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Abstract

This study explores the direct conversion of sunlight into laser light using a neodymium-doped
yttrium aluminum garnet (Nd:YAG) crystal as the active medium. A side-pumping technique
was employed, and a theoretical Nd:Y AG model was developed to assess the influence of key
parameters on solar laser performance. The results indicate that the Nd:Y AG medium achieved
a laser gain of 4% and a conversion efficiency of 2.5%. These findings align with previous
studies, validating the proposed model and confirming the feasibility of solar-pumped lasers as
a sustainable energy source.
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1. Introduction

The growing demand for energy, rising costs, and concerns about the depletion of
conventional fuels have driven the search for sustainable alternatives. However, fossil fuel
combustion releases harmful emissions, contributing to environmental pollution and global
warming. Among renewable energy sources, solar energy is a promising option due to its
availability and potential for efficient energy conversion. One of its advanced applications is
optical pumping for lasers (LASER—Light Amplification by Stimulated Emission of
Radiation), a process that enables the generation of coherent light for various technological
uses.

Optical pumping is a widely used method to achieve population inversion, a necessary
condition for laser operation. In this process, atoms absorb energy and transition to an excited
state, where they can undergo stimulated emission, producing a focused and monochromatic
laser beam. This process takes place in an active medium, which can be a solid, liquid, or gas,
enclosed within a resonator that amplifies the emitted light.

Solar energy can be harnessed for laser generation through two main approaches:
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a. Indirect Pumping

Photovoltaic cells convert sunlight into electricity, which then powers a laser diode to excite
the active medium. While diode-excited lasers (DELs) can achieve high efficiencies, solar cells
typically operate at 12%—15% efficiency, reducing overall performance [1,2].

b. Direct Pumping

Sunlight is directly concentrated onto the active medium, eliminating intermediate electrical
conversion. This technique includes:

¢ Side Pumping: Solar radiation is focused onto the side of the laser medium, improving
energy absorption and efficiency [3].

e End Pumping: Sunlight is directed at one end of the active medium, enhancing energy
transfer for improved laser output.

Solar-powered lasers present a promising integration of solar energy and laser physics,
with applications in space communication, industrial processing, medical treatments, and
precision measurements.

This study aims to develop a solar-driven optical pumping system to replace conventional
methods, improving energy efficiency, reducing maintenance costs, and enhancing adaptability
across various environments. The focus is on direct solar-to-laser conversion, eliminating
electrical intermediates to maximize performance.

2. Characteristics of Nd:YAG Laser

The neodymium-doped yttrium aluminum garnet (Nd:YAG) laser is a four-level laser
system, requiring lower pumping energy than three-level lasers. It primarily emits at a
wavelength of 1064 nm [4]. The active medium consists of yttrium aluminum garnet (YAQG)
crystals doped with neodymium ions (Nd**) at concentrations between 0.5% and 2%. In this
structure, neodymium ions replace yttrium atoms in the YAG crystal lattice, forming laser-
active energy states. This system supports three key laser emission lines at 1359 nm, 1064 nm,
and 914.2 nm. Although the YAG host crystal itself does not emit laser light, it provides
structural stability. When Nd** ions are incorporated into the lattice, they interact with the
periodic electric field of the host material. This interaction affects the electronic energy levels
of the neodymium ions, influenced by factors such as field intensity, crystal symmetry, and
electronic configuration. In free space, neodymium ions possess multiple closely spaced energy
levels. However, inside the YAG crystal, the crystal field effect induces energy level splitting,
creating distinct laser-active states. This interaction also modifies the selection rules governing

electronic transitions, enabling transitions that would otherwise be forbidden in isolated
Nd*ions. Due to these enhanced optical properties, Nd:YAG lasers are widely used i
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industrial, medical, and scientific applications, valued for their high efficiency and stable
output.

3. Four-Level Laser Energy Transition Process

In a four-level laser system, excitation of the active medium promotes atoms or molecules
from their ground state (E4) to a higher excited state (E3) within a broad frequency range.
However, these excited particles quickly undergo a non-radiative transition to a lower-energy
metastable state(E2), where they accumulate due to its relatively long lifetime.

The key to laser operation lies in population inversion, which occurs when the number of atoms
at Es exceeds those at the lower laser level E.. This imbalance allows stimulated emission to
dominate over absorption. As atoms transition from Es to E», they release coherent photons—
identical in frequency, phase, and direction—Ileading to the amplification of laser light.

Following photon emission, atoms rapidly return to the ground state (E3) via a non-radiative
process, ensuring continuous energy cycling and sustained laser operation. The fast
depopulation of E» prevents the reabsorption of emitted photons, further improving laser
efficiency. This four-level mechanism is favored in solid-state lasers due to its low threshold
energy and high operational stability.

Excited State

Spontanecus Emission

Metastable State

Laser Emission

Figure 1: Schematic Representation of Energy Levels and Transitions in an Nd:YAG Laser

The time-dependent rate equations governing the population dynamics of ions N1, N, N3
, and N4 per unit volume in a four-level laser system are expressed as:
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where:

Wj; represents the transition probability between levels i and j.
T;; denotes the spontaneous emission lifetime between levels i and j.

The photon lifetimes corresponding to spontaneous transitions between different energy levels
are defined as:

T41 T4z <T43: photon lifetimes for spontaneous transitions from energy level E4lower levels.
T31 T3, photon lifetimes for spontaneous transitions from energy level EstoE> and E;.

T,1: photon lifetime for spontaneous transitions from energy level E>toE;.

The time-dependent rate equation describing the photon density pwithin the laser cavity,
assuming the cavity volume Vy is equal to the active laser medium volume Vi, is givenby:

dp N, p
— = W,,(N; —N,) — ——— —
g = Wor(Ns = N2) 5o — 5)

where:
P is a parameter related to the stimulated emission process.

Tc 1s the photon lifetime in the laser cavity:

Tc—yc

()

where:

Lgis the length of the laser cavity, yis the loss rate along the active medium and C is the speed
of light in the medium.

The population inversion density, defined as:
N = N3 - NZ
evolves according to the following expression:

dN _dNy N _ o oo N
at  dt  de 32 Tr
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where:
1 is the excitation efficiency.
Tris the total lifetime of the population inversion.

The temporal evolution of N is determined by the excitation of atoms from the ground state
and their depletion due to stimulated emission and spontaneous relaxation. The total inversion
lifetime is given by:
1 1 N 1 ©)
Tr T3z 2Tz
This formulation accounts for the contributions of spontaneous emission from different energy
states to the overall inversion dynamics.

When N, < N3, it can be assumed that N3 = N. Considering a specific number nof
modes, the photon density evolves as:

40 _ N 2N _ P 10

dt 32 Pt3, ¢ (10)
The rate of stimulated emission per unit time and volume is expressed as:

Ng = W3,N = I oN (11)

[}, isthe intensity of emitted laser radiation or photons from the active medium per unit area and
time.

o represents the intensity of the pump radiation per unit area and time.
The photon density is defined as:
IL=pxC (12)
The number of pumping photons per unit time and volume is expressed as:
Np = WN; = [popN; 13)
where:

[p representsthe intensity of emitted laser radiation or photon flux from the active medium per

unit area and time.
opdenotes the stimulated emission cross-section of the laser ions.
Given that ¢, represents the total number of photons emitted from the pump source, the pu

photon flux for side-pumping is given by:
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Ip = -2 (14)

where:
L isthe length of the active medium.
d is the diameter of the active medium.

Using equations (5), (10), (11), (12), (13), and (14), the governing equations for the emission
process in an Nd:YAG laser can be derived as follows:

N INp — 2CopN — 2 15
7~ e op - (15)
dp V. nN p

dt N VR ZCGpN B PT32 B TC (16)

To solve equation (15) and (16), we consider the steady-state condition, where:

dN dp
dt  dt
Under this assumption, the expression for photon density is obtained as:

_ LR an VL 1
~yC 2 Vg Cotr

p 17)

This equation describes the steady-state photon density, balancing pumping power, losses, and
stimulated emission, which are critical factors in determining the efficiency of the solar-
pumped Nd:YAG laser.

Using equation (12), the laser photon flux density is determined by:

LR T]Np VL 1
L= — (1s)
Yy 2 Vg otr
If A represents the laser beam cross-sectional area and T the mirror transmittance
coefficient, the laser output power is given by:

I
POUT = ETAhUl (19)

Substituting the expression for Ij, gives:
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LrtrNpoVin
2VR
Pout = 3547 v -1 (20)
Ahvy

Two key parameters are defined [7]:

e Small-signal gain coefficient:

LrtrNpoVin
=0 21
8o 2Ve (21)

e Output coupling parameter:

_ 20ty 2
~ Ahvu; Al (22)
By substituting these parameters, Equation (20) simplifies to:
T (8o

Pour =5 (5~ 1) 23)

Trepresents the mirror transmittance, which accounts for both total cavity losses and active
medium losses, the overall optical loss coefficient along the active medium is given by:

T
Y=5+Yo (24)

The laser energy inside the cavity is defined as:

I
&z%A (25)

The output laser energy, expressed in terms of T andP., is given by:
Poyr = TP (26)
Higher values of Tlead to increased output power, albeit at the cost of reduced intracavity
energy storage.
Using equations (23) and (26), the following expressionsare derived:

e Laser energy inside the cavity:

re=d(22-1)
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e Relation between gain and intracavity energy:

8o
— =1+ P,
Y BPc (28)
e Total loss coefficient expression:
__ 8o
YT T4 (29)

In this case, the condition is analyzed where the gain (g) equals the total optical losses (),
ensuring laser operation at the threshold [8]:

_ 8o _ 8o
BT T4 1+1/1, 30)

To establish the connection between population inversion (N) and gain (gg),two specific
cases are considered:

dN
- Steady-State Condition: T 0

- Specific Photon Density Condition: p=0

Thus, by applying equations (15)and (16), the expression for population inversion density
is derived as:

_ MNp1r
N=—— 31)

Using equation (26) and assuming the cavity and active medium have the same diameter, the
relevant expressions are substituted into equation (31) to determine the gain coefficient [9]:

g0 = oLN (32)

4. Theoretical Model of Nd:YAG Laser

This study establishes a mathematical framework that defines the relationship between
input pump power, photon flux density, gain coefficient, and laser output power. Focusing on
the side-pumping configuration, the model incorporates key parameters governing energy
conversion and threshold conditions, forming the basis for the following equations.

Relationship Between Laser Output Power and Input Power
The laser output power,P,., within the specified spectral range, is given by:

P. = kr(pin - pO)
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where:

k.is the conversion efficiency to the desired radiation.
pinrepresents the input pump power.

pois the threshold pump power required to sustain lasing.
Photon Flux and Pump Light Conversion Efficiency

The total number of photons reaching the active medium is given by:

=k Pr
P =Ko (34)

kp isthe pump light conversion efficiency within the cavity(also referred to as pumping
efficiency).

hv,, is the photon energy required to pump the active medium.

Using this relationship, the pump light flux density in the active laser medium can be expressed
as:

_ KPKr(pin - pO)
P hv,Ld (35)

where L and d are the cavity length and diameter, respectively.
Absorbed Pump Photons and Gain Coefficient

The number of absorbed pump photons per unit time and volume is expressed as:

Ny = KpK;0pN1(Pin — Po)
P hu,Ld (36)

where N is the density of ground-state ions per unit volume. Assuming that the cavity and the
active medium share the same diameter, d, the gain coefficient is defined as:

KpK,opnNyoTT
= Py — P
8o ZhUpd ( IN 0) (37)

Defining the gain coefficient factor:
KpKopnNyoTT
B 2hv,d
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Thus, the intrinsic gain coefficient can be rewritten as:
go = k(Py — Py) (39)

Laser Output Power and Conversion Efficiency

By substituting the gain coefficient equation into the power equation, the laser output
power is expressed as:

Four = % [P = (R + ) (40)

where:
yand [ are system-dependent parameters,
T denotes the transmission coefficient.

The conversion efficiency is given by:

_ KT I ( T )
Na = v NMovpakpy 2y —InR (41)
Novp denotes the overlap efficiency between the laser absorption spectrum and the solar
spectrum.
Threshold Pump Power

The threshold pump power, Py, is determined using the following equation:

b _p +y Al (Zy—lnR)
TR NovpN& 2Kp (“42)
The overlap efficiency, ngyp, is defined as:
b
J, gxdA
Nove = S 43)
f() 258 dA

g, represents the solar spectral radiation flux density.
) 000 g, dA = [corresponds to the total incident solar radiation intensity over all wavelengths.

Mean Absorbed Solar Wavelength

The mean absorbed solar wavelength (Ag) is given by:
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b
[ gandr

= 44
fang Y (44)

S

where:

Ag represents the weighted average wavelength of the absorbed solar spectrum.

The integration limitsaand bdefine the spectral range relevant to the laser absorption region.
Final Expression for Laser Output Power

The laser output power is also expressed as:
Pout = NalPin — Pl (45)

By rearranging the equation:
KpK opnN;ioTr B (B_A) (Nlopn) A_p KoK
2hv, \2 2 S\t (46)

All parameters in this equation depend on the active laser medium or the pumping
method.:Under the assumption that the parameter dK remains constantwithin the studied
range:

dK = constant
Equation (20) simplifies to [9]:

2 _ho_|
AB_GTT_S 47

Since the characteristics of the Nd:YAG laser medium remain unchanged for the studied
system, the following assumption is made:

2

— = constant
Ap

S. Physical Parameters of the Studied Model

The following table summarizes the key physical parameters used in the studied solar laser

model:
Value Symbol Description
40 mm L Length of the active medium
3 mm D Diameter of the active medium
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0.59 A Absorption coefficient of the Nd:YAG laser
0.63 n Quantum efficiency
0.67 Ky Pump efficiency

0.14 Novp Overlap ratio between the solar radiation emission spectrum and the laser
absorption spectrum

0.016 Y Optical loss coefficient in the laser rod

12.5 W/mm? Ig Laser radiation intensity emitted from the crystal

This set of parameters provides a detailed characterization of the laser system, ensuring
accurate modeling and performance evaluation.

6. Results and Discussion
a. High Efficiency of Solar Laser

Figure 2 illustrates the linear relationship between solar laser output power and input pumping
power. For an active medium with a 3 mm diameter and a pumping power of 4000 W, a
conversion efficiency of 2.5% (1n4=0.025)was achieved, corresponding to a maximum laser
output power of 93 W at a front mirror reflectivity of 90%. These results align with previous
studies [10], validating the proposed model and reinforcing the potential of solar-pumped lasers
for high-efficiency energy conversion.

—i— R =90 %

200 /: = f_,,ff

Solar laser output power (W)

1 i I i I M I
1] sO00n plililili] 1=00n Inom

Incoming solar power [ W)

Figure 2: solar laser output power as a of fonction inconing solar power.
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b. Gain of the Studied Solar Laser

Figure 3 depicts the variation in solar laser gain as a function of solar pumping power for an
active medium with dimensions 3 x 40 mm?. The findings indicate that at a specific solar
pumping power, the laser gain reaches 4% (g, = 4%). This demonstrates the direct correlation
between pumping power and gain, highlighting the efficiency of the studied solar-pumped laser
system.

¢. Influence of the Active Medium Diameter on Solar Laser OQutput Power, Gain,
and Threshold Pumping Power

To assess the impact of active medium diameter on solar laser performance, a systematic
variation in size was conducted, with corresponding effects on output power, laser gain, and
threshold pumping power presented in Figures 4, 5, and 6, respectively. The results show that
for a laser rod with dimensions 3 x 40 mm?, the laser gain reaches 4% (g, = 4%), while the
maximum solar laser output power is 93 W (Poyr =93 W). These findings align with previous
research [11], further validating the proposed model and confirming the strong dependence of
solar laser performance on active medium dimensions.

Gain solar power

Incoming solar power [W)

Figure 3: depicts the variation in solar laser gain as a function of solar pumping power

Volume 50 Issue 2 (April 2026)
https://powertechjournal.com




- Power System Technology

ISSN:1000-3673

Received: 23-11-2025 Revised: 24-03-2026 Accepted: 22-04-2026

Gain solar power
-

2 ey

TE—a-a—_a._g

T T T T T T T T
L] 2 a - E m ” 14 L

)

Figure 4: solar laser gain as a fonction of the active medium diameter.

Solar laser output power (W)
i
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T T T T
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Figure 5: solar laser output power as a fonction of the active medium diameter

158

1. 4

Threshold power (W)

Figure 6: Threshod power as a fonction of the active medium diameter
7. Conclusion

This study investigated the direct conversion of sunlight into laser light through solar pumpin
utilizing an Nd:YAG crystal as the laser medium. Nd:YAG was selected for its low pu
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threshold, making it highly efficient for solar laser applications. The side-pumping technique
was implemented to excite the active medium, and a theoretical model was developed to
evaluate the impact of key parameters on solar laser system performance.

The findings demonstrate that using an Nd:YAG laser medium of 3 x 40 mm?, with a laser
cavity front mirror reflectivity of 90% and an input solar power of 4000 W, the system achieves
a solar laser gain of 4% (g, = 4%) and a maximum output power of 93 W (Pyyt = 93 W),
corresponding to a conversion efficiency of 2.5% (ng= 0.025). These results align with
previous studies, validating the feasibility and efficiency of solar-pumped Nd:YAG lasers for
sustainable energy applications.

Overall, this following work confirms that solar-pumped laser technology offers a promising
pathway for high-efficiency, renewable energy conversion. Future research should focus on
optimizing active medium dimensions, enhancing light absorption techniques, and improving
system scalability to further advance solar laser applications in various scientific and industrial
fields.
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