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The nonlinear transformation of fluctuations by frequency 
broadening is found to produce strong ant i-correlations 
in the spectral output. T his effect is investigated by dis­
persive Fourier transform measurements. We exploit t he 
anti-correlations in order to cancel the intensity noise in 
a subsequent sum-frequency mixing step. This princi· 
ple allows for the generation of tunable visible pulses by 
cascaded nonlinear mixing whilst maintain ing the same 
intensity noise per formance as the input pulses. In addition, 
we demonstrate that the power fluctuations occurring in 
the process of passive stabilization of the carrier-envelope 
phase locking via di lference frequency generation may be 
cancelled by an analogous strategy. 

Experimencs wich ulcrafasc time resolucion cypically rely on 
generation of srable pulse trains by mode-locked lasers and 
subsequent nonlinear frequency conversion. In ch is concexc, 
high repeticion rares in ehe megahertz range provide excellent 
sraciscics buc come wich relacively low pulse energies. Under 
those condirions, broadband and flexible frequency shifring is 
implemenced by dispersion-managed nonlinear 6.bers [1] . Up 
till now, mosc experimencs in ultrafast optics have been analyzed 
in terms of average values measured for a specific physical quan­
ticy. Recendy, however, an increasing number of rin1e-domain 
scudies highlighcs higher scaciscical momencs of cime-domain 
observables, rhus illuminaring noncrivial fl.ucruations of classi­
cal and quancum degrees offreedom [2- 7]. Facilitacing furcher 
progress on chis new front ier requires precise characcerization of 
rhe noise propercies of nonlinearly uansformed pulse rrains on 
a pulse-by-pulse basis. In parcicular, rhe coherence propercies of 
superconcinua generared by nonlinear fibers have been srudied 
exrensively in a manifold of different regimes (8,9). However, 
efficient strategies for minimizing and even exploiting any spec­
t ral correlations of noise in ehe emission from such elements is 
lacking so fa r. 

In this Lecter, we idencify amplified spectral incensicy Auc­
tuations in rhe superconrinuum generared by highly nonlinear 
fibers (HNFs). These deviations are shown ro be srrongly 
anti-correlared and cause the output to slightly differ from a 
coherenc srare. The correlarions are scudied numerically resulr­
in g in quancitacive agreemenc wich ehe experimencs. Based on 
th is comprehensive understanding, we demonstrate how ehe 
increase of relative intensicy noise (RIN) may be passively elimi­
nared by an additional second-order non linear mixingstep. T h is 
goal is ach ieved by jud icious choice of phase-matching con­
d itions and spectral shape of ehe H NF oucput. In chis way, we 
implement generacion oflow-noise pulses tunable in ehe visible 
range. Finally, we presenr esrablishment of a passivcly phase­
scabil ized frequency comb by difference frequency mixing [ 1 O], 
which may even surpass ehe intensicy noise performance of ehe 
fundamental lasersource. 

The Er:fiber laser syscems used in ehe following are comprised 
of a mode-locked oscillator followed by single-pass amplifiers, 
see Fig. l (a). The pulse repeticion rare was 100 M Hz for the 
noise canceUacion in the difference frequency generation (0 FG) 
and 40 M Hz in all other measuremenrs. T he resulting oucpuc 
pulses at a center wavelength of 1.55 µm have a durarion of 
100 fs and a pulse energy of more chan 4 nJ. They are launched 
inro an HNF assembly generating an ulrrabroadband specrrum 
[11]. These devices consist of a srandard single-mode fiber 
w ich a core d iameter of 8 µm spliced to a few-m illimecer-long 
germanosilicace fiber wich a core diameter of 4 µm [12,13]. 
T he nonlinear dynamics in these fibers may be quantiratively 
modeled, solving rhe generalized nonlinear Schrödinger equa­
cion. Resulring spectra are shown in Fig. 1 (b) versus inpuc pulse 
energy. Soliton fiss io n and ehe emission of mulciple disper­
sive waves limit the broadening. The process is dominated by 
ehe instanraneous Kerr nonlinearicy, providing a maximally 
determinisric response to input Auctuations. A high degree of 
coherence is obrained when working wich nonlinear compo­
nencs as shorc as half a period of ehe higher-order soliron (14]. 
Intrapulse Raman scattering and uncontrolled cascaded fission 
cause excess noise in longer specimens [I ]. 
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Fig. 1. (a) Sketch of the Er:fiber front-end with a subsequent highly 
nonlinear fiber {HNF). Er:Osc, mode-locked Er:fiber oscillator; 
EDFA, fcmcosecond Er:fiber amplifier. (b) Color-coded spectral 
energy density of superconcinua generated in an HNF for varying 
input pulse encrgy. (c) Simulatcd spectral energy density of a dispersive 
wave for two inpuc pulse energies (sol id and dashed lines). (d) Change 
in spectral energy density {red line) due to energy Auctuations of 
ehe inpuc pu lses by 0.05%, corresponding eo an energy difference 
of 2 pj. Blue crosses indicare dara obrained by specually resolved 
measuremencs. 

Owing co rhe nonlinear propagarion in ehe HNF, a con­
cinuous blue and red shifc of dispersive-wave (> 200 THz) and 
sol iconic ( < 190 THz) componencs follows from increasing 
ehe pulse energy, respeccively. Consequenrly, small ampl icude 
fluccuarions of rhe input are expected ro cause characteriscic 
speccral shifcs of ehe HNF oucpuc, even if ehey originace from 
quantum effects.To invescigace chese phenomena, we firsc 
characrerize ehe scabiliry of ehe pulse energy emicced by rhe 
Er:oscillaror-amplifier syscem. Incegracion of ics RIN power 
speccral densiry from 100 Hz ro ehe Nyquisc frequency resulcs 
in rooc-mean-square (RMS) shoc-co-shoc fluccuacions as low 
as 5 X 10-4 . Nevenheless, such riny inpuc variarions induce 
a minuce shifc in ehe peak posicions of solicon and dispersive 
waves. To quancify rhese effecrs, we compare rhe specrra calcu­
lared for slighdy different pulse energies. The solid and dashed 
lines in Fig. 1 (c) correspond co dispersive waves generaced wich 
3.9 nJ and 3.92 nJ pulses, respecrively. Note ehac for illuscracive 
purposes ehe level ofincensiry deviacions has been sec one order 
of magnicude higher as compared ro rhe experimenc where 
ehe energy flucruacions amounr co 2 pJ only. In Fig. l (d), ehe 
differential speccral changes expecced for a level of inpuc RMS 
amplirude fluccuacions of 5 x 10- 4 are depicted as a red graph. 
The measured level of amplicude noise ar each speccral posicion, 
denoced by blue crosses, underlines the quanricacive agreement. 
Noce d1ar ehe negative sign of ehe experimencal dara ar frequen­
cies below 270 THz has been inferred ac ehis poinc. Incerescingly, 
a speccrally incegraced characrerizacion of ehe amplicude noise 
of ehe dispersive wave yields close co shor-noise-limiced per­
formance, indicating a fully coherent character of ehe emission. 
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When speccrally resolving ehe noise discriburions, however, 
significant deviations from ehe Standard quancum limit are 
fou nd. This seeming concradiccion is reconciled, when me 
anri-correlared characrer of ehe speccral noise demonsrrared in 
Figs. l (c) and l (d) is caken inco accounc. 

We now scudy these noise correlations by implementing a 
real-time speccral readout of me supercontinua via dispersive 
Fourier transform (15), as depicted in Fig. 2(a) . After ehe HNF, 
ehe dispersive wave [similar eo ehe ones shown in Fig. 1 (b)] is 
compressed eo a duration of 5.8 fs by a sequence of three SF l 0 
Brewsrer prisms [2]. A razor blade (RB) insened in ehe Fourier 
plane removes ehe fundamencal and soliconic parcs of ehe full 
supercontinuum below 200 T H z. We then couple the output 
inro 79 m of a single-mode dispersion-compensacing fiber 
(DCF, Nufern lnc., FUD-3034) wich a second-order dispersion 
of ß2 = 50 ps2 /km. Propagation mrough the DCF scretches 
ehe pulses eo a durarion of 4 ns. A neutral density filter (ND) 
sec in the pam of ehe low-frequency componencs rhrough ehe 
prism compressor accenuaces cheir speccral weighc. This scep 
compensates for ehe scrong losses of high-frequency light in 
ehe fiber. We record ehe pulses in ehe time domain using a fast 
phorodececcor (Newport lnc., New Focus 1577 A, 12 GHz) and 
real-time oscilloscope (Rhode & Schwarz GmbH, RT01044, 
4 GHz and 20 GSa/s). This configuration provides a specrral 
resolucion of 10 THz. Measuremenc of ehe pulse specrrum 
wich an optical spectrum analyzer (OSA) allows for a calibrated 
rirne-co-frequency mapping wich a linear rransfer funccion, 
consisrenc wich dominant second-order dispersion in ehe DCF. 
Subsequently, we detect consecutive spectra emitted from the 
HNF and compuce an incensiry correlacion map (16, 17). lc is 
made up of Pearsons correlarion coefficiencs calculared berween 
pairs of spectral intensiries ranging becween - l and l. The 
degree of correlation becween ehe phococurrencs measured 
for any combinacion of frequencies is color coded in Fig. 2(b). 
Note ehar the correlacion coefficicncs were correcred by disar­
renuacion [ 18] for ehe influence of uncorrelared concriburions 
scemming from phorodececcor dark noise and digicizacion 
arcifacrs in the real-cime oscilloscope. This procedure allows us 
ro estimace ehe actual srrength of correlacion. lt also increases 
ehe error margins, chus leading co values exceeding one close 
ro ehe diagonal. The blue-colored rectangular regions on ehis 
map depict anci-correlacions becween high- and low-frequency 
components of ehe dispersive wave, consistent wich the findings 
in Fig. l . Red colors indicace positive correlarion berween ehe 
spectral regions. The whice line overlaid OntO me correlation 
map displays ehe average speccral energy densicy on a linearscale. 
Figure 2(c) shows horizontal cuts through ehe map at 220 THz 
and 320 THz, respecrively. We find coefficiencs as scrong as 
-0.8, consiscenc wich strong anti-correlations. This fact under­
lines ehe determiniscic character of the spectral fluctuacions in 
ehe supercontinuum. 

Can ehe precise undersranding of specrrally correlaced incen­
sity fluccuacions be exploired co passively suppress excess noise 
in subsequenc frequency-mixing processes? To invesrigace ehis 
incriguing quesrion, we now consider the sum-frequency gener­
ation (SFG) process excired by a compressed dispersive wave in a 
4-mm-mick periodically poled lichiun1 niobace (PPLN) crysral 
(19]. Figures 3(a) and 3(b) show ehe specrral energy density 
and its change (red lines) expecced for a rypical shot-to-shot 
fluctuation of ehe pump energy in close analogy eo Figs. l (b) 
and 1 (c). The phase-marching condition is only fulfilled for a 
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Fig. 2. (a) Experimencal secup for dispersive Fourier rransform 
measurements consiscing of a three-prism compressor and dispersion­
compensacing fiber (DCF). HNF, highly nonlinear fiber; ND, 
neucral densicy filrer; RB, razor blade; SM, spherical mirror; OSA, 
opcical specrrum analp.er; RTO, real-time osci lloscope. (b) Color­
coded frequency-frequency correlacion map. Corrclarions and 
anri-corrclacions are indicared by red and bluc colors, rcspccrively. 
The periodic srrucrures visible around ehe positive diagonal originace 
from discrerizarion of the dara ar the specrral resolucion of 10 THz. 
Whirc curvc (lcfr): spcccral encrgy dcnsiry (SED) of dispcrsivc wavc 
versus frequency. (c) Specrral noise correlarions ac 220 T Hz (blue) and 
320 THz (red) as a function offrequency. 

smalJ range of oucput frequencies around a center frequency 
vsHG· In ehis regime, SFG leads co narrowband speccral ouepue 
in ehe vis ible range, as depicted in Fig. 3(c). Note that not only 
fundamental components ae half ehe ouepue frequency VsHc/2 
[dashed vercical line in Figs. 3(a) and 3(b)] contribuee co ehe 
nonlinear mixing. lnstead, SFG becween componencs symmet­
rically demned from vsHc/2 contributes efficiently and over 
a )arge bandwidth (20,2 1]. T he gray- and red-shaded areas in 
Figs. 3(a) and 3(b) correspond co ehe concribucing speceral com­

ponents, respectively. The relative posieion of VsHc/2 inside ehe 
broadband dispersive wave is deeermined by ehe poling period 
of ehe PPLN, which is easily mnable due co ies fan-ouc geomecry 
[see inset in Fig. 3(c)]. We nowanalyzethe RIN spectraofseveral 
upconverced pulses using a radio-frequency specerum analyzer, 
see Fig. 3 (d). Pulses ae vs1 IG of 470 THz and 545 THz (orange 
and blue, respectively) exhibit a significantly increased noise 
level, as compared eo ehe RIN of ehe inpue Auceuaeions (black). 
In both cases, thecorrespondingvalues of vsHc/2 are wei l above 
or below ehe speceral cencer of ehe dispersive wave. Therefore, 

componencs w ich mosdy correlated noise concribute eo ehe 
SFG and resule in a drastic increase of Auccuaeions. In concrast, 
at VsHc/2 = 260 THz (green g raph), the contributions from 
anti-correlaeed speceral segmencs are similar in magnimde and 
lead eo a remarkable all-passive suppression of noise of ehe visible 
oucpuc pulses. This case is close eo ehe siruation sketched in 
Fig. 3(b). The balance of anci-correlaced input Auccuacions leads 
eo a noise performance comparable eo ehe one of ehe Er:fiber 
amplifier outpuc. This fact proves a vircual absence of degrada­

eion in ehe RIN of ehe upconverced pulses after cwo non linear 
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Fig. 3. (a) Simulation of thc spcccral encrgy dcnsity (red lincs) 
of a dispersive wave generaced in an H NF. The black line and gray­
shaded area indicace componencs comriburing ro SFG for a specific 
PPLN poling period. (b) Difference in speccral energy density due 
to typical Aucruacions of HNF inpur power. The red-shaded area 
denoces contriburions eo the nonl inear mixing process. {c) Speccra of 
ehe narrow-band visible pulses gcncrated via SFG. The inser sketches 
a PPLN wich a fan-ouc design, where cranslacion enables conrinuous 
adjusrmenc of the quasi-phase-macched frequencies. (d) RIN spectra 
for different rarger frequencies VsHG· The RIN of the HNF inpuc 
pulses is depicced in black. 

conversion srages. The supercontinuum generation process 
itself may be tuned by changing the chirp or the average pulse 
energy of the input pulses (12]. Therefore, ic is suaigh tforward 
to use ehese degrees offreedom in combination wich ehe cunable 
quasi-phase macching eo generace low-noise emission of second 
harmonic across ehe foll avai lable bandwidth. 

We also implemenc a similar scheme based on DFG, allowing 
for generation oflonger wavelengths, e.g„ in the m id infra red. 
Moreover, this step passively eliminates the carrier-envelope 
offsee frequency and provides an inherently phase-scable fre­
quency comb (10,22,23]. Here, a slightly different design of ehe 
HNF assembly based on a fiber wich a smaller zero-dispers ion 
wavelengeh maximizes ehe bandwideh of ehe superconcinuum 
(12]. This adjusemenc resulcs in a solicon and a dispersive wave 
cencered a round 160 T H z and 3 50 THz, respectively. As before, 
ehe incensity noise is firse simulaced numerical ly, as depicced in 
Figs. 4(a) and 4(b), in close analogy eo Figs. l (c) and l (d). We 
use a PPLN crystal for DFG between parts of the ultrabroad 
specerum and selece specific componencs eo be involved in chis 
process via ehe poling period. The docced black lines in Figs. 4(a) 
and 4(b) indicace ehe selecced frequencies and vdisp denoces ehe 
cencer frequency of ehe dispersive-wave concribucion. The red­
shaded areas in Fig. 4(b) show the noise features that lead co RlN 
reduccion in ehe DFG process because of imegracion over anci­

correlaeed speceral regions. We now vary ehe contribueion from 



the dispersive wave by setting ics cenrer frequency lidisp through 
changes in the poling period of the nonlinear crystal. Owing to 
the llat dispersion oflithium niobate around 150 THz, ehe con­
tribution from thesoliton to the DFG process is independent of 
the poling period. The resulting evolution of the RlN is plorred 
as a funccion of VJisp in Fig. 4(c). Filled circles denoce ehe RlN 
measured at frequencies of 6 kHz (blue), 70 kHz (magenca), 
and 1.5 MHz (red) as a function of VJisp· A pronounced mini­
mum occurs at an opcical input frequency of340 THz, where 
the noise performance even surpasses the ou cpuc levels of ehe 
Er:fiber frone end, which are indicated by color-coded horizon­
tal lines. Ac this frequency position, ehe effeccs of anci-correlaced 
input fluctuations balance out opcimally, and our measuremenc 
becomes limited by electronic dececcion noise. The resulcs are in 
excellent agreement wich our numerical simulations, which are 
depicced as dashed colored lines in Fig. 4(c). 

In summary, we have srndied ehe speccral noise propercies 
of the oucput of versatile HNF assemblies in both experiment 
and simulation, showing pronounced (anci-)correlacions over 
the encire oucput bandwidth. The insighcs are exploiced eo sup­
press the intensicy ftuctuarions by nonlinear mixing of scrongly 
anti-correl.ated speccral regions. This capabilicy is crucial in ehe 
contexc of passively phase-scable frequency combs, where DFG 
in a carefully c.ai lored supercontinuum provides eliminacion of 
both ehe carrier-envelope phase and incensicy excess noise in one 
elegant step. Also, ehe noise properries ofwidely cunable speccra 

- -----.-.-.-·-·-- -· ,' . ---- . 
RIN at 1.5 MHz „ \ \ ' • ' „"• ~„ •• „ \. ,' : „„ 
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Fig. 4. (a) Simulation of rhe specrral energy densiry (red) of soliron 

(lefr) and dispersive waves (righr). Black doned lines indicare spcc­

cral regions wirh phase marching for DFG, producing ehe gray-shaded 

arcas contriburing to thc proccss. Thccentcr frequcncy of thc conrribu­
rion from the dispersive wave is denored as vd;sp (vertical dorred line). 

(b) Difference in spectral energy densiry (red lines) due ro incensiry 

flucruarions of ehe inpuc for solicon and dispersive wavcs, respeccively. 

Red-shaded segmenrs indicace specrral weighc and sign of correlared 

noise contributions to the DFG process for a configuration close 

ro exacr cancelarion. (c) RIN levels of radiarion generaced via DFG 

versus vdisp· Filled circles show measuremenrs in various frequency 
bands. Results of a numerical simulacion and RIN levels of rhe seed 

are depicced as dashed and solid lines wich analogous color coding, 

respeccively. 
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in the visible, which are generaced by SFG from a broadband 
inpuc in the near infrared, may be optimized by this stracegy. 
Furthermore, our resulcs are the key to advancing a new dass of 
ulcrafast measuremenrs where the noise has become rhesignal. 
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