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Phase-coherent multilevel two-photon transitions in cold Rb atoms: Ultrahigh-resolution
spectroscopy via frequency-stabilized femtosecond laser
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A two-photon transition in cold Rb atoms will be probed with a phase-coherent wide bandwidth femtosec-
ond laser comb. Frequency domain analysis yields a high-resolution picture where phase coherence among
various transition pathways through different intermediate states produces interference effects on the reso-
nantly enhanced transition probability. This result is supported by the time domain Ramsey interference effect.
The two-photon transition spectrum is analyzed in terms of the pulse repetition rate and carrier frequency
offset, leading to a cold-atom-based frequency stabilization scheme for both degrees of freedom of the fem-
tosecond laser.
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The recent rapid progress in the generation of wide band- Doppler-free two-photon spectroscopy is carried out usu-
width optical combs based on Kerr-lens mode-locked femtoally with two equal-frequency cw-laser beams propagating in
second(fs) lasers have created many dramatic possibilitiesopposite directionf7]. The two-photon transition rate can be
The field of optical frequency metrology has been revolu-resonantly enhanced via the intermediate states with two dif-
tionized with the capability of a single-step phase-coherenferent laser frequencid8] or accelerated atomic bear,
frequency bridge across several hundred TH2], leading with a small residual Doppler effect. High-resolution
to precision optical frequency measuremdrit®] and a di- Ramsey-type two-photon spectroscopy using pulsed light has
rect link between optical and microwave standdrls For  also been demonstratgto], with the recent extension to the
the ultrafast science, the recent work on stabilization of thecold atoms[11]. The unique feature of the present work is
relative phase between the pulse envelope and the optictliat the wide bandwidth optical comb allows all relevant
carrier[3] should lead to more exquisite control of the pulseintermediate states to resonantly participate in the two-
shape and timing, opening the door for many interesting exphoton excitation process, permitting the phase coherence
periments in the area of extreme nonlinear optics and coheamong different comb components to induce a stronger tran-
ent control. sition rate through quantum interference.

Such a remarkable measurement capability has arrived at Figure Xa) shows the relevant’Rb energy levels in-

a time when optical frequency standards based on a singllved in the two-photon transition from the ground state
ion or cold atoms are emerging as potentially the most stablgS, , to the excited state,,. The dipole-allowed interme-
clocks of any sorf4]. Although not an ultimate choice for an diate states, By, and 5P;,, lie ~2 nm and 17 nm below
optical clock system, the two-photon transition of Rb atomsthe virtual level, respectively. Also shown is a regularly
at 778 nm presents an attractive alternafbje However, our  spaced comb of optical frequencies around 800 nm. The
motivation to study the Rb two-photon transition with a fre- comb frequency spacing\) is equal to the inverse of the
quency comb generated from a fs lagfisrcomb has a much  pulse round-trip timéT) inside the cavity. The uniformity of
broader reach than the mere improvement of the current cwA has been demonstrated at a level of 10~ 7 [1]. The
laser based two-photon system. In this Rapid Communica-

tion we will show how a phase-coherent wide-bandwidth (a) 5Dsp
optical comb induces the desired multipath quantum interfer- @-coherent
ence effect for a resonantly enhanced two-photon transition comd
rate. The analysis is carried out in both the frequency and the
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time domains to illustrate the novel aspect of phase-coherent A= ek :Zgz
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intermediate states. We will discuss the consequence of these = =l
results in terms of the absolute control of both degrees of —
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*Permanent address: KRISS, 1 Toryong, Yusong, Taejon305- FIG. 1. (a) Schematic of the relevant energy levels of tHigb
600, Korea. atom. (b) Sequence of mode-locked pulses. The carrier-envelope
TElectronic address: Ye@jila.colorado.edu phase shifA® is shown.
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frequency of any comb line can thus be expressed as an
integer multiple ofA plus an offset frequency that arises
from a difference in phasev() and group ¢4) velocities of
the pulses in the laser cavity. A 10-fs laser has a sufficient
bandwidth to have comb components line up with corre-
sponding hyperfine states ofP5,, and 5P, to resonantly
enhance the two-photon transition. This multipath quantum
interference can be controlled by the tuning of mode spacing
and carrier offset frequency, leading to a scheme of simulta-
neous stabilization of botA and 8§, and thereby the entire @)
comb. The frequency domain analysis is complemented per-
fectly by the time domain multipulse Ramsey interference R T B ‘
picture, as illustrated in Fig.(l), where the carrier-envelope £
phase shifA© is also shown. .
©
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To study the dramatic enhancement of the two-photon
transition ratd"; by the resonant intermediate states and the I :
subsequent interference among different paths, we calculate 200 Moo

0.1

'y analytically in both frequency and time domains using S.s i o 0 \

the time-dependent second-order perturbation theory. The "(/"72) 200 02 1, _n (W

perturbative part of the Hamiltonian i$,= — wE(t), where (b)

w is the electric dipole moment ari(t) is the applied elec- .

tric field. For the transition of 5;,F"=2—5D4,F =2, we FIG. 2. I'y; as a function ofA and 8, calculated from the ana-

have five participating intermediate states, nameR &’ g’tical_ e>k<)pr(_ershsionsl Obtaiged ir(;;reque;gé/ &?_'m@ (‘j”‘g‘; g‘g t’i\;”:
=12 and Pz,F'=1,2,3. We denotdyy), |¢m (M=1 omain(b). The values ofA, and §, are zand 15. z,

—5) and| ¢f> as the ground state, five intermediate sta,[esrespectively, for boti{a) and (b). The pulse width is 10 fs fotb).

and the final excited state, respectively, and u, are the .
dipole moments associated Wwithyy)— |y, and |¢y) c(t)=53 S expl—i[wgr— (P+0q)2mA —4m ]t}
—|4). We note in passing that, for the case of polarization- ' b G ilog—(p+a)2mA—4mS]+ myy
gradient cooled Rb atoms, the first-order Doppler shift can
be neglected, since its magnitude-100 kH2 is much XE B1B> )
smaller than the natural linewidths of the intermediate states m i[ogm=2m(pA+ &) ]+ myy’
(~6 MHz).
For the frequency domain analysis, we express the spe@vhere B1(2)= u12)Eo/2% is the Rabi frequency associated
trum of the electric fielcE(t) of the fs comb as with the transition [¢g)—|¥m) (|¢m)—[¥s)). The two-
photon transition rate ifgf=yf|C§2)(t)|2, where y; is the
natural linewidth of the excited stalé;). 'yt has two reso-
E(t)=%> E,exd—i(w,+n27A)t]+c.c., (1) hance denominators. One originates from energy conserva-
n tion of the two-photon transition where the sum of the two
comb frequencies matchesy;; the other results from the
single-photon resonance §fg)—|m,). The linewidths of
eyge two resonances ang andvy,,, respectively. Each inter-
mediate state provides a resonant pathway and they add co-
herently to yield the total transition rafgy;, owing to the
fact that different comb components are phase coherent.
In the time domain, the train ofN+1) mode-locked
pulses can be represented by

wherew,=2m(N,A+ 9) is a reference frequency, anj is

an integer. The atomic wave function can be expressed
|V (1)) ==Cm(t) | fm)eXP(IELt/A) in terms of the slowly
varying probability amplitude€ ,(t) of atomic statesy,)

of energyE,,, with m covering all relevant states. We set
Cm()=COt)+C(t)+C@(t)+- -, with the initial con-
dition C{9(0)= 8,4 The interaction between the atoms and
the electric field induces

M =z

E(t)=2>, Ejexd — (t—1T)%/27%]
I=0
d/dt+ clkrb
( TYm)Cm xexg —iw(t—IT)—ilAO], 3
:—i/ﬁ; (ol Hy [ ) expli 0t C with A@=w T(1-v4/vp)=2mS8/A+n2m. Herew, is the

carrier frequency, antlandn are integers. During the time
periods ofi T — 7/2 toI T + 7/2, one pulse, with its sufficiently
where w,n,=(E,— E,)/# is the frequency of the transition wide bandwidth, drives the probability amplitudes of all in-
| ) —|¥m). ym are the corresponding decay terms. Thetermediate state8(Y(t) with the first-order perturbation and
second-order excited-state probability amplit@é)(t) can of the final stateC?z)(t) with the second-order perturbation.
be obtained as In between two pulses, the atomic states evolve freely ac-
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cording to the unperturbed Hamiltoniath, along with the 1 (a) 1 (b)
appropriate decay rates. The next pulse, with the corresponc  °8} 08
ing phase shifts, will continue to build the atomic probability _ os; L 0®
amplitudes in a coherent fashion. This process will of course™ oa} = 04
reach a state of equilibrium since the excited state has ¢ o2 02
lifetime of 1/(27y¢). To reach an analytical solution, we 0.0 00
simplify the pulse shape to be square. Afte 1 pulses, the ° 1 ;o oo ° " ;0 oo
probability amplitudeC!?)(t) is o) ~ tor 1o (d) :
N | 5 oul| m !
CONT)=CP (1S, e m(N-DTgilugi 4T - K N\ s or
=0 o 10 20— %5 %00 '
5 N k; Np 02|
T ° 0 100 200 300 400 500 0'00 160 200 360 400 500
+m§_‘,l B>S (mf)lzl Cn(IT) i .
) FIG. 3. (a) I'ys Vs the number of comb lings, calculated in the
x e~ TiN=DTgl(oni=2md)IT (4)  frequency domain. Only one intermediate state is consideksd.
Same ag@a), except all five intermediate states are includeg.
with Dependence of the two-photon transition linewidif), on pulse
5 number (p). (d) I'ys vs pulse numberN,).
Ci?(n)= 21 B1B2L ST(gf )—ST(mf)]m, signal comes from the first comb pair with one component
" gm e tuned near|yy)—|iy) and the other tuned nedny,)
-1 —|y¢). This is understandable considering that the comb
Cm(”):lglsf(gm)z: e~ ™l ~MTgi(wgn=2mnT spacingA (~100 MHz)_ is much Iarger thany,, (5 MHz).
n=0 When we include all five intermediate states, the “satura-
tion” curve shown in Fig. 8) is less smooth, with the in-
where terference among different pathways contributing to a sud-
) den change of the signal size. Still, only about ten comb lines
S(v)=1 sin (w, —Sw,) 7/2] need to be included for the final signal size. Figures and
(w,—Sw¢)2 3(d) illustrate the evolution of the time domain interference

effect as we plot the resonance linewidth and size with re-

In the last expressiors=1 for v=gm,mf ands=2 for v spect to the increasing pulse numbers. Clearly the Ramsey
=gf. Itis interesting to note that the phase terms in &j. interference enhances the frequency resolution as more
depend explicitly on the carrier-envelope phase shi@ pulses participate, with the final linewidth limited basically
(=278/A+n2w), but not on the carrier frequency,, by s itself [Fig. 3(c) and its inse}, after 200 pulses or so.
which has an effect only on the relative signal size. The signal size also reaches a stable value after a similar

The measured values of the Rb transition frequencies, hyaumber of pulse$Fig. 3(d)]. The number of pulses needed
perfine intervals, and decay rates are used in the present cad-reach equilibrium is on the order of the ratio of the excited
culation[12]. Figure 2 shows a typicdl as a function oA state lifetime over the pulse repetition periéd The band-
and 8, with curve(a) calculated from the frequency domain width issue of the comb can be explored with the original
[Eq. (2)] and(b) calculated from the time domaliEq. (4)].  Gaussian pulse shape in E§). We find that for a pulse of
In the frequency domain calculation, the frequency coverageonstant energy, the signal size remains unchanged when the
of the comb lines used in the calculation far exceeds thgulse widthrincreases, till about 30 fs, where the bandwidth
hyperfine splittings among the intermediate states. Also thbecomes too small to cover the intermediate states and the
number of pulses used for the time domain calculation isignal size starts to decrease. In the calculation for Figi<2,
larger than necessary to reach the steady st@ae Fig. 3. 10 fs.
The agreement between the two approaches is perfect, with While the results shown in Fig. 2 are informative, they are
both graphs generated around the same nominal values hardly useful for frequency control of the fs comb. Clearly,
Ay=100 MHz andé,=15.69 MHz. The resonance width as- Fig. 2 provides only one constraint for both and § and
sociated withA (with a fixed ) is determined primarily from  therefore we will not be able to control them independently.
the two-photon resonance condition and is on the order ofhe reason lies in the fact that we have chosen the zero
yil(wgs2A). The resonance width associated withs  frequency as the reference point for both degrees of freedom
roughly on the order ofy; (300 kHz). associated with the comb. In other words, the effects on the

To show the effect of multicomb line contributions, we comb frequency by the changes &fand & are too similar
plot in Figs. 3a) and 3b) the growth ofl"4; vs the number of and so an orthogonalized control is difficult. This situation
participating comb lines. The calculation is performed in thecan be remedied in practice. Optically one can adjust the
frequency domain. Figure(& shows a hypothetical case laser cavity such that the frequenay, at which the cavity
where we use only one intermediate state to avoid quanturdispersion is not sensitivgo first ordej to a rotating mirror
interference. We can see that the main contribution to théies abovewgy/2. In this case the frequencies of the comb
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components interacting with the intermediate states will be
shifted down with an increasindy, but up with an increasing 01541

5, leading to a possible orthogonal control. Another approach 2

is to use electronic means to mix the control information for ;
both A and § such that two new orthogonal signals can be S0
generated. Mathematically, this orthogonalization process "6203

amounts to a change of variables in E&), which we now
rewrite as

s . %100 0 )
Tk 2007 —s00 20 ng B

5 « expl—4miot)
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where 8, = 6—mod(wy/4mA). Figure 4 displays the reso- Wiy 200 800 T gady

nance picture againsf; and A. We choose to show two (0)
representative cases witky=101.851 871 MHz fora) and
Ay=105MHz for (b). Specific values oA, are sought to
have corresponding comb components tuned near a majori
of the five intermediate states. Furthermore, to have a maxi-
mum enhanced peak, detunings between the five intermedi-
ate states and their respective comb lines should all have the

same sign. The single peak (@ shows an enhancdd; (by In summary, we show that the two-photon process can be
3°=9 times, compared against a single-state resonah@® 3 matically enhanced through the use of a phase-coherent fs

to three constructively interfering states. Figbjshows a .,y resonantly exciting stepwise transitions. Quantum in-
situation where no comb lines are tuned near the resonanc ference among different pathways leads to the desired in-

of intermediate states and yet constructive interference stif; mation of the atomic structure. while providing an abso-
helps to enhance the signal. The resonance width associatffle reference for a complete control of the fs laser. The

with A is on the order ofyy/[(wg/2— wgm)/2A]. Simul-—irahigh-resolution aspect of this approach can be under-
taneous control of botl\ and & is now clearly feasible. 504 also from the time domain analysis where a series of

Atom-based frglquency stabilization of a fs. laser prOVideﬁ?amsey-type atom-pulse interactions provide a long coher-
long-term stability and should be an attractive complemeng¢ interrogation time.

to other approaches, including the locking ®dfto a micro-
wave sourcg1,2], the locking of a fs laser to an optical
cavity [13], self-referenced-2 f heterodyne locking3], and

FIG. 4. I'y; as functions ofA and 6; [Eq. (5)]. All parameters
re the same as in Fig. 2, excepyy=101.851 871 MHz foKa) and
o=105 MHz for (b).
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