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The particle flux onto a material is an important parameter in the study of the plasma-material interaction.
With conventional Doppler spectroscopy, it is difficult to measure the flow velocity perpendicular to the material
because only the velocity component projected on the wave number vector can be measured. To overcome the
limitation, we are developing a transverse flow measurement method using the azimuthal Doppler shift of a
Laguerre-Gaussian (LG) beam absorption spectroscopy. In this paper, the feasibility of this spectroscopy method
has been examined by numerical analysis. The LG beam is anisotropically absorbed in the transverse flow due
to the azimuthal Doppler shift. Since the anisotropic LG beam rotates with propagation, the spatial structure
of resonance absorption in plasma and the intensity structure of the LG beam that has propagated through the
plasma are inevitably different in the LG beam absorption spectroscopy. It was shown that the deviation from the
original azimuthal Doppler shift is reduced to several percent at the position where the intensity distribution of
the LG beam reaches its maximum value. Therefore, the transverse flow can be measured with sufficient accuracy
by properly selecting the position on the beam cross-section used to evaluate the azimuthal Doppler shift.
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1. Introduction
High-resolution spectroscopies using the resonant ex-

citation of atoms with the narrow-band tunable diode
lasers are valuable methods to measure Doppler spectra for
plasma dynamics study [1–4]. In conventional laser spec-
troscopy, it has been taken for granted that the observed
Doppler spectrum is the projection of the velocity distribu-
tion function onto the wave vector of the excitation laser.
Therefore, the measurements are recognized as impossible
when the optical path parallel to the desired velocity direc-
tion is not available. The limitation of the observable de-
gree of freedom is unfavorable for studying plasma-surface
interactions such as the sheath dynamics, heat flux to the
wall of a fusion reactor, or surface reactions in plasma pro-
cessing, since the probe laser is required to be entered per-
pendicular to the surface to measure the particle flux to the
surface [5, 6]. This limitation comes from the fact that the
phase plane of the excitation laser is approximated to be
flat; however, it can be overcome by using a probe beam
whose wavefront has a three-dimensional structure. The
authors have been developing a spectroscopy method to
measure the flow perpendicular to the wave vector using
a Laguerre-Gaussian (LG) beam [7, 8]. This spectroscopy
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method can ease the strong connection between the propa-
gation direction of the probe beam and the observable ve-
locity component and help the study of plasma-surface in-
teractions. In this paper, we numerically analyze the LG
beam propagation while being anisotropically absorbed
by the transversely flowing plasma, and the feasibility of
the application in the transverse flow measurement is dis-
cussed.

The LG mode electromagnetic waves are
cylindrically-symmetric solutions of the Helmholtz
wave equation with a paraxial approximation in free
space [9]. The electric field of the LG mode propagating
in the z-direction is expressed by

Eℓp(r, ϕ, z) = uℓp(r, ϕ, z) exp[i(kz − ωt)].
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where k is the wavenumber, ω is the angular frequency,
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Fig. 1 Intensity distributions and phase distributions of LG beams with ℓ = 0, +1, +10. In the case of ℓ , 0, the intensities have
donut-shaped distribution, and the phase varies by 2πℓ in the azimuthal direction.

Lℓp[x] is the associated Laguerre polynomial, w(z) is the
beam radius of the lowest-order mode, w0 = w(0) is the
beam waist, zR is the Rayleigh range, and R(z) is the curva-
ture of the wavefronts. In this paper, we assume the radial
index p = 0. Figures 1 (a) - (c) show intensity Iℓ0 = |Eℓ0|2
and (d) - (f) show phase distribution Im(uℓp) at z = 0 with
the azimuthal index ℓ (topological charge) = 0, 1 and 10,
respectively. The lowest order mode (p = 0, ℓ = 0) has the
Gaussian intensity distribution, and its phase is uniform in
the beam cross-section. The beam waist w0 is assumed to
be 117 µm. When ℓ , 0, the phase varies in the azimuthal
direction with the term of exp (iℓϕ). Since the center of
the beam is the phase singularity, the intensity profile has
a donut shape. As mentioned in a later section, we use an
LG beam with ℓ = 10 in our experiments, and its radius
to the maximum intensity position from the center of the
LG beam is 262 µm. In the following sections, we first de-
scribe the anisotropic resonant absorption of the LG beam
due to the azimuthal Doppler shift in the uniform trans-
verse flow. Next, we numerically analyze the propagation
of the anisotropically absorbed LG beam using the angu-
lar spectrum method [10–14]. The effect of the rotation of
the complex amplitude distribution due to the Gouy phase
shift on the structure of the anisotropically absorbed inten-
sity distribution is evaluated. We also discuss the feasibil-
ity of the transverse flow velocity measurement using the
azimuthal Doppler shift under the parameters of our exper-
imental setup. Finally, conclusions are given in Sec. 5.

2. Anisotropic Resonant Absorption
of LG Beam in Transverse Flow
Since the longitudinal Doppler shift occurs due to

the movement crossing the wavefront, the conventional
tunable diode laser absorption spectroscopy (TDLAS) us-
ing a plane wave can only detect the movement in the
beam propagating direction. In addition, the Doppler shift
and the absorption coefficients are uniform over the beam
cross-section. On the other hand, since the LG beam has
a spiral wavefront, the resonance absorption conditions of
the particles moving in the LG beam are subjected to the
Doppler shift that depends on the three velocity compo-
nents of the cylindrical coordinate system, as shown in the
following equation [15].

δLG= −
k+ kr2
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where vz, vr, vϕ is the velocity component of the atom in the
axial, radial, azimuthal direction, δLG is the Doppler shift
in the angular frequency. Since we use a collimated LG
beam for spectroscopy in the vicinity of the beam waist,
we approximate Eq. (2) as follows by assuming r, z < zR.

δLG ≈ −kvz −
(
ℓ

r

)
vϕ. (3)

The first term is the traditional Doppler shift, and the sec-
ond term is the azimuthal Doppler shift we intend to use
for the beam crossing particle flow measurement. Figure 2
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shows a two-dimensional distribution of the azimuthal
Doppler shift for the resonance absorption of the excita-
tion laser. It is calculated with the wavelength λ = 697 nm
for the absorption measurement of metastable-state argon
atoms ((2P0

2/3)4s→ (2P0
1/2)4p), ℓ = 10 and Ux = 3000 m/s.

In Fig. 2, the sign of the Doppler shift is opposite to Eq. (3),
since the blue shift for the atom corresponds to the red shift
for the excitation laser. Since the azimuthal component of
Ux is −Ux sin ϕ, the azimuthal Doppler shift depends on
the ℓ, r, and ϕ. Therefore, the resonance absorption of
the LG beam is also anisotropic. To calculate the Doppler
spectrum, we assume the velocity distribution function of
the flowing atoms as a shifted-Maxwellian in the cylindri-

Fig. 2 Doppler shift distribution occurring on the cross-section
of the LG beam with ℓ = 10.

Fig. 3 The absorption coefficient distribution in the beam cross-section. The laser frequency is detuned by +360 MHz from the resonance
center. The absorption spectra of the LG beam at the points (a) (y = 262 µm), (b) (y = 100 µm), (c) (y = −100 µm), (d)
(y = −262 µm) are shown in right panels.

cal coordinate system.

f (vz, vr, vϕ) =
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where kB is the Boltzmann constant, m is the mass of the
atom, T is the gas temperature, Uz, Ur, Uϕ are the flow ve-
locity in each direction. Assuming the flow only in the x-
direction and ignoring the Doppler shift due to the velocity
component in the r direction, the shape of resonance ab-
sorption distribution seen from the atoms is as follows [8]:
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Since the frequency shift is inverted when viewed from the
excitation laser, the Doppler spectrum of the absorption
spectroscopy is as follows.

fabs(δLG) = α0k
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where α0 is the absorption coefficient at the resonance cen-
ter when r is infinite. The transverse gas flow velocity is
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obtained from the azimuthal Doppler shift −(ℓ/r)Ux sin ϕ
of the spectrum. The left panel of Fig. 3 shows the spatial
distribution of fabs at +360 MHz detuning from the reso-
nance center. The gas temperature is 300 K, α0 is 46 m−1,
and the other parameters are the same as the calculation
in Fig. 2. The LG beam propagating in the transverse gas
flow is deformed into an anisotropic intensity profile by
the absorption-coefficient distribution shown in Fig. 3. Fig-
ures 3 (a) - (d) are Doppler spectra obtained from the de-
tuning frequency dependence of the absorption coefficient
at each location. The azimuthal Doppler shift is visible in
Figs. 3 (b) and (c).

3. Propagation of Anisotropically Ab-
sorbed LG Beam
Hamazaki et al. showed that the partially cut LG beam

rotates due to the Gouy phase shift while propagating in
free space [16]. In a similar way, the LG beam propa-
gating while being anisotropically absorbed in the plasma
will rotate with a Gouy phase shift. Therefore, the absorp-
tion distribution of the LG beam observed after propagat-
ing through the plasma will be rotated from the original
absorption coefficient distribution in Fig. 3. In this sec-
tion, we examine the effect of the rotation of the absorp-
tion structure on the transverse flow measurement by nu-
merically analyzing the LG beam propagation using the
angular spectrum method. The angular spectrum method
is formulated as follows [10–14]:

g(x, y, z)=F −1
[
F [g(x, y, 0)] exp

[
i2π (λ−2− f 2

x − f 2
y )1/2z

]]
,

(7)

where λ is the wavelength, g(x, y, 0) and g(x, y, z) are the
initial and the propagated complex amplitude field, F and
F −1 is the Fourier transform and the inverse Fourier trans-
form, fx and fy are the spatial frequencies on the x-y plane.
We performed the numerical calculation assuming that the
LG beam enters the plasma at the beam waist (z = 0 mm),
α0 = 34 m−1, the absorption length is 15 mm, and the other
parameters are the same as the calculation in Fig. 3. The
absorption and propagation are repeatedly evaluated with
the propagation step of 2λ (= 2 × 693 nm). Figures 4 (a)
and (b) show the intensity distribution and the absorption
ratio distribution at z = 15 mm, respectively. Since the
laser frequency is positively detuned, the lower part of the
beam is absorbed more than the upper part in Fig. 4 (a).
The anisotropic intensity distribution rotated clockwise by
0.12 rad. The rotation angle is approximately half of the
Gouy phase shift for the 15 mm propagation since the beam
is gradually absorbed as it propagates through the plasma.
The Doppler spectra at z = 15 mm are constructed by cal-
culating the LG beam propagation at several detuning fre-
quencies. Figure 5 shows the distribution of the azimuthal
Doppler shift obtained from the spectra at z = 15 mm. Al-
though the resonance absorption frequency of the LG beam
shifted by the azimuthal Doppler shift is symmetrical about

Fig. 4 (a) The Intensity distribution of the anisotropically ab-
sorbed LG beam. (b) The absorption ratio distributions.

Fig. 5 Doppler shift distribution deformed by the beam structure
rotation.

the y-axis, as shown in Fig. 2, the observable azimuthal
Doppler shift distribution is inevitably rotated due to the
Gouy phase shift, as shown in Fig. 5.

Figure 6 shows the ϕ dependence of the azimuthal
Doppler shift at r = 100 µm and 262 µm. The bro-
ken lines indicate the original azimuthal Doppler shift,
−(ℓ/r)Ux sin ϕ, shown in Fig. 2, and the solid lines show
the azimuthal Doppler shift obtained from the spectra at
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Fig. 6 The ϕ dependence of the azimuthal Doppler shift at (a)
r = 100 µm and (b) 262 µm. The broken lines show the
original azimuthal Doppler shift shown in Fig. 2, and the
solid lines show the experimentally observable Doppler
shift shown in Fig. 5.

z = 15 mm. It should be noted that even if a flow in the
z-direction exists, the azimuthal Doppler shift can be ex-
tracted as the ϕ-dependent component of the Doppler shift.
Since the flow velocity is obtained from the amplitude of
the sinusoidal variation, the actual flow velocity cannot be
determined when the deviation between the broken line
and the solid line is significant. Figure 6 clearly shows
that as r increases, the rotation effect due to the Gouy
phase shift decreases. On the other hand, as r increases,
the azimuthal Doppler shift decreases in inverse propor-
tion. Therefore, choosing the experimental parameters that
can reasonably reduce the Gouy phase effects is crucial.

4. Feasibility of Transverse Flow
Measurement in our Experimental
Setup

In this section, we discuss the feasibility of proof-
of-principle experiments by performing numerical analy-
sis with the actual parameters of our experimental setup
shown in Fig. 7. The LG beam is incident perpendicular to
the gas flow. Since the azimuthal Doppler shift is propor-
tional to the topological charge, the higher mode LG beam
is preferable for the measurement. However, the diffrac-

Fig. 7 Schematic diagram of the experimental setup. The LG
beam is incident perpendicular to the gas flow, and the 4f
optical system transfers the transmitted light to the cam-
era. The spectrum is constructed for each pixel using the
camera images recorded during the TDLAS.

Fig. 8 Absorption coefficient dependence of the observable az-
imuthal Doppler shift.

tion efficiency of the hologram used for beam mode con-
version decreases at large ℓ. Here, we chose ℓ = +10 as the
appropriate value for our setup. After the LG beam propa-
gates while being absorbed in the plasma, the beam image
is transferred to the camera by the 4f optical system. Im-
ages are recorded while the laser wavelength is swept and
used to construct the Doppler spectrum at each pixel. The
inner diameter of the discharge tube is 15 mm. Here we
evaluate the azimuthal Doppler shift at r = 262 µm, which
is the radius of the donut-shaped intensity distribution of
the LG beam. Figure 8 shows the ϕ-dependence of the az-
imuthal Doppler shift at Ux = 150 m/s and z = 15 mm
with the absorption coefficients of 34, 46, and 61 m−1 cor-
responding to the absorption ratios of 40, 50, and 60% for
a plane wave with an absorption length of 15 mm, respec-
tively. The other parameters are the same as the calculation
for Fig. 4. The amplitude of the Doppler shift variation is
about 1 MHz, the deviation due to the absorption coeffi-
cient is negligible, and the deviation from −(ℓ/r)Ux sin ϕ
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Fig. 9 Relationship between transverse flow velocity and az-
imuthal Doppler shift.

shown by the broken line is less than 10% for the results
obtained with all the absorption coefficients. Therefore,
the depth of the anisotropically absorbed intensity struc-
ture does not affect the measurement. As shown in Fig. 9,
the linearity of the transverse flow velocity and the az-
imuthal Doppler shift was also confirmed in the range of
50 - 150 m/s. The deviation from −(ℓ/r)Ux sin ϕ shown
by the broken line is less than 10% over the flow velocity
range. These numerical analyses show that our experimen-
tal setup can measure the transverse velocity with the Gouy
phase effect of less than 10%.

5. Conclusions
We have numerically analyzed the LG beam propa-

gation in the transversely flowing plasma to examine the
feasibility of the transverse flow measurement by the LG
beam absorption spectroscopy. In the transverse flow, the
azimuthal Doppler shift depends on the position in the
beam cross-section; therefore, the beam is inevitably ab-
sorbed anisotropically. Since the anisotropic LG beam ro-
tates with propagation, the observed Doppler spectra are
affected by the rotation. Therefore, it is essential to per-

form the experiment under the condition that the devi-
ation by the effect can be suppressed to an acceptable
level to measure the transverse flow with this spectroscopic
method. According to the numerical analysis, the devia-
tion caused by the rotation is reduced to several percent
by adequately selecting the position used to evaluate the
azimuthal Doppler shift. The numerical analysis was also
performed with the parameters of our experimental setup,
showing that the transverse flow measurement is possible
with more than 90% accuracy in the range of 40 - 60%
absorption ratio and 50 - 150 m/s transverse flow velocity.
A proof-of-principle experiment is currently underway, the
results of which will be reported elsewhere.
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