AI Applied Physics
Letters

Highly nondegenerate femtosecond four-wave mixing in tapered microstructure fiber
Kazi S. Abedin, Juliet T. Gopinath, Erich P. Ippen, Charles E. Kerbage, Robert S. Windeler, and Benjamin J.
Eggleton

Citation: Applied Physics Letters 81, 1384 (2002); doi: 10.1063/1.1501440

View online: http://dx.doi.org/10.1063/1.1501440

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/81/8?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Strong field effects in rotational femtosecond degenerate four-wave mixing
J. Chem. Phys. 132, 134301 (2010); 10.1063/1.3367726

Single-walled carbon-nanotube-deposited tapered fiber for four-wave mixing based wavelength conversion
Appl. Phys. Lett. 96, 061104 (2010); 10.1063/1.3304789

Intermodal four-wave mixing from femtosecond pulse-pumped photonic crystal fiber
Appl. Phys. Lett. 94, 101109 (2009); 10.1063/1.3094127

Femtosecond degenerate four-wave mixing of carbon disulfide: High-accuracy rotational constants
J. Chem. Phys. 124, 144307 (2006); 10.1063/1.2186642

Nondegenerate four-wave mixing in a semiconductor microcavity
Appl. Phys. Lett. 71, 2650 (1997); 10.1063/1.120168

AI P “ -Lopuglri‘:é cI:fhyﬁics

Journal of Applied Physics is pleased to
announce André Anders as its new Editor-in-Chief



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1691523420/x01/AIP/JAP_HA_JAPCovAd_1640banner_07_01_2014/AIP-2161_JAP_Editor_1640x440r2.jpg/4f6b43656e314e392f6534414369774f?x
http://scitation.aip.org/search?value1=Kazi+S.+Abedin&option1=author
http://scitation.aip.org/search?value1=Juliet+T.+Gopinath&option1=author
http://scitation.aip.org/search?value1=Erich+P.+Ippen&option1=author
http://scitation.aip.org/search?value1=Charles+E.+Kerbage&option1=author
http://scitation.aip.org/search?value1=Robert+S.+Windeler&option1=author
http://scitation.aip.org/search?value1=Benjamin+J.+Eggleton&option1=author
http://scitation.aip.org/search?value1=Benjamin+J.+Eggleton&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1501440
http://scitation.aip.org/content/aip/journal/apl/81/8?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/132/13/10.1063/1.3367726?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/96/6/10.1063/1.3304789?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/94/10/10.1063/1.3094127?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/124/14/10.1063/1.2186642?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/71/18/10.1063/1.120168?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 8 19 AUGUST 2002
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We demonstrate efficient, highly nondegenerate four-wave mixing of femtosecond pulses, with a
frequency shift of~6000 cm%, in an 18 cm tapered microstructure fiber. Using a pump at 810 nm
and a signal at 1540 nm, light is generated at wavelengths between 535 nm and 570 nm with 10%
efficiency. Due to the walk-off between pump and signal pulses in the fiber, the interaction length
in the tapered fiber is only 1.4 cm. Ten percent efficiency is achieved in this short length because of
the enhanced nonlinearity of the tapered fiber and its unique dispersion characteristi2g802©
American Institute of Physics[DOI: 10.1063/1.1501440

Four-wave mixing(FWM) is a useful technique for With this large index difference and small core size, the
wavelength conversioh? phase conjugatioh,squeezingd, T-ASMF can compensate material dispersion and allow
and frequency metrologdit has been demonstrated in gases,phase matching between highly nondegenerate waves in the
semiconductors, crystals, and optical fibers. Optical fiberdowest order mode. In addition to FWM, third-harmonic gen-
are attractive because of their large bandwidth, low loss, andration (THG) from the 1540 nm light is observed. If an
long interaction lengths. In 1974, FWM with a frequency octave-spanning spectra is launched into the fiber, interfer-
shift of 2800 cm* was observednia 9 cm SiQ:B,0; clad  ence between FWM and THG could provide a simple
waveguide, with a peak pump power of 100%h 1981, method for frequency referencing.
with 25 kW of peak power, a frequency shift of 2900 ¢t The experimental setup is shown in Fig. 1. Pulses from a
was observed in 1 m of graded index multimode fib&e-  femtosecond optical parametric oscillat@640 nm), the sig-
cently, a frequency shift of 100 cm was observed in 6.1 m nal, and from a Ti:Sapphire lasé10 nm), the pump, were
of microstructure fiber, which had a small catie7 um) for launched into an 18 cm T-ASMF fiber section with a core
nonlinear enhancemehThe FWM technique has also been diameter of 3um (outer diameter: 1m). Before tapering,
used for converting femtosecond pulses at 1.5 ton@®  the fiber (ASMF) consists of a~8-um-diameter Ge-doped
However, material and waveguide dispersion, which contrib€0re, surrounded with a-40 um silica region. An outer
ute to phase mismatch and group velocity differences, haveladding (132 um diametey surrounds this. In this outer
made it difficult to achieve highly nondegenerate FWM with ¢ladding, there is a hexagonal ring of ix30 um diameter
femtosecond pulses. The advent of fiber with “engineered@r holes. The T-ASMF section was formed by adiabatic

. 0 .
dispersion and nonlinearity profiles has mitigated these probt—ape””d of the ASMF from an outer diameter of 132 to 10
lems. um, as shown in Fig. 1. As fiber is tapered, light can no

In this letter, we demonstrate highly nondegeneratéOnger be confined by the core, but instead propagates

FWM with frequency shifts as large as 6000 “mnThis is through thg central silicg regidmvhich is about %m in the .
achieved with femtosecond pulses at 1540 and 810 nm in P€). confined by the air holes. After the tapering, the Ge in
tapered air-silica microstructure fib6F-ASMF).1° The idler the |n.|f[|ally dqped core is 'dlffused throu.ghout the entire cen-
(FWM) wave is generated at wavelengths ranging from 537tral silica region of the _mlcrc_Jst_ructure flber._
to 575 nm, with a maximum conversion efficiency of 10% in To adJUSt_ the r_elatlve timing of the s!gnal and pump
an interaction length of 1.4 cm. Highly nondegenerate fourpulses, a variable time delay was placed in the path of the
wave mixing is possible because of the kW peak powers of
the femtosecond pulses, the dispersion profile of the fiber,
and the high nonlinearity of the fiber. OPO Ti:Sopphiref=—=4 Argon [on
The tapering of the microstructure fiber produces a small
core diameter of~3 um, enhancing the nonlinearity by an

o
order of magnitudé® The presence of air holes in the clad-
ding results in a large core-clad index difference-~ed.3. g I Iq- ASMF |T-ASMF| ASMF |
I ks 25cm | 18cm | 10cm Filter Detector
" ‘MWM“{I@I
Ipresently with: Communications Research Laboratory, Tokyo, Japan. Dichroic £=18 mm ! ”
YElectronic mail: juliet@mit.edu Mirror 10um FWM light
9Also with: the Department of Physics.
9Also with: OFS Specialty Photonics Division, Somerset, New Jersey. FIG. 1. Experimental setup for highly nondegenerate FWM.
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FIG. 2. Calculated group index and GVD vs wavelength for the ASMF and
T-ASMF. Wavelength (nm)

. . . . _FIG. 3. Spectrum of idleflinear scalg¢ Insets:(a) signal spectrum(log
signal wave. The beams were combined using a dichroigeaig, (b) pump spectrunilog scale.

mirror and launched into the ASMF with an aspheric lens

(f=18 mm). Coupling efficiencies into the fiber for_the sig- pump beam was 33% and that of the signal, 44%. The effi-
nal and pump ranged from 30% to 40%. The relatively IowCiency of the FWM process, defined Byer/Psignar Was

air-to-fiber coupling efficiency was due to the differing SPOt 1004 (—10 dB). The green output power is9% of the
sizes for the two wavelengths, and the wavelength deF’er}ﬁaximum power obtainable, calculated from the Manley—

dhencyhof thed Iefn.s;]focal Iengrt]h and antireﬂectio? coatigg. AtRowe relations of photon conservation. It is possible that the
the other end of the ASMF, the FWM wave was focused ontqy;q 4565 not remain in the lowest order mode and is instead

a silicon photodetector. Before reaching the T-ASMF, theconverted to higher order modes, degrading the efficiency.

pﬁlseshpro;;agate thromljgh an .AIS l\/lllgor?gi]?r?l. S(ijrr;]ulations We derived an expression for the parametric gain coef-
f] ﬁth qtt € pl))ump:jpu ses,zlnl';la}yh s (fu V‘;]' t .at | ficient of highly nondegenerate FWM following the ap-
alf maximum), broaden to-620 fs in the ASMF. The signa proaches of Refs. 1, 12 and 13. We assumed an undeleted

pulses, 150 fs to start, are actually compressed 100 fs. ﬁump, a weak signal, a constant value for the nonlinear re-

D_ue to the large wavelength separation, the pump an active indexn,, a single effective overlap integral, and no
the signal pulses walk-off from each other as they propagatg . \ve obtained

through the T-ASMF fiber. The interaction length can be de-
termined from the group indexry . We performed numerical 9= (7erPp)*— (x12)?, 1)

simulations to determine, and the group velocity disper- where v..— . ; ;
. . ) veit= (27N Ng) (N2 /Agg); N IS the signal wave-
sion (GVD) of the T-ASMF. We assumed a step-index fiber, length; \;, the idler wavelengthA.q, the effective mode

with a core-clad index difference of 0.3 and a core diamete‘tﬂea. andP, , the peak pump power. The parameteis the
of 3 um. The material dispersion in the T-ASMF is calcu- phas:e misr[;{atch ’

lated using the Sellmeier equation of bulk siliéalhe solid ’
lines in Fig. 2 show the calculated values of group index and ~ k=AK+2y,P,. (2
GVD versus wavelength for the lowest order HE mode in thEHere, the term #,P, is the induced pump nonlinearity with

T-ASMF. The dotted lines in Fig. 2 show the group index Yp=(2m\,)(n/As). The wave vector mismatch
and GVD for the ASMF@8 um core. These are calculated

for the lowest order HE mode in the ASMF, using parameters

for Ge-doped silica. We obtain a group index difference of ~ &:%%1° ) T
0.0157 for the lowest order HE mode in the T-ASMF, giving . [ i
an interaction length of 1.4 cm. The zero dispersion wave-z S-0x10° "
length was estimated to be858 nm. = . ]
When the pump pulse is launched alone, self-phase2 #9x19"
modulation causes the 10 nm spectrum to broaden to 55 nire . [
When the signal is added, we observed idler with wave-g 3-0x107F i
lengths ranging from 537 to 575 nm. A typical optical spec- g ]
trum of the idler wave is shown in Fig. 3. In Fig. 4, the idler 5 2.0x10*F ’
power is plotted as a function of the incident pump power, 3 [
with constant signal power. The parabolic dependence indi-* 1.0x10* ]
cates that two photons of Ti Sapphire beam are annihilated tc oo L
0

generate one photon of idler through the FWM process.
With a maximum incident pump power of 180 mw and

signal power of 80 mW, we were able to generate mW of

idier light from the fiber. The coupiing efficiency of the FIG. 4. Power dependence of the idler on incident pump.
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400 - 7= (Ns/\;)(verPp/0)? sint?(gL). This assumes an unde-
7 - pleted pump, a weak signal, a constant value for nonlinearity
200 b Ak, -~ (n,), a single effective overlap integral, and no 138 Us-
o= ing P,=1168W, n,=3.2x10 ? m?/W, Ag=5um?,
E L=1.4cm, andk=0, we calculate a maximum conversion
* efficiency of 168%. Note that the conversion efficiency, de-
& fined asPigier/ Psignan Can easily exceed 100%. The discrep-
< 200l ancy between the experiment and theory results from devia-
x° .. 35um tions in phase matching, uncertainty in the value of mode
< QOpm overlap integrals and in the value of, and loss due to
-400 | higher-order mode coupling and scattering. Further enhance-
25 flm ments in conversion efficiency are expected through fine ad-
600 Lot o L . justment of the core diameter of the T-ASMF.

In conclusion, we have demonstrated highly nondegen-
erate FWM with frequency shifts as large as 6000 Lrim
T-ASMF fiber. A conversion efficiency of 10% was obtained
FIG. 5. Calculated wavevector mismatch vs signal waveleqmtmp wave-  in an interaction length of only 1.4 cm. This was possible
length constant, _Sloln)“:c; de_@rSgIrz n\’“{;:"f;n (gsreneTtﬁfc(grigfa%?ﬁ (j;xd because of the enhanced nonlinearity of the T-ASMF, the
3if5f§(renﬁceuir:péssslg?naeaaconstaﬁﬂ.3). Ak, %aterial- contribution:Ak,, : unique dlsper5|on pmﬂle of the T-ASMF, and_the_hlgh pe_ak
waveguide contributionAk: sum. power of the femtosecond pulses used. Similar interactions

in such fibers could be used for applications in squeezing,
frequency metrology, and wavelength conversion.
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between the signal, idler, and pumpk, is defined as

Ak=ks+k;—2k,. In an optical fiber,Ak results from the We gratefully acknowledge helpful discussions with P.
bulk medium QAk;,) and the waveguideAk,,). For a pump  Rakich and A. Gopinath. One auth@¢.S.A.) acknowledges

at 810 nm and signal at 1540 ndhk,, in fused silica can be support from the Japanese Science and Technology Agency.
as large as 408 cnt. This large wave vector mismatch can- This project was sponsored in part by AFOSR and DARPA.
not be compensated with the waveguide contribution in con-
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