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Introduction

HccnenoBaHbl BOJIOKOHHBIE JIa3epbl C COJIHEYHOM Hakaykod 0e3 MepBUYHOIO KOHIIEHTPATOPA.
Pa3paboTana Mozesib BOJOKOHHBIX JIa3€pOB Ha KBapLEBOM CTEKJE, JISTUPOBAHHBIX MOHAMHU
Nd*, ¢ nomepeunoii Hakaukoif ¢ TOMONIBIO METOJA TPACCHPOBKM (oToHOB. Ha ocHoBe
MOJIETIM  OLIEHEHBI paclpeesieHue IOTJIONIEHHOH MOIIHOCTH, BO3MOJXKHBIE IOTEpH U
3¢ PEeKTUBHOCTh HAKaYKU. BBUTH MPOaHATM3UPOBAHBI OLICHEHHbBIE MAPAMETPhI M CICTAaHBI CO-
OTBETCTBYIOIINE BBIBOJIBI, KOTOPBIC MO3BOJISIOT CACIATh PSJ MPEUIOKECHUH 10 YIYUIICHUIO
KOHCTPYKIIMU BOJIOKOHHBIX JIa3€pOB C COJIHEUHOH HakaukoW. PacuertHast 3(pQeKTUBHOCTH
MOTJIOLIEHUS BOJIOKOHHOTO COJIHEYHOTO Jiadepa 0e3 epBUYHOT0 KOHLIEHTPATOPA HUIIK CUCTEMBI
cojiHeyHoro ciuexxkenus cocrasuiaa 0.2% misg BosokHa mmuHOK 190 M. BeixomHas MOIIHOCTH
BOJIOKOHHOTO Ja3epa mpu 3ToM coctaBisieT 40 mMBT, a sddexTtuBHOCTE TpeoOpazoBaHus
COJTHEUHOI'0 W3JIy4eHHs B JasepHoe wu3nydenue paBHa 0.06%. PaspaboranHas Mopenb
MO3BOJISIET OLIEHUTh OOLIYI0 3(P(EeKTHBHOCTb, BBIXOAHYIO MOULIHOCTH M paclpelelieHHne
nornomieHns B BonokoHHeIX Nd** masepax 6e3 (okycupyrouieii ONTHKH, 4TO JAeT BO3MOX-
HOCTb ITPOBOJINTH PA3IMYHbIE UCCIEAOBATEIILCKIE CPABHEHHSL.

KioueBble cJjioBa: BOJOKOHHBIM Jla3ep C COJHEYHOW HAaKauyKOM, KBapLEBOE BOJIOKHO, JIETUPOBaHHE
HEOIMMOM, TTapadoI0-UMINHIPUIECKU KOHIIGHTPATOp, CEHCHOMIN3aTop pogamMuH 6G.

We studied solar pumped fiber lasers without primary concentrator. A model of solar side-
pumped Nd*" doped silica fiber lasers was developed using photon tracing method. The
absorbed power distribution, possible losses and the pumping efficiency are estimated using
the model. We analyzed the estimated paramters and drawed conclutions which have many
suggests for improved design of solar pumped fiber lasers. The absorption efficiency of a fiber
solar laser without a primary concentrator or sun tracker was calculated to be 0.2% for a 190 m
fiber. The output power of the fiber laser is 40 mW, and the conversion efficiency from
sunlight to laser light is calculated to be 0.06%. The developed model allows one to estimate
the overall efficiency, output power and absorption distribution of Nd*" fiber lasers without fo-
cusing optics, enabling various investigative comparisons.

Keywords: Solar pumped fiber laser, Nd-doped silica fiber, parabolic-trough concentrator, Rhodamine
6G sensitizer.

to-power conversion efficiency, which is observed to

One way to hardness solar energy is to use solar
lasers, which convert sunlight directly into laser radi-
ation. Solar lasers have prospects of application in
space laser communications, processing of magne-
sium resources, etc. [1-3]. The major obstacle to the
practicality of solar lasers is the relatively low power-

be around 5%. The overall efficiency of solar lasers
mainly depends on the active laser medium's optical
properties [4-5], the primary concentrator [6] and the
secondary concentrators. In addition, the efficiency
and stability of solar lasers are negatively impacted
by the primary concentrator type and the solar track-
ing system. To overcome technical issues associated
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with the primary concentrator, a solar-pumped fiber
laser is proposed [7]. In 2017, a solar fiber laser
immersed in a sensitizer solution was demonstrated to
increase absorption efficiency and reduce the thre-
shold pump power [8]. A 40 m long Nd** doped silica
fiber was immersed in a solution of rhodamine 6G
(R6G) in methanol because R6G has a high fluores-
cence efficiency and its fluorescence absorption spec-
trum coincides with the absorbtion spectrum of Nd**
doped silica fiber. The limit of laser generation up to
1.5 W/em® has been reached. In 2019, Endo et al. per-
formed Monte Carlo ray tracing simulations on a
fiber laser with transverse solar pumping and proved
that a laser power of 1 mW can be obtained without a
primary concentrator [9]. In 2020, Masuda et al. re-
ported a transversely solar-pumped Nd** fiber laser
placed in a dye-filled chamber [7]. Although the
maximum output power was only 1.3 mW, according
to their calculations, the efficiency of converting so-
lar energy into laser energy can be as high as 8%.

Furthermore, solar fiber lasers are studied with
primary concentrators. In 2021, Pan Guo [10] et al.
chose a primary concentrator radius of 600 mm and
concentrated 217.7 W of solar power in an annular
chamber, which allowed 73.5 W of solar power to be
absorbed by the neodymium fiber core and 21.4%
overall increase in efficiency. The output power of
the laser was 2.6 W, the slope efficiency was 3.7%.
In 2022, Pengfei Xiang [11] et al. reported that with
an input solar power of 1307.4 W, the maximum out-
put power is showen to be 60.62 W using TracePro
software for Nd:YAG crystalline fiber with a core
diameter of Imm and a length of 150 mm. The laser
conversion efficiency of 4.64% is demonstrated.

Jianlei Wang [12] et al. numerically studied so-
lar fiber lasers. They showed that maximum output
power of 63.3 W and a slope efficiency of 34.2% can
be achieved using a 791 nm laser diode for pumping
of Tm:YAG crystal fiber. A key point from this short
review is that the overall efficiency of solar-powered
fiber lasers without a primary concentrator is discou-
ragingly low. However, the reasons or mechanisms
for the very low efficiency have not been sufficiently
studied. More importantly, possible mechanisms,
concepts and schemes for the improvement of solar-
fiber lasers are not being discussed. The lack of suffi-
cient theoretical analysis is understandable due to the
complex nature of solar fiber lasers.

Therefore, we believe more theoretical and expe-
rimental research into solar fiber lasers without pri-
mary concentrators is necessary. In this regard, creat-
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ing a fully functional and detailed model that
accounts for significant factors is essential. Therefore,
in this work, our purpose is to develop a model for
Nd** doped solar fiber lasers without any primary
concentrator.

II.  Simulation technique

Due to the physical complexity of solar-fiber
lasers and inherent randomness in solar radiation,
analytical and/or numerical methods are practically
unsuitable for model development. Another suitable
tool is a simulation based on the ray/photon tracing
concept. In general, the model can be developed by
many ready-to-use ('black box') software like Zemax
and TracePro, two of the most popular packages in
physical optics. However, we here intend to use the
so-called photon tracing method. The photon tracing
can be considered a modified ray tracing method with
Monte Carlo to control random processes. The versa-
tility of photon tracing for modeling solar lasers is
demonstrated in our previous studies [13-16].

I1I. Description of the hardware parts in

the model

We adopted the following model specifications
and parameters to develop the model. A schematic
construction of the solar fiber laser is shown in Figure
1, where size rations are altered for better representa-
tion.

Figure 1. A typical example of a solar fiber laser. 1, 2 —
resonator mirrors, 3 — outer cover, 4 — fibers as the active
medium, 5, 6 — ins and outs for water, 7 — dichroic mirror,
8 — luminescent collector (thodamine 6G), 9 — highly re-
flective mirror, 10 — cooling liquid, 11 — sun rays.

II1.1. Cylindric cavity

A cylindric cavity with a radius of 15 cm and a
height of 1.5 mm is chosen to contain all other parts
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of the solar laser. Walls of the cavity, such as bases
and inner sides, are processed with coating technolo-
gy (broadband HR mirror), which is made of multiple
dielectric layers. As a result, its reflectivity is equal to
96% (Figure 2). The working surface area of the base
is 707 cm?, from which solar radiation is allowed into
the system. The top of the cylinder is made from a
dichroic mirror (more detailed information is pro-
vided further in the text).

Figure 2. Schematic diagram of the path of the photon and
its absorption in the fiber. 1 — dichroic mirror, 2 — side wall,
3 — bottom wall, 4 — R6G solution.

I11.2. Nd** doped silica fiber

Long thin fiber with length of 190 m is coiled
(lay down) inside cylindric cavity. The cross-section
of the fiber consists of two parts: outer part (cladding)
and inner (core) part. The core made of Nd** ions
inserted silica. The diameters of the cladding and core
are 125 mkm and 16 mkm, respectively. In the design
of fiber coils, the minimum bend radius is taken into
consideration.

II1.3. R6G sensitizer

The overlap between silica fiber absorption
spectrum and solar spectrum is very narrow negative-
ly impacting the pumping efficiency. To improve this
poor overlap, the cavity is filled with R6G (Rhoda-
mine 6G, 0.3 mmolxL™" solution (Sigma Aldrich).
The R6G plays the role of sensitizer for Nd ions as
can be seen from spectral plots in Fig. 3. The R6G
can absorb the wider spectrum from 400 nm up to
587 nm peaking around 527 nm, which corresponds
to 3.49 cm ™' or 1516 dB/m [6]. The emission spec-
trum of R6G is located between 501 and 796 nm,
which is perfect overlaps with the highest absorption
band of Nd ions in the core.
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Figure 3. Standard solar spectrum (1), R6G absorption
spectrum (2), R6G emission spectrum (3), fiber absorption
spectrum (4).

II1.4. Dichroic mirror

The cylindric cavity shown in Fig. 1 is enclosed
with a dichroic mirror in the top. The purpose of the
dichroic mirror is to prevent the escape of potentially
absorbable photons. The mirror has near 100% reflec-
tivity for wavelengths between 550 nm and 725 nm.
This range perfectly overlaps the absorption band of
Nd ions and also the emission spectrum of the sensi-
tizer R6G (Fig. 4). Beyond the range from 550 nm
and 725 nm, the mirror is almost transparent, allow-
ing the escape of unabsorbable photons. This can help
to avoid overheating of the system.
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Figure 4. R6G absorption spectrum (1), R6G emission
spectrum (2), dichroic mirror reflection (3), fiber absorp-
tion spectrum (4).
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IV.  The developed model

As described, 190 m long optical fiber wrapped
around the axis of the cavity on a ring with a radius
of 15 c¢cm and a thickness of 1.5 mm. In the model,
each fiber coil is considered as a separate ring, that is,
the shape of the fiber is approximated by tori. The to-
tal length of the fiber was obtained as the sum of the
lengths of the annular loops in the row and column. It
consisted of 8 rows and 25 columns and 200 loops.
The gap (distance) between fibers in a column and a
row is assumed to be 50 um. The gaps are filled with
sensitizer since the chamber was filled with an R6G
solution in methanol, which acts as a luminescent so-
lar concentrator to shift the solar spectrum and pro-
vide better overlap with the absorption spectrum of
the Nd** doped silica fiber active medium. The sur-
face of the cavity is 707 cm®. If the solar radiation is
assumed to be 1000 W/m?, the around 70 W solar
energy enters into the cavity.

In the model, sampled solar photons enter into
system. They can interact with several geometric
objects: dichroic mirror (plane), fibers (torus), walls
of cylinder, R6G medium. Possible trajectories and
behaviors of photons in each of these system
elements are followings. The dichroic mirror selec-
tively reflects photons calculating reflection probabil-
ity in terms of reflection spectrum. Fibers can reflect
photons or allow them to be refracted inwards. Pho-
tons that entered onto fiber can propagate inside and
hence get absorbed resulting in pumped photon.

Absorption probability of photons is calculated
in terms of Nd*" silica absorption spectrum. The es-
cape of photons from fiber is also possible. The prop-
agation of photons in R6G can result in absorption
and give rise to a new photon with a new wavelength
which sampled from the emission spectrum of the
R6G. Coated cylinder wall has 0.96 reflectivity which
is approximated value for all wavelengths. All these
trajectories and behaviors are modeled and monitored
to estimate the performance of the system.

V. Results and discussions

One advantage of this developed model as op-
posed to “black box” type modelling is that it allows
us to estimate the performance of each element in the
system. Taking this advantage, we calculated the
power distribution of the entered solar energy among
elements in the system. The results are presented in
Table 1.
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Table 1. Power distribution

Processes Power (W) Relative
power (%)

Total incident photons 70.7 100
Refracted through a dich- 66.86 94.57
roic mirror
Those who left the dich- 26.81 37.92
roic mirror
Those reflected from the 3.81 5.39
dichroic mirror surface
Photons that are not ab- 30.24 42.77
sorbed
Absorbed in R6G solution 7.25 10.26
Losses on a lower basis 8.74 12.37
Side wall losses 0.89 1.26
Absorbed in the fiber core 0.144 0.2
Output power 40%107 0.06

Data in Table 1 shows losses at each element
and at a process in the system.

The dichroic mirror. As stated above, 70.7 W
solar power is incident on the system. First step in the
process is the passage of photons through the dichroic
mirror. It is estimated by the model that the mirror
causes 5.43% loss from total power. The second loss
at the mirror is 37.92 %, so in total the loss at the mir-
ror adds up to 43.35%. At first consideration, this
seems to be very significant. However, it should be
noted that the mirror discharges photons which are
hard to get absorbed by either Nd** silica or R6G.

R6G solution. The R6G medium can absorb
10.26% from total power. So, the “sensitizer-ness” of
the medium helps to frequency-shift 7.25 W solar
photons. If we consider the quantum yield of the me-
dium, this 7.25 W value further decreases resulting in
a very low “sensitizer-ness”.

Nd** silica. 0.2 % from total power is absorbed
in the fiber core as a usefully pumped photons, even-
tually giving rise to the laser output. Here, it should
be noted that 0.144 W (0.2%) is contributed by both
direct solar photons and frequency-shifted photons in
R6G.

Cylinder walls. Due to imperfect reflectivity
(0.96) of the cavity walls, the loss at the wall is
1.26%, relatively smaller and this factor can be fur-
ther mitigated by the increa-sed reflectivity.

Cylinder base. (Only lower end, upper end is not
included). Even though the reflectivity is the same as
the wall, the loss at the base is much higher at level of
12.37%.
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Table 2. Power distribution.

Power | Relative
Processes W) power
(%)

Total incident photons 70.7 100
Unabsorbable Photons by both 30.23 42.77
Nd** and R6G
Potentially useful/absorbable 40.47 57.23
photons
Loss at the dichroic mirror 30.64 43.35
Loss at the cylinder base 8.74 12.37
Loss at the wall 0.89 1.26
Absorbed in the fiber core 0.144 0.2

Table 2 shows the total loss data for each ele-
ment. Data in Tables 1 and 2, which are estimated
within the developed model can yield very useful
insights into the modeled system. The data clearly
suggest which parts of the system design should be
significantly improved. One of main findings is that
the dichroic mirror needs to be improved due to
significant loss at the mirror Second takeaway is the
very low sensitizing ability of R6G, which indicates
the need to consider other materials. Third takeaway
is that loss at the base is considerable and different
pumping configurations can be experimented to fur-
ther decrease this loss.

Laser Output. Analyzing power distribution,
losses and pumping to the core leads us to the calcu-
lation of the laser output, the ultimate performance
criteria of solar pumped fiber lasers. Since active me-
dium Nd** silica is being modelled, four energy level
schemes will be used to calculate. Necessary parame-
ters for the laser output are the saturation intensity,
fiber core volume, radius of fiber core, small signal
gain coefficient, pumped power in the fiber core, the
reflection loss at the resonator mirrors, intrinsic loss
coefficient of the active medium and the physical
properties of fiber. The derivation of the working eq-
uation is not included. However, it is worth mention-
ing that it uses the rate equation, Boltzmann distribu-
tion, and Beer-Lambert laws [17]. So, the fiber laser
output power is found using the following formula
[14]: medium,

2
Pout = 1Vo (1= (g + A/ L) / g )

where | is the saturation intensity, V = nr’ll =
2.01x107'°L — fiber core volume, r — radius of fiber
core, go = (12W")xPus(L)/L — small signal gain coef-
ficient, P,,s — power of photons absorbed in the fiber

core, A = 1.5% is the reflection loss at the resonator
mirror [15], ap= 6.91x10* m™" (3 dB km") is the
intrinsic loss coefficient [4], L — length of fiber. So,
we calculated that the output power for a fiber with a
radius of 8 um and a length of 190 m is equal to 40
mW. This corresponds to the efficiency of converting
sunlight into laser light 0.06%. The results derived
from the model and calculation method developed in
this study align with the findings of another study
[14], which calculated an output power of 39 mW us-
ing ray tracing modeling.

VI. Conclusion

A model of solar side-pumped Nd** doped silica
fiber lasers was developed based on the Monte Carlo
photon tracing method. The absorbed power
distribution, possible losses and the pumping
efficiency are estimated using the model. We
analyzed the estimated paramters and drawed
conclusions which have many suggests for improved
design of solar pumped fiber lasers. The absorption
efficiency of a fiber solar laser without a primary
concentrator or sun tracker was calculated to be 0.2%
for a 190 m fiber. The output power of the fiber laser
is 40 mW, and the conversion efficiency from
sunlight to laser light is calculated to be 0.06%. The
developed model can be used to theoretically analyze
and optimize the solar pumped fiber lasers.
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@okycaam Ba KyEHNIHM Ky3aTHII TH3UMJapcH3
KY€l HypJapu OMJIaH JAMJIAHAJAUTAH ONTHK TO-
JIaJIu Jasep

A.G. Kakhkhorov, A.A. Sherniyozov, Sh.D. Payziyev

Mon-nna3ma Ba na3ep TEXHOJIOTUSIIAPU UHCTUTYTH, J1ypMoH
wymu kydacu 33, 100125, TomkeHT, Y30eKHCTOH

Bupnamun KoHIEHTpaTopcu3 Ky€ml OmiiaH JamilaHaIuraH
Tonanu Jasepnap ypranwngu. OOTOHIApHU Ky3aTHUII
MeTonuIaH Qoiinananno, KyEem OnnaH KyHAaIaHr JaMiiarl
opkamu Nd** Kymmiram kBapl TONaIM JasepiapHHHHT
MoZenu WHulad wuMkwign. Mognen épramuaa IOTHITaH
KyBBaT TaKCUMOTH, MYMKHH OVITaH HYKOTHIUIap Ba
JaMianl camapagopiauru OaxonaHau. bus aHuKnaHraH
MapaMeTpiIapHd TaxIWil KWIAWK Ba Ky€ml Hypu OuWiaH
HILIaiIuradn TOJAJIN JIa3epIapHUHT IU3aiHUHU
TaKOMIJUTAIITAPHII OYiinya Kymiad Takmuduiapra sra
Oynran Xxynocanap 4MKapAdUK. bupramuu KOHIIEHTpaTop
€KkH Ky€Ill Ky3aTyBUCU3 TOJAJIN K€Ll JIA3epUHUHT YMyMUI
camapanopnuru 190 m tona yuayH 0.2% SkaHIUTH TONUIIH.
Tonanu nazepHuHr unkum Kyseatu 40 MBT, Kyém HypuHu
Jasep Hypura aiantupuil camapajgopiuuru 3ca 0.06% Hu
Tamkmn Kunagd. Mmona6 umkmmras moxen Nd** tomamm
Ja3eplapHUHT  yMyMHH  caMapaJOpiuTHHH,  YUKHII
KyBBaTHHHM Ba IOTHJIMII TAKCUMOTHHY 0axoJanl UMKOHHHH
6epanu, Oy 3ca Typau TAAKUKOT TAKKOCTAUIAPUHU amajra
OILIMPHII UMKOHHHU Oepanu.

Kanur cy3nap: kyém OunaH ONTHUK JaMIIaHaMIaH TOJIAJIH Jla3ep,
HEONMM  KYIIWIraH KBapl  Toja, MapaboJo-LMIHHAPHK
KOHLIEHTPATOp, poAaMuH 6G CEHCHOMIU3aTOPH.



