 mm,
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FIG. 8. Confocal optics response function, with defined DOF lines. The blue line
corresponds to a region with 95% intensity, and the red line corresponds to a region
with 68% intensity.

which is shown in Fig. 8. The resolution was defined, conservatively,
as a region that contains 95% of the laser beam intensity (blue line
in Fig. 8). Experimentally found a value of 5.3 mm is close to the
theoretical value of 4.6 mm obtained from Eq. (2). Resolution of
the conventional method is about 0.8 mm. If the spatial resolution
is defined as a region where only 68% of the laser beam intensity
is contained, then the resolution of the confocal method is 2.5 mm
(red line in Fig. 8).

IV. RESULTS
Measurements of the ion VDF (IVDF) were conducted along

the beam path (in the z direction) at eight locations across several
centimeters, with a focal distance of 300 mm. The focusing optics
were installed on a translational stage with a micrometer, allowing
for precise location control. The equation used to establish the rela-
tionship between the laser frequency offset and the velocity for both
conventional and confocal schemes is as follows:

Δν
v0
= −

v
c
⋅ k, (3)

where v0 represents the photon frequency, Δν is the shift in pho-
ton frequency from the perspective of the particle, v is the particle
velocity, c is the speed of light, and k is the photon wavevector.
This relation holds for both conventional and confocal schemes.
For the coordinate systems shown in Figs. 5 and 6, k is along the
z direction.

The typical IVDF profile obtained with confocal and conven-
tional LIF setups at Z = 0.5 is shown in Fig. 9. Both signals are
normalized to maximum intensity. The signal-to-noise ratio was
defined as SNR = μsignal/σsigmal, where μsignal is an average signal value
and σsigmal is the noise standard deviation found after subtraction of
the fitted function from the signal. For both methods, the obtained
SNR values are SNR = 7 and SNR = 90 for conventional and

FIG. 9. Argon IVDF at Z = 0.5 obtained with conventional (red, squares) and
confocal (black, circles) LIF setups.

confocal setups, respectively. Ion temperatures and mean velocities
were determined by fitting the IVDF profiles with

f (v) = (
Mi

2πkBTi
)

1/2
e−

Mi(v−v0)2

2kBTi , (4)

where Mi is ion mass, kB is Boltzmann constant, Ti is ion temper-
ature, and v0 is the mean velocity. Error bars for ion temperature
are defined as a standard deviation between three measurements.
For ion velocity, error bars are a combination of a standard devi-
ation of three measurements and wavemeter uncertainty, which is
∼60 m/s. Both methods yield similar VDF shapes and close values
for mean velocities and ion temperatures. The shift between VDFs
(∼0.1 km/s for the maximum LIF signal) can be attributed to the
nonlocality of confocal measurements. In this context, nonlocality
refers to the long DOF, causing the resulting VDF to be a weighted
sum of all VDFs along the DOF. This differs from conventional LIF
measurements, where VDFs represent a smaller DOF with constant
density and laser power. The examined case, with measurements
performed at the Z = 0.5 location, demonstrates that confocal LIF
can be effectively implemented only in systems where the character-
istic scale of the gradient of the quantity directly affecting the VDF
signal strength, such as the density gradient, is larger than the DOF
of the optical system.

Mean ion velocities and ion temperatures along the Z direc-
tion were compared with conventional LIF measurements per-
formed at 3 positions, which are shown in Fig. 1. The results
are shown in Fig. 10. One can see that the overall flow velocities
between the two methods agree with the uncertainty. Ion tempera-
ture measurements show good agreement as well. General trends for
both quantities are similar between confocal and conventional LIF
measurements.

Integration of ion VDF obtained at different spatial locations
will yield the metastable ion density profile. This profile was com-
pared with ion density profiles measured with the biased Langmuir
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FIG. 10. Comparison of ion velocity (a) and ion temperature (b) distributions along the radial position obtained with conventional (dashed line) and confocal (solid) LIF setups.
Vertical error bars are standard deviations from three repeated measurements. Horizontal error bars correspond to spatial resolution defined in Fig. 8.

probe along the beam path. Normalized profiles are shown in Fig. 11.
As one can see, the LIF profile (black circles) is wider than the den-
sity profile obtained with the probe measurements (req squares).
This is due to the nonlocality of the confocal measurements and
differences between metastable ion density and total ion density
measured by the probe. The effect of nonlocality can be eliminated if
the optics response function is known (shown in Fig. 8). The recon-
structed profile, obtained as a deconvolution of the LIF profile with
the normalized optics response function, is shown as a black dashed
line in Fig. 11. Deconvolution is performed with a custom MAT-
LAB function.37 It can be seen that the reconstructed profile closely
follows the one measured with the probe.

FIG. 11. Comparison of metastable density profile obtained with the confocal
LIF (black circles) with the ion density measurements obtained with the biased
Langmuir probe (red squares). The black-dashed line shows the density profile
reconstructed from the deconvolution of the confocal LIF profile with the optical
response function (Fig. 8). Error bars are standard deviations from three repeated
measurements.

V. CONCLUSION
In this paper, the confocal LIF configuration based on an annu-

lar laser beam was introduced and characterized both with and
without plasma. The key element of this setup is the diffractive
axicon optics, which ensures high annular beam quality, essen-
tial for achieving high spatial localization. The spatial resolution
of the current setup is 5.3 mm, which is comparable with other
reported confocal schemes at similar focal distances.25,26 However,
the proposed design offers several advantages.

First, the spatial resolution is controlled by the following laser
beam parameters: annulus thickness and beam diameter. Our cal-
culations indicate the potential to achieve a 1 mm resolution at
the same focal distance by adjusting annular beam parameters. The
proposed optical setup takes advantage of a reduced DOF through
an increased beam diameter and the employment of an annular
beam. This arrangement enables a spatial separation of laser light
and signal, eliminating the need to decrease the collected fluores-
cent light for improved spatial resolution. As a result, the SNR in the
suggested LIF configuration is maximized. Finally, this LIF config-
uration avoids problems with beam back reflection, as the reflected
beam from the back wall (if present) will diverge out of the field of
view.

In plasma experiments, the proposed LIF configuration was
utilized for the measurements of argon ion VDF in an enclosed
DC plasma source with limited optical access. A comparison of the
confocal and conventional LIF showed good agreement between
determined plasma parameters (ion temperature and flow veloci-
ties). Ion temperature, found with conventional LIF, varied from
0.30 ± 0.11 to 0.2 ± 0.03 eV between Z = 0 and 0.5. ABC-LIF showed
changes in ion temperature from 0.25 ± 0.02 to 0.22 ± 0.05 eV for the
same range. Measurements of flow velocities with the conventional
method showed a velocity change from 350 ± 168 to −90 ± 87 m/s
in Z = 0–0.5. Corresponding flow velocity changes determined with
confocal LIF were from 200 ± 155 to −240 ± 100 m/s for the same
range. Reconstructed metastable density profiles extracted from LIF
spectra were compared with the Langmuir probe ion density mea-
surements. It was shown that density profiles show satisfactory
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agreement, which serves as a verification of the determined spatial
resolution.
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