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Optical transition and momentum transfer in atomic wave packets
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It is shown that the population Rabi oscillations in a lossless two-level atom, interacting with a monochro-
matic electromagnetic field, in general, are convergent in time. The well-known continuous oscillations take
place because the restricted choosing of initial conditions, that is, when the atom is chosen on ground or
excited level before the interaction, simultaneously having a definite value of momentum there. The conver-
gence of Rabi oscillations in atomic wave-packet states is a direct consequence of the Doppler effect on optical
transition rategRabi frequencies it gradually leads to “irregular” chaotic-type distributions of momentum in
ground and excited energy levels, smearing the amplitudes of Rabi oscillations. Conjointly with Rabi oscilla-
tions, the coherent accumulation of momentum on each internal energy level monotonically diminishes too.
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[. INTRODUCTION frequencies on the rate of optical transitidif&bi frequen-
cies. Simultaneously, a strictly important result has been
It is well known that due to interaction with a plane trav- obtained for atomic internal levels populatiofgopulation
eling wave the atomic momentum may be changed in limiteamplitudeg, according to which the Rabi oscillations of
of one photon momenturfik. This limitation follows from  populations for wave-packet atomic states have a damping
momentum conservation law, and, concerns total atomic mdsehavior in general. It is worthwhile to remember that the
mentum. As to momentum per each internal energy level, agell-known continuous periodic behavior takes place for
was shown recently1], its change may be great and may “ordinary,” fully unexcited, or fully excited pure initial
even further surpass the coupling photon’s momentikn  states, that is when the time evolution of populations begins
This is the case when the atom initially is in a superpositiorfrom only one populated internal energy level, and, in addi-
state of lower- and upper-energy levels with sofiéferent  tion, this populated state has definite value of momentum.
in general momentum distributions there. In other words, The quantum-mechanical behavior of a two-level atom in
optical transition between atomic wave packet-states is adhe near-resonant, plane-wave monochromatic radiation, tak-
companied by large-scale coherent accumulation of momernng into account the atomic kinetic energy operator, was con-
tum in internal energy level&CAMEL). sidered earlier many timdg], very similar to ours were in
This phenomenon, which, as we hope, will have far-Refs.[3,4]. In Ref.[3] the atom initially is on one energy
reaching consequences for atomic and molecular physics, level and the analysis is limited by narrow momentum dis-
presented in Refl1] in the form as simple as possible. In tributions and short times of interaction. As a consequence, a
particular, the operator of kinetic energy of atomic transi-splitting of an extra narrow wave packet into two subpackets
tional motion was not included in the Hamiltonian of the has been created due to interaction. In Réf.the authors
atom-field system. Nevertheless, this operator has not only eestricted the analysis by the definite momentum and one
guantitative, but also a qualitative contribution into the pic-energy-level population case. As a consequence, only the
ture of interaction. For instance, such an important phenomeontinuous periodic behavior, taking into account the
enon as the Doppler shift of frequencies is introduced intaenergy-level splittings due to photon momentum exchange,
the theory (in laboratory framg by means of before- has been obtained there for energy level’s populations.
mentioned operator. Therefore, in all cases, the more logical Taking into account the results of this and previous papers
theory of atom-field interaction, concerning the atomic wave 1], the following may be stated about the role of initial
packet-states, should contain the atomic kinetic energy opzonditions. For more general quantum-mechanical initial
erator, unquestionably. This is done in the present papestates, including the atomic wave-packet transitional states,
Here we consider an optical transition in the two-level atom(a) the Rabi oscillations have damping in time oscillatory
which has been prepared in general quantum-mechanicaharacter andb) the optical transitions are accompanied by
transitional states for lower- and upper-internal energy levsaturating accumulation of momentum on the internal energy
els. The behavior of level population and momentum transfelevels. Choosing the initial population only on the one inter-
between energy levels is considered in details. It is showmal energy level annihilates the possibility of CAMEL phe-
that the CAMEL phenomenon, which exhibits regular peri-nomenon. If, in addition, the populated state has only a defi-
odic behavior in the time when the kinetic energy operator isnite value of momentum, then the damping behavior of Rabi
not taken into account, really has a damping periodic behawescillations disappears too. Only for the simplest initial con-
ior and it is due to the influence of the Doppler shift of ditions the behavior of interaction obtains continuous peri-
odic nature and exchanges one photon momenilnbe-
tween internal energy levels.
*Email address: muradyan@ec.sci.am; yndanfiz@ysu.am This paper is organized as follows. The Satinger equa-
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tion and the stationary solutions in momentum representationonsequences. So, hereafter, it is worthwhile to deal with
are presented in Sec. Il. The time evolution of level popula-atomic amplitudes in the momentum representation. More-
tions and the transfer of momentum and kinetic energy beever, just in momentum representation, the eigenvalue prob-
tween internal energy levels are examined in Secs. Il andem for the system under consideration has analytic solutions

IV, respectively. [3.,4].
ExpandingA(z,t) andB(z,t) amplitudes into momentum
Il. ROTATING-WAVE APPROXIMATION STATIONARY space on the basis of definite momentum states
SOLUTIONS OF SCHRODINGER EQUATION )
IN MOMENTUM REPRESENTATION _ 1 I
X(p)= _exp(gpz), (5)
Let us consider the near-resonant interaction of a two- 27h
level atom with a plane-wave radiation fidll]. The Hamil- that is
tonian of this system is well known and, taking into account
the translational motion of atom, can be presented in the
form Aun=Jawnmem mL0=fbmnxwma
~ E)Z ﬁwo,\ ~ (6)
H=om ™ 2 o3tV (1) we substitute all related quantiti€t)—(6) into the Schre

dinger equation
whereM and w, denote, respectively, the atomic mass and
optical transition frequency}3 is quasispinPaul) operator. it —=Aw. (7)
Second term presents the free atom with wo/2 and# wq/2 at
energies in lower- and upper-energy levels. The last rm ager standard transformations, we arrive for seeking ampli-

presents the interaction of the atom with the external udesa(p.t) andb(p.t) to
traveling-wave field, and can be written in the dipole ap- (p.1) (p.0)

proximation as ~da(p,t) p?  fwg AV
o gt "\am Tz jap - e ib(p—ik,b),
whered is the dipole moment operator for optical transition. db(p,t) P2 fwg EQ
We will present the intensity of the plane traveling wave in i% i (W_ T) b(p,t)— Te"”ta(erhk,t),
the form ©)
E(t.2)=E, explikz—iot)+c.C., @) where ) =2dE,/# is the parameter of induced transitions

and commonly referred to as Rabi frequeri6y. This sys-
dgm fully coincides in form with the system of Eq8), (9)
n Ref.[4], and its stationary form should be coincide with
he system5) in Ref.[3].

whereE, is constantw andk= w/c represent the wave fre-

included into the field of investigation. Such an approach i

valid, as is well known, for purely linear or circular polar- ) .

izations of the wave. A general solution of Eq98) and(9) is
Denoting by<pg(5,t) and <pe(§,t) the wave functions of a(p)—B(p)

ground(g) and excitede) energy levels § is atomic internal a(p,t)=— (—Z,B(p) a(p,0)+ 25(p)
coordinate, i.e., the radius vector of optical electron relative

b(p-+7k,0)

to atomic center-of-magsthe wave function of the interact- Ciog®)t a(p)+ B(p) 0
ing atom may be written in the following form: xe o 28(p) a(p.0)
whereA(z,t) represents the atomic probability amplitude to
be on the lower level and have a space-coordizait the a(p)+B(p)
time momentt; and the other coefficier(z,t) represents b(p+7k,t)=| - Wa(p,OH T 28(p)
the same for the upper level atom. Note, that the coordinate
zin Eq. (4) represents the atomic center-of-mass position in o)t Q
the wave direction; and hence, the plane wékincludes Xb(p+1k,0) e etP 4 28(p) a(p.,0)
only this single variable, the case can be considered as a
guestion of one dimension. a(p)—B(p) .
In this paper, our attention will be focused onto the time  2B8(p) b(p-+7k,0) e =Pt (11)

evolution of atomic populations and momentum distributions
on lower and upper internal energy levels and their physicaHere,
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h 2
a(p)=++ — +A, (12 |A(p,b)

and may be viewed as a generalized detuning, which in-
volves the field-atom detuning = wy— w, Doppler and re-
coil shifts pk/M and#k?/2M, respectively. It really repre-
sents the usual field-atom detuning viewed from atomic
center-of-mass frame of reference. The second term

2
+0Q2, (13

_\/(m@ pk
BP)=\ syt v ta

and represents merely the so-called generalized Rabi fre-
qguency, including the generalized detuniafp) instead of

-100 100 p

common frequency detuningy. Primed and nonprimed fre- FIG. 1. Wave-packet momentum distribution in internal atomic
guencies in exponents are energy level at three consecutive instances of time: initiglafter
4 (b), and after 12c) Rabi oscillations of central part of distribu-
, p2 (p+ ﬁk)Z B(p) tion. The tendency to chaotization due to interaction is obvious. The
wgye(p)z E(WJFT:ﬁw) -——, (19 ordinate, probability density in momentum space, is scaled to in-

verse photon momentunvik) ~1, following from normalization
condition f|A(p,t)|2dp=1. Momentump (abscisspis scaled to
® (p):i p_2 Miﬁw +@ (15) photon momentunik.

9.€ 2h\2M 2M 2

and represent the energies of system quasistationary states, ne=f |b(p,t)|%dp, a7
double-splitted, as in familiar theory, in both excited and
ground levels. The size of splittry igg— wy=we— wg
= B(p). Note, that plugging in Eqg10), (11) b(p,0)=0,
a(p,0)=46(p—poy), we arrive at the case, analyzed in Ref.

[4].

for excited energy level. The typical form of time evolution
for these populations is presented in Fig. 2. As is seen, the
Rabi oscillations are gradually flattened due to redistribu-
tions of momentum states for interaction time. So, the mo-
mentum dependence of probabilities for optical transitions
1. POPULATION AND MOMENTUM PER INTERNAL (Rabi oscillationy arising due to a Doppler shift of frequen-
GROUND AND EXCITED ENERGY LEVELS cies, leads, in general, to damping in population oscillations

Let us now proceed to the calculation of such physicaland to the establishm_ent of definite-valug populations_in in-
guantities as population and mean momentum in each atomfgmnal energy Ie_vels W|thou_t any mechanism of relaxation.
internal energy level, and to their distributions in momentum | "€ expression of atomic momentum
space. Time evolution of population distributions has been
determined and is presented by EG9) and(11). The main
peculiarity of these formulas is thgirdependence due to the
Doppler effect, which will play a key role in further present-
ing results. It, first of all, disturbs the population distribution  n()
in momentum space and gradually transforms the initial 1
smooth distribution into the modulated, chaoticlike one. A
behavior of time evolution is illustrated in Fig. 1. Curee s
represents the initial distribution, cune—after four Rabi-
oscillations (for central range of distributionand curve ;¢
c—after 12 Rabi-oscillations. For simplicity, the excited
level was assumed to be initially empty, and the preserving, ,
symmetry aboup=0 value is conditioned by this assump- ;
tion. In general, when both energy levels are populated, evey, , |:
symmetric with respect to some values of momentum, any |/
symmetry in distribution is being lost rapidly.

<p>=f ¥*p¥dpdz, (18)

Total population of internal energy level is 0.1 0.2 0.3 0.4 0.5
FIG. 2. Time evolution of internal energy levels’ total popula-
n :f la(p t)|2dp (16) tions. Ground level is initially populated in wave-packet state, but
9 ' ' the excited level is initially empty. The scaled time w,t, where

w,=1k?2M is recoil frequency. This scaling is preserved in fol-
for ground energy level, and lowing figures, too.
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FIG. 3. Time evolution of mean momenta of internal ground ) ) ) )
energy level. Curvel exhibits the case, when only ground energy /G- 4. The same, as in previous figure, dependencies for ex-
level is populated in wave-packet stdtee Fig. 1 CurveB, in  cited internal energy level.
contrary, exhibits a more general, wave-packet case, when both
internal energy levels are initially populated. Level momentum dis- Pg=(P)g/Ng and pe=(p)e/ne, (22
tributions are shifted with each other and this shift amounts to
20 7k. Mean momentuntordinate is scaled to photon momentum

k. This scaling is preserved in following figures, tagp to Fig. 6. the time evolution of which should be solely conditioned by

redistributions in wave-packet momentum stareferred to
as coherent accumulation of momentum on an internal en-
Lray leve). For familiar optical transitions with continuous
periodic Rabi oscillations, new introduced momentums
andp. are constant in the course of time and emerge as mean
(P)=(P)g+(Pe, (190  values of normalized momentum distribution per each en-
ergy level. Indeed, it is readily simple to verify it by direct
first of which represents the amount of contribution of substitution and the reason is the fact tfgt, . momentums
ground level states into the atomic momentum and is prein nominators andhg . in denominators in E(22) have the
sented in general as same form of time dependence for familiar optical transi-
tions, with continuous periodic Rabi oscillations.
The typical behavior op, andp, for wave-packet initial
<p>9:f la(p,H)|*pdp. (20 states isyF;))resented in Fig?S an%e Fig. 6. Firpst, one of them
elucidates the so-called “intermediate” case, when one in-
The second term has the same sense for excited level andtisrnal energy level is initially populated by wave-packet
states, but the other energy level is empty. As is spgland
<P>e=f Ib(p,t)[2pdp. 21) p. are n_ot_al_ready constant, but their variations are sup-
pressed in limits of one photon momentdirk and, probably,
) . ) . do not present any special interest. A strictly different behav-
It should be mentioned that these quantities, besides being, manifests the more general ca$ég. 6), when both in-

the ingredients of total atomic momentum, in accordanCqern,| energy levels are initially populated by wave-packet
with first principles of quantum mechanics, have their owng;atag Nowp, and p, momentums are being changed in
physical meaning and are measurable quantjti¢s g ¢

A typical form of momentum time evolutions is illustrated o(3)
in Fig. 3 and Fig. 4; first, for ground energy level and sec-
ond, for excited energy level. For thorough representation we 2.5
distinguish the cases, when only ofggound energy level is
initially populated(solid line) and when both energy levels
are populateddashed ling In the last case, the momentum 1.5 N — pg®
distributions on each internal energy level have the same I :
form and overlap each other partly. As is seen, the characte [~ | % ;
of momentum time evolution is independent on concrete g s /\ /\

NS

after elementary substitution of general expresginand
respective standard transformations can be expressed a
sum of two termg1]

1

o B

conditions of state preparation and behaves as a damping ¢
oscillations in all cases.

To turn to second goal of this paper, to uncover the time_
evolution for CAMEL phenomenon, it is necessary to pick
out from level momentumgp), and(p). the parts, condi- FIG. 5. Time evolution of normalized momenyg andp, when
tioned by population evolution. To this end, a pair of nor- only one of the internal energy levelground is populated initially
malized momentums can be introduced into the th¢tfy in wave-packet state.

0.1~

‘n’/z\ /}3/\0/}/\051

0.5
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. . . FIG. 7. Time evolution of kinetic energy per each internal en-
FIG. 6. Time evolution of normalized momengg and p, for . S .
o ) fray level and per total atom. The atomic population initially was in
more general superpositional case, when both internal energy levels S
are initially populated in wave-packet states one energy level and had some momentum distributiarterme-
’ diate” wave-packet stajeHereafter, the kinetic energyprdinate
. . . . . is scaled to recoil energl, =72k?/2M.
essentially exceeding thik limits, directly exhibiting the o
essence of CAMEL phenomenon. For initial intervals of IN- 1 ations after instant switching on of the interactibecause

teraction time it hgs e:_ssentlal qscnlauons, whlc_h later, in f.uIIOf the principle of time-energy indeterminacyvhich gradu-
analogy with Rabi oscillations, is depressed. Itis Worthwhlle,aIIy disappears

probably, to note that the depressing concerns to oscillations The behavior of normalized quantities

only, but not to CAMEL phenomenon on its owpg andpe '

tend to definite values, different from their initial values. The Eina=(Exin)e/N (26)
reason for this convergence is the gradual chaotization of kin.g kin/g" g

momentum distribution in each internal energy levete

Fig. 1), when the further evolution leaves less and less sig- Exine= (Ekine/Ne. (27)
nificant influence on the system behavior, in particular, on
the CAMEL behavior. are presented in Fig. 9 and Fig. 10. The role of initial-state

preparation is obvious for kinetic energy, too and is totally

consonant to the case of momentum behavior.
IV'GTSQSNSSA;'L%NQ;C?ESEL;REGRY'NLTE‘\E/ETQL Nevertheless, there is a very important difference between

the behaviors of momentum and energy, if the internal and

We have also made an analogous set of calculations fdhe external degrees of atom are discriminated for the inter-
the kinetic energy of atom. It can be readily verified by stan-action. The photon momentum can be transferredotobe

dard calculations, that th@ 9)-type splitting is true also for obtained from external translational degrees of atom only,
kinetic energy: while the photonic energy deals with both internal and exter-

nal degrees of freedom, herewith, the internal part is the
(Exin) ={Exinyg+ (Exinye (23  main one. As a consequence, a logically correct scale, as the

photon momentum is for atomic translational motion mo-

mentum, absent for atomic translational moti&metic) en-

with ergy. That is why the question about CAMEL-type phenom-
p2
(Exin)g= f la(p.)|? 5y dp. 24 PO
gop "
p’ g
(Eunbe= [ Ib(p.0 3rdp @ o

presenting the part contribution of ground and excited inter-"""
nal energy levels into the atomic kinetic energy. Time behav-
ior of Egs.(24) and(25) for one-level initial population case 200
[a(p,0)#0,b(p,0)=0] exhibits, of course, continuously
flopping behavior for familiar one-state population case and T
oscillatory converging behavior for one-level wave-packet -
populated caseFig. 7). The general, both-level population  FiG. 8. Time evolution of kinetic energy per each internal en-
case with different wave-packet distributions, is presented irergy level and per total atom in general quantum-mechanical case,
Fig. 8. For comparison, there we also present the total kinetighen both energy levels are populated in mutually different wave-
energy of atontthick lineg. Note that they have some fluc- packet states, as in Fig. 3.
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FIG. 9. Time evolution of kinetic energy, normalized by respec- FIG. 10. Time evolution of kinetic energy, normalized by re-
tive level populations. The initial state is “intermediate,” as in spective level populations. The initial state is general, as in Fig. 8.
Fig. 7.

only in appearance; the presented phenomenon is conceptu-
enon quantitatively in the translation&inetic) energy space ally different from one of nutation of population. The pre-
looks to be problematic, at least hitherto. sented one is a quantum attribute of a single atom and is
directly conditioned by quantum mechanical principle of su-
V. CONCLUSIONS perposition(fc_)r translationa}l statgs while at the ph_er_mm-

enon of nutation of population each atom has a definite value

The detailed analysis of a two-level atom behavior in theof momentum(velocity) and the damping of oscillations ap-
field of near-resonant monochromatic radiation shows that ipears to be due to momentuwelocity) distribution over the
guantum-mechanical wave-packet states, the Rabi oscillatomic ensemble, for instance, Maxwellian distribution in
tions between internal energy levels monotonically decreasgas sample. The nutation of population has not any relation
for long times of interaction. The reason for decreasing is théo quantum-mechanical principle of superposition and,
momentum dependence of optical transition probabilities, orthereby, is not quantum-mechanical phenomenon in that
in more usual laser physics terminology, due to the Dopplersense.
shift of Rabi-oscillation frequencies.
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