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Carrier-envelope phase-dependent atomic coherence and quantum beats
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It is shown that the carrier-envelope phase (CEP) of few-cycle laser pulses has profound effects on the
bound-state atomic coherence even in the weak-field regime where both tunneling and multiphoton ionization
hardly take place. The atomic coherence thus produced is shown to be able to be mapped onto the CEP-
dependent signal of quantum beats (and other quantum-interference phenomena) and hence might be used to
extract information about and ultimately to measure the carrier-envelope phase.

DOLI: 10.1103/PhysRevA.76.013832

I. INTRODUCTION

The carrier-envelope phase (CEP) of ultrashort laser
pulses of a few cycles [1,2] plays an important role in strong-
field ionizations [3—11], strong-field dissociation [12], high-
harmonic generation [13-15], and attosecond electron dy-
namics [16-18]. The CEP may be determined by measuring
spatial asymmetry in ionization [11,16], and extreme ultra-
violet (xuv) and soft-x-ray radiations [19].

Nakajima and Watanabe [20] have recently studied the
CEP dependence in bound-state populations rather than ion-
ization or photoelectron yields in the multiphoton ionization
regime where tunneling ionization hardly takes place. It thus
enables one to observe the phase-dependent population in
some bound states via photoemission detection, which is
technically simpler than the energy and angle-resolved pho-
toelectron detection at considerably lower intensities than ex-
plored previously [20].

In this paper, we investigate the atomic coherence prop-
erties produced by an ultrafast laser pulse with a few cycles.
It should not be confused with the optical coherence proper-
ties of high-harmonic generation studied previously [21,22].
We show that the CEP of few-cycle laser pulses has profound
effects on the bound-state atomic coherence even in the
weak-field regime (the Rabi frequency is much less than the
transition frequencies involved) where both tunneling and
multiphoton ionizations hardly take place. This CEP-
dependent atomic coherence is then shown to be mapped
directly onto the signal of quantum beats [27-29] between
two channels of spontaneous emission, and hence it might be
used to extract information about the carrier-envelope phase
by measuring the quantum beats. It is well known that
quantum-mechanical interference due to the coherent super-
position of several states (atomic coherence) inevitably leads
to oscillations in the amplitude of the detected signal and has
been seen in a wide variety of optical experiments, including
fluorescence spectroscopy [23], photon-echo techniques [24],
transient grating experiments [25], and Raman spectroscopy
[26]. Closely related phenomena are the quantum beats
[27-29] and versatile wave mixing in cold atomic media
[30-38]. It is thus anticipated that the sensitive dependence
of the bound-state atomic coherence on the CEP of few-cycle
laser pulses revealed in this paper opens entirely different
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ways of exploring and utilizing the CEP-dependent coher-
ence effects of ultrafast pulses in both the weak-field regime
(quite unlike the previous strong-field ionization regimes)
and different spectral regions such as spectral regimes from
the infrared up to the ultraviolet spectral domains instead of
soft-x-ray radiation. In particular, the CEP-dependent atomic
coherence might be used, instead of the previous techniques
of photoemission detection and measurement of the ioniza-
tion yields, to extract information about and ultimately to
measure the carrier-envelope phase.

II. CARRIER-ENVELOPE PHASE-DEPENDENT
ATOMIC COHERENCE

In investigating the CEP-dependent atomic coherence in
the weak-field regime where both tunneling and multiphoton
ionization hardly take place, we only need to consider an
atomic model of a few levels. Here we consider a three-level
model interacting with a few-cycle optical pulse of the elec-
tric field [20] E(1)=—0A(t)/ dt with the vector potential A(z)

=A0e‘<"27)2’ 7 sin(wr+ @) as shown in Fig. 1. Here the atomic
state is [W)=c(|0)+c;|1)+c,|2), Ay is the peak value of the
vector potential, 7 describes the pulse width, and w and ¢ are
the carrier-envelope frequency and phase, respectively. The
quantum-mechanical interference due to the CEP-dependent
bound-state atomic coherence should be easier to detect at
low temperatures, where the deteriorating decoherence such
as that due to Doppler broadening is greatly diminished.
Consequently, the CEP-dependent atomic coherence should
have some impact on and could play a role in versatile phe-
nomena occurring in cold atomic media [30-38]. The three-
level model of closely adjacent hyperfine excited levels
liY (j=1,2) can be chosen to be the hyperfine-split levels for
the D lines of cold alkali-metal atoms [39] confined in a
magneto-optical trap (MOT), where there exist mature tech-
niques to handle the interactions between the lasers and
trapped alkali-metal atoms. For instance, in the case of a
cesium atom, the levels |0), |1), and |2) can stand for its
states 6 2§ 12 6 2P1 > and 6 2P3,2, respectively, and the tran-
sitions |0)«|1) and |0)« |2) correspond to the D1 and D2
lines with w©p=3.8X10"2 Cm, uy=27X10%*Cm, «a
=/ oy = 1.41, and the transition frequencies (energies)
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FIG. 1. Schematic diagram of a three-level
atom illuminated by a few-cycle laser pulse with
the carrier frequency w and the width 7. The
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pulse shapes for the two values of the carrier-
envelope phase ¢=0 (solid curve) and /2
(dashed curve) have been plotted in the diagram
for illustration.

|0) =0 1=1,/2=21

®,~335.1 THz, and w,=~351.7 THz, respectively [39].
The Schrodinger equation for the probability amplitudes
c; has the form

éo(t) = iQED[e™ e, (1) + ae 2 cy(1)], (1a)
(1) =i&(D)Qe™ey(1),  é5(1) = i&(H)Qae''cy(t),
(1b)
where &) =w ' 9[e" 2077 sin(wr+ @)1/t a= g/ tror,

20=20"= uywAy/f and 2af) are the Rabi frequencies for
the transitions |0) < [j) (j=1,2), respectively, w; (j=1,2) are
the atomic transition frequencies concerning the transition
|0) —j) with the corresponding dipole moments u;, and u;
have been assumed to be real without loss of any generality.

F1gure 2 plots the curves of the atomic coherence p,
=p,y,=c,c, versus the CEP ¢ under the initial conditions
¢1,(0)=0 and ¢((0)=1 at the time t=ty=4r7 elapsed since the
ultrafast laser pulse, and it demonstrates that the atomic co-
herence has a sensitive dependence on the CEP of few-cycle
laser pulses. The amplitude and the CEP dependences of the
atomic coherence in Fig. 2 can readily be explained physi-
cally by perturbation theory in the small parameter €
=(/w< 1. Under the initial conditions ¢;,(0)=0 and
co(0)=1, it is readily seen from Eq. (1) that c¢; ,(r)=0(e) and
co(t)=0(€%), and hence p;,=0(€?), which clearly illustrates
the feature that low Rabi frequencies induce less atomic co-
herence and hence are obviously nonfavorable from the
viewpoint of the measurement. The lower limit for Rabi fre-

= 0:41'

quencies depends on the precision of the technique(s) in
measuring the coherence. Cold alkali-metal atoms confined
in a MOT instead of a single or a few hot atoms could in-
crease the corresponding precision. Besides, noting that e
~ E characterizes the electric field E(r) having the period 27
for the CEP ¢, the relation p,,=0(€?) implies that p,, should
approximately have the period 7 for the CEP ¢, just as
clearly shown in Fig. 2.

On the other hand, we readily show that the three-level
model is well justified in studying the atomic coherence
p12=p;1=c 102 in the weak-field regime €< 1. The ultrashort
pulse could couple more levels, say, levels |]) (j=3.,4,...),
besides the three considered levels |j) (j=0,1,2). However,
it can readily be shown that c;.((1)=0(e) and c((t)= O(€)
under the initial conditions c; ;&O(O) 0 and ¢((0)=1, and the
cj=3=0(e) introduce at most O(é€%) contributions to p;,, al-
ready of the order O(€®) in the absence of the levels |j) (j
=3,4,...), and hence these levels |j=3) can be neglected so
long as e< 1.

We would like to point out that, even for a periodically
driven two-level system, any weak-field theories, so long as
they are beyond the rotating-wave approximation, depend on
the phase of the driving field under any fixed initial condi-
tions for the amplitudes [41,42].

III. CARRIER-ENVELOPE PHASE-DEPENDENT
QUANTUM BEATS

Let us now study the quantum beats due to the atomic
coherence pi,(ty)=c,(ty)c,(fy) produced by a few-cycle ul-
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FIG. 2. Re pj,(ty) (dashed curves), Im p;,(z,)
(thin solid curves), and |p;»(ty)| (thick solid
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curves) versus the scaled carrier-envelope phase
@/27 at the time t=1y=4r, i.e., after the illumi-
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nation with the few-cycle pulse of shape
w ' 3[e 27 sin(wr+ )]/ or with 7=5/w and
w=w, for several values of the ratio )/ @ desig-
nated on the diagrams, under the initial condi-
tlons ¢1(0)=¢,(0)=0, and ¢(0)=1. Here pj

Cios /\/\

=c c  and the other parameters are w,/w,
~1 05 and a= ,LL02/,LL01~ 1.41.
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trafast pulse. Notice that the ultrafast pulse of width 7 is
applied to the three-level atom(s) in the time interval ¢
€[0,1,], and we have taken t,=~47 throughout this paper.
The phenomenon of quantum beats is investigated for the
time interval 1> 1, i.e., its initial time is taken as ¢=t,. Fol-
lowing the same procedure as Ref. [27], the quantum beat
note Iqbn=<‘lf(t)|E(1_)(t)12"(2+)(t)|\I’(t))+c.c. can be calculated
by the formula

Lypn = E,Eby (b5’ - c.c ], ()

where  wy=w,—w, E(l_)(t) =& a1, E(2+)(t)
=&,dhe’ 70, €= (fiw;/2,V)"? is the electric field per pho-
ton for the mode j involving the transition |0}« |j) (j
=1,2), and &j and d; are the corresponding annihilation and
creation operators, respectively. Here the system’s state is
taken as [27] |W(0)=Z-000k(0) k,0>+bl(t)|0,lw1>
+b2(t)|0,1w2>. Here |k,0) denotes the atom in the atomic
level |k) with no photon, while |0,1,, ) describes the atom in
its ground state |0) with one photo'il in the field mode ;.
Substituting the state |W(¢)) into the Schrodinger equation

and using the Hamiltonian in the interaction picture H
=ﬁ2j=1,2gj(éj|j)<0|+&;|0)(]’|) with the vacuum Rabi fre-
quency 2g;=pu,E;/f for the modes j=1,2 respectively, we
readily obtain

d
i (E + 7./) c(t) = 8;b(1), (32)
dbi(1) -
i— =8, j=12, (3b)

where the decay rate 27y; of the excited level j has been
added phenomenologically [40]. The solution under the
initial conditions of b;(t))=b,(t))=0 is b(t)=c;(to)s;(t)
with sj(t)=[gj/ /y]g_(Zgj)z](eﬂj+(t—to)_eﬂj_(t—to)) and 277;':
=—v;+\y;-(2¢,)? (j=1,2). The conditions of ;>2g; (j
=1,2) are satisfied for the D lines of alkali-metal atoms [39]
and hence s,(1) = (g;/ y))(1-e ")) ~ g,/ ;. Consequently,
the quantum beat note in this case is of the form
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L = To()cos[ wy (1 = 1g) + 6(1))], (4)

with  Io(4)=(2E1E8182/ 1y [pite)l,  and  py(1p)
=c (to)es (1) =|p1a(to) | ™). Here we have explicitly written
the dependence of the amplitude /y(¢) of the quantum beat
on the CEP ¢ for convenience. /() depends on the CEP ¢
through the sensitive CEP dependence of the coherence
|p12(to)| as shown in Fig. 2.

The CEP dependence of the quantum beats revealed here
is considerably greater than the CEP dependence of bound-
state populations in the multiphoton ionization regime stud-
ied previously [20]. To see this point, let us define the depth
of modulation in the amplitude signal of the quantum beats
as Mz{[lo(d))]max_[IO(¢)]min}/{[1()(¢)]max+[I()((f))]min}/z or
by using Eq. (4) M=[]p15(10)mar=1012(10) lmind /L1 P12(10) [ ar
+|p12(to) | minl/2. Tt is seen from Fig. 2 that M ~0.1-1 (M
~1/3 for 1=0.05w) which is orders of magnitude larger
than the depth of modulation in the total ionization signal
[20].

IV. CONCLUSION

In summary, we have investigated the generation of
bound-state atomic coherence by few-cycle laser pulses in
the weak-field regime where ionization hardly takes place,
and have mapped the atomic coherence thus produced onto
the sensitive CEP-dependent signal of quantum beats. We
believe that other quantum-interference phenomena besides
the quantum beats due to the CEP-dependent atomic coher-
ence would also show similar sensitive CEP dependence. It
is pointed out that a relatively strong ultrashort pulse can be
weakened, via passing through a strongly absorptive medium
or in some other way, say, the beam splitting, to satisfy the
weak-field condition, and hence its CEP information can also
be extracted by the method described here.

ACKNOWLEDGMENTS

The work was supported by the NSF of China (Grant Nos.
10575040, 90503010, 60478029, and 10634060) and by the
National Basic Research Program of China, Grant No.
2005CB724508.

[1] T. Brabec and F. Krausz, Rev. Mod. Phys. 72, 545 (2000).

[2] G. Sansone, E. Benedetti, F. Calegari, C. Vozzi, L. Avaldi, R.
Flammini, L. Poletto, P. Villoresi, C. Altucci, R. Velotta, S.
Stagira, S. De Silvestri, and M. Nisoli, Science 314, 443
(2006); H. Merdji, M. Kovacev, W. Boutu, P. Salieres, F. Ver-
nay, and B. Carré, Phys. Rev. A 74, 043804 (2006).

[3] E. Cormier and P. Lambropoulos, Eur. Phys. J. D 2, 15 (1998).

[4] L. P. Christov, Opt. Lett. 24, 1425 (1999).

[5] P. Dietrich, F. Krausz, and P. B. Corkum, Opt. Lett. 25, 16
(2000).

[6]J. P. Hansen, J. Lu, L. B. Madsen, and H. M. Nilsen, Phys.
Rev. A 64, 033418 (2001).

[7]S. Chelkowski and A. D. Bandrauk, Phys. Rev. A 65,

061802(R) (2002).
[8] D. B. Milosevi¢, G. G. Paulus, and W. Becker, Phys. Rev. Lett.
89, 153001 (2002).
[9] Christian Per Juul Martiny and L. B. Madsen, Phys. Rev. Lett.
97, 093001 (2006).
[10] S. X. Hu and L. A. Collins, Phys. Rev. A 73, 023405 (2006).
[11] G. G. Paulus, F. Grasbon, H. Walther, P. Villoresi, M. Nisoli, S.
Stagira, E. Priori, and D. D. Silvestri, Nature (London) 414,
182 (2001).
[12] V. Roudnev, B. D. Esry, and 1. Ben-Itzhak, Phys. Rev. Lett.
93, 163601 (2004).
[13] A. de Bohan, Ph. Antoine, D. B. MiloSevi¢, and B. Piraux,
Phys. Rev. Lett. 81, 1837 (1998); P. Salieres, A. L'Huillier, Ph.

013832-3



YING WU AND XTAOXUE YANG

Antoine, and M. Lewenstein, Adv. At., Mol., Opt. Phys. 41, 83
(1999).

[14] A. de Bohan, Ph. Antoine, D. B. MiloSevi¢, G. L. Kamta, and
B. Piraux, Laser Phys. 9, 175 (1999).

[15] G. Tempea, M. Geissler, and T. Brabec, J. Opt. Soc. Am. B 16,
669 (1999).

[16] G. G. Paulus, F. Lindner, H. Walther, A. Baltuska, E. Gouliel-
makis, M. Lezius, and F. Krausz, Phys. Rev. Lett. 91, 253004
(2003).

[17] 1. J. Sola et al., Nat. Phys. 2, 319 (2006).

[18] T. Remetter et al., Nat. Phys. 2, 323 (2006).

[19] A. Baltuska et al., Nature (London) 421, 611 (2003).

[20] T. Nakajima and S. Watanabe, Phys. Rev. Lett. 96, 213001
(2006); Opt. Lett. 31, 1920 (2006).

[21] T. Ditmire, E. T. Gumbrell, R. A. Smith, J. W. G. Tisch, D. D.
Meyerhofer, and M. H. R. Hutchinson, Phys. Rev. Lett. 77,
4756 (1996); P. Salieres, L. Le Déroff, T. Auguste, P. Monot, P.
d’Oliveira, D. Campo, J.-F. Hergott, H. Merdji, and B. Carré,
ibid. 83, 5483 (1999).

[22] M. Bellini, C. Lynga, A. Tozzi, M. B. Gaarde, T. W. Hénsch,
A. L’Huillier, and C.-G. Wahlstrom, Phys. Rev. Lett. 81, 297
(1998); L. Le Déroff, P. Salieres, B. Carré, D. Joyeux, and D.
Phalippou, Phys. Rev. A 61, 043802 (2000); P. Michel, C.
Labaune, H. C. Bandulet, K. Lewis, S. Depierreux, S. Hulin,
G. Bonnaud, V. T. Tikhonchuk, S. Weber, G. Riazuelo, H. A.
Baldis, and A. Michard, Phys. Rev. Lett. 92, 175001 (2004).

[23] R. T. Carter and J. R. Huber, Chem. Soc. Rev. 29, 305 (2000);
K. A. Merchant, David E. Thompson, and M. D. Fayer, Phys.
Rev. A 65, 023817 (2002).

[24] S. Aoki, Phys. Rev. A 20, 2013 (1979); A. 1. Lvovsky and S.
R. Hartmann, Laser Phys. 6, 535 (1996); O. Golonzka, M.
Khalil, N. Demirdoven, and A. Tokmakoff, Phys. Rev. Lett.
86, 2154 (2001).

[25] E. F. McCormack and E. Sarajlic, Phys. Rev. A 63, 023406
(2001); Y. Tang, J. P. Schmidt, and S. A. Reid, J. Chem. Phys.
110, 5734 (1999).

[26] P. Waltner, A. Materny, and W. Kiefer, J. Appl. Phys. 88, 5268
(2000); T. Kohmoto, Y. Fukuda, and M. Kunimoto, Phys. Lett.
A 277, 233 (2000).

[27] W. W. Chow, M. O. Scully, and J. O. Stoner, Jr., Phys. Rev. A
11, 1380 (1975); M. O. Scully and M. S. Zubairy, Quantum
Optics (Cambridge University Press, Cambridge, England,
1997).

[28] R. M. Herman, H. Grotch, R. Kornblith, and J. H. Eberly,
Phys. Rev. A 11, 1389 (1975); S. Haroche, in High-Resolution
Laser Spectroscopy, edited by K. Shimoda (Springer, Berlin,
1976); Z. Ficek and B. C. Sanders, Phys. Rev. A 41, 359

PHYSICAL REVIEW A 76, 013832 (2007)

(1990).

[29] S. Haroche, J. A. Paisner, and A. L. Schawlow, Phys. Rev.
Lett. 30, 948 (1973); Q. H. F. Vrenhen, H. M. J. Hikspoors,
and H. M. Gibbs, ibid. 38, 764 (1977).

[30] A. B. Matsko, O. Kocharovskaya, Y. Rostovtsev, G. R. Welch,
A. S. Zibrov, and M. O. Scully, Adv. At., Mol., Opt. Phys. 46,
191 (2001); A. S. Zibrov, C. Y. Ye, Y. V. Rostovtsev, A. B.
Matsko, and M. O. Scully, Phys. Rev. A 65, 043817 (2002);
A. B. Matsko, I. Novikova, G. R. Welch, and M. S. Zubairy,
Opt. Lett. 28, 96 (2003); Y. V. Radeonychev, M. D. Tokman,
A. G. Litvak, and O. Kocharovskaya, Phys. Rev. Lett. 96,
093602 (2006).

[31] S. E. Harris and L. V. Hau, Phys. Rev. Lett. 82, 4611 (1999);
S. E. Harris and Y. Yamamoto, ibid. 81, 3611 (1998).

[32] Y. Wu, M. G. Payne, E. W. Hagley, and L. Deng, Opt. Lett.
29, 2294 (2004); Phys. Rev. A 69, 063803 (2004); 70, 063812
(2004).

[33] H. Kang, G. Hernandez, and Y. Zhu, J. Mod. Opt. 52, 2391
(2005); H. Kang, G. Hernandez, J. Zhang, and Y. Zhu, Phys.
Rev. A 73, 011802(R) (2006).

[34] M. D. Lukin, A. B. Matsko, M. Fleischhauer, and M. O.
Scully, Phys. Rev. Lett. 82, 1847 (1999); M. D. Lukin and A.
Imamoglu, ibid. 84, 1419 (2000).

[35] X. J. Liu, Z. X. Liu, X. Liu, and M. L. Ge, Phys. Rev. A 73,
013825 (2006); X.-J. Liu, X. Liu, L. C. Kwek, and C. H. Oh,
Phys. Rev. Lett. 98, 026602 (2007); Z. Li, L. P. Deng, L. S.
Xu, and K. Wang, Eur. Phys. J. D 40, 147 (2006); Y. Wu and
X. Yang, Opt. Lett. 31, 519 (2006); 30, 311 (2005).

[36] J. Gea-Banacloche, Y. Q. Li, S. Z. Jin, and M. Xiao, Phys. Rev.
A 51, 576 (1995); Y. Zhang, A. W. Brown, and M. Xiao, ibid.
74, 053813 (2006); M. V. Pack, R. M. Camacho, and J. C.
Howell, ibid. 74, 013812 (2006).

[37] Y. Wu and X. Yang, Phys. Rev. A 70, 053818 (2004); Y. Wu,
J. Saldana, and Y. Zhu, ibid. 67, 013811 (2003); Y. Wu, Y. L.
Wen, and Y. Zhu, Opt. Lett. 28, 631 (2003); Y. Wu, Phys. Rev.
A 71, 053820 (2005); Y. Wu and X. Yang, ibid. 71, 053806
(2005).

[38] Y. Wu and L. Deng, Opt. Lett. 29, 2064 (2004); Phys. Rev.
Lett. 93, 143904 (2004); D. V. Skryabin and A. V. Yulin, Phys.
Rev. E 74, 046616 (2006).

[39] D. A. Steck, http://steck.us/alkalidata

[40] M. Sargent I1I, M. O. Scully, and W. E. Lamb, Jr., Laser Phys-
ics (Addison-Wesley, Reading, MA, 1974), Chaps. 7, 14, and
19.

[41]7 Y. Wu and X. Yang, Phys. Rev. Lett. 98, 013601 (2007).

[42] M. S. Shahriar, Prabhakar Pradhan, and Jacob Morzinski,
Phys. Rev. A 69, 032308 (2004).

013832-4



