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Motivation

Tm fiber lasers @ 2um
Large gain region: 1800nm-2100nm
Efficient pumping @793nm due to cross relaxation
Enhanced nonlinear thresholds

Applications
Biophotonics and spectroscopy
Material processing (e.g. polymers)
Nonlinear frequency conversion to MIR or THz

s um

[RP Photonics]

[Cockrell School of Engineering, University of Texas]
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Discrete dispersion tuning

- RiIng resonator configuration with discretely chirped FBG array
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Targets of this work

Investigate tuning principle at 2um using Tm:doped fiber lasers

Realize PM layout for linear polarized light
Influence of PM and non-PM filter layout

Boost Power level in MOPA configuration
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Experimental Setup

ahed
Pump-Signal Combiner  Nufern I;m:rTDF:SP/BO'HE 0% i
m:riper (0]
- et Tap port = B
=1 LD (793nm) C?J.c?ll:d —
Laser Diodes [ - ] 3dB Laser Diodes
(2x4W) PM ng Eesonator Coupler C:JijldIIBer (2x35W)
Circulators Isolator P =1 1D (793mm) |
® () =3 —
Pump-Signal
Puls Generator ((((( : (((((( Combiner
. 81 : —" Nufern PM-TDF-10P/30-HE
5 E—— — PM Tm:fiber

‘Y‘ FBG Array
\ /\/J (PM and nonPM Version)

A\

- Lasergutput <—‘—))‘

Tunable Oscillgtor [ Seeder Power Amplifier

Master Oscillator Power Amplifier (MOPA) to boost the power level
Fast-axis blocked PM circulators ensure linear polarization

Free-space coupled AOM In retro-reflective setup (rise-time ~60ns)




Spectral filters

HR FBG Array inscribed in commercial PM fiber used in most

experiments

Spectral filters

Inscription technique

PM FBG Array
Multiple shot with fs-UV-Laser

Single-shot during fiber drawing

Fiber

PM1550 (commercial)

Photosensitive, nonPM (in house)

Reflectivity R R>99% R=10-20%
Wavelength range 1920nm — 1980nm 1900nm — 2100nm
Number of FBGs 5 100
Linewidth of FBG Adppg  [|\_  AApgg=1.4nm . Aldppe = 120pm

Leibniz Associati
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Emission properties of Seeder

 Power characteristics: P,,, ~600mW & P ., ~10W & E

 Pulse duration: 10-20ns

~0.15uJ

pulse
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Emission Spectra of Amplifier

. . kel
* Active fiber (AF) length: 1.7m <
 Power scaled to >10W average power with a slope of 48% _
* Further power scaling prohibited by thermal issues due to residual
pump power (~70% absorbed)
= change AF Iength to 5m
Length ofactlve : i MI I I I _xL @IFBG1
fiber: 1.7m : : : | : :
= I 1 O T | — I T (R AL
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Emission Spectra of Amplifier

Amplifier gain spectrum does not cover all emission wavelengths
Linewidth (FWHM) does not change
Nonlinear spectral broadening at peak tails
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| |
| ump = 48A (53W) —P | ~28W | — FBG1-T  , =1854ns
— FBG2-T Mp = 220.9ns
— FBG3-T Mp = 255.6ns
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Power characteristics and PER

==
i -
Amplification of seed signal by 30| = FBG1-1978nm (n=57 2%, P, =3.18W) =
{| —*—FBG2 -1963nm (n=58.1%, P,=3.14W)
~17dB 25| ——FBG3 - 1949nm (n=55.3%, P,=3.27W)
S | ——FBG4-1934nm (n=54.7%, P, =4.22W)
Pavg ~28W & Ej 150 ~61J S =
Power limitation due to thermal 515 1 * '
management of active fiber 0
Excellent slope of up to 58% T actve bor longth. 5
PER>17dB 0o 10 20 30 40 50

Pump Power Ppu /W

mp

Pump @ 8.7W Power (p-pol) Power (s-pol) PER
1978nm (FBG1) 2.84WN 14.6mW 22.9dB
1934nm (FBG4) 2.03W 35mW 17.6dB




Pulse properties

* Tpuise = 1lns (asymmetric shape)

*  Plcak Of more than 550W - Amplification ~ 17dB
 Pulse shape independent of power level
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~ [—Seed Pulse

- | pump = 20A (16.5W)
i 0.8+ _Ipump = 30A (29.5W) |
L 400 Ipump =40A (42.5W)
% 0.6 — 1 ump = 48A (53W)
$ 390 | KL—1963nm (FBG2)
w© 200
=
O
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Draw Tower Gratings: FBG arrays

- Highly productive Inscription
during fiber drawing process

. Single-shot illumination!
= Reflectivity < 40%

- Feedback wavelength tunable
during Inscription via
Interferometric setup

- Commercialized through
FBGS Technologies GmbH

[V. Hagemann, Dissertation, FSU Jena (2000)]

FBGS

Excimerlaser
COMPEX 180T
(MOPA)

(248nm, Epylze= 200m.J)

4

B pulse picker

—

preform
interferometer

fiber length

fiber

>

Leibniz Associati
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* Second inscription technigue: draw-tower inscription of FBG

Non PM Filter layout

Iipht

 Enables large FBG arrays (many gratings) with narrow linewidth
* Restricted to photosensitive and non-PM fibers

« Commercialized through FBGS Technologies GmbH in Jena/Germany

[Chojetzki, C,, et al,, et al, Opt.

Spectral filters

Eng. 44(6): 060503, (2005)]

PM FBG Array

nonPM FBG Array

Inscription technique Multiple shot with fs-UV-Laser | Single-shot during fiber drawing
Fiber PM1550 (commercial) Photosensitive, nonPM (in house)
Reflectivity R R>99% R =10-20%
Wavelength range 1920nm — 1980nm 1900nm —2100nm
Number of FBGs 5 100

Linewidth of FBG AAgp. AArpc = 1.4nm . AArpc = 120pm g

Leibniz Associati

g FBGS : é@g



Tuning behavior seeder

kel
i
Tuning range of 76nm with narrow linewidth and very good contrast =
Coupling / multiple emission lines (- slow rise time of AOM)
Some emission lines not covered (= polarization mixing in filter)
1900 —0
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Power characteristics and PER

Similar power characteristics of
amplifier as with HR FBG Array

Larger Seeder threshold

(~30% @ 1976nm )

Slope of amplifier >55%

PER >20dB

(spectrally resolved PER ~27dB)
- no PM Filter layout required

30| —®—* =1944nm (T, = 332.96ns)-n =57.1%
|| —e—2_=1962nm (T, = 422.02ns) - 1 = 57.8%
o5 || —A—2 = 1976nm (T, = 491.13ns) - n = 56.3%

“““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““
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Pump Power Ppu

mp

40 50

Pump @ 23W Power (p-pol) Power (s-pol) PER

1976nm 8.93W 48mW 22.7dB
1962nm 8.9W 76mW 20.7dB
1944nm 8.9W 87mW 20.1dB




Emission Spectra of Amplifier

ipht

Narrow linewidth, high signal contrast, stable peak wavelength
With mcreasmg power nonlinear broadenmg due to FWM
o R e |pump_40A(425W) %, =1944nm |
| | | | | | ' — A =1962nm
ol =1976nm |
o0
: | |
9
=
P
S
=
B i il
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 .Zﬁg_,“
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Summary

1900

Tuning range of 76nm with PM Tm MOPA =

£ 1940
=

Power scaled to P, >500W, P, ,>28W s
PER~20dB

500 600 700 800 900 1000 1100 1200 -
Modulation period T . /ns

Also non-PM filter design suitable

With optimized fiber design and length, = ~17a8 Ry
higher peak power and larger tuning range <. |
possible N/ %






Advantages of tuning via FBG array

Iipht

© Great spectral flexibility for individual tuning characteristics
= Ultra-wide tuning ranges, scalable resolution, calibrated emission lines

© Excellent stability of emission wavelength

© monolithic filter design = no alignment, no maintenance, robust
© Electrically controlled = programmable, no moving parts in setup
© Adjustable pulse durations (ns range)

© Fast sweep times

Tobias Tiess — Photonics West 2016 — Paper 9728-25 24



Appendix: Reflectivity Spectrum HR
FBG Array

Reflectivity over Wavelength, fiber: PM1550-XP

Reflectivity /%
—
Tee—

10 o
0 w Pl oy, JJ W M e .1J A o uWA.MMMAL
1900 1910 1920

1930 1940 1950 1960 1970 1980 1990 Member of the
Wavelength /nm il

Leibniz Associati

Tobias Tiess — Photonics West 2016 — Paper 9728-25

ipht



Appendix: Reflectivity Spectrum nonPM

0.15

DTG Array

Effective reflectivity

— Backwards (red — green)

01 . ]
| | LAALNES '
R b T N, L
1950 2000 2050

Effective reflectivity

— Forwards (green — red) |

2000 2050

Wavelenath /nm

Tobias Tiess — Photonics West 2016 — Paper 9728-25
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Appendix: Nonlinear spectral

broadening — source
SBS - pulse too short (<100ns)

SRS
= Limiting @2um - propagation losses in fiber
= gr~1/A 2 shouldn't be a problem @2um with 2m of fiber
= No shift to shorter wavelengths

SPM - B-Integral
2 L(AF) 2 P
+ B = T”IO n, [(z)dz = T’Tn2 =iz Lers = B(P)

= n,= 3e-16 cm?/W (@1.55um), MFD = 10pum, L= 2m (AF: 5m), A=1950nm
»>B(300W) =0.74; B(406W)=1;  B(500W)=1.23

 Asymmetry due to reabsorption?

* Main peak should broaden before side peaks arise

ASE due to reabsorption (would explain the asymmetry)
FWM -2 fits to observations in spectrum with DTG array

Tobias Tiess — Photonics West 2016 — Paper 9728-25
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Appendix: FWM In Emission Spectra

2 peaks grow nonlinear with power next to the laser line (symetric)

Frequency shift (@1944nm). Av = 747GHz ...824GHz

Energy conservation is roughly satisfied

Emission Spectrum of PM Tm:MOPA with DTG Array - 3 exemplary wavelengths
I [

Spectral Amplitude /dB
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N
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W
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1930
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'_TMP — 332.96ns - 40A|
_TMP = 422.02ns - 40A
—Typ = 491.13ns - 40A|

~ 9.96nm

 AX~(9.7)m

I S \AK%‘IOOE@ R Y A VO DY ~ i A

|‘ i
1940 1950 1960

i
1970

Wavelength /nm
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Tobias Tiess — Photonics West 2016 — Paper 9728-25
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Appendix: FWM as source of spectral broadening

Iipht

 Phase matching condition for fixed frequency shift of peaks???
» phase matching by other polarization direction:

Dispersion curves of 10/130um SiO2 NA 0.15 fiber

slow axis (n,)

1.4415F —n_(simulation)

—n, (offset 1.5e-4)

> fast axis (ny)

N off

| : )\‘

phase match i N0

| aser
= 1934.8nm || i 1944 .5nm

1_44___”mmm”mmmmmm;_”mmm_?nuAﬁ;zgjnm S S U SRS SRS S

| i i I | | | | i | |
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Wavelength 2 /nm

 Example: Peak @ 1944.49nm with Dispersion Data from Adrian
* AA(nf = ng) = 9.7nm (Experiment: ~9.9nm)
 Alternative: Adexperiment = 9-9nm — An = 1.57€-4 (Fiber data: 1.5-e4) .ﬁh

Tobias Tiess — Photonics West 2016 — Paper 9728-25 29



Appendix: Experimental Proof

Iipht

If FWM Is triggered by phase matching with other polarization axis,
the FWM signal should be mostly in other polarization orientation!

Polarization resolved Emission spectra of Tm:MOPA with DTG Array - Amplifier ®
. . . - Not the case...

OF A  {loump = 45A, T\ = 332.96ns |— Polarizer @ 90° (p-pol)
—Polarizer @ 45°
@ -5 H ‘ - |—Polarizer @ 0° (s-pol)
§_10_ _______________________________________ __________________ ) S (R _______________________________________________________________________________________________________________________________ _______________________________________ . IS measurement
P || |pere2® N ]
< correct?
_E _20_ .......................................................................................................................... ............................................................................................................................... e _
0%)__ FWM and ASE (!) disappear in s-polarization ] (al SO AS E d ISap pearS)
= i | , ..I‘ | 'IHH ".r.'T'l"F‘ﬂ,.-|'I k! Jilil.‘h41-'I".lr"1.‘r|fl""'| B -Iil'-y,- ., " An d : FWI\/I IS
C o i

_190 ' 1940 ..”10 1960 1970 1980 1990 I 2000 pOIarlzathn dependﬁfm\%

Wavelength /nm .
Leibniz Association ;’
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Appendix: General Phase Matching of FWM

Within the resolution limit: Phase matching (Ak = 2k; — k; — k, = 0) and
Energy conservation (Aw = 2w; — w3 — w, = 0) are equivalent

No distinct dispersion character for wavelength shift of 10nm
Combined Phase Matching and Energy conservation (contour) plot @ A = 1944.5nm
Phase M: | ompnediase Melching and Eneray consenfon (eonfon PO B e T S ¢ dependent
Image Plot: Phase Matching A k

Theory ”T 1962 | (logarithmic scale, black corresponds to A k= 0) " - u raCy Of ,82 7)

Contour Plot: Energy Conservation A o (logarithmic scale)
Source ol 190

1958

Iipht

- | 450

1956+

/nm

. 1954}

A

1952+ 100

1950+

Wavelength Resolution: 100pm o
Basis: Material Dispersion SiO2 and waveguide

1948

1946+ dispersion for 10um core NA=0.15 —

_1 50 Member of the
| | | | | | | |
1940 1938 1936 1934 1932 1930 1928 1926 Z g °
Ay fNM N U ™ 3

Tobias Tiess — Photonics West 2016 — Paper 9728-25 31
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Appendix: Peak power comparison for
different wavelengths

Due to changing repetition rate,
pulse duration & spectral gain
- peak power varies

Pulse duration FBG 1-4:
11ns, 11ns, 12.5ns & 1/ns
(short pulse regime)

Power "\

500

Pulses of T'(MOPA @ | = 40A (43W)

—FBG 1 (1978nm)
—FBG 2 (1963nm)
| |—FBG 3 (1949nm)

400
—FBG 4 (1934nm)

350 ] é _______________________ —

300 T

DEO | é __________ / é '

D00k é ________ jmmf ________

1 50 Parasit|cem|ssion ................ A SURUUTTRUUTON S ST _

100k é _______________________ é ______________________ o RN
50k é ____________________ é _____________________________________________________________________________________________________________________________
-%0 -30 -20 -10 0 10 20 30 40

Time /ns

Tobias Tiess — Photonics West 2016 — Paper 9728-25
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Appendix: Power dependence of NL
effects

« FWM starts to become significant from average powers above 22W
(in short pulse regime, this corresponds to 450W peak power)

ipht

Power dependence of emission spectra at FBG 2

I—Seed spéctrum
— = 20A (16.5W)
pump

I S o | — o — | =30A(29.5W)|
| | N | 5 pump
| ' ' = 40A (42.5W)

% R | =48A (53W)
- RPN R L /TR R | U .......................... | pump . i

N
o

~ pump

N
o

w
S
|

A
o

| Member of the
. 1930 1940 1950 1960 1970 1980 1990 2000 2010 ’ e
Normalized plot Wavelength /nm -Z«/«@y

Spectral Amplitude /dB

o)
=)
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Appendix: Nonlinear Broadening

hed
i e
. . . 0.
 Emission peak stays narrow (FWHM <250pm), but sidewings grow
« FWM seems to be source = discussion later...
0_ .................................. | .................................... | ................................... 1 ............................. _Iseed I
—1_=20A(P__ ~90W)
an-100 e E S Ipump . Ppea 130w
LY, ~ pump ( peak )
QO § § : — ~—
E 20k _________________________________ _____________________________ _Ipump = 30A (Ppeak ~ 185W) _
E_ _ —Ipump i 40A (Ppeak ~ 280W)
- I AN | AN = 48A (P, ~350W)|
© : : : ; § i
B
8_40_ .................................. L o M R e T _
D
" |
l N | L A Member of the
1920 1940 1960 1980 2000 2020 2040 CJ«? R
Wavelength /nm X é
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Appendix: Polarization dependent

Spectrum
« Spectral PER =31dB!

« Amplitude follows cos? - Intensity law over polarization angel

Polarization resolved Emission spectra of Tm:MOPA - Amplifier Amplitude Dependence with polarization angel

ipht

0 Lump = #9A - Typ = 332.96ns 14 . l |—Polarizer @ 90° (p-pol)| : | 5
S | K |-roaiwen | 1F—Theory (cos” aw for intensity) - —
i | | —Experiment | '

| : |—Polarizer @ 50°
‘I 0_ ST ST S FOTOTURURRTRRORRIY |1 TR PO TP UUTPRPRTTO T PP P U _POIarlzer @ 300
i | | |—Polarizer @ 10°

|—Polarizer @ 0° (s-pol)

o
o8

-15+

PER ~ 31dB

-
o)

o
N

Normalized spectral Amplitude /dB
Normalized Peak Amplitude at %,

o
N

| | | ! | 1 | |
1935 1940 1945 1950 1 955 1960 1965 0 20 40 60 80
Wavelength /nm Wavelength /nm
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Appendix: Pol. Resolved spectra = ASE

k)
i
Q.
* ASE really disappears with other polarization angel... why?
Polarization resolved Emission spectra of Tm:MOPA at TMP = 332.96ns and Ipump=40A
0 : :
' ! ! 5 | 5 —Polarizer at 0° (SA)

-5+ Lase:r ok —Polarizer at ~ 90° (FA){
m P | |
e 0 O i
9
é B _
3
| :
o
"6' _25_ ............................................................................................................................................................................................................................................................ —
3
- _30 ................................................................................................................................................................................ -
N
© -35 -
=
= -40

-45
||
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 i
Wavelength /nm . -
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Appendix: random rotation of

Polarization

Iipht

Why did the laser not start to oscillate over all FBGs Iin the same way

Array - Seeder - Tuning-Spektrogram (norm.)DTG Array (1 900:2:2:

Wavelength / nm

1910 0
1920 | e
1930 10
1940

15
1950

20
1960
1970
1980
1990
2000
2010

600 800 1000 1200
Modulation period TMP / ns

Tobias Tiess — Photonics West 2016 — Paper 9728-25
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Appendix: Reproducibility of spectra

2nd measurement:

No spiky peaks anymore

Pronounced FWM character (due to narrower emission line)

Less nonlinear broadening > maybe not shortest pulse regime or less pulse
fluctuations?! Emission Spectra of Amplifier

o T T T : ' 1
FBG 1 -1 = 40A
| | | g ; | pump

| I AE— SN PO 31 A P U O B FBG 2 - | = 40A |
| | | ; | | pump

' | | | FBG 3 -1 = 40A

pump I

: | | | | | —FBG 4 - | = 40A

| | | | | | pump

A5k o ________________________ _________________________________________ ______________________ e e __ FBG 1 - |pump = 48A

' | ' —FBG 2 -1 = 48A

pump i

—FBG 3 - | = 48A

| pump

_10_mmmmmmfmmmmmmfmm”mmmmﬂ TN I U N N S

0k ___________________________ ____________________ R _________________________ ___________________________ ____________

Spectral Amplitude /dB

1

1940

i | i i
1960 1980 2000 2020 2040 2060

4300

1920 2080 2100

Normalized plot Wavelength /nm %
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Appendix: Pulse properties DTG Array

ke
. 430 _ | =20A (16.5W) =
Parabolic-like shape wol — — T sA 2aw) |
Pulse duration ~ 42ns o R Ml | | ump=30A (29.5W))|
In short pulse regime: ump™40A (42.5)
p - g . SO0 .............................................. ...... . —lpump=48A (53VV) |
pulse duration of 20ns 2 os0. :
possible (further scaling  £_ |
of peak power possible) * |
Pulse duration is longer ol
than with HR FBG array! -
0 5 ; f S
-100 -50 0 o0 100
Time /ns
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