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vláknech dopovaných ionty thulia během jejich zahř́ıváńı. Výsled-
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a Ing. Janu Aubrechtovi, Ph.D. za konzultaci této práce a daľśım koleg̊um z ÚFE AV ČR
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5.3 Napoč́ıtané účinné pr̊uřezy . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
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Př́ılohy i

A Článek v Optics Letters i
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1 ÚVOD

1 Úvod

Thuliové vláknové lasery a zesilovače jsou významným zdrojem koherentńıho zářeńı

s vysokým výkonem, dobrou kvalitou svazku a vysokou účinnost́ı zp̊usobenou tzv. pro-

cesem kř́ıžové relaxace, kdy jeden absorbovaný čerpaćı foton na vlnové délce 0,79 µm

může vést ke vzniku dvou foton̊u na vlnové délce v okoĺı 2 µm. Generované laserové

zářeńı se pohybuje v rozmeźı vlnových délek 1,65–2,2 µm, d́ıky čemuž lasery nacháźı

široké uplatněńı např́ıklad v medićıně, pr̊umyslu či optických komunikaćıch. Potenciál

dosažitelného výkonu je však stále nejméně o řád vyšš́ı, než aktuálně publikované výsledky

a to již několik let. V laboratorńıch podmı́nkách bylo krátkodobě dosaženo výkonu 1 kW

už v roce 2010, ale od té doby se maximálńı výkon podařilo zvýšit jen velmi málo. Ome-

zeńı výstupńıho výkonu je zp̊usobeno předevš́ım přehř́ıváńım aktivńıho vlákna, což má

za následek i změnu jeho vlastnost́ı. Tato práce je věnována spektroskopickým a luminis-

cenčńım změnám v křemenných vláken dopovaných ionty thulia během jejich zahř́ıváńı.

Práce je rozdělena do šesti kapitol. Rešeršńı část obsahuje přehled o principu činnosti

a současném stavu poznáńı zesilovač̊u s thuliem dopovanými optickými vlákny. Ve druhé

kapitole jsou diskutována optická vlákna, zesilovače a lasery s ionty thulia. Daľśı kapi-

tola je zaměřena na charakterizaci thuliem dopovaných optických vláken včetně stručného

přehledu metod výpočtu účinných pr̊uřez̊u a teoretický popis předpokládaných pozoro-

vaných změn spektroskopických a luminiscenčńıch vlastnost́ı.

Experimentálńı se věnuje spektroskopické charakterizaci thuliových vláken. Veškeré ex-

perimenty jsou popsány ve čtvrté kapitole. Konkrétně měřeńı absorpčńıch a emisńıch spek-

ter a fluorescenčńı doby života v závislosti na teplotě v rozsahu -196 až 300 °C. Práce za-

hrnuje navržeńı a sestaveńı experimentálńı aparatury a charakterizaci vláken dopovaných

prvky vzácných zemin připravených v laboratoři technologie optických vláken Ústavu fo-

toniky a elektroniky AV ČR (ÚFE). Źıskané výsledky jsou uvedeny v páté kapitole a jsou

dále využity k dopoč́ıtáńı absorpčńıch a emisńıch účinných pr̊uřez̊u a také k odhadu tep-

lotńı závislosti koeficientu popisuj́ıćı přenos energie mezi dvěma thuliovými ionty pomoćı

procesu kř́ıžové relaxace. Na závěr, v šesté kapitole, jsou shrnuty veškeré výsledky.
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2 OPTICKÁ VLÁKNA A ZESILOVAČE

2 Optická vlákna a zesilovače

2.1 Optická vlákna

Optická vlákna představuj́ı speciálńı druh dielektrické struktury funguj́ıćı jako optický

vlnovod. Zářeńı je vedeno v jádře vlákna s vyšš́ım indexem lomu, než je index lomu

okolńıho pláště. Pokud je úhel svazku dopadaj́ıćıho na rozhrańı jádro – plášt’ větš́ı než

kritický úhel1, docháźı k totálńımu odrazu a zářeńı je téměř beze ztrát vedeno vláknem.

V opačném př́ıpadě by část zářeńı při každém odrazu z jádra unikla. Tuto podmı́nku vy-

jadřuje vztah [1]:

sin θ < NA ≡

√

n2
jádro − n2

plášt′ , (1)

kde θ je úhel, pod kterým světlo vstupuje ze vzduchu do vlákna, NA se nazývá numerická

apertura, njádro a nplášt′ jsou indexy lomu jádra a pláště. Ilustrace š́ı̌reńı světla optickým

vláknem je na Obr. 1 [1].

njádro

nplášt′

Obr. 1: Š́ı̌reńı světla optickým vláknem.

Podle počtu mód̊u, které se mohou ve vlákně š́ı̌rit, rozlǐsujeme dva typy optických

vláken. Vlákna vedoućı jediný mód pro jeden směr polarizace nazýváme jednomódová

(SMF2). Pr̊uměr jejich jádra se pohybuje kolem 10 µm. Naopak vlákna mnohamódová

(MMF3) vedou mód̊u v́ıce a pr̊uměr jádra maj́ı obvykle větš́ı [1]. Jednomódový režim

1Úhel dopadu, pro který je úhel lomu = 90◦, podle Snellova zákona αk = arcsinn2

n1

, kde αk je kritický úhel
a n1,2 jsou indexy lomu obou prostřed́ı, na jejichž rozhrańı docháźı k lomu.

2SMF – z anglického Single-Mode Fiber

3MMF – z anglického Multi-Mode Fiber
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2 OPTICKÁ VLÁKNA A ZESILOVAČE

je možné určit podle následuj́ıćıho vzorce:

V =
2π

λ
aNA, (2)

kde λ je vlnová délka a a poloměr vlákna. Č́ıslo V je normovaná frekvence, která určuje

počet vedených mód̊u. Pro š́ı̌reńı právě jednoho módu muśı platit V < 2,405 [2].

Zmı́něná vlákna maj́ı takzvanou skokovou změnu indexu lomu mezi jádrem a pláštěm.

Vedle nich se využ́ıvaj́ı také vlákna gradientńı, ve kterých se index lomu měńı spojitě. Zářeńı

se pak ostře neodráž́ı, ale postupně se ohýbá směrem k ose vlákna. Ilustrace gradientńıho

vlákna je zobrazena na Obr. 2. Dı́ky těmto vlákn̊um je možné dosáhnout menš́ı módové

disperze, než u vláken se skokovou změnou indexu lomu [3].

Obr. 2: Ilustrace š́ı̌reńı světla v gradientńım vlákně.

Jedna z prvńıch zmı́nek o tom, že by se optická vlákna mohla prakticky použ́ıvat

pro telekomunikace, pocháźı z roku 1966, kdy Ch. K. Kao ve své publikaci predikoval,

že optická vlákna mohou mı́t útlum menš́ı než 20 dB/km [4]. Prvńı jednomódové optické

vlákno pro telekomunikace připravil v roce 1965 francouzský tým Ericha Spitze, p̊uvodem

z Brna [5, 6]. Vzhledem k jeho velkému útlumu ale nebylo prakticky využitelné. Takové

vlákno se podařilo vyrobit až v roce 1970 v laboratoř́ıch v Corningu a šlo o titanem

dopované křemenné optické vlákno [6, 7]. Dnes se útlum komerčně dostupných optických

vláken pohybuje okolo 0,2 dB/km pro vlnovou délku 1550 nm, což je bĺızké teoretickému

limitu 0,15 dB/km [8].
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2 OPTICKÁ VLÁKNA A ZESILOVAČE

2.2 Optická vlákna pro telekomunikace

Optická vlákna a optické zesilovače hraj́ı kĺıčovou roli pro vytvářeńı optických ko-

munikaćı. Dı́ky vláknovým zesilovač̊um je možné signál ześılit př́ımo pr̊uchodem aktivńım

vláknem a neńı potřeba jej konvertovat na elektrický signál pro optoelektronické opakovače.

Zároveň také docháźı k menš́ım ztrátám mezi vláknovými spoji. Prvńı zmı́nka pocháźı již

z roku 1964, tedy ještě před vyrobeńım prvńıho jednomódového optického vlákna, kdy

byl představen neodymový vláknový zesilovač [9]. Přesto, že objev optického zesilováńı

přǐsel poměrně brzy, masivněǰśıho využit́ı se dočkal až o dvacet let později. Tou dobou

bylo zjǐstěno, že ionty erbia vykazuj́ı zisk v telekomunikačńım okně okolo vlnové délky

1550 nm, kde se nacháźı absorpčńı minimum vody, viz Obr. 3. Následně byla vyvinuta také

vhodná laserová dioda pro čerpáńı těchto systémů, což zajistilo využit́ı erbiem dopovaných

vláknových zesilovač̊u (EDFA4) [10, 11]. Vše napomohlo rychlému rozvoji internetu, jehož

globálńımu využit́ı následně přispělo také vytvořeńı vlnového multiplexu, d́ıky kterému

dnes dosahuj́ı přenosové rychlosti v jednom vlákně až 100 Tb/s [11].
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4Z anglického Erbium Doped Fiber Amplifiers
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2 OPTICKÁ VLÁKNA A ZESILOVAČE

2.3 Thuliové vláknové zesilovače a lasery

Optická vlákna mohou být využita jako zesilovače tehdy, když vykazuj́ı zisk převyšuj́ıćı

ztráty. Tento zisk je generován d́ıky aktivńım iont̊um, nejčastěji v jádře optického vlákna.

Často jde o dopaci prvky vzácných zemin, jako je např́ıklad erbium, holmium, ytterbium

nebo thulium. Takové vlákno se označuje jako aktivńı a je následně z obou stran navařeno

na vlákna pasivńı, tedy bez dopant̊u, a pomoćı vhodných opto-vláknových komponent

je do něj navázáno optické čerpáńı. Pro tyto účely byl zásadńı objev metody čerpáńı

přes plášt’, který mohl být realizován až d́ıky vynálezu dvouplášt’ového optického vlákna

R. Maurerem [12], které poprvé vyrobil a následně v roce 1988 publikoval E. Snitzer [13].

Takové vlákno je uzp̊usobeno pro signál, který se š́ı̌ŕı v jádře, a čerpáńı, které se š́ı̌ŕı

v mnohamódovém plášti, jak je zobrazeno na Obr. 4. Jelikož zářeńı z laserové diody, která

se často využ́ıvá pro čerpáńı, je typicky vedeno mnohamódovým vláknem, po navedeńı

do jednomódového vlákna zesilovače by docházelo ke ztrátám a čerpáńı by nebylo tak

účinné. Oproti tomu při navedeńı čerpaćıho zářeńı do vnitřńıho pláště mohou být ex-

citovány aktivńı ionty např. Tm3+ v jádře vlákna po celé jeho délce. Pro daľśı navýšeńı

účinnosti čerpáńı se tato vlákna vyráběj́ı i s jiným než kruhovým pr̊uřezem (např.
”
kytička“

nebo
”
stadion“) [11, 14, 15].

Obr. 4: Š́ı̌reńı čerpaćıho a laserového zářeńı ve dvouplášt’ové vlákně.
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2 OPTICKÁ VLÁKNA A ZESILOVAČE

Jak je vidět na Obr. 5, vlákna dopovaná ionty thulia mohou emitovat v tzv. oku-

bezpečné5 oblasti od 1,8 µm do 2,2 µm. Čerpáńı je výhodné laserovými diodami o vlnové

délce okolo 1,5 µm nebo 790 nm, kde je dosaženo vysoké kvantové účinnosti přesahuj́ıćı

100 % a to d́ıky procesu kř́ıžové relaxace, viz Obr. 5 vpravo. U thuliových iont̊u totiž

nastává tzv. výměna dva za jeden, kdy z jednoho čerpaćıho fotonu o vlnové délce ∼790 nm

mohou vzniknout dva emitované fotony o vlnové délce ∼2 µm. Excitovaný iont při přechodu

z hladiny 3H4 na 3F4 předá energii iontu na dolńı laserové hladině 3H6 jelikož je energe-

tický rozd́ıl těchto hladin velmi podobný. Oba ionty se tak při tomto procesu dostanou

na společnou laserovou hladinu 3F4 [16]. Tento proces teoreticky umožňuje dosáhnout

kvantové účinnost až 200 %. Větš́ıho efektu procesu může být dosaženo zvýšeńım kon-

centrace Tm3+ v jádře vlákna. S vyšš́ı koncentraćı aktivńıch iont̊u ale docháźı k jejich

shlukováńı a k tzv. párovému zhášeńı. Při tomto jevu docháźı k rychleǰśı depopulaci horńı

laserové hladiny, přičemž přechody nemuśı být vždy zářivé. Z tohoto d̊uvodu docháźı

ke zvyšováńı laserového prahu a sńıžeńı účinnosti [1]. Aby se zabránilo tvorbě klastr̊u,

je vhodné dopovat vlákna také ionty Al3+. Hlińık totiž vytvoř́ı kolem aktivńıch iont̊u obal,

který zabraňuje shlukováńı iont̊u Tm3+ [17], t́ım ale docháźı ke zvýšeńı indexu lomu jádra

a zároveň ke zvýšeńı NA. Aby byla zachována jednomódovost vlákna, je proto potřeba

zmenšit pr̊uměr jádra, jak plyne z rovnic (1) a (2), což vede k horš́ımu rozložeńı tepla.

Ve chv́ıli, kdy nav́ıc nedocháźı při čerpáńı na vlnové délce 790 nm ke kř́ıžovým proces̊um,

je energie fononového (nezářivého) přechodu přeměněna na teplo, což vede k zahř́ıváńı

vlákna [14, 18]. Právě přehř́ıváńı thuliových vláken je aktuálně největš́ım problémem,

který limituje maximálńı výstupńı výkon laseru. V současnosti bylo pro jednomódový

vláknový laser dosaženo výkonu těsně nad 1 kW, avšak za posledńıch 10 let se ma-

ximálńı výstupńı výkon téměř nezměnil, ačkoliv potenciál thuliových laser̊u je řádově vyšš́ı

[19, 20]. Jednou možnost́ı, jak źıskávat větš́ı výkony jsou vlákna s velkou módovou plo-

chou (LMA6). Poloměry jádra těchto vláken mohou dosahovat i několika set µm, ale stále,

5Oblast vlnových délek, kde je zářeńı značně absorbováno vodou, tedy v předńı části oka, takže nedojde

k poškozeńı śıtnice.

6Z anglického Large Mode Area
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2 OPTICKÁ VLÁKNA A ZESILOVAČE

pomoćı přizp̊usobeńı NA, vedou jediný mód nebo jen velmi malé množstv́ı. Dı́ky větš́ımu

pr̊uměru jádra tak docháźı k lepš́ımu rozložeńı tepla [21, 22].

Obr. 5: Energetické hladiny thulia a schéma procesu kř́ıžové relaxace [23].
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3 CHARAKTERIZACE AKTIVNÍCH THULIOVÝCH VLÁKEN

3 Charakterizace aktivńıch thuliových vláken

Tato kapitola je věnována charakterizaci optických vláken dopovaných prvky vzácných

zemin. Jak bylo uvedeno výše, optická vlákna se mohou lǐsit velikost́ı pr̊uměru jádra

a pláště, profilem indexu lomu i geometríı. Pro aktivńı vlákna je dále d̊uležité znát i kon-

centračńı profil nejen aktivńıch iont̊u, ale také jednotlivých př́ıměśı. Hostuj́ıćı materiál

je limitován spektrálńım rozsahem transparentnosti, i t́ım, jak moc může být dopován

aktivńımi ionty. Nav́ıc může ovlivňovat také jejich spektroskopické vlastnosti [2].

3.1 Teplotńı závislost spekter

Obecně jsou spektrálńı charakteristiky laserových aktivńıch médíı závislé na teplotě

[24, 25]. At’ už se jedná o krystaly nebo vlákna, teplota může značně ovlivnit doby života,

pozice, intenzity a posuvy spektrálńıch čar nebo jejich rozš́ı̌reńı. Tento efekt je velmi dobře

vidět např́ıklad u železem dopovaných aktivńıch prostřed́ı, kde změna teploty zp̊usob́ı

značné prodloužeńı resp. zkráceńı doby života. Při změně teploty o 200 K lze změnit dobu

života až o 3 řády. U Tm-dopovaného YLFu při značném sńıžeńı teploty z 300 K na 77 K

nastane značné zúžeńı spektrálńıch čar [26].

Obdobné změny mohou nastat pokud je aktivńı prostředńı silně zahř́ıvané, což je ty-

pický př́ıklad vysokovýkonných laser̊u. Jak bylo zmı́něno v předchoźı kapitole, přehř́ıváńı

thuliových vláken během čerpáńı tvoř́ı značný problém při snaze dosáhnout vysokých

výkon̊u. Podle modelu v referenci [27] by v 400 µm vlákně při čerpáńı výkonem 1,2 kW

a maximálńım zahřát́ı 341 W/m mohlo docházet k ohřevu jádra na v́ıce než 300 °C. Po-

kud vyjdeme z Maxwell-Boltzmannova rozděleńı, je patrné, že s rostoućı teplotou se bude

zvyšovat populace výše položených energetických hladin[23, 25]:

Pij =
exp

(

−
Eij

kT

)

∑

ij exp
(

−
Eij

kT

) (3)

kde Eij jsou energetické hladiny – i označuje př́ıslušný multiplet a j jednotlivé Starkovy

hladiny. T je teplota a k je Boltzmannova konstanta.
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3 CHARAKTERIZACE AKTIVNÍCH THULIOVÝCH VLÁKEN

U skleněných vláken,stejně jako u krystal̊u, docháźı vlivem teploty k jejich smršt’ováńı

resp. rozṕınáńı. To je mimo jiné dáno větš́ım rozkmitem iont̊u kolem jejich střed́ı hodnoty,

což má za následek rozmazáńı poloh energetických hladin a tedy se může měnit poloha

maxim absorpčńıch i emisńıch spekter, resp. může docházet k posuvu spektrálńıch čar

[23, 25].

Jak je vidět, teplota aktivńıho prostřed́ı má zásadńı vliv na jeho spektroskopické vlast-

nosti, lze tedy očekávat, že bude mı́t zásadńı dopad i na laserové parametry. Značný

problém může představovat např́ıklad laser pracuj́ıćı v kvazi-tř́ıhladinovém režimu, kdy vy-

soká teplota zvýš́ı populaci spodńı laserové hladiny, bĺızké hladině základńı, č́ımž dojde

ke zvýšeńı prahu a sńıžeńı účinnosti laseru a tedy k poklesu výkonu. Pokud by nár̊ust

teploty byl výrazný, lze podobné problémy očekávat i u ostatńıch laserových systémů,

a to d́ıky zvyšováńı populace vyšš́ıch hladin v d̊usledku vysoké teploty [28].

3.2 Účinné pr̊uřezy

Účinné pr̊uřezy v laserové fyzice kvantifikuj́ı pravděpodobnosti opticky indukovaných

přechodových efekt̊u. Pro aktivńı prostřed́ı jsou zásadńı předevš́ım absorpčńı a emisńı

účinné pr̊uřezy v oblasti čerpaćıch a laserových vlnových délek, přičemž mimo tyto oblasti

je efektivńı hodnota nulová [1].

Zat́ımco absorpčńı účinné pr̊uřezy je možné snadno dopoč́ıtat ze znalosti koncentrace

dopantu v aktivńım prostřed́ı a transmisńıch resp. absorpčńıch spekter, źıskáńı absolutńıch

hodnot emisńıch účinných pr̊uřez̊u je složitěǰśı problém. Př́ımé výpočty účinných pr̊uřez̊u

umožňuje metoda reciprocity (McCumebrova metoda) a Füchtbauer-Laddenburgova me-

toda [29, 30]. Přičemž obě maj́ı ale své limity a omezeńı.
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3 CHARAKTERIZACE AKTIVNÍCH THULIOVÝCH VLÁKEN

3.2.1 Metody výpočtu

Absorpčńı účinné pr̊uřezy

Absorpčńı účinné pr̊uřezy σa jsou obvykle źıskávány z měřeńı absorpčńıho spektra A(λ)

pomoćı následuj́ıćıho vzorce:

A(λ) = 10 log10(e)Γ(λ)σabs(λ)NL (4)

kde N je celková koncentrace aktivńıch iont̊u, L délka aktivńıho vlákna a Γ je překryv elek-

tromagnetického pole s koncentračńım profilem. Za předpokladu pouze radiálńı závislosti,

Γ může být vypočteno následovně:

Γ =

∫

∞

0
N(r)R2(r)rdr

N
∫

∞

0
R2(r)rdr

, (5)

kde R(r) je radiálńı profil elektromagnetického pole (mód LP01) źıskaného z řešeńı pro vl-

novod [15, 31].

Emisńı účinné pr̊uřezy

Prvńı možnost pro výpočet emisńıho účinného pr̊uřezu je využit́ı recipročńı metody

a McCumberova vztahu [32]:

σem(λ) = σabs(λ) ·
Zl

Zu

exp

[

EZL −
hc
λ

kB · T

]

(6)

kde σabs(λ) je absorpčńı účinný pr̊uřez, Zl a Zu partičńı funkce dolńıho a horńıho multipletu,

h Planckova konstanta, λ vlnová délka, kB Boltzmanova konstanta, T teplota a EZL je

energie bez-fononového přechodu7. Zásadńı podmı́nkou pro použit́ı McCumberova vztahu

je znalost absorpčńıho účinného pr̊uřezu v dané oblasti frekvenćı resp. vlnových délek

a teploty [1].

Druhou variantou výpočtu emisńıho účinného pr̊uřezu je metoda Füchtbauer–Ladenburg

(F-L), která na rozd́ıl od recipročńı metody nevyžaduje znalost absorpčńıho účinného

7Z anglického zero-phonon line, tedy energetický přechod, kterého se neúčastńı fonony.
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3 CHARAKTERIZACE AKTIVNÍCH THULIOVÝCH VLÁKEN

pr̊uřezu. Nicméně, je zde zapotřeb́ı znalost radiativńı doby života τrad a děĺıćı poměr8

přechodu z dané hladiny β. Výpočet emisńıch pr̊uřez̊u pomoćı F-L metody [33]:

σe(λ, T ) =
λ̄2β

8πcn(λ)2τrad

I(λ, T )
∫

∞

0
I(λ, T )λ−2dλ

, (7)

kde I jsou naměřená fluorescenčńı spektra, λ vlnová délka, λ̄ pr̊uměrná vlnová délka,

T teplota, c rychlost světla, τrad radiačńı doba života a n je index lomu.

Přesto, že výše uvedené metody umožňuj́ı výpočet emisńıch účinných pr̊uřez̊u, je potřeba

vźıt v úvahu možné nepřesnosti, které vyvstávaj́ı zejména kv̊uli hodnotám EZL (u reci-

pročńı metody) a β a τrad (u F-L metody). Neznalost nebo použit́ı nepřesných hodnot

může značně ovlivnit výsledná data a to i v́ıce než o řád [34].

3.3 Fluorescenčńı a radiativńı doby života

Fluorescenčńı doba života τf na dané energetické hladině popisuje dobu setrváńı exci-

tované kvantové soustavy na konkrétńı hladině. Tato doba života je výsledkem kombinace

radiativńı τrad a neradiativńı τnr složky přechodu [32]:

1

τf
=

1

τrad
+

1

τnr
. (8)

Zat́ımco při radiativńım přechodu docháźı k uvolněńı energie ve formě fotonu, při nera-

diativńım dojde k předáńı energie aktivńımu prostřed́ı ve formě tepla. Radiativńı doba

života obvykle nezáviśı na teplotě, na rozd́ıl od neradiativńı složky. Při teplotách bĺızkých

absolutńı nule je možné uvažovat následuj́ıćı [32]:

1

τrad
≫

1

τnr
. (9)

Teoreticky při velmi ńızkých teplotách bĺızkých absolutńı nule lze zanedbat neradiativńı

složku a experimentálně tak určit radiativńı dobu života, která je potřeba pro výpočet

emisńıch účinných pr̊uřez̊u F-L metodou. Vzhledem k tomu, že křemenná vlákna maj́ı

8Z anglického branching ratio. Tedy hodnota udávaj́ıćı kolik procent kvantových soustav přejde z dané

energetické hladiny na ty lež́ıćı pod ńı.
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3 CHARAKTERIZACE AKTIVNÍCH THULIOVÝCH VLÁKEN

velmi vysokou fononovou energii (~ω > 1100 cm−1), nelze toto měřeńı prakticky provést

[35]. Z toho d̊uvodu je potřeba určit hodnotu radiativńı doby života z teoretického modelu,

jakým je Judd-Ofeltova teorie. Ta je však výrazně závislá na vstupńıch parametrech modelu

a i malá nepřesnost může vyústit až v 30 – 50% odchylky od reálných hodnot [34, 36].

3.4 Koeficienty energetického přenosu

Určeńı koeficient̊u energetického přenosu mezi hladinami je d̊uležité pro teoretický

předpoklad chováńı aktivńıho vlákna v laserových zař́ızeńıch. Pro křemenná skla dopovaná

thuliem byly hodnoty koeficient̊u publikovány Jacksonem [37] a Smithem [38], ačkoliv ne-

byly předmětem jejich primárńıho zájmu. Oba autoři vycházej́ı z jiných teoríı, přesto jsou

ale v dobrém souhlasu. Odvodit koeficienty energetického přenosu lze také z rychlostńıch

rovnic pomoćı proložeńı křivek měřeńı poklesu fluorescence s modelovými rovnicemi. Tato

metoda byla již v ÚFE vyzkoušena [39, 40] a v této práci se tak bude vycházet ze stejného

modelu.

3.4.1 Teoretické odvozeńı výpočtu

Obr. 6: Diagram energetických hladin Tm3+ s možnými energetickými přechody a jejich

koeficienty [23, 31].

Diagram energetických přechod̊u v thuliu je zobrazen na Obr. 6. V této práci bude

věnována pozornost koeficientu k3011 popisuj́ıćı transfer energie mezi dvěma thuliovými
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ionty při procesu kř́ıžové relaxace.

Teoretický model vycháźı z rychlostńıch rovnic pro spodńı čtyři energetické hladiny,

které jsou zobrazeny na předchoźım diagramu. Tyto rovnice maj́ı následuj́ıćı tvar [31, 39]:

dN0

dt
= (R30N3 +R20N2 +R10N1) + (W30N3 +W10N1 −W03N0 −W01N0)

− CR30⇄11 − CR20⇄11, (10)

dN1

dt
= (R31N3 +R21N2 −R10N1) + (W01N0 −W10N1) + 2 · CR30⇄11 + 2 · CR20⇄11, (11)

dN2

dt
= (R32N3 −R21N2 −R20N2)− CR20⇄11, (12)

dN3

dt
= (−R32N3 −R31N3 −R30N3) + (W03N0 −W30N3)−CR30⇄11, (13)

kde Ni je je hustota populace dané hladiny, přičemž celkový součet je roven koncentraci

iont̊u v jádře vlákna. t je čas, Rij popisuje dynamiku přechodu mezi hladinami i a j

(zahrnuje neradiativńı procesy a multifononové zhášeńı), Wij je pravděpodobnost přechodu

mezi hladinami i a j, CRij⇄lm popisuj́ı energetické přenosy mezi thuliovými ionty a jsou

vyjádřeny následovně:

CR30⇄11 = k3011N3N0 − k1130N
2
1 , (14)

CR20⇄11 = k2011N2N0 − k1120N
2
1 . (15)

Tento model plat́ı za následuj́ıćıch předpoklad̊u [39, 41]:

• Jsou uvažovány pouze tři energetické hladiny (3H6,
3F4,

3H4), protože hladina
3H5 má

velmi rychlý multifononový neradiativńı přechod na hladinu 3F4, proto je zanedbán

i kř́ıžový proces CR20⇄11.

• Vzhledem k tomu, že je studován pouze pokles fluorescence, koeficient Wij neńı

uvažován.

• Je zanedbán rovněž efekt ześılené spontánńı emise.
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Dı́lč́ımi úpravami předchoźıch rovnic dostaneme vztah popisuj́ıćı koeficient procesu

kř́ıžové relaxace k3011, který je vyjádřen následovně [39, 41]:

k3011 =
1

N0

·

(

1

τ3,m
−

1

τ3

)

≈
1

Ntot

·

(

1

τ3,m
−

1

τ3,lowC

)

(16)

kde τ3,m je měřená doba života na dané hladině, τ3 je celková doba života hladiny a τ3,lowC

[41] je měřená doba života vlákna s ńızkou koncentraćı aktivńıch iont̊u. V př́ıpadě ńızké

čerpaćı energie je N0 přibližně rovno Ntot, tedy celkové koncentraci iont̊u Tm3+ v jádře.
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4 Popis experiment̊u

4.1 Použité př́ıstroje a pomůcky

Pro měřeńı absorpčńıch a emisńıch spekter a charakteristik optovláknových komponent

byl použit optický spektrálńı analyzátor ANDO AQ6317B (600 – 1750 nm) a spektrometry

Nicolet 8700 FTIR (1000 – 2000 nm) a Thorlabs OSA 203C (1000 – 2600 nm). Jako zdroje

zářeńı byly použity: širokospektrálńı žárovka, v ústavu vyrobený ytterbiový laser FL – 22

WAVE emituj́ıćı zářeńı na vlnové délce 1079 nm, superluminiscenčńı dioda Safibra OFLS-

B-79-05-20-C (790 nm) a laserová dioda Thorlabs FPL 1054S (1625 nm). K zalamováńı

a svářeńı optických vláken byly použity svářečky Fitel S178A a S185, lámačky Fujikura CT-

101 a CT-30. Výkon laserového zářeńı byl měřen pomoćı měřič̊u výkonu Optokon PM-212,

Gentec Tuner a Thorlabs PM100D s připojenými výkonovými sondami Gentec UP19K-

110F-H5-D0, Thorlabs S405C, Thorlabs S155C. Fluorescenčńı doba života byla měřena

pomoćı pulsńıho generátoru Agilent 33512B, osciloskopu Teledyne LeCroy HDO6034 a de-

tektor̊u Thorlabs PDA36A (Si) a Hamamatsu G12183-10K (InGaAs). Napájeńı laserových

diod bylo zajǐstěno zdrojem ILX Lightwave LDC-3900. Měřenými vzorky byla v ústavu vy-

robená křemenná vlákna dopovaná ionty thulia s označeńım SG1290 a SG1604L. Vzorky

vláken byly upevněny v hlińıkovém chladiči s drážkou a pro lepš́ı rozložeńı tepla byla

do drážky nanesena teplovodivá pasta Artic MX-4. Ohřev vlákna byl zajǐstěn pomoćı topné

desky Unimed HP-20D, teplota byla odeč́ıtána na multimetru s připojenou teplotńı son-

dou Thorlabs TH100PT. Pro chlazeńı vzork̊u byl využit solný roztok vody, tekutý duśık

a kryostat Janis Research, model VPF-100 s teplotńım kontrolorem Lake Shore model

325. Vakuová komora byla vyčerpána rotačńı pumpou Pfeiffer Vacuum. Daľśımi použitými

komponentami byly: děliče výkonu SQS TAP-1 16012018 (1950 nm, 50:50 %) a Thor-

labs (785 nm, 90:10 %), vlnový multiplex Opneti WDM-2x2-830/1030-250-SM800-0.8m

(830/1030 nm), izolátory Thorlabs IO-K-1064 (1064 nm) a Optosun HPIS-1064-1-06-0.8-

20 (1064 nm). Pro źıskáńı reference a pro připojeńı vzork̊u byly využ́ıvány pasivńı MM

i SM vláknové moduly (pigtaily) z komerčńı výroby (SQS vláknová optika, Optovit).
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4.2 Aktivńı vlákno

K experiment̊um byly použity dva typy optických vláken dopovaných ionty thulia

vyrobené v Ústavu fotoniky a elektroniky. Jde o křemenná vlákna, jejichž jádro je vy-

soce dopované hlińıkem a germaniem. Pr̊uměr vláken je 125 µm. Hlavńı testované vlákno

s označeńım SG1290 je dvouplášt’ové s pr̊uměrem jádra ∼8 µm, jeho koncentrace iont̊u

Tm3+ čińı ∼3000 ppm. Pro tento typ byly měřeny jednak absorpčńı a emisńı spektra, jed-

nak fluorescenčńı doby života. Druhé vlákno nese označeńı SG1604L. Jeho jádro o pr̊uměru

∼18 µm je ńızko-dopované, koncentrace Tm3+ čińı pouze ∼40 ppm. Toto vlákno bylo

využito pouze k měřeńı fluorescenčńı doby života, potřebné k výpočtu koeficientu popisuj́ıćı

transfer energie mezi dvěma thuliovými ionty pomoćı kř́ıžové relaxace [39, 40]. V ústavu

byla také provedena charakterizace těchto vláken, konkrétně měřeńı profilu indexu lomu

na př́ıstroji IFA 100 a koncentračńıch profil̊u pomoćı elektronové mikrosondy.

4.3 Měřeńı absorpčńıch spekter

V rámci této práce byla připravena dvě uspořádáńı pro měřeńı absorpčńıch spekter.

V obou př́ıpadech byl použit zdroj zářeńı, referenčńı pasivńı optické vlákno, 6 cm dlouhý

vzorek thuliového vlákna a spektrometr. Na vzorek aktivńıho vlákna byly navařeny z obou

stran SM pigtaily9 s FC/APC konektory. Pomoćı konektorových spojek byl vzorek spojen

s pasivńımi vlákny mezi analyzátorem a zdrojem zářeńı. Pro měřeńı absorpčńıho ṕıku

thuliového přechodu ze základńı hladiny na hladinu 3F4 v okoĺı vlnové délky 1650 nm byla

zdrojem širokospektrálńı žárovka. Spektrum bylo źıskáno pomoćı spektrometru Nicolet

8700 FTIR s rozlǐseńım 16 cm−1. Schéma je na Obr. 8.

Obr. 7: Schéma měřeńı absorpčńıch spekter v okoĺı vlnové délky 790 nm.

V př́ıpadě absorpčńıho přechodu ze základńı hladiny na 3H4 v okoĺı vlnové délky

9Pasivńı vlákno zakončené z jedné strany konektorem
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790 nm byla použita superluminiscenčńı dioda Safibra generuj́ıćı zářeńı s centrálńı vlno-

vou délkou 788 nm. Spektrum bylo měřeno spektrálńım analyzátorem ANDO s rozlǐseńım

2 nm. Schéma je na Obr. 7. Jako reference v obou př́ıpadech byla dvě SM vlákna spojená

konektorovou spojkou.

Obr. 8: Schéma měřeńı absorpčńıch spekter v okoĺı vlnové délky 1650 nm.

Výsledná spektra byla dopoč́ıtána jako rozd́ıl reference a změřeného spektra s aktivńım

vlákně v logaritmické škále. Tento rozd́ıl lze vyjádřit následuj́ıćım vzorcem [1]:

Absorpce = A(λ) = 10 · log10
PFUT (λ)

PRef (λ)
= 10 · (log10 PRef(λ)− log10 PFUT (λ)), (17)

kde PFUT
10 je výkon se zapojeným testovaným vláknem a PRef je výkon reference.

4.4 Měřeńı emisńıch spekter

Emisńı spektra byla źıskávána z ∼1 mm dlouhého vzorku aktivńıho vlákna. Takto

krátké vlákno bylo potřeba, aby se zamezilo vlivu re-absorpce, tedy opětovnému absor-

bováńı emitovaného fotonu. Na rozd́ıl od měřeńı absorpce, bylo vlákno navařeno na pa-

sivńı vlákna bez konektor̊u, jelikož by při vyšš́ıch výkonech čerpáńı mohlo docházet k jejich

poškozeńı. Vzorek byl načerpán pomoćı vhodného zdroje a emitované zářeńı bylo měřeno

ve zpětném směru. Nevyužité čerpáńı a nechtěné zpětné odrazy byly potlačeny použit́ım

optických izolátor̊u a sešikmených FC/APC konektor̊u. Pro emisńı přechod z hladiny 3F4

na základńı hladinu s maximem v okoĺı vlnové délky 1800 nm byla zdrojem laserová di-

oda FPL1054S s centrálńı vlnovou délkou 1625 nm. Aby bylo možné zachytávat zářeńı

ve zpětném směru, byl využit dělič výkonu (TAP) s děĺıćım poměrem 50:50. Schéma zapo-

jeńı je na Obr. 9.

10Z anglického Fiber Under Test
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Obr. 9: Schéma měřeńı emisńıch spekter v okoĺı vlnové délky 1800 nm.

Emise přechodu z hladiny 3H4 na základńı hladinu s maximem v okoĺı vlnové délky

800 nm bylo dosaženo up-konverzńım čerpáńım (viz Obr. 5) ytterbiovým vláknovým lase-

rem generuj́ıćım zářeńı o vlnové délce 1080 nm, sestaveným během bakalářské práce. Dı́ky

up-konverzńımu čerpáńı je možné doćılit nižš́ı populace na spodńı laserové hladině 3H6.

Obr. 10: Schéma měřeńı emisńıch spekter v okoĺı vlnové délky 800 nm.

Pro rozděleńı čerpaćıho a emitovaného zářeńı byl použit vlnový multiplex (WDM)

pro vlnové délky 830/1030 nm. Schéma zapojeńı je na Obr. 10.

Na źıskaných datech byla následně provedena korekce na spektrálńı závislost optického

analyzátoru FTIR, děliče výkonu a vlnového multiplexeru.

4.4.1 Korekce vazebńıch člen̊u

Jelikož zářeńı při měřeńı procházelo přes vazebńı členy (WDM a TAP), které jsou

spektrálně závislé, bylo potřeba provést korekci źıskaného signálu na tyto komponenty.

Korekčńı křivka byla źıskána naměřeńım spektrálńıho útlumu využitých větv́ı vazebńıch

člen̊u. Na Obr. 11 je zobrazen spektrálńı útlum vazebńıho členu 830/1030 nm WDM 2x2.

Pro měřeńı emisńıch spekter byl použity oba vstupy (I1, I2) a jeden výstup (O1).
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Obr. 11: Naměřený spektrálńı útlum pro vazebńı člen WDM.

Ze změřených spektrálńıch útlumů byl nejprve vyjádřen děĺıćı poměr využitých větv́ı:

PI2(λ) = 10 · log10

(

PO1I2(λ)

(PO1I2(λ) + PO1I1(λ))

)

, (18)

kde P je výkon pro jednotlivé větve. Výsledek byl převeden z logaritmického do lineárńıho

měř́ıtka. Pro zjednodušeńı následných korekćı dat byla křivka proložena Gaussovou funkćı,

jak je ukázáno na Obr. 12. Vzhledem k tomu, že WDM bylo použito pro zářeńı v rozsahu

přibližně 730 až 880 nm, je dostačuj́ıćı, znát tvar v tomto rozsahu. Pro zpracováńı emisńıch

spekter tak stač́ı znát pouze výslednou funkci, kterou měřené spektrum vyděĺı.

4.5 Měřeńı fluorescenčńı doby života

Fluorescenčńı doba života se źıskává měřeńım doby dohaśınáńı fluorescence, kdy signál

poklesne na 1/e z p̊uvodńı hodnoty. Měřeńı se často provád́ı zachytáváńı fluorescenčńıho

signálu z boku aktivńıho vlákna, č́ımž je potlačen vliv reabsorpce. Vzhledem k tomu,

že vlákno bylo zahř́ıváno, musel být detektor mimo dosah tepla. V takové vzdálenosti

od vlákna je však signál už velmi slabý, a proto bylo zvoleno experimentálńı uspořádáńı

obdobné jako při měřeńı emisńıch spekter. Signál byl veden ve vlákně až k detektoru

a byl zachytáván ve zpětném směru, než bylo vlákno čerpáno. Dı́ky tomu mohl být vzorek
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600 700 800 900 1000 1100 1200 1300 1400 1500
0

20

40

60

80

100  I2
 Gauss fit

 

 

Tr
an

sm
ise

 [%
]

Vlnová délka [nm]

 

Obr. 12: Křivka transmise WDM pro větev I2 s proložeńım Gaussovou funkćı.

aktivńıho vlákna zakryt v hlińıkovém boxu a ohř́ıván na topné desce. Schéma zapojeńı

pro měřeńı fluorescenčńı doby života hladiny 3H4 je na Obr. 13 a hladiny 3F4 na Obr. 14.

Pro měřeńı vlákna SG1290 bylo použito vlákno o délce 0,5 cm. Pro ńızko-dopované vlákno

SG1604L bylo potřeba použ́ıt vlákno o délce 80 cm, jelikož kratš́ı vzorky vykazovaly velmi

slabý signál. V obou př́ıpadech bylo při pokojové teplotě provedeno porovnávaćı měřeńı

z boku vlákna pro kontrolu vlivu reabsorpce. Nicméně, vlákno o délce 80 cm již nebylo

možné uzavř́ıt do boxu a tak bylo s pomoćı teplo-vodivé pasty namotáno na hlińıkovou

desku s pr̊uměrem závitu cca 15 cm. Namátkovým měřeńım teploty při zahř́ıváńı vlákna

bylo zjǐstěno dostatečně homogenńı rozložeńı tepla ve všech částech desky.

Obr. 13: Schéma měřeńı fluorescenčńı doby života hladiny 3H4.
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Obr. 14: Schéma měřeńı fluorescenčńı doby života hladiny 3F4.

4.6 Teplotńı závislost

Teplotńı závislost prováděných experiment̊u popsaných výše, byla źıskána postupným

zahř́ıváńım aktivńıch vláken na topné desce. Pro lepš́ı rozložeńı tepla podél vlákna byly

vzorky umı́stěny do hlińıkových box̊u s drážkou vyplněnou teplo-vodivou pastou, jak je zob-

razeno na Obr. 15 vlevo. Aktivńı vlákna a části okolńıch pasivńıch vláken byly zbaveny

polymerového obalu, který by se při zahř́ıváńı tavil a mohl tak zp̊usobit poškozeńı vlákna.

Takto připravený vzorek byl položen na topnou desku, jej́ıž teplota byla měněna od po-

kojové teploty až do 300 °C. Nižš́ıch teplot až do -15 °C bylo dosaženo vložeńım vzork̊u

do podchlazeného roztoku soli a vody. Hodnota teploty byla pozorována př́ımo na monitoru

topné desky, ale pro přesněǰśı měřeńı byla umı́stěna do těsné bĺızkosti vlákna odporová tep-

lotńı sonda Thorlabs, viz Obr. 15. Sonda byla připojena k digitálńımu multimetru, kde byl

odeč́ıtán odpor a dle tabulek přepoč́ıtán na teplotu. Sńımek z měřeńı emisńıch spekter je

zobrazen na Obr. 15 vpravo. Dále byla změřena i spektra pro vlákna ponořená do tekutého

duśıku. Teplota nebyla měřena, ale odhadnuta jako bod varu duśıku, tedy -196 °C [42]. Je-

likož byla pozorována výrazná změna spektra pro emisi v okoĺı vlnové délky 1800 nm mezi

teplotami -15 °C a -196 °C, bylo toto měřeńı zopakováno v kryostatu. Vzorek aktivńıho

vlákna byl opět zbaven polymerńıho pokryvu a kaptonovou páskou byl nalepen na chlad́ıćı

prst kryostatu. Signál byl z vakuové komory vyveden pasivńım vláknem a pr̊uchod byl

utěsněn pomoćı dvousložkového epoxidového lepidla do vakua TorrSeal. Fotografie z měřeńı

jsou na Obr. 16. Teplota byla měněna v rozsahu -196 až 200 °C
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Obr. 15: Fotografie experimentálńıho uspořádáńı, zleva: hlińıkový chladič s drážkou

pro umı́stěńı vlákna, poloha teplotńı sondy v hlińıkovém chladiči, experimentálńı

uspořádáńı při měřeńı teplotně závislých emisńıch spekter.

Obr. 16: Vlevo: umı́stěné vlákno v kryostatu, vpravo: přechod do vakuové komory.
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5 EXPERIMENTÁLNÍ VÝSLEDKY

5 Experimentálńı výsledky

V této kapitole jsou uvedeny výsledky měřeńı charakteristik aktivńıch vláken, ab-

sorpčńıch a emisńıch spekter včetně vypoč́ıtaných účinných pr̊uřez̊u, teplotńı závislosti

fluorescenčńı doby života a na závěr odhad koeficientu popisuj́ıćı transfer energie během

procesu kř́ıžové relaxace.

5.1 Charakterizace aktivńıch vláken

Nejprve bylo provedeno měřeńı indexu lomu obou testovaných vláken. Jejich profily

jsou zobrazeny na Obr. 17.

-60 -40 -20 0 20 40 60
-0,002

0,000

0,002

0,004

0,006

0,008

0,010
 SG1290

 

 

n 
[-]

Pozice [ m]

 

-60 -40 -20 0 20 40 60

0,000

0,005

0,010

0,015

0,020

Pozice [ m]

n 
[-]

 

 

 

 SG1604

Obr. 17: Profil indexu lomu thuliových vláken SG1290 a SG1604.

5.2 Absorpčńı a emisńı spektra

Absorpčńı spektrum v okoĺı vlnové délky 1650 nm

Naměřené absorpčńı spektrum je zobrazeno na Obr. 18. Z tohoto měřeńı je patrné,

že s rostoućı teplotou klesá absorpce, zároveň docháźı k rozšǐrováńı spektra a posunu

maximálńı hodnoty k vyšš́ım vlnovým délkám. Důvody těchto změn byly detailněji disku-

továny v kapitole 3.1.
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Obr. 18: Absorpčńı spektrum v okoĺı vlnové délky 1650 nm.

Absorpčńı spektrum v okoĺı vlnové délky 790 nm

Absorpčńı spektrum v okoĺı vlnové délky 790 nm je zobrazeno na Obr. 19. I v tomto

př́ıpadě je možné s rostoućı teplotou pozorovat celkový pokles a rozš́ı̌reńı spektra. Nav́ıc

v okoĺı vlnové délky 805 nm se s teplotou absorpce zvedá. Na spektru je také zřetelné

zvlněńı měřených křivek obzvlášt’ pro teplotu -196°C. To je zp̊usobeno mezi-vidovými in-

terferencemi, jelikož aktivńı vlákno neńı pro tuto vlnovou délku zcela jednomódové.
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Obr. 19: Absorpčńı spektrum v okoĺı vlnové délky 790 nm.
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Emisńı spektrum v okoĺı vlnové délky 1800 nm

Emisńı spektrum pro okoĺı vlnové délky 1800 nm je zobrazeno na Obr. 20. Toto spek-

trum vykazuje značný šum, jelikož měřená emise dosahovala velmi malých výkon̊u. Protože

se do spektrálńıho analyzátoru dostávala i část nevyužitého čerpaćıho zářeńı, nemohl být

čerpaćı výkon zvýšen, aby nedošlo k poškozeńı př́ıstroje. I přes velký šum je ve spektru
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Obr. 20: Emisńı spektrum v okoĺı vlnové délky 1800 nm.

patrný pás absorpce vody (přibližně 1810 – 1930 nm). Měřeńı totiž prob́ıhá ve volném

prostoru, který obsahuje i vzdušnou vlhkost. Při fitováńı dat v této oblasti je potřeba toto

brát v potaz. Pro lepš́ı viditelnost je spektrum pro pokojovou teplotu zobrazeno samostatně

na Obr. 21.

Z výsledk̊u na Obr. 20 je patrné, že docháźı k poklesu intenzity s rostoućı teplotou.

Podobně jako u absorpčńıch spekter docháźı k jejich rozšǐrováńı, ale maxima se posouvaj́ı

směrem do kratš́ıch vlnových délek. Což může být zp̊usobeno právě vyšš́ım obsazováńım

výše položených hladin a přechodu kvantových soustav mezi jinými Starkovými hladinami

jednotlivých multiplet̊u.
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Obr. 21: Emisńı spektrum v okoĺı vlnové délky 1800 nm se zobrazenou absorpćı vody.

Emisńı spektrum v okoĺı vlnové délky 800 nm

Stejně jako v př́ıpadě měřeńı emise v okoĺı vlnové délky 1800 nm, ani v okoĺı 800 nm neńı

př́ılǐs patrná změna š́ı̌rky spektra, viz Obr. 22. Dále je pozorována menš́ı závislost na teplotě

než u ostatńıch měřeńı. V poměru k celkové výšce spektra je se zvyšuj́ıćı se teplotou měřen

jen malý pokles maxima a od teploty 200 °C dokonce neńı téměř patrný.
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Obr. 22: Emisńı spektrum v okoĺı vlnové délky 800 nm.
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Pozorované změny absorpčńıch a emisńıch spekter jsou v souladu s teoríı popsanou

v sekci 3.1.

5.3 Napoč́ıtané účinné pr̊uřezy

K výpočtu účinných pr̊uřez̊u byl využit program vytvořený Ing. Martinem Grábnerem,

Ph.D., kterému t́ımto děkuji za jeho poskytnut́ı. Program vypoč́ıtává absorpčńı spektra

podle teorie popsané v sekci 3.2.1 a dále jsou v programu prokládány čtyřmi Gaussovými

funkcemi podle následuj́ıćıho vzorce [43]:

σabs(λ) =
4
∑

1

ai exp

(

−2

(

λ− λi

δi

)2
)

, (19)

kde parametry fitu jsou závislé na teplotě. Výsledné absorpčńı účinné pr̊uřezy normované

k jedné jsou zobrazeny na Obr. 23. Tab. 1 zobrazuje špičkové účinné pr̊uřezy σabs porovnané

s literaturou σREF
abs . Dále λ je vlnová délka maxima, A absorpce na dané vlnové délce, La

délka vlákna a Nt koncentrace thulia.
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Obr. 23: Absorpčńı účinné pr̊uřezy.

Emisńı účinné pr̊uřezy byly poč́ıtány pomoćı metody Füchtbauer-Ladenburg (5). Je-

likož F-L metoda vypoč́ıtává pouze tvar spektra, bylo potřeba dále dopoč́ıtat jejich abso-

lutńı hodnotu. K tomu byly využity Judd-Ofeltovy parametry źıskané z [35]. Vypoč́ıtané
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Tab. 1: Špičkové absorpčńı účinné pr̊uřezu porovnané s literaturou [43].

λ [nm] A [dB/m] La [cm] Γ [-] Nt [10
25m−3] σabs[10

−25m2] σREF
abs ∆σabs [%]

787,6±0,2 298,9±2,4 6,00±0,05 0,95 7,15 10,1±0,1 8,5 +19,3±0,95

1645,8±2,8 113,7±2,4 6,00±0,05 0,68 7,15 5,4±0,1 4,5 +19,7±2,5
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Obr. 24: Emisńı účinné pr̊uřezy.

účinné pr̊uřezy byly opět fitovány teplotně závislým modelem podle vzorce (19). Výsledné

normované emisńı účinné pr̊uřezy jsou zobrazeny na Obr. 24.

Absolutńı hodnota absorpčńıch účinných pr̊uřez̊u je v porovnáńı s literaturou [43]

přibližně o 20 % vyšš́ı. Vzhledem k tomu, že měřeńı byla několikrát opakována i pro r̊uzné

délky vlákna, nejvyšš́ı chyba výpočtu může být zp̊usobena měřeńım koncentračńıho pro-

filu. U emisńıch spekter v okoĺı vlnové délky 1800 nm je patrná odlǐsná závislost spekter

na teplotě oproti účinným pr̊uřez̊um. Při měřeńı byla pozorována velká změna zejména

při přechodu z kryogenńıch teplot na pokojovou a proto bylo později provedeno měřeńı

v kryostatu s menš́ım teplotńım krokem (viz Obr. 20). K tomuto měřeńı byl použit nový

optický spektrometr Thorlabs, který jsme p̊uvodně neměli k dispozici. Ačkoliv byl naměřen

stejný tvar spektra, závislost na teplotě neńı tak výrazná, jak ukazuje Obr. 24. Toto bude

předmětem daľśıho výzkumu, aby bylo možné vyloučit systematickou chybu měřeńı obou

spektrometr̊u.
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5.4 Fluorescenčńı doby života

Hladina 3F4 pro SG1290

Naměřené doby dohaśınáńı fluorscence byly normovány a převedeny do logaritmické

škály. Ukázka naměřených pokles̊u fluorescence pro teplotu 200 °C a r̊uzné výkony je zob-

razena na Obr. 25.
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Obr. 25: Naměřené křivky poklesu fluorescence hladiny 3F4 pro vlákno SG1290.

Doby života určené z poklesu intenzity na 1/e pro r̊uzné výkony a teploty jsou zobrazeny

na Obr. 26. Pro každou teplotu byly body proloženy rovnićı [44]:

τ =
τ0

1 +
(

τ0
τsat

− 1
)

·

(

P
P+PCRIT

)2
, (20)

z něhož źıskáme extrapolaci na nulový a nekonečný výkon.

Hladina 3H4 pro SG1290

Měřené křivky fluorescenčńıho poklesu byly zaznamenány a zpracovány obdobným

zp̊usobem jako v předchoźım př́ıpadě pro hladinu 3F4. V tomto př́ıpadě se však hodnoty

s výkonem téměř neměńı. V grafu na Obr. 27 je závislost fluorescenčńı doba života na tep-

lotě aktivńıho vlákna.
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Obr. 26: Závislost fluorescenčńı doby života hladiny 3F4 na čerpaćım výkonu pro r̊uzné

teploty vlákna SG1290. Body jsou extrapolovány na nulový a nekonečný výkon podle

rovnice (20).

0 50 100 150 200 250 300

20

22

24

26

28

30

 

 

Fl
uo

re
sc

en
ní

 d
ob

a 
iv

ot
a 

[
s]

Teplota [°C]

 

 SG1290, 3H4

 Lineární fit: y = a + bx
a = 29,2  0,2
b = -0,029  0,001

Obr. 27: Fluorescenčńı doba života hladiny 3H4 pro vlákno SG1290.

Hladina 3H4 pro SG1604L

Výsledky fluorescenčńı doby života v závislosti na teplotě pro slabě dopované vlákno

SG1604L jsou zobrazeny v grafu na Obr. 28.
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Obr. 28: Fluorescenčńı doba života hladiny 3H4 pro vlákno SG1604L.

Odhad koeficientu popisuj́ıćı transfer procesu kř́ıžové relaxace

Teplotně závislé doby života z předchoźıho odstavce byly pro jednotlivé teploty do-

sazeny do rovnice (16). Výsledný odhad teplotńı závislosti koeficientu k3011 je zobrazen

na Obr. 29. Z grafu lze vypozorovat že při změně teploty téměř o 300 °C se hodnota ko-

eficientu změńı o v́ıce než 25 %, což už by se mohlo odrazit na výsledćıch teoretických

model̊u.
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Obr. 29: Teplotńı závislost koeficientu přenosu energie při procesu kř́ıžové relaxace k3011.
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5 EXPERIMENTÁLNÍ VÝSLEDKY

5.5 Př́ınos výsledk̊u

Z výsledk̊u je patrné, že se účinné pr̊uřezy i doby života včetně koeficientu k3011 výrazně

měńı s teplotou. Z toho plyne, že při zahř́ıváńı vlákna v reálném systému se může změnit

nejen výstupńı vlnová délka, ale také práh a laserová účinnost. Je překvapivé, že doposud

byla tomuto tématu věnována jen malá pozornost [19, 45]. Pokud totiž vezmeme tep-

lotńı závislosti v potaz, dostaneme přesněǰśı simulace, které pomohou k lepš́ımu návrhu

laserového systému, např́ıklad k přesněǰśımu určeńı ideálńı délky aktivńıho vlákna nebo

k zefektivněńı chlazeńı. Naměřená data z této práce byla implementována v TDFL modelu

vytvořeným Ing. Ondřejem Schreiberem, viz [46]. Výsledky těchto simulaćı byly prezen-

továny na konferenci SPIE Photonics West 2023 [47].
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6 ZÁVĚR

6 Závěr

Ćılem této práce bylo vypracovat přehled o současném stavu problematiky vláknových

zesilovač̊u s thuliem dopovanými optickými vlákny. Ćılem experimentálńı části bylo navrh-

nout a sestavit aparaturu pro měřeńı absorpčńıch a emisńıch spekter v závislosti na teplotě

v rozsahu 25 až 300 °C.

Rešeršńı část je uvedena v kapitolách 1 až 3, které pojednávaj́ı o optických vláknech,

zesilovač́ıch a laserech s thuliem dopovanými vlákny. Kapitola 2 je věnována využit́ı op-

tických vláken v telekomunikaćıch a popisu thuliových aktivńıch vláken, která se využ́ıvaj́ı

jak pro zesilovače, tak pro lasery. Kapitola 3 obsahuje charakterizaci aktivńıch vláken jako

jsou účinné pr̊uřezy, fluorescenčńı doba života a jejich teplotńı závislosti.

V experimentálńı části jsou uvedeny použité př́ıstroje a pomůcky, postupy jednot-

livých měřeńı a dosažené výsledky. Byla sestavena měř́ıćı aparatura pro zahř́ıváńı ak-

tivńıho vlákna, následně byly změřeny absorpčńı a emisńı spektra v závislosti na tep-

lotě. Měřeńı prob́ıhalo v rozsahu teplot -196 až 300 °C. Proměřená absorpčńı spektra

se nacházela v oblasti vlnových délek 790 a 1650 nm a emisńı v oblasti 800 a 1800 nm.

Naměřené hodnoty byly použity pro výpočet absorpčńıch a emisńıch účinných pr̊uřez̊u, je-

jichž absolutńı hodnoty jsou přibližně o 20 % vyšš́ı než v literatuře, což je pravděpodobně

zp̊usobeno nepřesnými hodnotami koncentraćı a radiativńı doby života. Dále byly změřeny

fluorescenčńı doby života pro r̊uzné teploty a následně pomoćı výsledk̊u byla odhadnuta

teplotńı závislost koeficientu popisuj́ıćı proces kř́ıžové relaxace k3011. Hodnota koeficientu

se při změně teploty téměř o 300 °C změńı o v́ıce než 25 %. Detailněǰśı výsledky lze nalézt

v jednotlivých kapitolách. Dı́ky těmto výsledk̊um je možné zdokonalit numerické modely.

Dı́lč́ı výsledky této diplomové práce byly prezentovány na mezinárodńıch konferenćıch Eu-

rophoton 2022, SPIE Optics and Optoelectronics 2023 (viz př́ıloha B), CLEO 2023 (viz

př́ıloha C) a také publikovány v časopise Optics Letters (viz př́ıloha A) [48].

Vzhledem k výše uvedenému mohu konstatovat, že ćıle práce byly splněny.

40



SEZNAM OBRÁZKŮ
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17 Profil indexu lomu thuliových vláken SG1290 a SG1604. . . . . . . . . . . 30
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An investigation on the temperature dependence of spec-
troscopic parameters of trivalent thulium ions is important
for the design of high-power, thulium-doped fiber lasers and
amplifiers. In this Letter, the thulium absorption/emission
cross sections are determined in the spectral range 700–2200
nm and in the temperature range from −196°C to 300°C.
The spectra are obtained from the absorption and emission
measurements of a thulium-doped fiber and from measured
thulium concentration profiles. Attempts were made to esti-
mate the temperature dependence of the spectra where the
measurements are not accessible. Firstly, the spectra are
fitted to a multi-Gaussian model with temperature depen-
dent parameters. Secondly, a physically motivated model of
the cross section spectra is proposed and analyzed. © 2023
Optica Publishing Group

https://doi.org/10.1364/OL.479313

Introduction. Thulium-doped fiber lasers (TDFLs) and ampli-
fiers [1,2] have a wide range of applications, e.g., in industry,
medicine, or defense. However, the output power of TDFLs is
an order of magnitude below its potential. This is in contrast to
ytterbium fiber lasers that can generate more than 20 kW output
power from a single emitter. The power evolution of TDFLs has
almost stopped around 2010 as shown in Fig. 1(a). Currently,
the main power limiting factors are associated with thermal
effects, as the core temperature can reach hundreds of degrees
Celsius, see examples in Fig. 1(b) [3]; for examples of real tem-
perature distributions along active fibers, see e.g., Ref. [4,5]. In
high power lasers, it is of paramount importance to estimate the
heat distribution in order to design an effective cooling system
and to predict temperature induced changes of relevant spectro-
scopic parameters. However, surprisingly low attention has been
devoted to the thermal effects on laser operation arising from the
temperature dependence of spectroscopic properties. Only in a
few models [6,7] an approximate core-temperature dependence
was considered.

So far, spectroscopic properties of Tm3+ in silica almost exclu-
sively at room temperature have been reported; often as input
data for thulium-doped fiber (TDF) models where the spectro-
scopic data were more or less taken from existing literature and
only partially measured for the host material under study. Cross

section spectrum measured on a preform of Tm-doped silica
was provided in Ref. [1]. The absorption at 790 nm (3H6 →

3H4)
and emission at 1800 nm (3F4 →

3H6) cross sections were given
in Ref. [8] where Judd–Ofelt theory was applied to obtain the
absolute value of the emission cross section. The saturated
fluorescence method was used in Ref. [9] to obtain the absorp-
tion/emission cross sections at 1650/1800 nm bands. A review
of cross sections was complemented in Ref. [10] by measure-
ment of the spectral shape of absorption and emission at around
790 nm (3H6 →

3H4). Additionally, fits by Gaussian functions
were provided. An extensive spectroscopic review of thulium
spectra was published by Smith & son [11]. The McCumber
method was used in Ref. [12] to obtain the absorption/emission
cross section at 1650/1800 nm bands. Finally, the temperature-
dependent cross sections of Tm3+:silica for temperatures from
35 to 300 K (i.e., from −238 to 27◦C) were reported in Ref. [13].

In this Letter we report on, to the best of our knowledge,
the first measurement results of the temperature dependent TDF
absorption and emission cross sections in the spectral range of
700–2200 nm for a temperature range from −196◦C to 300◦C,
which is relevant to high-power fiber laser operation [3,6,7,14].
Significant changes were detected in this temperature range,
namely, the peak of the absorption cross section at around 1650
nm dropped by more than 20% and the peak of the emission cross
section at around 1800 nm dropped by approximately 40%. Also,
the center of gravity of the cross sections considerably shifts with
temperature, which is particularly important for ultrafast lasers.
Empirically and physically derived formulas for the temperature
dependence of the cross section spectra are proposed and dis-
cussed. These allow extrapolating the temperature dependence
outside the region of measured temperature dependence or pre-
dicting the temperature induced changes for the case when only
the cross section spectra at room-temperature are available.

Measurement. An in-house prepared TDF (8/125 µm, SiO2

doped by 3000 ppm Tm3+, 3.9 mol% Al2O3, 0.5 mol% GeO2)
was used for the measurement of the temperature-dependent
absorption and emission spectra. The radiation from a broad-
band source coupled into a fiber core was sent through a 6
cm-long TDF sample to measure the absorption spectra, which
was recorded by an ANDO AQ6317B optical spectrum analyzer
(OSA) with 2 nm resolution and by a Nicolet 8700 Fourier trans-
form infrared (FTIR) spectrometer with a resolution of 16 cm−1
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Fig. 1. (a) Power evolution of thulium fiber lasers [2]. (b) Radial
distribution of the fiber temperature in the 614µm diameter air-
clad fiber; more than 250◦C core temperature can be estimated with
1.2 kW pump power and the maximum heat load Ql = 250 W/m
obtained for single-end pump configuration of the laser [3].

Fig. 2. Emission measurement setup for (a) 800 nm and (b) 1800
nm. Abbreviations are: WDM, wavelength division multiplexer;
YDFL, ytterbium-doped fiber laser.

(i.e., 5.2 nm at 1800 nm). The absorption spectra were recorded
at spectral bands around 790 nm and 1210–1640 nm, respec-
tively. A super-luminescent diode operating at 790 nm and a
halogen lamp were used as the excitation light sources. In order
to obtain the emission spectra the TDF was core pumped. The
signal was collected in the backward direction using a broadband
optical fiber coupler. Isolators and APC connectors eliminated
back-reflection of the unabsorbed pump radiation as shown in
Fig. 2. For these experiments, 2 mm and 5 mm active fiber
samples were prepared to measure the emission peaks around
800 nm and 1800 nm, respectively. For the emission measure-
ment at 800 nm, upconversion-pumping at 1079 nm was used
to avoid strong reabsorption of wavelengths smaller than ∼ 800
nm. Such reabsorption occurs due to low inversion population at
3H4 level under direct excitation of this level [10]. Spectra were
recorded using an OSA with a resolution of 2 nm. For the 1800
nm emission peak the pump source was a Thorlabs laser diode
operating at 1625 nm and a spectrometer FTIR with a resolu-
tion of 4 cm−1 (i.e., 1.3 nm at 1800 nm) was used. The active
fiber was attached to a hot plate using heat conductive paste. A
resistive temperature sensor (Thorlabs TH100PT) was placed in
the aluminum box together with the fiber to exactly control the
temperature. Figures 2 and 3 show the measurement setup used
for the determination of the absorption and emission spectra.

The spectral density of emission spectra at 1800 nm was meas-
ured at temperatures −196,−15,−3, 15, 28, 50, 100, 150, 200,

Fig. 3. Absorption measurement setup for (a) 790 nm and (b)
1650 nm. Here: FUT, fiber under test.

Fig. 4. (a) Refractive index profile of fiber SG1290. (b) Radial
profiles of thulium concentration of four samples of SG1290 fiber.

250, and 300◦C. A similar set of temperatures was used when
capturing the other spectra too.

Cross section spectra. To obtain the absolute values of the
cross section from the measured absorption/emission spectra,
different methods (see the Introduction) can be applied, resulting
in slightly different absolute values. Therefore, it is useful to
separate the peak value and the shape of the spectra by employing
normalized cross section spectra.

Peak values. The absorption cross section σa [m2] is related
to the small signal attenuation A [dB], the fiber length La [m],
and the concentration of Tm3+ ions Nt [m−3] by the following
relationship:

A(λ) = 10 log10(e)Γ(λ)σa(λ)NtLa (1)

where Γ denotes the overlap of the electromagnetic field power
density with the profile of Tm3+ concentration. In Eq. (1), the
quantities dependent on wavelength λ are indicated. Assuming
only radial dependence, Γ is calculated as

Γ =

∫ ∞

0
N(r)R2(r)rdr

Nt

∫ ∞

0
R2(r)rdr

, (2)

where R(r) is the radial profile of em field (LP01 mode) that is
obtained from the waveguide solution. A solver of the radial part
of the scalar Helmholtz equation was used for this purpose with
the refractive index profile measured by the analyzer IFA-100
and shown in Fig. 4(a). Here N(r) [m−3] is the radial profile of
the Tm3+ concentration, see Fig. 4(b) and Nt is its maximum.
The peak values of the emission cross section σe were obtained
using the Judd–Ofelt parameters presented in Ref. [8] and using
radiative lifetimes of the 3H4 and 3F4 manifolds in Tm3+ : silica
as τrad(3F4)= 4.56 ms and τrad(3H4)= 0.67 ms. These values are
used in Fuchtbauer–Ladenburg formula [15]

σe(λ) =
λ̄2

8πcn2τrad

S(λ)∫
λ−2S(λ)dλ

, (3)

where c is the speed of light, n is the refractive index, S(λ) is the
normalized emission spectra, and λ̄ is the average wavelength.

Table 1 compares the peak values of cross section spectra at
room temperature published so far with the values derived in
this work. The wavelengths in brackets denote specific ranges,
not exact peak locations.

Normalized cross section spectra. The relative relation-
ship between emission cross section and measured power of
spontaneous emission is, as given in Ref. [16],

PSE(λ) ∝ 2hc2λ−3δλσe(λ)Γ(λ)Ni (4)

where Ni is population density of ith level. Taking Eqs. (1) and
(4) into account, normalized cross section spectra that have a unit
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Table 1. Peak Cross Section Data Published;
σa |e[10−25m2]

ref. σa σa σe σe
(790 nm) (1650 nm) (800 nm) (1800 nm)

Jackson, [1] 8.5 4.5 - 6.0
Walsh, [8] 10.0 - - 4.6
Agger, [9] - 4.2 - 3.8
[9] - 4.5 - 3.5
Turri, [13] 4.6 3.0 - 3.7
Peterka, [10] 8.5 4.4 8.5 6.1
Lee, [12] - 4.16 - 3.59
This work 10.1 5.4 10.9 4.9

peak value at room temperature were derived from the meas-
ured spectra. Then, the cross sections were fitted with empirical
model,

σ(λ) =

N∑︂
i=1

ai exp

(︄
−2

(︃
λ − λi

δi

)︃2
)︄

, (5)

where λ [nm] is wavelength, N is a number of fitting Gaus-
sian functions, and where the parameters are dependent on
temperature t [◦C] as

ai = ai0 exp(ai1t), (6)

λi = λi0 + λi1t, (7)

δi = δi0 + δi1t, (8)

with i = 1 . . .N and N = 4 or 5. Each interval of the significant
part of the absorption/emission spectrum is fitted separately. The
form of Eqs. (6 )–(8) was chosen as the simplest form of tem-
perature dependence avoiding negative amplitudes of Gaussians.
Figure 5 compares the measured and fitted normalized cross sec-
tion spectra with the achieved root mean square errors (RMS).
The oscillatory behavior of absorption spectra at −196◦C is
not part of the cross section spectra but due to inter-modal
interference that was not fully suppressed during the particular
measurement with liquid nitrogen. Fitted parameters ai0, ai1, λi0,
λi1, δi0, δi1 applicable in the temperature range from −196◦C to
300◦C are available in an electronic form in Dataset 1, Ref. [17].

Physical model. In this section, an approximative formula of
temperature dependence of cross section spectra is derived. It

(a)

(c) (d)

(b)

Fig. 5. (a),(b) Normalized absorption and (c),(d) emission cross
section spectra of thulium. See Dataset 1 , Ref. [17] for fitted
parameters.

is motivated by the fact that often such temperature dependence
is not accessible or it could not be measured. By application of
physical models, such dependence can be approximated at least
in a limited temperature range. The derivation is based on the
McCumber reciprocity formula [13,14,18],

σe(λ, T) = σa(λ, T)
(︃

Zl

Zu

)︃
T

exp
[︃
EZL − hc/λ

kT

]︃
, (9)

where T [K] is temperature, c is speed of light, h is the Planck
constant, k is the Boltzmann constant, EZL = hc/λZL is the energy
difference of the zero-phonon line, and Zu, Zl are partition func-
tions of the upper and lower manifolds that generally depend
on T (see subscript). Equation (9) can be expressed also in its
inverse form to give σa from σe. Using a reference temperature
Tr [K], one can rewrite Eq. (9) as

σe(λ, T) =
σa(λ, Tr)

σa(λ, Tr)
σa(λ, T)

(︃
Zl

Zu

)︃
T

exp
[︃
EZL − hc/λ

kT

]︃
. (10)

The inverse form of Eq. (9) is then substituted for σa(λ, Tr)

into Eq. (10), giving

σe(λ, T) =
σa(λ, T)
σa(λ, Tr)

σe(λ, Tr)

(︃
Zu

Zl

)︃
Tr

(︃
Zl

Zu

)︃
T

exp [CT] , (11)

where CT ≡ (1 − T/Tr)
EZL−hc/λ

kT . Assuming for the moment that
the (Zl/Zu) ratio does not depend on temperature, Eq. (11) finally
simplifies to

σe(λ, T)
σe(λ, Tr)

=
σa(λ, T)
σa(λ, Tr)

exp [CT] . (12)

One can divide the temperature dependence term CT among
both absorption and emission in such a way that Eq. (12) is
maintained. Choosing symmetrical division (i.e., using ±CT/2
exponent), the emission/absorption cross section dependence is

σe|a(λ, T) = σe|a(λ, Tr) exp [±CT/2] . (13)

The zero phonon line wavelength λZL = hc/EZL is determined
from the condition σe(λZL, Tr) = (Zl/Zu)Trσa(λZL, Tr).

Figure 6(a) compares the model, Eq. (13), with the empirical
fitted model. While the absorption spectra for temperatures from
23◦C to 300◦C are described reasonably well, the emission spec-
tra are poorly described by Eq. (13) for t>100◦C. This could be
partly attributed to the assumption about the temperature inde-
pendence of the ratio Zl/Zu stated above. Figure 6(b) shows the
model, Eq. (11), withσa according to Eq. (13) and with assumed
temperature dependence of ratio Zlu(T) ≡ (Zl/Zu)T as

Zlu(T) =
1 + (q − 1) exp

(︂
−∆qχ

kT

)︂
1 + (p − 1) exp

(︂
−∆pχ

kT

)︂ , (14)

where p = 5, q = 7, ∆p = 760 cm−1, ∆q = 100 cm−1, χ = 100hc.
Equation (14) is considered as empirical and proposed to be
applied only in the interval from 23◦C to 300◦C but it is moti-
vated by the assumed structure of 3F4 and 3H6 manifolds. Par-
tition functions Zu = 1 +

∑︁p
i=2 exp( −∆i

kT ), Zl = 1 +
∑︁q

j=2 exp( −∆j
kT )

depend on the number of Stark sub-levels in the upper and lower
manifolds p, q and on the energy differences ∆i, ∆j of Stark
sub-levels taken from the lowest sub-levels of each manifold,
respectively. It follows that the limits for zero and large temper-
atures are Zlu(0) → 1 and Zlu(∞) → q/p. Furthermore, Zlu(T)

https://doi.org/10.6084/m9.figshare.21762659
https://doi.org/10.6084/m9.figshare.21762659
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Fig. 6. McCumber-based physical model, Eq. (13), (dashed),
λZL = 1717 nm, versus fitted model (solid); (a) temperature
independent Zlu, (b) temperature dependent Zlu as in Eq. (14).

is always in the interval 1/p<Zlu(T)<q with actual maxima and
minima depending on the relative size of∆i,∆j values. Therefore
it is possible in theory for temperatures above the temperature
where the maximum of Zlu occurs that Zlu(T) decreases with
temperature toward Zlu(∞) similarly as expressed by Eq. (14).

The physical model described here is based on the McCum-
ber formula, Eq. (9), that is known to be valid only in certain
temperature interval where the spectral widths of individ-
ual transitions between Stark sub-levels i, j are bounded as
δEij ≪ kT [19]. Therefore, the model is not applicable for too
low temperatures where it is divergent.

The agreement of the physical model with measured spectra
can be potentially improved by considering non-symmetrical
division of the CT term between absorption end emission [see
Eq. (13)] and by applying model only in the limited range of
temperatures above the reference temperature(s) (one or more)
at which the measured spectra are available. Also, the reference
temperature should be selected as the lowest temperature of the
application range if possible to avoid a divergence effect.

Conclusions. Comprehensive measurements of temperature-
dependent absorption/emission spectra on the thulium-doped
silica fiber has allowed deriving cross section spectra associated
with (3H6 ↔

3H4) and (3H6 ↔
3F4) transitions which are the most

important in thulium-doped fiber laser pumping schemes; both
for the currently most developed two-for-one pump process [1]
with 790 nm pumps, and also for the emerging in-band cladding
pumping at around 1700 nm [20]. The peak values of cross sec-
tion spectra presented in Table 1 are in reasonable agreement
with the ones published by different authors so far. The dif-
ferences can be attributed to the different technology used for
active fiber design and also to the different procedures used to
determine the absolute values of the cross sections. An empir-
ical model was fitted to the normalized spectra derived from
the measurements with RMS values: 0.0069<RMS<0.0182.
The model can be readily applied in simulation procedures for
thulium-doped silica active fibers.

A physically motivated model for the temperature dependence
of the cross section spectra was developed and achieved a moder-
ately good agreement with the measurements if the temperature
dependence of the partition functions was taken into account.

The structure of the model is not dependent on the specific
dopant kind and on the technology used. Its validity is limited
by the validity of Eq. (9) thus it is expected not to be reliable
in cases with high dopant concentrations where the inhomo-
geneous broadening arises. The model can be applied in cases
where only the spectrum at a reference temperature is known
and the spectra at temperatures higher than that reference are
required. The accuracy of the model was found to be sufficiently
good provided the temperature difference from the reference is
less than approximately 100◦C.
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ABSTRACT

Nowadays, the main limiting factor of power scaling of high-power thulium fiber lasers is high heat load causing
thermal mode instability (TMI) and other thermally induced difficulties. Increased temperature of the fiber
core also leads to large changes of its spectroscopic parameters. In this work, we present the experimental
measurements of the temperature dependence of the fluorescence lifetime of the thulium-doped fibers. The results
of the temperature-dependent fluorescence lifetime, absorption and emission cross-section spectra, and energy
transfer coefficient k3011, which characterizes so-called “two-for-one” cross-relaxation process 3H4,

3H6 → 3F4,
3F4, were employed to develop a numerical model for simulation and optimization of high-power thulium-doped
fiber lasers and amplifiers with temperature-dependent fiber characteristics.

Keywords: thulium, thulium-doped silica fibers, spectroscopy, cross-relaxation coefficient, numerical model,
temperature effect

1. INTRODUCTION

Thulium-doped fiber lasers (TDFL) are significant high-power devices operating at a wavelength around 2 µm.1, 2

Thanks to the emission in the so-called ”eye-safe” region, they have a wide range of applications, e.g. in medicine,
material processing, or defense. However, the output power of TDFLs is an order of magnitude below its potential
regarding the thulium energy structure, which offers a suitable way to generate two laser photons around 2 µm
per one pump photon at 790 nm. This so-called two-for-one cross-relaxation process thus provides a theoretical
quantum efficiency of up to 200 % leading to a slope efficiency of 80 %. Currently, the main power limiting
factors are associated with thermal effects, considering that the core temperature can rise up to 300 °C.3, 4

Surprisingly low attention was devoted to the temperature effects on laser operation due to the temperature
dependence of spectroscopic properties, and only in a few models approximate core-temperature-dependence
was considered.5, 6 For the reliable theoretical prediction of the active-fiber performance in fiber laser devices,
the evaluation of cross-relaxation energy-transfer coefficients between various energy levels of thulium (Tm)
ions in optical fibers is required too.7–9 Recently, measurements of silica TDF emission and absorption cross-
sections in the temperature range -196 °C to 300 °C were done, and a temperature-dependent multi-gaussian
empirical approximation of the cross-sections was presented.10 In this contribution, we present a measurement
of the temperature-dependent fluorescence lifetime of the energy level 3H4 in the temperature range from 25 °C
to 300 °C and the energy transfer coefficient k3011 determination, which describes the cross-relaxation process
3H4,

3H6 → 3F4,
3F4. Moreover, we built a comprehensive numerical TDFL or amplifier model that uses

the temperature-dependent cross-sections, fluorescence lifetime, and k3011 data as input.

Further author information:
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2. METHODS

2.1 Theoretical evaluation of the k3011

The diagram of Tm3+ ion energy levels with possible energy transfers is shown in Fig. 1. The searched energy
transfer coefficient is marked k3011. For the calculation of the coefficient, the following equation was published:9

k3011 =
1

Ntot

(

1

τ3,m
−

1

τ3,lowC

)

, (1)

where Ntot is the total population density of all energy levels, which is the total Tm3+ concentration, τ3,m
is the measured fluorescence lifetime of the fiber, and τ3,lowC is the lifetime of the low-doped fiber. This formula
works under the assumption of low excitation power used for the measurement of the decay rates. Full derivation
can be found in Ref. 9.

Figure 1. Energy levels of Tm3+ with possible energy transitions.

2.2 Fluorescence lifetime measurement

In-house prepared silica TDF SG1290 (8/125 µm, 3000 ppm Tm3+) and SG1604 (8/125 µm, 40 ppm Tm3+,
low-doped) were used for the measurement of the temperature-dependent fluorescence lifetime. The length of
the tested fiber was 1 cm of SG1290 and 20 cm of the fiber SG1604. The radiation from a laser diode was coupled
into a fiber core to excite a TDF sample. Lumics LU793M250 diode (LD) was used to pump the energy level
3H4. The diode was connected to an ILX Lightwave 3900 laser diode controller and an Agilent 33512B pulse
generator. The signal was collected in the backward direction using a broadband optical fiber coupler (OC), see
Fig. 2. A ThorLabs PDA36A Si detector (450–1000 nm) was used together with a Teledyne LeCroy HDO6034
oscilloscope for detection. The active fiber was attached to a hot plate using a heat-conductive paste. A resistive
temperature sensor (Thorlabs TH100PT) was placed in the aluminum box together with the fiber to exactly
control the temperature in the vicinity of the tested fiber in the temperature in the range from 25 °C to 300 °C.
The lifetime of the SG1604 low-doped fiber was determined from a single exponential fit of the measured curve.
The measured curves of SG1290 fiber were normalized, and the decay time was determined from the 1/e value
on the normalized curve. The fluorescence lifetime was obtained as an average of the measured values.

Figure 2. Experimental setup of fluorescent lifetime measurement of the energy level 3H4.



3. RESULTS

3.1 Fluorescence lifetimes and cross-relaxation coefficient

The fluorescence decay curves of the fibers were measured using the setup shown in Figure 2. The technique
of extrapolation from various pump powers to the zero value of the pump power was used to eliminate the
cross-relaxation and amplified spontaneous emission (ASE) effects. The example of the measured decay at the
temperature of 200 °C is shown in Figure 3 as well as the lifetime values at various temperatures.
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Figure 3. Measured data of fluorescence lifetime a) example the fiber SG1640 at the temperature of 200 °C, b) fiber
SG1290 at the temperature of 200 °C for various pump powers c) lifetime values for the fiber SG1290.

The measured temperature-dependent lifetime values of the 3H4 energy level of both fibers, see Table 1, and
their concentrations of Tm3+ were substituted to the equation (1) to calculate the coefficient k3011. Temperature
dependence of the coefficient is shown in Figure 4.
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Figure 4. Calculated temperature-dependent energy transfer coefficient k3011.

Table 1. Fluorescence lifetime used for a calculation of coefficient k3011.

Temperature (°C) 23 50 100 150 200 250 300

Lifetime SG1604 (µs) 56.6 54.6 51.0 47.5 43.9 40.3 36.7

Lifetime SG1290 (µs) 28.5 27.7 26.2 24.7 23.3 21.8 20.3



3.2 Fiber lasers modeling

As was presented in Ref. 4 and 10, with a significant change of cross-sections with temperature, the threshold,
and slope efficiency will be affected too in the simulations of high power TDFL. In Figure 5 can be seen the change
of these characteristics when taking into account also the temperature-dependence of the fluorescence lifetimes
τ1,3 and the cross-relaxation coefficient k3011. This simulation has been run for the measured fiber SG1290 with
the following parameters: fiber length 0.5 m, pump wavelength 790 nm, signal wavelength 2000 nm, pump power
0.4 - 10 W.
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Figure 5. Simulations from TDFL model. A change of the threshold power and slope efficiency when taking temperature-
dependence of fluorescence lifetimes and cross-relaxation coefficient into account. Efficiencies and thresholds are computed
with respect to the absorbed pump power, and in all cases, the temperature dependence of the cross-sections is included.

4. CONCLUSION

We have demonstrated the calculation of the temperature-dependent cross-relaxation energy transfer coefficient
k3011 for the thulium-doped silica optical fibers. These results were considered in the numerical model together
with the temperature-dependent cross-sections.10 Considering that the temperature can significantly change
the results, it is reasonable to consider it for the accurate modeling of the Tm-doped fiber lasers.
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[4] Schreiber, O., Jǐŕıčková, B., Aubrecht, J., Grábner, M., Jauregui, C., Honzátko, P., and Peterka, P., “The
effect of temperature dependence of thulium cross sections on thulium-doped fiber laser operation,” in [Fiber
Lasers XX: Technology and Systems ], 12400, 32–35, SPIE (2023).

[5] Gaida, C., Gebhardt, M., Heuermann, T., Stutzki, F., Jauregui, C., and Limpert, J., “Ultrafast thulium
fiber laser system emitting more than 1 kw of average power,” Opt. Lett. 43(23), 5853–5856 (2018).



[6] Tao, M., Ye, J., Ye, X., Feng, G., Wang, Y., Yu, T., Qi, Y., Quan, Z., and Chen, W., “Thermal modeling
of resonantly pumped high power tm-doped fiber amplifiers,” Results in Physics 36, 105407 (2022).
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[10] Jǐŕıčková, B., Grábner, M., Jauregui, C., Aubrecht, J., Schreiber, O., and Peterka, P., “Temperature-
dependent cross section spectra for thulium-doped fiber lasers,” Optics Letters 48, 811–814 (2023).
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Temperature-dependent emission cross-section spectra at1.8 µm
of the thulium-doped fibers cooled down to cryogenic temperatures
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Thulium fiber lasers are important 2-µm sources of radiation[1] with a wide range of applications e.g. in industry,
medicine, or defense. However, their power is an order of magnitude below their potential and the main limiting
factor is associated with thermal effects in the fibers, which significantly affect both spectroscopic and laser prop-
erties [2,3]. The emission peak around 1800 nm showed a significant change in its shape at cryogenic temperature
when compared to the other measurements presented in [3]. Therefore, we present here emission spectra mea-
surements carried out using a liquid nitrogen cryostat to cool the temperature of fiber down to 77 K continuously
in order to clarify the trends of emission changes at low temperatures.

An in-house prepared thulium-doped silica fiber (8/125 µm, 3000 ppm Tm3+) was used for the experiments.
It was pumped by a Thorlabs laser diode (FPL1054S) operatingat 1625 nm. For this experiment, a 2mm active
fiber sample was pigtailed and placed in the cryostat vacuum chamber of the liquid nitrogen cryostat (Janis Re-
search, model VPF-100). During all measurements, the active fiber was attached to the cryostat cold finger and its
temperature was controlled between 80–475 K using a temperature controller Lake Shore model 325. The emission
spectra were recorded by a Thorlabs OSA203C optical spectral analyzer. The signal was collected in the backward
direction using a broadband optical fiber coupler. Isolators and APC connectors eliminated the back-reflection
of the unabsorbed pump radiation.

a) b)

Fig. 1a) Emission cross-section spectra shapes of the thulium fiber, the spectra are normalized with respect to the measurement
at room temperature; b) Temperature dependence of the peak position, area, peak value, and peak width of the normalized
cross-section.

From the measured spectra, the emission cross-sections were derived and consequently fitted by multiple Gaus-
sian functions as described in [3]. These results in the temperature range 80–475 K are presented in Fig. 1 a).
Although the absolute peak values of cross-section spectraare in reasonable agreement with the ones published
by different authors so far, they are presented normalized to a unit peak value at room temperature. Fig. 1 b) shows
the temperature dependence of the peak position, area, peakvalue, and width of the normalized cross-sections.
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