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HcceroBana MHOTOCTEPKHEBAS CXeMa Kak OJIHA M3 MEPCIIEKTHBHBIX BO3MOKHOCTEH MPOIBHU-
JKCHHUSI COJTHEYHBIX J1a3epOB K 0oJiee BICOKHM 3 dekTuBHOCTAM. Paspaborana end-to-end cu-
MYJISAIIHOHHAST MOJIEITh C HECKOJIBKUMH CTEPIKHSAMHE IS TPOIO0JIEHO-TIOTIEPEYHON HAKAYKH COJI-
HEYHOTO J1azepa. Mojielib T03BOJISICT OMpPEIETHTh BCe HEOOXOIMMBIC TapaMeTPhl U OICHHUTh
Bce pabouue mapaMmeTpbl COJMHEYHBIX JiazepoB. OOCykKaeHa HAIEKHOCTh pa3pabOTaHHON MO-
JCJIN. I[J'ISI BbI6paHHbIX napaMeTpoB IOKa3aHbl PACIPCACIICHUA IOITIOMICHUA H B])IXO[[HOﬁ
MOIIIHOCTH JIa3€PHOTO M3IIyUCHHSI.

KiroueBble ciioBa: Mynbru-crepxueBsiii 1azep, Nd:YAG, Ce:Nd:YAG, cuMynsuuoHHast MOJIENb

Multi-rod scheme is being studied as one of the promising pathways in advancing solar lasers
toward higher efficiency. We developed an end-to-end simulation model with several rods for
end-side pumped solar laser. The model allows the determination of all necessary parameters
making it possible to estimate all performance characteristics of solar lasers. The robustness of
the developed model is discussed. The absorption distributions and the output powers are
demonstrated for the chosen parameters.
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I. Introduction Over the last few decades, the interest in solar
lasers experienced ups and downs. At its initial pha-
se, it can be argued that primitive steps are examined
to improve solar laser efficiency. For example, the
usage of larger primary solar concentrators to gene-
rate powerful laser beams comes to mind. Unsurpri-
singly, these attempts did not convince many resear-
chers, resulting, to some extent, stagnation. However,
recent technological advances made it possible to
achieve experimental results that renewed the inter-
est in solar lasers [4-6]. Another significant trigger
was the development of modeling and simulation
methods as well as the constantly improved compu-
ting power. These simulation models made checking
various laser cavity models with different scenarios
possible. Using a simulation model, authors of the
work [7-9] proposed that internal and external sensi-
tizers can significantly improve the power-to-power

Exploiting solar energy is increasingly becom-
ing very important as other energy resources are
climate-toxic or to be about depleted. One of the
many ideas to exploit abundant solar energy is the
conversion of solar rays into a powerful laser beam.
Since the first demonstration of a solar-pumped laser
in 1963 using Dy*":CaF, crystal, solar-powered las-
ers are slowly but continually developing, attracting
the attention of researchers [1, 2]. Solar lasers can
find potential applications in science, industry and
medicine, hydrogen production, and power transmis-
sion. For example, the magnesium is reduced from
MgO (magnesium oxide) by solar-energy-pumped
laser (sunlight laser hereafter) during sunshine and
thus solar energy is stored in the form of magnesium

[3].
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efficiency of solar lasers. Recently, the role of sensi-
tizers in efficiency improvement has been experi-
mentally confirmed [10-11]. Even fundamental rea-
sons for lower efficiency are being numerically stu-
died [12], where authors show that thermal effects
can significantly influence the output characteristics
negatively.

One recent concept is using several rods in one
cavity to achieve efficient solar lasers. For example,
a seven-rod/seven-TEMO0O mode beam Fresnel lens
solar laser pumping approach is proposed [13]. In
work [13], the most efficient simultaneous emissions
of three continuous-wave 1064 nm solar laser beams
are reported. For 356 W incoming solar power,
16.5 W continuous-wave total multimode solar laser
power was measured, corresponding to 4.64% solar-
to-laser conversion efficiency, 41.25 W/m* collec-
tion efficiency, and 7.64% slope efficiency. In a nu-
merical study by a computer simulation [14], a new
multirod system with a side-pumping scheme is pro-
posed, increasing efficiency several times.

The above-mentioned experimental [15-18] and
numerical studies [19] show that multirod solar las-
ers could potentially improve power-to-power effi-
ciency, opening a new tendency. We suggest that
another benefit of multirod schemes is that they can
offer a way to scale up the power of solar lasers.
Therefore, in this work, we aimed to create a simula-
tion model for multirod solar lasers with an end-side
pumping scheme. The proposed model allows one to
analyze the output characteristics of multi-rod solar
lasers.

II. Method

To develop the simulation model, the Monte-
Carlo photon tracing method is used [6, 19, 20]. This
method is frequently employed in our previous
works, perfectly fitting for modeling complex opti-
cal systems within a geometric optics framework.
Another great feature of the method is that it can
consider the spectroscopic (mainly macroscopic)
properties of materials involved in the process. Since
our previous works give a detailed account of the
method, we refrain from describing it here. For de-
tailed information, we refer the reader to work [6].

III. Description of the solar laser setup

We here consider a solar laser that consists of
the following parts and elements.

Parabolic concentrator. This work considers a
parabolic reflector as the primary concentrator with
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a combination of heliostat mirrors. The surface ref-
lectivity of the heliostat mirrors and silver-coated
parabolic concentrator are set to 93.5% and 80%, re-
spectively. The resulting reflectivity is then equal to
74.8%. The surface area of the parabolic concentra-
tor is considered to be 0.5 m” of which the laser sys-
tem hinders 0.1 m” area. These parameters can be
tuned or easily adjusted in our simulation model.

An aspheric lens. An aspheric lens (Fig. 1) lo-
cated between the cavity and the primary concentra-
tor system is used to further focus rays coming from
the concentrator. The lens is transparent with a di-
ameter of 8.4 cm.

Figure 1. The secondary cavity (blue)

Cone-shaped cavity. The secondary concentra-
tor, which takes the truncated cone shape, helps di-
rect scattered rays back to the rods (Fig. 2).

The cone with a height of 1.9 cm where the
base diameter is D=0.9 cm and the top diameter is
d=0.45 cm considered. Another critical parameter is
the inner surface reflectivity which is set to 0.94.

Figure 2. The secondary cavity.

Multirod configuration. Our simulations used
the famous Nd:YAG crystals with many desired
physical properties for solar lasers.
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Despite its obvious low spectral overlap (Fig. 3)
Nd:YAG is the preferred choice due to its thermal
and mechanical properties. Another crystal we used
was Ce:Nd:YAG. Introducing Ce ions into Nd:YAG
increases the overlap (Fig. 4).
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Figure 3. Solar spectrum and the absorption spectrum of
Nd:YAG.
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Figure 4.Solar spectrum and the absorption spec-
trum of Ce:Nd:YAG

IV. Results and discussion

The primary purpose of the developed simula-
tion model is to calculate the pumping efficiency of
the considered setup. Then based on that, one can
further optimize the multirod solar lasers. However,
solar laser power-to-power efficiency is determined
by the pumping efficiency and several other factors,
such as thermal effects and the pumping distribution.
Our model facilitates allow to analyse these factors
too.

The absorption distribution. Monte-Carlo pho-
ton tracing method allows to estimate the absorption
distribution, so we plotted the distributions for three
Nd:YAG rods (Fig.5) and three Ce:Nd:YAG rods
(Fig. 6). The analysis of these figures show that the

initial focal spot is the main contributor to the pump-
ing efficiency. The inserted color bars indicate the
difference in the absorption for three Nd:YAG rods
and three Ce:Nd:YAG rods. This distribution beha-
viour is expected because as mentioned above the
spectral overlap is different for two cases. Also, this
signals of robustness of the simulation model.

Figure 5. The absorption distribution of Nd:YAG.
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Figure 6. The absorption distribution of Ce:Nd:YAG.

The pumping efficiency. The estimated pump-
ing efficiencies (Table 1) determined from our mod-
el were used for the calculation of the laser output
by the recursive relationship [14]

- m Rp(l+ )= N /1
o 1+ F)+V / (poogt|u )

(1

where R () — the pump rate; @ — the total number

of photons in the cavity; f =c, /0., C — the speed

of light; o. and o, — the effective cross-sections for
emission and absorption; t — the effective lifetime of
the upper laser level, V — the volume of cavity
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including the active medium, u(r) — the cavity mode
distribution. Then the output power is defined as

Pout =Ko, (2)

where the proportionality coefficient
k =hvy,c/2L, is (where v, an output mirror trans-

mission and L, — the cavity length) depended on re-
sonator mirrors and cavity length.

Eq. (1) is derived from the space-dependent rate
equations for the quasi-three-level laser systems
without simplifying assumptions. Consequently, the
accuracy is high despite its calculating inconve-
nience. However, the losses in the mirrors and the
laser rod must be precisely specified. In our work,
the parameters listed in Table 1 were used in the cal-
culation of laser output:

Table 1. Necessary parameters.

Parameters ‘ Nd: YAG ‘ Ce:Nd: YAG
Pump efficiency Paps / Poump - (7.74 £ 0.0017) % (15 +0.0012) %
calculated within the model
Pump efficiency Ngpg / Npymp » calcu- 0.0675 0.1044
lated within the model
Internal loss 0.002 0.004
Quantum efficiency 0.95 0.9
Pump and resonator mode overlap found 0.9 0.9

from resonator analysis

The obtained simulation results are plotted in Fig.7,
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Figure 7. The output power of laser radiation vs input so-
lar power for a parabolic concentrator with a diameter of
0.8 m.

Under the same pumping conditions, the values
of pumping thresholds for Nd:YAG and Ce:Nd:YAG
are 186 W and 103 W, respectively. The output val-
ues are 8.44 W and 18.65 W with 600 W solar radia-
tion incident on the primary concentrator. The cor-
responding slope efficiencies for Nd:YAG and
Ce:Nd:YAG are 2.04% and 3.75%, respectively.

V. Conclusion

Nowadays, a multirod scheme is being studied as
one of possible concepts in the advancement of solar
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laser toward higher efficiency. For the purpose of
conducting further insightful study, we developed
end-to-end simulation model for end-side pumped so-
lar laser with several rods. The model allows to de-
termine all necessary parameters making it possible
to calculate all performance characteristics of solar
lasers. The absorption distributions and the output
powers are demonstrated for the chosen parameters.
At the moment, based this developed model, we are
examining possible advantages and disadvantages of
multirod scheme in solar lasers.
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Kyn akTus MyXuT/Iu Ky€u Jasejapu y4yH
CHMYJIMALIHOH MOJeJI

Sh.A. Berumkyos, LI JI. ITaii3ueB, G.C. BoaTaes,
A.A. lllepunszoB

Hon-nna3ma Ba na3ep TEXHOJOTUSIIAPU UHCTUTYTH, JIypMoH
iy kydacu 33, 100125, TomkeHT, Y30€KHCTOH

X03Upru BakTAa Kye€eIl Ja3epuHU IOKOpU caMapaJopiuKKa
SPUIIMIIA MYMKHH OydraH TylIyH4YajgapiaH Oupu
cudarna KYNn  KPUCTAUIM  CXeMa  YpraHWIMOKIA.
KeltnHuanuk 4yKyp TaakUKOTIap YTKA3Wl ydyH Ou3 Oup
HeuyTa KpHuCTaulap OWiaH ONTHK JamiaHaJuraH Kye€r
JIA3ePUHUHT TYJIUK CUMYJISIIUSI MOJICIIMHY HIITA0 YUKIUK.
Mopen 0Gapya Kepakid —TapaMeTpJIapHA  AHMKJIAII
WMKOHUHH Oepamm, Oy 3ca Ky€ml la3epiapuHWHT Oapya
WIUTAIl  XapaKTePUCTUKAIAPUHNA XMCOONAl HWMKOHWHA
O6epamu. TanmaHran mapaMerpiaap ydyH — FOTHININ
TaKCUMOTH Ba YUKHWII KyBBaTIapW KypCaTHITaH. XO3UPTH
BakT/Aa ymOy Wnuiad YUKWITraH MOJENra acociaHuoO, O6m3
Ky€ll Jasepiapuja Kyn KpPUCTAJUIM CXEMAaHUHI MYMKHH
Oynran ad3auTMKIApU  Ba  KaMYWIMKIAPUHH — KYpuO
YUKMOKIAMHU3.

Kanur cy3nap: kyn-crepxenbnn nazep, Nd:YAG, Ce:Nd:YAG,
CUMYJISALIS MOJICITHL.
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