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Low-frequency external force acting on an atom in a resonant field
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The probe-wave absorption spectrum calculation is presented for the case when a two-level atom or ion in
the resonant field of laser radiation is subjected to low-frequency external action in such a way that parametric
resonance takes place and the fine structure appears on the probe-wave absorption coefficient plot.
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PACS numbes): 42.50.VKk, 04.80-y

I. INTRODUCTION where W is the phase, depending on the velocity, ahe
The two-level ator{TLA) or ion is a very convenient and 0O(1) is the combination of problem parameters. The value of

widely used model to investigate the behavior of a real atorr%:C appears to be _only foff the -neﬁSmaIIeD ordt?rhm th.?
or ion in different situations, a problem which is of essentialSYMPtotIC expansion of force in the powerseofThus, |
interest and has a lot of applicatiofs-10]. the conditions of PR are fulfilled, the TLA has not only an

Here we concentrate upon a TLA in a strong monochro- 2Verage” acceleration in the wave-vector direction, but suf-
matic resonant laser field. In this case an additional frefers an intensive “shaking'{oscillations along this vector
quency, characterizing the “TLA-field” system, appears, With the doubled Rabi frequency.

Rabi frequency, and this means that we can think of a para- At the same time, in case of such a PR in the bichromatic
metric resonancéPR) possibility. field [13,14), there is a fine structure on the probe-wave ab-

According to[11], the dynamic system reveals PRs whensorption spectrum. By comparing the results [@5] and
it suffers small perturbative action at a frequency equal to th¢13,14, we can suggest that the sidebands of the fine struc-
difference between eigenfrequencies of the system. Physiure may be due to the Doppler effect, caused by the oscil-
cally it means that we can pump energy in through one charlations.
nel and observe the result through the other. Mathematically Turning back again to the monochromatic field, we can
[11], the PRs can occur when the external action revealsuggest that if we make the TLA oscillate with the help of an
itself through time-dependant coefficients of the dynamicsxternal force of any nature, and put it into the monochro-
equation. Spectroscopically, we speak of the[R® in case  matic laser field that is resonant to the atomic transition, the
the quasienergies of the atom, placed into the laser field?R is possible, and it will lead to the appearance of the fine
overlap. In[13,14] it was shown that the meanings of these structure on the probe-wave absorption plot.
definitions are one and the same and a small perturbation can This gives us a version of a well-known Brillouin scatter-
lead to the essential deformation of absorption spectruming, which is a powerful instrument in the investigation of
thus providing the possibility to use the PR effects in subthe atom’s structure and dynamics. It is important to notice
Doppler spectroscopy. that since Rabi frequency depends on the intensity of the

There are some additional reasdolarifying the physical laser beam, we have a possibility to vary in the experiment
background of the effegto investigate the TLA-field system the position of the PR sidebands and place them into conve-
in search for the parametric resonances. In the recent wonkient frequency regions.

[15] the expression for the mechanical force exerted on a When a two-level ion is subjected simultaneously to the
two-level atom by a bichromatic laser field was found. Oneaction of the resonant laser field and the low-frequency elec-
of the field modeg), (resonant to the atomic transitiowas  tric field [17], the effect of resonant light pressure is the
considered to be strong, while the other mode with the freheating or the cooling of the localized particles ensemble.
quency(), sufficing |Q;—Q,|=20g., Was considered to be The mechanical action of running and standing resonant
weak. In this situation the PR took place. It appeared thawvaves on the moving atom, reviewed|ih7,18, presents a
besides the well knowfl6] constant component of the light situation that is in some sense the reverse of that which is

pressure forcé . equal to going to be discussed here. The details of such a cooling
process can be analyzed with the help of the proposed
F.=hkyl(v,Q,A)), method of optic-mechanical parametric resonance.

In [19] the dynamic Stark effect was discussed. It was
wheref: is Planck’s constank is the wave vectory is the  discovered that it resulted in the shifting of atomic energy
excited-state decay raté=0(1) is the combination of pa- levels and this led to new resonances in the nonlinear optical
rameterdqu is the atom’s velocityA, is the Rabi parametgr  susceptibility describing probe-wave absorption. The com-

there was also the oscillating component parison of these results with the experiment is presented in
[20]. The influence of ion scattering on the light-induced

Fose=ikA{H cog (Q,—Q)t+V]+0(e)}, electrostatic fluctuations upon the ion velocities was dis-
cussed irf21]. It was found that the noise spectrum contains

e=1yl(2Y2A,) <1, the information about the nonlinear optical absorption. The
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resonance fluorescence due to the interference of quasieHere, k; andk, stand for the wave vectors of the counter-
ergy states being a result of dynamic Stark effect was dispropagating resonant and probe wavag;and A, are the
cussed if22]. All these processes can have profound impli-amplitudes of these waves in frequency units;andp,, are
cations to the operation of devices that rely on the resonarthe levels populationsy,, is the transversal decay rat&;is
nonlinear optical response of atomic systems. But the possthe saturation parameter. We will regard the situation when
bility of the PR which appears while regarding an ion insteaddue to some external periodical action the atom’s velagity
of an atom and correlating the frequency of the external acescillates with low frequenc) and amplitudé/,. Then the
tion with Rabi frequency was not analyzed. The above{ull time derivative can be written as
mentioned possibility to perform measurements in the con-
venient frequency region provides the increase of the d o
instrumental sensibility. Ji s +V 27" V=yv+V,;coDt.

Another experimental field for the proposed method is a
modification of the Brillouin scattering. I/23,24 the reso- . o o
nances in the interaction of a saturated two-level system witket the spatial scale, characterizing the atom-field interac-
stimulated Brillouin scattering were discussed. These resdion. be of the order of 1.02 m. Then we can assume
nances result from the coupling between the two-level syski=Kp=Kk. In case the amplitude, of velocity alteration is
tem and the resonant acoustic waves that are excited in tifgnall in comparison withy (V;<v), the quasiclassical ap-
host substance by the counterpropagating laser beams. TREP@ch to the description of the atom’s motion remains valid.
proposed method suggests the use of the external acoustdnce we are |nt.erested in spacejave_raged values, it is natural
field, thus providing two parameters to be controlled exterf0 Use the rotating-wave approximatig®5]. Then, making
nally: acoustic frequency and laser intensity, which is a newfhe substitutions
possibility to investigate the TLAs, admixed to the buffer
gas. R=2""ps—p11),

One of the most effective experimental methods to inves-
tigate the features of atom’s structure is the use of the coun- i . _ - .
terpropagating probe wa\jes,26, and commonly used set- P12~ RiXHL— 1 (t =k ]+ RixH ~1(Qpt +k2)],
ups for it are described if25-2§. In this paper the
calculation of the probe-wave absorption spectrum for the p21=Ryexd i (Qt—k2z) ]+ Ryexfi(Qpt+k2)],
case of the PR is presented.

The material is organized in the following way. In Sec. Il and changing variables to
the initial Bloch equations are formulated with respect to the
atom’s low-frequency oscillations. Then the rotating-wave 2W2A t=7,  yIA=2Y2%,
approximation is used, and after variable changing we get
Eq. (4), which can be solved through the use of a perturba-

tive technique. Using the conditions of parametric resonance, KIA=2"k, (Qp—w)IA=2"2A,,
we get the result in the form of expressiais and(8) and
discuss the origin and relative importance of its different V,=v,e[v;=0(1)], Dt=57(2Y25=DIA,),

terms. In Sec. Il we discuss the meaning of the assumptions
made and the possibilities to suffice the corresponding con-
ditions in the experiment. In Sec. IV the conclusions are
made and the acknowledgments are presented. In the Appen-
dix the mathematical details of the solution of Hg) are (Q1—w)/A;=22A,  AIA;=2V2\,
given.

Ap/Al:ap, ')/12/A1:21/2F8,

we come to the following system of equations:
Il. THE PROBLEM AND ITS SOLUTION

J
Let us describe the laser field classically, and use the den- = R=—eR+i[R3;— R~ a,(Ry+ Ry ] +N\,
sity matrix p(v,z) for the atom’s dynamics description. Then
the Bloch equations will be
17
4 ERL:—iR+[—Fs+i(A—KV)]Rf2,
at (p22= P11 = — ¥(p22— p11) T+ 4i[Asc0g Qyt—k;2) (1)
£R+—iR+[—Fs—i(A—KV)]R+ 2
21 21
T Ao QO pt+Kp2)] (p21—p1d) +A, ot
d J . . _
a P12= — ( '}/12“1‘ | a))plz_ 2| [Alcosﬂlt_ klz) E R12: - IapR+ [ - 1-‘8 +1 (Ap+ KV)]R].Z’

+ ApCOg Qpt+Ky2)] (p22— p1o), Ryi=Ryp,
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To find the probe-wave absorption coefficient not contain an oscillating component, and its form coincides
(with regard to notationwith the known expressiof25].
X(Qp):f exp(—VZ/uTZ)ImRz_l(V)dV, 3) To calculate the probe-wave absorption coefficient, sub-
stitute Eq.(6) into the fourth equation of systeif2). The

whereuy is the atom’s heat velocity, we have to solve the SXPresston for IR, Is

last equation of systerf2). Let's consider<1, I'=0(1), and

let the probe-wave amplitude, be so small that it does not

affect the atom’s dynamics. Then the last differential equa- | R = — ZP°
tion in system(2) can be regarded separately, and the expres- 21 KJ°
sion for functionR, which is present in this equation, can be

aph I'o?(B?+1?)  kvi0o
F282+0"2) 2¢

taken as a result of solving the system, consisting of the first % —Tev+B(op+9) N —T'ev—B(ap—9)
three equations in Eq2). So, at first, we have to solve the IZe?+(o,+6)° I2e2+(0p— )2
system
X oSS+ —I'eB—v(op+ )
J COSTT\ 1224 (a0t 0)2
W= Qo eQu(m)WC, @ Hloptd)
—I'eB+v(op—9))\ .
where + F282+(0p_5)2 sindé7| ¢, @
R O, —l, 1 A
w=| R|, Qp=i|l -1, o 0|, c=|0], where
Rz 1, 0, —o 0
-1 0 0 op=Apt+ kv,
Q,=| 0 -—-TI'—ikvico&T 0 ,
0 0 —I'+ikv,C088T

, , K=de(K)=(—J3"2)%[(¢?+2I')(B?+ v?) + 2k%v2B].
where we have used=A—«v. Our goal is to find the lead-

ing term of the asymptotic expansion in the powers: aff
the stable solution of syste). The mathematical details of
the solution are presented in the Appendix. Here we will
only emphasize that the PR condition

Let us discuss the origin and importance of the terms in
Eq. (7). The first term in large curly brackets corresponds to
the Lorentz contour in the vicinity of the atomic transition
J=6+sv, v=0(1), (5) frequency. Its expression coincides with the known one and

provides the known form for the regular case of scanning the
where J=(0?+2)'/2 is essential. Equatiofb) characterizes atom in resonant field by the probe wave.

the velocity of groups of atoms which suffice the PR condi- The second term in large curly brackets is an oscillating

tions. one. We can see that its magnitude is of the n&ighep
The asymptotical solution of systef@) for the first com-  order, due ta in the denominator. This term appears only in
ponent of vectoW is case the conditions of the parametric resonance are fulfilled.
Thus, we can conclude that the existence of thgféBulting
R=T(v)+S(v), ® in the appearance of the oscillating terms in the expression

for R) really leads to the appearance of the sharp fine struc-
ture on thex({2,,) plot, which can be calculated with the help
of Egs. (3) and (7). The fine-structure sidebands have the
amplitudes essentially larger than the peak corresponding to

T(v)=No?(B2+1v?)3%{s[ (0?4 2T')(B?+ v?) + 2k 3B]},

S(v)=—2\okv1J%(cosd7+ B sind7)/{e[(c®+2I")

X (B2+ »?)+ 2sz§B]}, the resonance .frequenoy, and are located symmetrically
aboutw at the distances equal to the external force frequency
B=1+T(1+0?). D

Substituting Eq(7) into Eq.(3), we finally get the follow-
We can see that if there is no low-frequency actioning expression for the probe-wave absorption coefficient de-
(v1=0), the leading term in functiofR expansion(6) does pendence on frequency:

0 J V2/u.2 aph I'o?(B?+1?)  Aoku,
X(Qp)=— | exp(— uT)W F282+0'S 2¢e

cog 67— ¢) |dV,

R 2(B?+19) Y g5 8%+ o521 e + 22— 26%) + (%2 + 5)%]M2

o202 %62~ 2) + (1 267+ 6) ®)
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o5(FeB—v8)+(I%e?+ 5% (I'eB+vd)
o5(Tev+Bo)+(I%e?+ 8°)(I'ev—BJ)

¢ =arctarg

[ll. DISCUSSION IV. CONCLUSION

To compare the results of the calculation with the experi- The result of this work is the calculation of the probe-
ment, we have to formulate the conditions for the physicalwave absorption spectrum for the case when the two-level
system and the experimental setup. While solving the probatom or ion in the resonant field suffers the low-frequency

lem we used the following assumptions. action of an external force. It is shown that when the para-
(i) Ap<<A;. This condition can be easily fulfilled in ex- metric resonance conditions are fulfilled, the absorption co-
periment efficient obtains the oscillating component with the ampli-

(i) y/(21’2A1)=e<1. This is a limitation on the laser in- tude, which is essentially larger than the constant
tensity. The excited-state decay rate has to be essentially lesemponent. This entails the appearance of the fine structure
than the Rabi parametdy; (Ed=7%A;, whered stands for in the probe-wave absorption spectrum, its location being
the dipole moment anH is the amplitude of laser radiatipn  dependent on the external action frequency. To reach the

(iii) V,<<v. This condition means that the atom’s velocity best sensitivity we can regulate the location of the sidebands
change during a quarter of period of the low-frequency forceby the simultaneous varying of the laser beam intensity and
action is small in comparison with atoms heat velocity external action frequency.

(v~10® m/s for room temperaturgsSo, the amplitude of the In the experiment this result can be observed in different
low-frequency external force, acting on an atom or an ionways. One of them is the low-frequency electric action on
should be small. If we speak of an ion placed into the low-the two-level ion. The other is a particular type of Brillouin
frequency electric field, then this field should be low inten-scattering when the TLAs are admixed to the buffer gas and
sive. If the TLAs are the admixture in the buffer gas, thethe acoustic action is produced. The above analysis of the
acoustic field should be low intensive. In both cases condidemands for the experimental situation shows the possibility
tion (iii ) is easily controlled. It should be noted that we con-of using the proposed method of optic-mechanical paramet-
sideredV; ande to be of the same order. \f;<e, then the  ric resonance for the investigation of the atom’s dynamics in
Q, matrix in Eg.(4) degenerates and the oscillating compo-various applications.

nent in the absorption coefficient vanishes. The effect of the

external action in this case might have been a certain in- ACKNOWLEDGMENT

crease in the absorption coefficient value due to the larger . ) .

number of atoms, taking part in the formation of the Doppler ~ The author would like to express his gratitude to A. Ka-
contour, because of their velocity oscillations. But as will beZakov for the useful discussions.

seen from item(iv), the scattering of velocities of atoms,

taking part in the PR, is of the order et i.e., the contri- APPENDIX

bution of oscillating motions with amplitudés,<e will be
negligible.

(iv) J=6+ev [v=0(1)]. This is the condition of the PR,
i.e., this combination of parameters provides the nontrivial J
form of the probe-wave absorption spectrum. Since — N(7)=(Qo+&Qi(7)N(7), N(0O)=I, (A1)
J=(d?+2)*? we obtain I7

We will start solving Eq(4) by solving the corresponding
homogeneous equation

where| is the unity matrix. Let us construct the matrices

A—kv==*[(6+ev)?—2]"2 E=diag[0,iJ,—iJ} and U,
N . . . 1 1 1
Substituting the initial variables, we see that the PR is pos- U==|1 Uo—-3) UJI+0o)]|,

sible only if D=2A,(1-2 Y%u). Then, if 2/?A,—|D|=¢7,

7=0(1) (5 can be negative as wglthe atoms taking part in 1 UJ+o) UJI=0)

the PR have the velocities with the help of matrixQ, eigenvalues, which are equal
to 0 and *J=x(c?+2)Y2 Introducing the matrix
— _ -1 H
. Qlk—w Iy 2L L(n=exp{—E7U""N(7) we transform Eq(4) into

J
— L(7)=eG(7)L(7),

The velocity scattering is of the order et’2 in ™! units, (A2)

k 1=(A.c2Y?)/w, andc is the light velocity. The condition G(r) =exp(—Er)U~1Q,(7)U exp(E7).

under discussion means that we have to control the relation

between the frequency of the external action and Rabi freTo solve system{A2) we will use the many-scales method
quency. This is true both for ions in the electric field and for[11]. We introduce the slow time,=e7, transform Eq(A2)
TLAs admixed to buffer gas in the acoustic field. into
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(9+
aT 8077'1

0
L(7,7)=eG(7)L(7,71), (A3) (9_7_1|—0(7'1):<G(7')>Lo(7'1), (A5)

and search for its solution in the form
where( ) means that there are no above-mentioned harmon-
L(r,m)=Lo(7, 7)) +ely(r, )+ - . (A4)  ics in theG(7) matrix. We regard the parametric resonance

The direct substitution givelsy(r,7)=L (), and we obtain which takes place when the following condition is fulfilled:

the equation folL j(7;), demanding that there are no secular

terms on the right-hand side of EGA8). Here it means that J=56+ev, v=0(1). (AB)
we should expel all th&(7) harmonics with frequencies of

O(1) out of the right-hand side of E4A3). Then the equa-

tion for Ly(7,) takes the form Substituting Eq(A6) into Eq. (A5), we get

J
— Lo(71) =(G(71))Lo(71),

07’1
i i i : (A7)
0?2+ 2T —ikvexplivry) ikvexp—ivry)
(G(1))=—372| —ikviexp(—ivr)  1+T(1+0?) 0
ikviexplivry) 0 1+T(1+0?)

The system (A7) can be transformed into the system with constant coefficients. We take maifix)
=diag{1l,exd—ivr)),expivry)} and designaté o(7)=Z(7)S(7y). Then systenf{A7) is as follows:

J o?+2r —ikvq i KU
a—s(Tl)sz(Tl), K=-J2 —ikv; 1+ (1+c?)—iv 0 (A8)
n ikvq 0 1+T(1+ 02 +iv

Solving Eq.(A8) we obtain
Lo(71)=Z(71)exp(Kry),

and thus the homogeneous equatféd) has the solution  Since the real parts of the matrik eigenvalues are strictly
~ negative and we search for the stable solution, we can omit
No(7)=U exp(En)Z(r)exp(eK)U™, the first term on the right-hand side of this equation and
regard only the upper limit when integrating. Then

W(r)=N(r)W(0)+N(7) fOT[N(x)]’1Cdx.

where Z(r)idiag{l,ex;i—isw),exp(levr)}. We can see
that exgE7)Z(7)=exp(id7), whered is the diagonal matrix

d=diag0,5,— 8}. Thus, the leading term of the asymptotic W (7r)=U exp(idr)exp(sKr)JT exp( —eKX)

expansion in the powers @f of the solution of the homoge-

neous equatiofAl) is X exp(—idx)U~1Cdx. (A10)
No(7)=U explidr)expeK r)U™ 1L, (A9)

Fulfilling the integration and neglecting terms of the order of
Equation(A9) can be used to obtain the solution of the non-¢, we obtain the leading term of the asymptotic fr the

homogeneous probleid), first component of vectow, and come to Eq(6).
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