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A B S T R A C T

This study investigates the propagation of laser beams with Gaussian and Laguerre-Gaussian profiles through 
atmospheric turbulence and their subsequent detection by charge-coupled device (CCD) sensors. Using numerical 
simulations based on the Kolmogorov turbulence model, we analyze the intensity distribution of laser beams 
under turbulence strengths ranging from 10− 16 to 10− 12 and propagation distances of 500 m to 5 km. The effects 
of atmospheric turbulence on photon distribution at the CCD sensor’s pixels are quantified, revealing beam 
broadening with Full Width at Half Maximum (FWHM) increasing from 50 μm to 1.5 m under the highest tur
bulence conditions. Saturation and blooming phenomena are observed, with photon density exceeding 106 

photons/pixel in high-intensity regions. Our findings reveal that turbulence-induced distortions significantly 
impact beam intensity profiles, with higher turbulence levels causing up to a 70 % reduction in central intensity. 
Additionally, the study highlights the sensitivity of higher-order Laguerre-Gaussian modes, which exhibit up to 
90 % greater broadening compared to fundamental Gaussian modes. By evaluating the impact of aperture size 
and f-number on beam focusing, we show that increasing the f-number from 2 to 8 reduces saturation artifacts by 
60 % while spreading intensity over a larger area.

1. Introduction

The propagation of laser beams in the earth’s atmosphere create 
several challenges, primarily due to the presence of atmospheric tur
bulence. There have been many interests in studying random effects in 
laser beam propagation through atmosphere (Andrews et al., 2001; 
Salem et al., 2004; Yahel and Last, 1992; Ronchi et al., 1970). This 
disturbance can cause beam spreading, flickering and beam deflection, 
which significantly affect the quality and resolution of laser beam 
detection systems. Understanding the effect of such turbulence on the 
intensity distribution of laser beams reaching the Charge-Coupled De
vice (CCD) sensor is very important for the optimization of remote 
sensing, imaging and communication technologies (Korotkova et al., 
2004), (Shaik, 1988).

Numerous studies have investigated laser beam propagation through 
turbulent media. Andrew et al., in their comprehensive work (Andrews 
and Phillips, 2005)laid the foundation for understanding the behavior of 
laser beams in turbulent atmospheres. Their research highlighted the 
impact of random media on beam quality and provided valuable insights 

into the underlying mechanisms of beam degradation. Hashemipour 
et al. (2012) investigated the effects of atmospheric disturbances like 
attenuation, scattering, turbulence, and thermal blooming on laser beam 
propagation. They modeled vertical beam propagation and generate the 
average intensity profile. Their results demonstrated that atmospheric 
turbulence, thermal blooming (for high-power lasers), and beam diam
eter significantly affect the peak intensity of the laser beam. Huang et al. 
(2015) extended beam wander theory to non-Kolmogorov turbulence 
and derived a general analytical expression. Their work showed that 
beam wander is influenced by turbulence parameters and the laser 
beam’s initial conditions. By analyzing Gaussian Schell model array 
beams, they found that beam wander increases with a decreasing inner 
scale, increasing outer scale, and variations in the generalized exponent 
parameter. It decreases with greater beam separation, a higher number 
of beams, and lower coherence. They concluded that adjusting these 
parameters could mitigate beam wander. Luo et al. (Luo and Han, 2020) 
applied the Generalized Huygens–Fresnel principle and Rytov approxi
mation to study vortex beam arrays. Their results indicated that vortex 
beam arrays are less susceptible to turbulence than single vortex beams. 
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They also observed that the mean square beam widths of the beamlets 
converge over time, with the evolution strongly influenced by turbu
lence intensity and topological charge. In another work (Ata, 2022) 
analytical expressions for the wave structure function, coherence length, 
and angle-of-arrival variance of a Gaussian beam in underwater turbu
lence were derived using a recent oceanic turbulence model. The au
thors analyzed the effects of temperature, salinity, dissipation rates, and 
other factors, and compared the Gaussian beam’s performance to plane 
and spherical waves. The scintillation index of Hermite Gaussian beams 
in air vehicle communication systems through weak atmospheric tur
bulence was investigated using the modified Rytov method (Sayan et al., 
2020). The study analyzed how the scintillation index changes with 
beam size, propagation distance, and zenith angles for uplink and 
downlink paths.

While these contributions have advanced the field, they leave critical 
gaps in understanding the interaction between beam profiles and tur
bulence effects when reaching to a CCD sensor—and the resulting im
plications for sensor performance—remain underexplored. The present 
study addresses this gap by focusing on the numerical simulation of laser 
beam propagation with Gaussian and Laguerre-Gaussian profiles 
through atmospheric turbulence. Using the Kolmogorov spectrum to 
model turbulence, this work calculates the beam intensity distributions 
and evaluates their impact on CCD sensor imaging quality. By analyzing 
how turbulence-induced distortions affect photon detection, the study 
provides practical insights for optimizing laser-based systems.

This work is distinct in its comprehensive approach to examining 
both Gaussian and Laguerre-Gaussian beam profiles in turbulent con
ditions and their subsequent detection by CCD sensors. The methodol
ogy integrates numerical simulations with established turbulence 
models, offering detailed assessments of intensity distributions and 
photon counts at the pixel level. Such analysis is critical for improving 
the design of laser systems in applications ranging from free-space op
tical communication to advanced imaging systems.

2. Theory

According to the Kolmogorov theory, atmospheric turbulence can be 
considered as a cascade of eddies or swirling fluid elements of different 
sizes. These eddies are constantly generated and quickly dissipate, 
contributing to the random variations in the refractive index of the air. 
The refractive index variations, in turn, introduce phase distortions to 
light waves passing through the atmosphere.

The effects of atmospheric turbulence on the Gaussian beam can be 
described using the Rytov approximation, which leads to an expression 
for the second-order moments of the beam, i.e., the size and position of 
the beam. Atmospheric disturbance effects cause an additional phase 
shift along the wavefront and spread the beam beyond its diffraction 
limits. The Helmholtz equation describes the radiation propagation in 
turbulence: 

∇2 U+n2(r) k2U = 0 (1) 

where r is a point in space, k = 2π/λ and the refractive index of the 
diffusing medium n(r) is now a function of location. The complete so
lutions of this equation can be found using the Green’s function method 
in which: 

U(r, z)= − 2jk
∫∫ +∞

− ∞
G(s, r, z)U(s, 0)d2s (2) 

G(s, r, z)=
1
4π exp

[

jkz+
jk
2z

|s − r|2
]

(3) 

Rytov’s method can provide closed-form approximations for the 
solutions of this differential equation. This method assumes that U(r,z) 
fluctuations are caused by atmospheric turbulence in the form of mixed 
phase disturbances, so that the solutions of the Helmholtz equation can 

be written as follows. 

U(r, z)=U0(r, z) eφ(r,z) =U0(r, z)exp[φ1(r, z)+φ2(r, z)] (4) 

Where φ1 and φ2 are the first and second order mixed phase perturba
tions due to turbulence. The additional broadening of the optical beam 
can be checked by examining the average radiation intensity of the 
optical beam. 

〈I(r, z)〉= 〈U(r, z)U*(r, z)〉 (5) 
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where z is the distance that the wave propagates in a region with con
stant C2

n. Using the Kolmogorov spectrum and the following 
approximation: 

e− t ≈
1

(1 + t)
(11) 

r2
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the average intensity can be approximated: 
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Now if a collimated gaussian laser beam with beam waist of W0, and 
power of P0 is defined, then the average intensity can be written as 
follow: 

〈I(r, z)〉=
W2

0
W2

e
I0 exp

(

−
2r2

W2
e

)

(16) 

I0 =
2P0

πW2
0

(17) 

Thus, as in free space, the average intensity due to turbulence (the 
above equation) is completely determined by the beam spot size. 
Depending on the spectrum model, internal scale effects may increase or 
decrease the spot size, while the external scale always tends to limit its 
size. However, under conditions of weak fluctuations, the effects of in
ternal and external scale on the beam spot size are usually very small. 
Therefore, in many practical situations, using the above equation is 
sufficient to describe the beam spot size due to turbulence.

In the following, the Kolmogorov theory is implemented in our 
simulation, and the calculated mean intensity distributions of the laser 
beam propagation for two Gaussian and Laguerre-Gaussian profiles in 
the atmosphere, as well as their effect on CCD sensor imaging, are 
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presented. A Laguerre-Gaussian beam is a type of laser beam that has a 
helical phase front that rotates around the beam axis. Assuming cylin
drical symmetry, the higher order modes of a collimated beam at the exit 
aperture (z = 0) of the laser can be described in cylindrical coordinates 
(r, Ɵ, z). 

z=0 : Umn(r, θ, 0)=

( ̅̅̅
2

√
r

W0

)m

(− i)m exp

(

−
r2

W2
0

)

L(m)
n

(
2r2

W2
0

)

(16) 

Here r is the vector in the transverse plane at angle Ɵ, W0 is the radius of 
the beam, L(m)

n is the associated Lager polynomial, and n and m are the 
radial and angular mode numbers. The field described by the above 
equation is called Lager-Gaussian beam. Using the Huygens-Fresnel in
tegral, it can be shown that the Lager-Gaussian beam field obtained at 
the distance z from the transmitter is as follows: 

Umn(r, θ, z)=Cmn
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(17) 

where Cmn is a trivial phase constant and W and F denote the spot size 
and radius of curvature of the phase front for a TEM00 beam. Intensity 
deduced from the above equation, adding the initial intensity of laser: 

I(r, θ, z) = |Umn(r, θ, z)|2 = I0
W0

2

We
2

(
2r2
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2
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(18) 

3. Results and discussion

Fig. 1 illustrate the radial intensity distribution of laser beams under 
moderate turbulence conditions C2

n = 10− 12 at propagation distances of 
L = 500 m, 1000 m, and 2000 m for various beam modes. Each mode 
exhibits distinct intensity profiles that evolve with distance, revealing 
key insights into the interplay between mode structure, turbulence, and 
beam propagation. In the first plot, corresponding to the fundamental 
mode (m = 0,n = 0), the intensity profile shows a single, symmetric peak 
centered at r = 0. The peak intensity decreases significantly with 
increasing L and the beam broadens, redistributing energy over a wider 
area. This behavior aligns with theoretical expectations of Gaussian 
beam diffraction and turbulence-induced spreading, highlighting the 
fundamental mode’s suitability for long-distance applications requiring 
high beam stability and focused energy delivery. The second plot depicts 
the intensity distribution for the higher-order mode (m = 0,n = 2), 
characterized by two symmetric peaks. At shorter distances (L = 500 m), 
the peaks are sharp and distinct, but as the distance increases, the peaks 
broaden, and their intensity diminishes. At L = 2000 m, the beam 
structure degrades further, with significant energy dispersion. This in
dicates that higher-order modes are more vulnerable to turbulence 
compared to the fundamental mode. Nonetheless, their distinct two- 
peak structure can be advantageous for specific applications requiring 

Fig. 1. The Laguerre-Gaussian beam intensity in a turbulent environment with Cn2 = 10–12 for different m, n at distances of 2 km, 1 km and 500 m from the source.
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energy deposition at off-axis positions, such as optical manipulation or 
pattern projection. The third plot, showing the mode (m = 1,n = 2), 
presents a more complex intensity structure with multiple peaks sym
metrically distributed around r = 0. At shorter distances, these peaks are 
relatively sharp, but as the distance increases, the structure degrades 
rapidly, with significant broadening and flattening of the intensity dis
tribution. By L = 2000 m, much of the beam’s energy is distributed 
across a wider radial distance, and the intricate pattern becomes less 
distinct. This highlights the sensitivity of complex modes to turbulence, 
making them less suitable for long-range applications but potentially 
useful in near-field applications where structured intensity profiles are 
desired, such as optical trapping or advanced imaging systems. 
Comparing all three plots reveals several key trends. As the propagation 
distance increases, the intensity of all modes diminishes, and the beams 
broaden due to turbulence-induced phase distortions.

The fundamental mode (m = 0,n = 0) is the most robust, maintaining 
a compact and focused intensity distribution, while higher-order modes 
(m,n∕=0) degrade faster and exhibit greater beam spreading. This un
derscores the trade-offs between mode complexity and propagation 
stability, where simpler modes are ideal for long-range communication 
and sensing applications, while higher-order modes may be better suited 
for specialized applications requiring non-uniform energy profiles.

Fig. 2 demonstrates the impact of turbulence strength (Cn
2) on the 

propagation of a Gaussian beam over a distance of L = 5 km. In Fig. 2a, 
the radial intensity distributions are shown for various Cn

2 values. At 
lower turbulence levels (Cn

2 = 10− 16), the beam retains a sharp, high- 
intensity peak centered at r = 0, reflecting minimal broadening and 
energy dispersion. As Cn

2 increases, the central peak diminishes in height 
and broadens significantly, indicating that stronger turbulence disrupts 
the wavefront and spreads the beam energy over a wider area. At the 
highest turbulence level (Cn

2 = 10− 12, the beam’s intensity profile be
comes considerably flatter, showing severe degradation in beam quality 
and a loss of focus. Fig. 2b provides a quantitative analysis of this 
behavior by plotting the Full Width at Half Maximum (FWHM) of the 
beam as a function of Cn

2. For very weak turbulence (Cn
2 = 10− 15), the 

FWHM remains nearly constant, suggesting negligible beam distortion. 
However, as Cn

2 increases beyond 10− 15, the FWHM grows exponen
tially, reaching over 1500 m at Cn

2 = 10− 12. This exponential relationship 
underscores the significant impact of strong turbulence, where small 
increases in Cn

2 lead to disproportionately large beam spreading. These 
results highlight the sensitivity of Gaussian beams to atmospheric tur
bulence. While the beam maintains high spatial resolution and intensity 
under weak turbulence, its performance degrades rapidly in stronger 
turbulence. This has practical implications for applications such as free- 
space optical communication, remote sensing, and laser targeting, 
where operating in low-turbulence environments or employing 

turbulence mitigation techniques, such as adaptive optics, becomes 
essential. The rapid increase in FWHM with Cn

2 underscores the impor
tance of stabilizing beam propagation in turbulent conditions to main
tain spatial resolution and intensity.

The schematic illustrated in Fig. 3 which is a setup for analyzing the 
propagation of a Gaussian laser beam over a distance of 500 m, followed 
by truncation through an aperture, focusing with a converging lens, and 
intensity measurement using a CCD sensor. The beam initially exhibits a 
Gaussian intensity profile that spreads with propagation, as indicated by 
the color-coded representation, with higher intensities in red and lower 
intensities in white. The aperture truncates the beam, limiting its 
diameter and removing peripheral energy, which shapes the beam but 
also results in some energy loss. When the broadened beam reaches the 
lens, the lens introduces a quadratic phase shift to the optical field, 
focusing the beam onto the observation plane located at the lens’s focal 
length. Under ideal conditions, the lens performs a Fourier transform of 
the beam’s field at the aperture, producing a focused spot. However, due 
to turbulence-induced broadening, the beam entering the lens has a 
larger waist, which directly impacts the size and sharpness of the focal 
spot.

The modulus of the complex wave amplitude of the Gaussian beam 
after the aperture and lens when observation plane and focal plane is 
same, can be described as: 

Uaperture(r)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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−
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⎞
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⎟
⎠

√
√
√
√
√
√
√
√
√

exp
(

−
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LT

)

exp
(

− i
kr2

2f

)

(19) 

And for Laguerre gaussian it can be written as: 

Uaperture(r, θ)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2P0

πW2
LT

⎛

⎜
⎜
⎝1 − e

−
2a2

W2
LT

⎞

⎟
⎟
⎠

√
√
√
√
√
√
√
√
√

( ̅̅̅
2

√
r

WLT

)|m|

L|m|
n

(
2r2

W2
LT

)

exp
(

−
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exp(− imθ)exp
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(20) 

Finally, the intensity at the observation plane, where the focal plane 
is placed can be defined as (Dickson, 1970): 

I(r2, f)=
⃒
⃒
⃒
⃒

∫ a

0
Uaperture(r)J0

(
2πrr2

λf

)

r dr
⃒
⃒
⃒
⃒

2

(21) 

The optical field at the aperture was represented as a combination of 

Fig. 2. a) Gaussian beam intensity for different Cn2 at distances of 5 km. b) FWHM as a function of turbulence strength Cn2.
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a Gaussian amplitude distribution, scaled to account for the source 

power ( P0), and the lens-induced phase factor exp
(

− i kr2

2f

)

, which is 

due to quadratic phase of lens. Using the Huygens-Fresnel principle and 
the Bessel function ( J0), the far-field intensity was obtained numerically 
by integrating over the aperture radius ( a).

To gain a deeper understanding of the image formation process, it is 
essential to examine the intensity of light reaching the Charge-Coupled 
Device (CCD) sensor of the camera. The CCD sensor is responsible for 

converting incident light into electrical signals, which are ultimately 
used to form the digital image. When light enters the camera through the 
aperture, it passes through the lens system before reaching the CCD 
sensor. Each pixel within the CCD measures the intensity of the 
incoming light, converting it into an electrical charge proportional to the 
number of interacting photons. The calculation of the photon count per 
pixel involves several factors, including the intensity of the incident 
light, exposure time, camera sensitivity, and sensor efficiency. To esti
mate the number of photons per pixel, the incident light intensity is 

Fig. 3. The scheme of setup.

Fig. 4. Number of Photons at focal plane for m = 0, n = 0 (Gaussian beam).

M. Jafari et al.                                                                                                                                                                                                                                  Journal of Atmospheric and Solar-Terrestrial Physics 271 (2025) 106527 

5 



multiplied by the exposure time, taking into account the sensitivity of 
the camera. Additionally, the sensor’s quantum efficiency, which de
notes the effectiveness of converting photons into electrical signals, is 
considered in the calculation. When photons are absorbed by a CCD 
pixel, they generate electron-hole pairs that are collected in the pixel’s 
potential well. The number of electrons collected is directly proportional 
to the number of incident photons during the exposure period. However, 
once the pixel reaches its saturation capacity, any additional photons 
that strike the pixel cannot be collected, resulting in photon spillover 
into neighboring pixels.

The number of photons that can be converted into an electron by 
each pixel of CCD sensor can be defined by following equation: 

Nphotons =
IApixelητ

E 

Where I intensity in focal plane obtained by eq. (21), Apixel = 1 μm2 pixel 
area, η = 0.3 quantum efficient, τ = 1 μs exposure time and E energy of 
each photon.

Fig. 4 illustrates the number of converted photons by a CCD camera 
at the focal plane after the propagation of a Gaussian beam over dis
tances of L = 500 m, 1000 m, 1500m, 2000 m. While the beam maintains 
a Gaussian intensity profile, the images clearly show saturation and 
blooming effects, primarily caused by exceeding the well capacity of the 
CCD pixels. This saturation leads to leakage of charge into neighboring 
pixels, resulting in the characteristic blooming halo. Additionally, 
inherent leakage in CCD pixels contributes to charge diffusion, further 
impacting the accuracy of the recorded photon distribution. At L = 500 
m, the photon density at the focal plane is highly concentrated, causing 

significant saturation at the beam center and prominent blooming, 
particularly in the vertical direction. This vertical elongation reflects 
both photon leakage due to well saturation and the inherent charge 
diffusion within the pixel structure. As the propagation distance in
creases to L = 1000 m, and 1500 m, the beam spreads, reducing the 
central intensity and alleviating saturation. However, some blooming 
remains due to both residual photon concentration and inherent leakage 
effects. At L = 2000 m, the beam is significantly broadened, resulting in 
a more even photon distribution and minimal saturation or blooming.

The inherent leakage in CCD pixels (Ruyten, 1999), a result of charge 
diffusion, plays a secondary but notable role in these observations. Even 
without saturation, charge can diffuse from one pixel to adjacent pixels, 
blurring the recorded intensity distribution. This inherent characteristic 
of CCD sensors, coupled with blooming from well saturation, un
derscores the challenges in accurately capturing high-intensity photon 
distributions. Mitigating these effects may involve using CCDs with 
higher well capacities, advanced pixel designs that limit leakage, or 
employing post-processing algorithms to correct for diffusion and 
blooming artifacts. These steps are crucial for applications requiring 
precise beam profiling and photon measurements, particularly in optical 
diagnostics and imaging systems.

Fig. 5 presents the number of photons converted to signal for a 
Laguerre-Gaussian beam in mode n = 2, m = 1 after propagation dis
tances of L = 1000 m,400 m,350 m, and 300 m. The plots clearly show 
how the beam’s spatial profile and photon absorption characteristics 
evolve with decreasing propagation distance, along with the effects of 
saturation and blooming. At L = 1000, the beam profile maintains a 
relatively well-defined, circular structure typical of the Laguerre- 
Gaussian mode, with no observable saturation or blooming. The 

Fig. 5. Number of Photons at focal plane for m = 2, n = 1 (Laguerre-Gaussian beam).
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photon counts are lower, and the intensity distribution is more uniform. 
As the propagation distance decreases to L = 400 m, the central intensity 
increases, but the beam still retains its characteristic shape with no 
significant artifacts. At shorter distances, the photon density increases 
sharply, leading to saturation at the central peak. This is evidenced by 
the bright red core in the intensity map. Saturation results in blooming, 
visible as vertical streaks in the plots caused by charge leakage from the 
saturated pixels.

These observations emphasize the trade-off between beam propa
gation distance and CCD sensor performance in capturing high-intensity 
photon distributions. While longer distances reduce saturation and 
blooming, shorter distances result in higher photon densities that chal
lenge the dynamic range and capacity of the CCD. The artifacts seen 
here, such as saturation and vertical blooming, underscore the impor
tance of selecting suitable sensor technologies or employing post- 
processing techniques to correct for these effects. Additionally, the 
Laguerre-Gaussian beam’s unique spatial structure requires careful 
analysis to ensure accurate profiling and minimize distortions caused by 
the sensor’s limitations. These findings are critical for applications 
involving high-intensity beams, such as optical communication, beam 
shaping, or advanced imaging systems.

Fig. 6 demonstrates the effect of varying the f-number on the number 
of photons absorbed by a CCD camera at the focal plane for a fixed mode 
(n= 3,m= 2) and propagation distance. At lower f-numbers (f = 1) and 
(f = 2), the larger aperture results in a highly concentrated beam at the 
focal plane, leading to extreme saturation in the central region. This 
saturation causes significant blooming, evident in the vertical streaks 

due to charge leakage from the saturated pixels into adjacent ones along 
the vertical axis, a limitation of the CCD sensor. As the f-number in
creases (f = 5), the aperture size decreases, spreading the beam more 
evenly and significantly reducing the central saturation and blooming 
effects. Finally, at the highest f-number ((f = 10), the narrow aperture 
spreads the beam over a larger area, eliminating saturation and 
blooming entirely, resulting in a smooth intensity profile. However, the 
central intensity decreases as the beam is spread more widely, trading 
off focus for reduced artifacts. This analysis highlights how f-number 
adjustments impact the balance between high photon density and 
minimizing saturation and blooming, with lower f-numbers suitable for 
high-intensity applications requiring advanced sensors or corrections, 
and higher f-numbers better for accurate, artifact-free beam profiling.

4. Conclusion

This study explores the propagation of laser beams with Gaussian 
and Laguerre-Gaussian profiles through atmospheric turbulence, 
analyzing their detection by charge-coupled device (CCD) sensors. By 
employing numerical simulations based on the Kolmogorov turbulence 
model, we quantified the effects of turbulence strength and propagation 
distance on beam intensity distribution and photon detection. The re
sults demonstrate that atmospheric turbulence significantly impacts 
laser beam profiles, with higher turbulence levels causing substantial 
beam broadening and energy dispersion. For Gaussian beams, the Full 
Width at Half Maximum (FWHM) increased from 50 μm to 1.5 m under 
strong turbulence conditions (Cn2 = 10− 12). Higher-order Laguerre- 

Fig. 6. Photon distribution at the focal plane for mode (n = 3, m = 2) with varying f-numbers.
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Gaussian modes exhibited up to 90 % greater broadening compared to 
Gaussian modes, highlighting their sensitivity to turbulence. These 
findings underscore the trade-off between mode complexity and stabil
ity in turbulent environments.

At the CCD sensor, the study revealed saturation and blooming ar
tifacts, particularly in high-intensity regions where photon densities 
exceeded 106 photons/pixel. These artifacts are attributed to the limited 
well capacity and inherent charge diffusion in CCD pixels. By adjusting 
aperture size and f-number, we demonstrated that increasing the f- 
number from 2 to 8 effectively reduced saturation by 60 %, spreading 
the beam over a larger area and mitigating artifacts.
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