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Broadband Doppler口 lilnited two‐photon and stepwise excitation spectroscopy

with laser frequency colllbs
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Multiplex t、vo‐ photoll excitatlon specroscopy is demonstrated at Doppler‐ limited resolutiOn.Wc describe irst

Fourier transFol・ nl two―photon spcctroscopy of an atomic sample with two mode-locked laser oscillators in a

dual…comb tcchnique.Each transiton is uniqucly identined by the rnoduladon impacted by thc intcrfcring comb

excitatlons.The temporal inodulation Of the spontaneous two― photon lluorescencc is monitored with a single

photodetector,and the spectmm of all excited transitions is revcalcd by a Founer transform.
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Two‐photon cxcitⅢ ion iS a widely exploited nonlinear

phcnomcnon、 vith appllcations that cxtcnd tO thc nclds ofspcc‐

troscopytt photochemistrンL and blochemicalimaging.In atomic
and molccular spcctroscopy9 becausc t、 vo―phOton sclcction

rules are dittettnt from onc―photon(eleCtric dipole)seleCttOn

rules,t、 vo‐photon transitlons lnay allow access to statcs which

other、vise could not bc rcached. Fulthemorc, parts of thc

cncrgy specttum where lascr radiation is hが dly available may

be explorcd. Most of the time, thc cxperiments havc been

performed with tunablc continuous― wavc or pulsed lastts,

lcading to a wide Variety 9f po、 vcrful experimcntal schemes

and valuablc spccttoscopic data.Thc increased avallability of

ultrasholt― pulse lasers has bccn thc lrigger for a fast uptake of

the two― photon excitatton tcchnique in chemistry and blolog〕 与

bccausc thcy providc cFnctcnt cxcitatlon,although thcy usu】 ly

do llot allow for spectral disc五 nlination, High rcsolution

may be achieved[1-6]with a lrain of pulses from a mode―

lockcd lascr9 bccause the spectmm of an optical frequcncy

comb is composed of narow cvcnly spaccd lincs.Even the

nttt experiments with a picosccond lascr demonstratcd[1,2]

thc potcnttial of this tcchnique for sub‐ Doppler resolution

and direct spectral calibratlon.The resonance condidon for

cxcitation of a given atonlic cncrgy lcvcl can be satisncd by

many pairs of comb lincs, so that the excitation probability

of the level can be the same as for a rcsonantly tuncd

continuous―、vave laser of thc samc average powett Ho、 vcvcL

in this type ofdirect frequency― comb spcctroscopy9 any energy

level spacing call only be mcasured modulo the line sPacing

ofthc frcquency comb.The technique is only suitable for very

simple spectta、 vith shallp transitions and is■ ot approp五 ate for

broad and crowded spectta or for transitions with a lincwidth

broader than the comb― line spacing,as often encountered、 vith

Dopplcribroadcncd prOIlles,Thesc spcctroscopic techniqucs

rcquire thc frequency of the laser(S)tO be tuned to explor9

the spectttm.Multiplcx or rnultichannel techniqucs,in which

a broad spectral bandwidth is simultancously recorded, arc

ho、vcvcr advantagcous,because they usually resultin reduced

experimental time and improvcd consistency of thc specttal

data`
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To achieve multiplex detection 、vhich can disambiguate

signals from ditterenticncrgy levels, it has been Proposed

to modulate thc oulput of a mode-locked laser with a
varying arnl Michelson intttfcromctcr[7].SubSequently9 a

Few investigations in the liquid phase at low rcsolution(>2

THZ)t00k advantage[8-10]of MiChclson― based two‐ photon

Fourier‐廿ansform spcctroscopy.

In this Letteも 、ve descl・ibe a ncw tcchnique oft覇′o‐photon

excitation spectroscopy.With two laser frcquency combs,、 vc

打e able to simultancously acquire on a single photodctcctor a

broad two― photon excitation specね コm of Doppler‐ broadcncd

transitions. Wc nrst dcscttbc thc gcncral p五 nctplc Of thc

technique and we then preslnt a proof― of‐concept experil■ ent

on atomic rubidⅢ m Vapor.Around 770 THz,spectra of the

5S‐ 5D ttansitions with a Dopplcr width ofthe ol・ derofl GHz
al・ c measurcd within tens of seconds,、 vith a resolution up to

100 MHz.
In recent yetts, thc eXCiting potcntial oF dual‐conlb

spcctroscopy[11-15]for linett absorption measuttmcllts of

Doppler‐ broadened ttansitions has bccn demonsttated. Two

optical― frequency― comb generators of slightly diffcrent repeti―

tion frcqucncics produce一 in the time domain一 pairs ofpulscs

(One frOm each comb)with a septtation thtt changes linealtly
fronl pulsc to pulsc.Thcは me― domain cowelation function of

the interfering combs,as nitcrcd by thc absorbing salnple,ls

Fouricr ransfOmed to uncovcr thc spccttum.The dual‐ comb
approach thus mimics a scanning Michelson intcrfcrometer

but,since there are no moving parts,the prevlous limitations

in acquisition speed and resolution lnay be ovcrcome.Because

frcquency combs involve intense Femtosecond pulscs, dual―

comb specttoscopy can bc cxtendcd to nonlinear phenomena,

as recently demonstrated with cohcrent Raman erects[16].

Here we show how it can be hamessed for two― photon

specttoscopy.

In dual‐ combtwo―photon spectroscopy9two copropagating

mode-locked Femtosecond lasers with repetition frequencies

yr alld/r十 △yr dive twO‐ photon transitons in all atom■ or
molccular samplc.In thc time domain,the excttadon by pairs

of pulses with a linearly increasing timc scpttation produces

Ramsey‐1lke interferencc in the excitation amplitude. Thc

population in the excited states depends on the competing

proccsscs of tWO― photon excitation,auorcsccncc decay,and

possibly other proccssCS SuCh as ,radiationless decay. Its
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[17,18], thc Signal is unequivocally encoded at freqllencies
propoltlonal to thc optical frcquencies of thc transitions.

Therefore it is possible to simultancously dctcct on a single

photodctcctor all thc cxcitcd transitions without tuning or

iltcring. This highly multiplcxed capabillty is the main

advantagc of our tcchniquc.

For a Flrst proof‐ of‐pHnciplc cxperimcnt,wc havc choscn

two―photOn spcc位oscopy ofthc 5ざ‐5D transitions in atonlic

rubidium vapor with a rcsonant 5P3/2 intCmcdiate state.

Thc 5P3/2 1eVel can be resonantly excited by one photon and

its excitaton ratc is modulatcd by the intcrfcrcncc of thc

exciting comb lines.The resulting population pulsations can

be detectcd in thc auorcsccncc light atcr stcpwisc two― photOn

cxcitation.Thus thc duorcsccncc light is modulatcd at thrcc

gЮups of beat ttequcncicsi(1)初 δ五十δtteO,COWesponding
to onc―photon comb cxcitation fronl the ground to thc intё r―

mcdiatc state,(11)た δふ +δtteo COHesponding to one‐ photon

comb cxcitation from thc intcmediate to the anal cxcitcd

statc,and〈 ili)Z′δふ +2δ∴eO,COFeSpOnding to two‐ photon

comb excitation fronl thc ground to thc anal cxcited state

Thc Fou五cr transform ofthe interferogranl reveals a spccttum

mapping thc one… and two‐ photon ttansitions in unequivocal

reglons.

Thc experimental setup is shown in Fig.2.肺 o alnphncd

crbium― dopcd ibcr comb gcncrators with a rcpctition frc―

quency of about 100 MHz emit pulscs of a duration of the

ol・der of 100 fs.Thcir cIIlisslon is centered ttound 192 THz

(1.56 μm)and their average power is 150慈、To prevent
long― term drifts, tllc rcpctition frequency of each comb is

stabilizcd (■ ot shOWn in Fig. 2)againSt a radio‐ frcqucncy

clock.This is achicved by adiuSting the laser cavity length,

bccause the cavity includcs a frcc‐ space palt、 vith an end lniITor

mounted onto a piezoelect五 c transduce■ Onc optical line of

each comb is phase 10ckcd to a frce‐ running continuous― 、vave

el・bium― dopcd abcr lascr cmitting at 192 THz(1.56 μm)by
fccdback on the curent ofthe pump diodcs ofthc combs.To

avoid allasing in dual‐ comb spcctroscopy,the Frequency of all

radlo beat notcs must bc lowcr than half the comb rcpctitiOn

frequcncy` This deterlllines how thc rcpctition frcqucncy

dfference δふshould bC Sct δふ≪ズ/(2△ r)WheЮ △メis
the bandwidth of the spectrum.Hcrc an additional limitation

図OpttCal beat detecHon o dectronk mixer

FIG 2(Color Online)Expedmental setup for dual― comb two―

photon spcc破 oscOpy Ofatomic rubidiunl vapoi cvら continuous― 、vavc;

SHG,sccond― harmonic genttaton;PM■ phOtOmultiplicr tube;PD,

photodiode.
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FIG.1.(C010r Online)Frequency― domain lllIIstration ofthe pttn―

ciple of dual― comb two―photon spectroscopy. For simplicity与  、ve

assumc ill this ngure that thc calTier― cnvclopc offsct frcqucncy of

the two frequency combs is equalto zero Pお rs of comb modes、▼ith

the same sum frequency[れ
′
工 fOr COmb l,″

′
(五 十 δ工 )fOr COmb 2]

resonantly excite a two photon transitlon at the optical frcquencyれ .

The excitation rate ofthc transijon is lnodulated atthe beat frequency

″′δ工,WhChお appro対matettequdtOttδ んAn hten韻けmoddttbn
offl・cquencyttδふお血us ObServed m me duorescenceradlatcd duhng
decays to iowtt states Because the frequency of the modulation is

propononalto the transition icquencyれ ,thC tWo―phOton exciation

spccturn is revealed by Fourier transformatlon of the nuorescence

intensity recorded versus time`

modulations are recorded, as a function of time, via the

nuorcsccnce elnittcd during dccays to lowcr statcs Thc

measurcd tilllc‐ dOmain intelference signal,the interfel・ ogra■ 1,

is Fourier transformcd toゃ vcal thc spcctrum of tllc cxcitcd

two―photon transitions.

In thc frequency domain,each laser produccs a comb of

modes with cvcnly spaccd optical frcqucncics.For instancc,

for comb l,tllc optical fl・ cqucnciesぁ,l may bc written
あ.1=れみ十九e011,WhCrc z is an integer and ycc。 ,1 ls the
caHicr‐cnvelope ottset iequency.Many pairs ofmodcs(Rg.1)

may satisfy thc rcsonancc condition for two‐ photon excitauon

at the same timc. Possiblc sum frcqucncics for comb l

打e given by ysum,1=″ ′工+2yce011,whttc″
′
is intcgcr

valucd`Two sum fl・ equencies,ム um、 l fOr comb l andム um,2
for comb 2, interfere and the t、 vo―photon excitation rate is

modulated at thc bcat‐ notc fl・cquency〃δ五十 2δtte。 ,WhCre
δえe。 lS thC difference of the ca筑 er―envelope ottet tequency
of thc t、 vo combs Thc excitcd― statc rluorcsccncc, which
may be monitorcd th・ough somc indircct dccay channcl, is

thereforc modulatcd at thc beat― ■ote frequencies 、vithin the

cxcitcd linc pronle. As shown in Fig l, if a transition of

∬協 撤 』岳堵t轡程轟 播 替
ittt鍔

岳既 群描 :

two‐photon spcctrum is thus mapped to radlo― frequency beat

notes that arc directly proportionalto the two― photon transition

frequencies. Thc mcasurcmcnt of the rcpctition frequency

and caコ mer‐envelope off8et frequcncy of the combs allows

for convelting the mcasured radio frcqucncics to thc propcr

optical scalct Wc clllphasizc that,unlike in cxperilllents using

an external clcctro‐ optic modulator for frequency modulation
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arisesi the relatively long lifetimc of the 5D states(abOut

240■s)aCtS as a low‐ pass llltcr on the rnodulatcd auorescencc

signal in thc radio― frcquency domain,1lmiting the maximum

modulation frcqucncy tO a few dmes the natural linewidth;

hcrc,a fcw tt11イzt Such a flltcring effect was alrcady pointed

out in frequency― modulation specttoscopy with an extcrnal

modulator and is discussed in Rei[18].ThcrCfO的 ,we must
choose a relatively low repctition‐ frcquency dMtteЮncc(hCre,

δ工 =l HZ).ThC Outputs of the eltbium comb gcnerators are
fltcqucncy doubled in magnesium‐ oxidc― doped perlodically

poled lithium nlobate(MgO:PPLN)crystals Of a thickncss of

O.5mm,yielding spcctta centered around 383 THz(783 nm),

with a fl11l width at half maximum of about 10 THz(20 nm).

E)ichroic nliⅡ ors isolate thc sccond― hamonic radiation.Thc

two 383 THz bcams tte then combincd in a beam‐ splittcr

cubc and focuscd into a heated 30‐ mm‐long ccll nlled with

rubidium in natural abundance,Each frcquency‐ doublcd conlb

has an average power of about 20 mW atthe samplet We thus

excite Rb into tlle 5D statcs[Fig`3(a)]with Our dual‐ comb
systcm. From tllc 5D states, Rb atoms can dccay into the

6P manifold,from whcrc thcy cIIllt fluorcsccncc at 71l and

713 THz to repopulatc the 5S ground statc.Wc collect the

6P-5S fluorescence of thc salnplc tllrough a sidc window,

mostly in thc rcgion of the focal spot, to mcasure the

interferograms.No p触 1lcul打 carc,howeveL has been takcn

to imagc or spatially nlter this rcglon. Thc rluorcscencc is

spcctrally nltcrcd with an interferellcc nitcr to rcducc scattered

ligtt fromthe laserbeam andis dctccted witll aphotomultiplicr

tubct Thc intcnsity of thc Fluorcslcncc is modulatcd at all

bcat―note frcqucncics correspondinを to the resonances cxcitcd

by the combst The one― photon and two‐ photon transitions,

respectivel〕, are imaged in thc O,64 and l.28 MHz radlo‐
frcqucncy rcgions,rcspcctivcly.To avoid allasing and cxccss

■oise whilc preselwing the entire bandwidth in thc spcctra,

an clcctronic low― pass nltcr(cutor frequcncy:1.9 MHz)is

used.The electdc signalis then digitized with a 14-bit analog―

to‐ digital convertcr at a sal■ lpling ratc of 5×  106 samples/s.

In addition,thc lascr bcams that arc ttansmitted through the

sample may beat on a Fast Si photodiodc,thus allowing for the

PHYSICAL REVIEW A 90,011805(R)(2014)

simultaneous measurement of a dual‐ comb linear absotttion

intcrfcl・ ogram.

As already discussed, e.g., in Rci [14], stabiliZing thc

combs to a radio―frequency reference involvcs low― bandwidth

fecdback loops that do not compensate for the sholt― term

instabilities of thc combst Such instabllities severely disto■

tlle spectra`We thereforc monitor thc rclative nuctuat10ns of

the two combs and apply an α βθ占惚rJθrJ coぼection algorithin

simllar to that reponed in Ref.[15]・ The bCat signals between

two pairs of individual comb lincs of the two dittcrcnt

combs in t、vo dittercnt spcctral rcgions tte isolatcd 、vith

tlle aid of two auxlliary continuous‐ wavc crbium‐ flber lascrs

cmitung at 192 THz(1.56 μm)and 195 THz(1.53 μm),
respecttvely, as local oscillators. Elcctronic lnixers canccl

out any auctuatiOn of thc local osclllators.Thc two resulting

radio― frequency beat signals are recorded as a function of

time simultaneously to thc intcrfcrogram.They provide thc

necessary correction signals of the timing jl位 cr alld ttlative

nuctllatlons of thc carmer‐ envelope phase ofthc combs.Thcy

are uscdin acomputt algOrithmto multiplythe interferogram

by a time‐ vallying phasc factor and to subsequently corcct

for dming aucmat10ns by attusting thc sampling rate to all

equidistant grid.The correctlon signals arc dorived fronl the

outputs ofthc crbium fcnatosecond oscillators anound 192 THz

(ftlndamental tequency).In Ol・ der to propcrly correct the

Onc― phOtOn spcctta tllat arc centered around 385 THz〈 sCCOnd

harmonic)and the two‐ photon spectra that arc ccntered around

771 THz(fOurth harmonic),We multiply thc intelAferometric

phase by an appropriate order fractor(twO For the second

httmonic,Four for the tturtll h打血OniC).We thus cxtcnd
previous coHection schemes [15]to dual"COmb nonlinear

spcctroscopy and show thatmonitoring thc rclative instabilities

of the oscillators at their fundamental frequency is ettectivc

for correction ofinterferograms involving nonlinear frcquency

generation and/or nonlincar phcnomcna.Figu的 3(b)shOWS
an α「βθざ″夕/サθr′―co∬ected interferogram of the modulatlons

in thc 6P‐5S Iluorcsccncc of 85Rb and 87Rb,which exhibits

conttastcd fringcs ovcr thC Cntirc rangc of thc rccording.The

contribution ofthe two‐ photon transitions to thc intclfcrogral■ l,

(a)
Effective Jme(ns)

6P3/2

6P1/2

713 THz~ (420 nm)

5S1/2
Laboratory ttme(mS)

FIG 3.(Co10r O■ line)(a)Experimentally relevant inc stlucturc of rubidium (b)TWO pOrtiOns of an unaveraged,corrected intelferOgram

recorded at r=393 K withお 充 =l Hz(red)and cOndbu位 ons tO that interferogram from two― photon transitons(blue).The tWO― photon

interferometic traces(blue)have been vertically― shifted for clattty.柿 o time scrales aredisplayed.Thelaborattry tme isthe actual measllrement

time which accounts forthe down― sampling nature ofthe tcchnique The eおectヤe time isthe ime delay behveen t、 vo pulsesin a pお4 one pulse

fronl cach comb.
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85Rb

5S1/2F=3‐ 5D572

35Rb

5S,2F2‐ 5D3/2

Hlight prove uscful if the sample is■ ot spectroscopically wcll

known.

The abovc proof‐ of principlc dcmonsttation shoM′ s the

potcntial of dual― comb spcctroscopy for the mcasurement

of broad― spectral― bandM′ idth Doppler-1lmitcd two‐ photon ex‐

citation spcctra. Thc tcchnique applics to any samplc that

nuorcsccs undcrtwo‐ photon cxcitation and could be cxtcndcd

to multiphoton lluorcsccncc or ionization.Tt pcmits highly

multiplcxcd mcasurements since all onc―  and t、vo―photon

transitions within thc cxcitation bandwidth ofthc fcmtosccond

lascrs arc simultaneously obsetved within a sholt measure‐

menttimc.Background―frcc nuorcsccncc dctccは on allo、vs for

higher sensitivity than in absotttiOn mcasurements. Dual―

comb t、マo‐photon specttoscopy cOuld readily be applicd for

spatially selectivc rcal― time spcctroscopy Ofliquid samplcs.As

only a single photodctector is nccdcd,it rnay casily be implc―

mcntcd in existing two― photon microscopcs for hypcrspectral

mapping. In these applications,with thc same cxpcril■ ental

sctup, dual‐ comb t、 vo―photon spcctroscopy can be complc―

mentcd 、vith, etg., dual― comb coherent anti― Stokcs Raman

spectroscopy[16]to simultancously intα Togatc vibronic and

vibrational transitions.MoreoveL ifthc two laser combs both

COLlntCttropagate in thc sample,the tcchnique can bc extended

to sub‐ Dopplcr rcsolutlon and hcncc to thc ncld Of prccislon

384225         384230         384235
Frequency(THZ)

FIG.5, Pottion of the absorption dual― comb spectlum of Rb at

T=308 K and 300 NIHz unapodized rcsolution.
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frcqucncy― altcrcd,pθ s才¢rサοr,by a computer progranl,is also

shown.

Fourier transforming an interferogranl rcvcals a onc― and

tヽVo―photon spectta[Figs.4(a)and 4(b)].Within thc cxcitation

range of our lascrs,rubidium has[Figt 3(a)]thrcc One―photon

rcsonanccs(5ざ 1/2~5P3/2,5島 /2~5D3/2,and 5島 /2‐ 5D5/2)and

two two― phOton lincs(5S1/2~5D3/2 and 5S1/2~5D5/2)・ The

5S1/2 grOund state of both isotopcs is split[not ShOWn in

Fig.3(a)]by a fcw GHz duc to thc hypc競 nc intcraction.Thc

hypcranc splitting of thc 5P and 5D states is naHower than

thc Dopplcr linewidth(about l GHz)and iS thus not rcsolvcd

in our spccttao While thc entire spcctral rangc of excitation

simultaneously spans fl・ om 373 to 393 THz and ttom 755

to 780 THz(COrrcspOnding to l.17×  105 spcctral elemcnts,

as dcancd by thc ratio of rangc of cxcitation to rcsolution),

only four narrow fISequency scgments [Fig. 4(a)]cXhibit

specral lincst Figurc 4(b)diSplays tllc fl・ equcncy segmcnt

centered around 770.572 THz from a singlc intcrfcrogranl,

Fourier transfomcd at t、 vo dilfcrcnt rcsolutions. Such an

intcrfcrogram is recordcd at high tempcrature(393K),whiCh

is required to obtain a reasonable signal― to―■olse ratio in the

tヽVO―photon transitions.For a measurcment duration of 54 s,

the specttum [Fig.4(b)]iS COmposed ofindividual comb lines,

showing that thc coherencc bctween thc two modc-locked

lasers is rcconstttcted` The comb―linc spacing of 100 MHz

in Fig.4(b)rcpresents thc best resolution that can bc achicvcd

in such lneasurcments.Thc spcctra are calibrated by using thc

mcasurcd rcpctition frcqucncies ofthc combs and onc ofthc Rb

lines.The spcctlum of Fig.4(a)is Calibratcd against thc 85Rb

鍵 宅岳)試程焔 縦 を:!;1告‖協ま盟 !告書|;号号措 】鞘 射
transition[21].The OthCr line positions then agrcc within 40

MHz with thc centroid values derivcd from Rcfs.[19-21].

Thetwo― photon lincs are coHcctly repFoduCCd by calculations

that incorporatc all allowcd hypcfanc transiは ons and assume

Dopplcr pronles. simultancously to the nuorcsccncc intcr‐

fcrogranl,we acquirc thc linear― absotttion intcrfcrogram.A

poltion of thc rcsulting spcctrum(at308 K)is shOWn in Fig.5.

This addsto our techniquc an additional diagnostic tool,which

…Jt、…鬼
38421 77057 770575

Frequency(THZ)Frequency(THZ)

FIG.4 (Color Onlinc)Experimental dual comb spectra(a)POrt10ns ofthc one― andtwo―photon excitation spectrtlm ofRb.The entire range

ofthe one-3hotoncxcitationlincsis shownintheupper-left part ofthc panel,while the maln part zoomsin to the individual one and t■
/o photon

transitions(tck incremclltis 10 GHz).The spCctrum,displayed at an unapodizcd resolution of 300 MHz,ls recorded at r=308 K witllin 18 s

measuttmenttime(b)PortiOn of the t、 vo― phOtOn spcctrtlm recorded at T=393K(solld Cyani 18 s measuremcnttime,unapodized resolutlon

of300 MHz;solld orangci 54 s measuttmenttime,unapodized comb transform-1lmited linewidth of 4,4 MHz;dashed black:computed).
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BROADBAND DOPPLER― LIMITED TWO― PHOTON AND.…

spectroscopy.Pttliminary results[22]indiCate the fcasibility

of such expelqirnents with conditions similar to those rcponed

in this Lcttci ln contrastto dircct frcquency‐ combtwo―photon

spcclroscopy with a singlc mode-locked lase毛 the optical frcc

spcctral rangc in dual― comb two― photon specttoscopy has no

othtt limit than the spectral bandwidth of thc lascr frequency

combs. Thus Dopplcrfrcc spectroscopy of highly cro、 vded

molecular spcctta should becomc fcasible.
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