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Transient laser cooling of two-level quantum systems with narrow natural linewidths
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We propose a scheme of transient laser manipulation and cooling of two-level quantum systems with narrow
natural linewidths by a sequence of counterpropagating laser pulses with special frequency chirping. Interac-
tion with a large number of laser pulses within the decay time decreases drastically the cooling time of such
systems.

PACS numbsgs): 32.80.Pj, 42.50.Vk

Laser cooling of atoms has recently become a very impor- Splitting of the atomic wave packet in velocity space due
tant topic of investigation in the field of interaction of laser to the action of ultrashort laser pulses in the coherent regime
radiation with matter. Important applications of laser coolingof interaction was obtained i2,9,10. The transient regime
include high-resolution spectroscopy and frequency stanef cooling by a sequence of short laser pulses of the narrow-

dards[1,2] with cooled and trapped atoms, as well as con-band traveling-wave field under the condition that the atoms
o ’ eddecay completely between pulses was investigatédih It

. was shown in[12] that more deceleration of neutral atoms
may be achieved with the train of ultrashertpulses sepa-
ated by a few radiative lifetimes than would be achived with
he same average intensity used for cw generation. Laser
cooling on transitions with a linewidth narrower than the

. R MRcoil shift was studied by the Monte Carlo method using
tuned below the atomic resonance. Cooling in this scheme i§.y1qpand excitation if13]. The force of the stimulated

achieved by the absorption of photons from the laser beamgnt pressure on an atom arising from the action of two
and the spontaneous emission of excited atoms. Spontanedyar-resonant standing waves with different frequencies
emission plays a vital role in other, more complicatedmodeling two counterpropagating waves with modulated in
schemes of cooling as well. With more complex schemesime amplitudes was studied fa.4].
both the Doppler, To=~AI/(2kg), and the recolil, A scheme of transient laser cooling of QS with a narrow
Tr=(%k. )% (Mkg), limits of laser cooling can be overcome transition linewidth by a sequence of counterpropagating ul-
(see, for exampl¢7,8]). In these formulad’ is the sponta- trashort laser pulses with special frequency chirping is pro-
neous emission rate from the excited atomic stiateis the  posed and investigated in this paper. The laser cooling
wave number of the laser radiation, akglis the Boltzmann scheme consists of two steps. First, a velocity-selective ex-
constant. It is important to note, that spontaneous emissioaitation of the ensemble of two-level QS is produced by a
not only plays the role of an energy dissipation mechanisnfrequency chirped laser pulse, Figal The pulse has spe-
leading to thermal equilibrium, but, due to a random walk incial frequency chirping, which is shown in Fig(d and is
momentum space, provides a mechanism for atoms to diffusiermed asymmetrically chirped pulse in the following. This
into the zero-velocity trapped state, ag h8|. pulse excites simultaneously the part of the ensemble of QS
The standard schemes of laser Doppler cooling are ndtaving velocityv; for example,po>0 in the laboratory ref-
effective in the case of quantum syste(@S) with narrow  erence system, which is opposite the pulse propagation di-
widths of transitions(metastable atomic stajesThe main rection. The QS are pushed towards the zero velocity state by
reason is that the average light pressure force in the case tife absorption of a momentufik, (k, is the wave vector of
Doppler cooling with cw laser beams is proportional to thethe laser pulse The other part of the ensemble<0) re-
linewidth of the quantum transition. Hence this force ismains in the ground state, as presented in Fi@.ZThis
weak, and the cooling time may be too large compared withnitial preparation of the ensemble of QS by an asymmetrical
the time of flight of the QS through the region of interaction excitation allows us, in the second phase, to move the distri-
with the laser beam. The usage of trains of laser pulses witbutions of the excited and unexcited QS toward each other in
duration shorter than the relaxation time of the QS may be &elocity space. This is achieved with the help of subsequent,
tool for effective laser cooling in the situation mentioned counterpropagating laser pulses, with frequency chirping that
above. Interaction of laser pulses with QS in this case has a8 shown in Fig. 1Ic) and is termed symmetrical chirping.
essentially transient character, and so a full quantum meFhus, the second laser pulse with symmetrical chirping and
chanical approach for the description of both the internakounterpropagating to the first one interacts with all velocity
degrees of freedom, and the motion of the center of mass @jroups of the QS. This pulse excites QS witk 0, pushing
the QS is needef?]. them towards the zero velocity state in the direction of the
wave vectokk,, by the absorption of a momentutik,. The
same laser pulse simultaneously deexcites the QS with
*Permanent address: NPO “Lazerayin Technika,” Yerevan Statey >0, previously excited by the first pulse, and pushes them
University, Yerevan, Armenia. in the direction opposite that d&f,, by the stimulated emis-

in the “optical lattices” created by the interference of mu
tiple laser beam§3,4]. The simplest mechanism of cooling
of neutral atoms by laser radiation is the so-called DoppIeE
cooling, first proposed if6,6]. Doppler cooling occurs when
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FIG. 1. (a) Time dependence of the normalized Rabi frequency
Qr=|AMd,,/(%)| of the Gaussian laser pulséh) Time depen-
dence of the normalized frequency detuniyrF w, (t) — wq of an
asymmetrically chirped Gaussian laser pulgg.Time dependence
of the normalized frequency detuning, of the symmetrically

chirped Gaussian laser pulse.

sion of a momentunkk,. From now on,|k,|=|k,|=k_ is

FIG. 2. Velocity distribution function of the ensemble of two-

level QS in the ground ¢) and in the excited 8) states. The
velocity is normalized by the recoil velocityg. All laser pulses
applied are identical to Gaussian intensity distribution in time. The
maximum Rabi frequency, normalized lkyvg is equal to 12r.
The normalized duration of the pulsgk vg=1 and the linearly
chirped frequencyo (t) = wg+ 2¢ 1k vgt with ¢c;=87. The width

o of the initial Maxwellian velocity distribution in the ensemble is

put equal to 10g. (a) After the action of the first asymmetrically
chirped laser pulsEsee Fig. )]. (b) After the action of 14 subse-

assumed for the sake of simplicity.
The strengths£(*) of the electromagnetic fields of the
laser pulses, linearly polarized along the unit ve@pmwith

amplitudesA™)(t) andA(7)(t), propagating in the positive the different pulse groups simplifies the mathematical treat-
and negative directions of treaxes are ment of the problem. The influence of the relaxation to the

ground state may then be analyzed by the generalized Bloch
equations in the absence of the laser field.

. . . . The equations for the probability amplitudes of the
The internal motion of the QS ar)d the motion of its center rounda(x,t) and the excitedb(x,t) states of QS in the
of mass, both quantum mechanicaly considered, are dex . . .

field in the momentum representation &g

scribed in the density-matrix formalism by the set of gener-
alized Bloch equation&see, for examplg2]). The number of
equations in this set is infinite in the case of linearly polar-
ized, counterpropagating laser pulses under consideration. ot
Note that the choice of, < o_ configuration of circularly i
polarized laser beams allows the simplification of the set of =—Adb(k—k /2), (1)
generalized Bloch equatiof,15]. These difficulties are cir- 2h
cumvented in our case of laser pulses with durations shorter

than the decay time of the QS, since it is possible to describe ab(k—k./2)
the interaction of the QS with the laser pulses in terms of the ot
atomic probability amplitudes instead of using the density-
matrix formalism. The approximation that decay can be ig-
nored during the action of a group of pulses but not between

quent, counterpropagating symmetrically chirped laser pUlses
Fig. 1(c)].

EF=1elATexpio tFik z)+c.c).

da(k+k 12)
———+tigq(k)alk+ k. /[2)

—iey(k)b(k—k /2)

i x
= EA(i) lea.(K+ kL/Z),
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where
) 0.04 | ' ' ‘ ' ]
o —wy kkh K
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! 2 2M  8M 0.03 - distribution |
W~ Wo k|_ Kh hkf
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wq is the eigenfrequency of QS moving with normalized
velocity v =#k/M in the laboratory reference system, with
M being the mass of the Q&R=ﬁkE/8M represents the
change of the resonance frequency of the QS due to the
recoil after the absorption or emission of a photon with mo-
mentum#k, . The substitutionsA)— A andk, — —k_ VIR
have(tf) b,e made in Eq1) to describe interaction of QS with FIG. 3. Intermediate quasiequilibrium velocity distribution func-
the E*™ field. _ __ tion of the ensemble after the relaxation to the ground state. All
The value|a(«,t)| gives the probability of the QS mov-  parameters are the same as in Fig. 2. Dotted lines: the state occu-
ing with a velocityv =7k/M and being in the ground state pation probabilitiesr and g after the action of an asymmetrically
|a) at timet. The value{b(x,t)|* has the same meaning for chirped laser pulsgsee Fig. 1b)], the 16th from the beginning of
the excited stat¢h). the cooling process.
We introduce the functionf(k) in such a way that
|f(k)|? is the probability of QS having normalized velocity z axes. The resulting velocity distributions for the QS from
k and being in either the ground state with amplitudethe ensemble in the excited and in the ground states are
a(k+k /2) or the excited state with amplitudgk=k, /2), shown in Fig. 2b). At this point, relaxation of excited QS to
with the upper(lower) sign corresponding to the interaction the ground state is assumed to take place. The resulting qua-
with the EC7) (E(H) field. siequilibrium velocity distribution(here we neglect colli-
Initially, all QS with quantum-mechanically well-defined sions between QSafter the spontaneous transition of the
velocities within the ensemble are assumed to be in theiexcited QS to their ground states is shown on Fig. 3.

001 1 itial distribution /]!

0.00

State occupation probabilities

ground states, with the Maxwellian velocity distribution During the second step, we excite about one-half of the
ensemble of QS with an asymmetrically chirped laser pulse,
la(k,t=0)|>=1, just as beforésee Fig. 3. Afterwards, laser pulses with sym-
metrical frequency chirping are applied to push the distribu-
|b(k,t=0)|?=0, (2)  tions of excited and unexcited QS towards each other. The

resulting velocity distributions of QS in the ground)(and
1 k2 the excited ) states are shown in Fig. 4 by dotted lines.
|f(k)|2=—ex;{——2>, The final quasiequilibrium velocity distribution after the
o\m 7 spontaneous transition of the excited parof the ensemble

where o=p7M/#, with vy being the equilibrium thermal of QS to the ground state is shown in the same Fig. 4. It

velocity of the QS. The velocity-dependent probabilities
a(k,t)=|f(k)a(k,t)|? and B(k,t)=|f(k)b(k,t)|? of occu-
pying the ground &) and excited @) states at an arbitrary
instant of timet are normalized in such a way that the inte-
gral of a(k,t)+ B(k,t) over the velocity space is equal to
unity.

The laser pulses in our cooling scheme are assumed not to
overlap each other in the medium consisting of the two-level
QS. Thus, we can neglect the standing-wave effects respon-
sible for the multiphoton processes of stimulated absorption
and emission from one laser beam into another.

The interactions of the two-level QS with the laser pulses
have been analyzed by the numerical simulation of @&.
with the initial conditions(2) for the first pulse. The initial
conditions for each subsequent pulse are given by the solu-
tion of Eq. (1) after the action of the previous pulse. Laser

pulses with Gaussian intensity distributions in time, Fig. G, 4. The final velocity distribution function of the ensemble
1(a), are assumed to be applied to the ensemble of QS in thiter the second relaxation proce@he first cooling cycle All
numerical simulation. During the first step of cooling, 15 parameters are the same as in Fig. 2. Dotted lines: the state occu-
laser pulses are applied to the ensemble, the first of which igation probabilitiesx and 8 after the action of 8 subsequent, coun-
asymmetrically chirped; the remaining 14 are symmetricallyterpropagating symmetrically chirped laser pulses, the 24th from
chirped and propagating in alternating directions along thehe beginning of the cooling process.
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clearly displays the narrowing of the velocity distribution pulses create an inversion profile that is far narrower than the
obtained compared with the initial one, i.e., the cooling ofpulse spectrum.
the ensemble of QS. This is the first cycle of cooling. Rep- If, for an estimation of the pulse duration, we use param-
etition of this cycle may lead to efficient cooling of the en- eters corresponding to fine-structure transitions of heavy ions
semble of QS. The analysis shows that the slopes of the fingi1]: M =200 amu,T,=10"* s, and 2r/k,_=350 nm, we
velocity distributipn depend on the a_lsymmetrically Chirpedobtainr,_z 1k vg=M/#k?=9.8x 10" s for the duration of
laser pulse duration and peak intensity. _the asymmitrically chirped pulse used in our simulations. The
The minimum temperature obtainable by the coolingn,mper of symmetrically chirped pulses of nanosecond du-
scheme proposed in the present paper, with the duration Liion applied after the asymmetric excitation and before the
the laser pulses applied, = 1/k vg, is limited by Tg, cor- oo ~uio of the QS takes place is of the order of. 1This

responding to the recoil limit of the laser cooling, which in i : T
; A ) s also the factor by which cooling time is reduced compared
this case coincides with the temperatdig=~#/(r,kg) de- lto, for example, the transient cooling applied in a storage

termined by the bandwidth of the laser pulses. The IatterW|Irlrlg [11]. The interaction of QS with a large number of

be the limiting temperature for our cooling scheme forpuI:ses during the decay time greatly reduces the cooling time

Stainton the duration of the asymmetically chirped puse (Y PIOVdng an efective cooling of the QS witin  few
. ) X ne asyr y ped p cycles of the method proposed. It is important to note that we
important if selective excitation is to take place in the en-

. : have obtained the same results as ones presented in this pa-
semble of QS, namely, the bandwidth of the asymmetrically er by using the density-matrix formalism in the adiabatic

chirped laser pulse has to be less than the width of the D0|cf2 ssage regime

o X pa
pler prgadened absorpuon .I|ne of the. QS being cooled. Th'g In conclusion, note that some modifications of our method
restriction, however, is not important in the case of the sym-

metrically chirped pulses, which excite and deexcite all th of transient laser manipulation and cooling may be proposed

QS in the ensemble in ihe adiabatic passage reqitee ylintroducri]ng a cutoff in tfhe chgpling processhof the laser
, . . ; : ulses at the resonance of QS belonging to the narrow ve-

;Jhned?rgcigi'geﬁ'i?qfh; (t)r?(laisd?J'Ité%garlnrfgtug:mfondtu'iggatocity group near the zero velocity or utilizing population

) q y pIng P produ fapping mechanisms.

include not only the Doppler broadened absorption line o

QS but the bandwidth of the laser pulse. This situation is This work was supported by the Research FUQ@TKA)

similar to the one described for a homogeneously broadeneaf the Hungarian Academy of Sciences under Contract No.

system in 17], where the picosecond frequency-chirped lasefT-4089.
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