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We consider the pumping of a quantum system (atom, group of atoms, molecule) in external fields or 
coupling fields through internal transitions under the influence of a resonance field which causes internal 
transitions of the system from one level to another and vice versa. Such transitions change the interaction 
of the system with an external field (changing the polarizability, dipole moment, and so on) and causes 
pumping of the system as a whole. We show that by varying the strength Eo(t) of the resonance field we 
can change the frequency of this pumping within wide limits: O(t)=2d12Eo(t)lh; this facilitates the 
pumping in the case of a non-linear external coupling which requires the frequency to change with the 
level of excitation. We show that the excitation of internal transitions can guarantee a continuous 
acceleration in alternating potential fields due to the change in the system parameters at the required time 
intervals or at the required spatial intervals. 

PACS numbers: 32.1O.Ks, 32.20.Ky, 42.50.+q 

INTRODUCTION 

Recently, starting with [1, 2J , there have been intensive 
studies of the possibilities of a selective multi -stage 
pumping of atoms or groups of atoms in molecules in 
external fields by means of powerful coherent radiation. 
In view of the fact that in many cases the pumping coup
ling is non-linear while the broadening of the resonance 
frequencies by the field Cl, 2J does not guarantee the sup
pression of the anharmonicity, one must for an effective, 
fast and strong excitation specify and realize a fast 
change with time of the exciting frequency, [lJ or apply a 
set of resonance frequencies, [3J or change the resonance 
frequency of the coupling through external agents, [4] 

which is not always convenient and effective. 

We study in the present paper a method proposed in [3J 

for pumping a quantum system (atom, group of atoms, 
micro-particle) in an external field or a coupling field in 
a molecule by the excitation of internal transitions in a 
quantum system. The change of the pumping frequency 
of the system in an external field can then be guaranteed 
simply by changing the field amplitude which accom
pUshes the internal resonance transitions. 

1. INTERNAL TRANSITIONS 

We assume that the quantum system (atom, molecule, 
and so on) has electronic or vibrational levels and is ex
cited by an external field Eo sin wt with a frequency w 
which is close to the frequency of the transition between 
the levels 1-2: Wo = (6' 2 - 6" l)/h while transitions to 
other levels are either impossible or have a low proba
bility. The behavior of the system can in that case be 
described rather well by a two-level system in a reson
ance field (see, e.g., [5J ). Such a system performs tran
sitions from the one level to the other and vice versa 
with a frequency 

Q~ {( w-wo) '+ (2d.,Eolh) '} "'''''2d.,EoIh 

when the mismatch is small w - woo Here d 12 is the 
dipole matrix element of the transition between the 
levels, Wo is the resonance frequency of the transition. 
Normally, the frequency n for migration from one level 
to the other and vice versa is much less than the fre
quency We of the resonance transition, n « woo We see 
that the migration frequency can easily be changed by a 
change in the amplitude Eo(t) of the resonance field. 
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If the system has different interaction potentials in 
the external field in the different states the internal 
transitions can be used for an external pumping of the 
system. 

When Wo »n we can neglect the change in the fre
quency Wo when the system moves in external fields Eext 
because of the small polarizability of the internal states. 
Indeed, [5J as AW~l) = 0, 

~wo"'~w:') "".E' I Vmnl'/(g m-gn) '" Id"Eexti'lk'wo. 

and the resonance broadening Awres "" n "" d 1,Eo/h so 
that the drift of the frequency Wo due to the motion of the 
system in the external field is less than the width of the 
resonance line: 

which is satisfied even when Eext ~ Eo. 

We estimate the necessary resonance fields for the 
excitation of the internal transitions which are sufficient 
for the realization of the frequencies of the external os
cillations: Eo = hn/2d12• If one needs to achieve pumping 
in the infra-red band with n "" 1013 to 1014 s-t, we need, 
when d "" 10-18 in SI units, Eo "" 5 X 103 to 5 X 104 in SI 
units, and then the resonance frequency of the internal 
transitions can be guaranteed to satisfy w »n in elec
tron or vibrational transitions. To excite oscillations in 
the coupling field at the surface (3J one needs n "" 1012 to 
1013 s-t, i.e., fields Eo ~ 5 X 102 to 5 X 103 in SI units, 
and for molecular vibrations or frequencies in external 
fields 

Q'" {KIM} "'''''{U, moxIUM)"', 

where the coupling energy in the field Uo "" O!E~xt for a 
polarizable particle with a polarizability O! "" a 3, a the 
size of the particle, and L the width of the potential well. 
In that case 

Q""Eext / LiP, Eo""kEext l2d.,L'/p, 
p-Mla'. 

In the case of a dipole external coupling 

Uo""PEext , Q"'(PEextIM)'''./L, 
Eo""k(PEextl M) "'/2d 12L. 

In these cases the necessary Eo may be small. 
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2. BUILDUP OF OSCILLATIONS OF THE SYSTEM AS A 
WHOLE IN EXTERNAL FIELDS WHEN THERE ARE 
INTERNAL TRANSITIONS 

We assume that in the different internal states 1 and 
2 the system has different polarizabilities or dipole mo
ments, i.e., different interaction potentials in an external 
field, VI(x) and V2(X). One can split off the time-depend
ence, writing for the total potential: 

u=u, cos' Qt+U2 sin' Qt='/, (U,+U,) +'/,(U,-U,)cos 2Qt 
=U eff(X) +u(x) cos 2Qt. 

This shows that the excitation is equivalent to an excita
tion under the action of an additional term u(x) cos 2m 
(equivalent to a force F"" V'u(x) cos 2m) in the field 
Veff(x). 

If VI and V 2 differ little the form of Veff is the same 
as that of Vb and u « VI and can be assumed to be a 
small perturbation. If both potentials are parabolic: 

we have also 

U K,+K, { x,K,+x,K, }' 
eff=-- x- +C 

2 K,+K, 

as a parabolic potential while their difference u(x) can 
be either parabolic or linear. 

In the general case the V are not parabolic, and if the 
levels of the system in the field Veff are given, we can 
study the pumping regime, giving the expansion 

u(x)~a+~x+yx'+ .... 

We restrict ourselves to begin with to the linear 
terms of the expansion. The coefficient {3 = Fo is the 
amplitude of the force of frequency 2n. If this frequency 
approaches the resonance frequency of the external 
coupling 2n - no, we get in the case of a harmonic ex
ternal coupling (quantum harmonic oscillator with a 
parabolic form of Veff) the probability for the excitation 
of the n -th level: 

Wn~ (iln!) (it/kQ) n exp {-it/kQo}, 

where t! is the work done by the external force on the 
oscillator: 

it= (SFodt)' /M""(Fot)'/M 

when the frequencies are the same. 

In the case of an anharmonic external coupling the 
passage through the levels can be guaranteed by varying 
the frequency 2n(t) with time (this method was proposed 
in [1J). In our case such a change is realized by decreas
ing Eo(t) or by the successive inclusion of the resonance 
frequencies 

2Q=Qo" Q", Q03 etc., where Q,,=(it,+,-it,)lk 

and so on, If is the energy of the system in the external 
field. (Such variations in the frequencies correspond to 
stepwise, ladderwise decreases in the amplitude Eo of 
the resonance excitation of the internal vibrations.) 

x=A (t)cos(Qo+M2)t+B(t) sin(Qo+M2)t, 

we get for the growth of the amplitudes A ~ B ~ est, 
where 

8'='/,[ (y/2Qo)'-/l'l, 

i.e., we have s = y/4no as 6 - O. 

The excitation of low-frequency oscillations by high
frequency ones can turn out to be useful when one uses 
lasers in the appropriate band to excite internal transi
tions which guarantee buildup of oscillations of the sys
tem as a whole with smaller frequencies. 

When there are internal transitions it is possible to 
excite the vibrations of atoms in molecules, at the sur
face, [3J in external fields to select, separate, or simply 
heat the material. It is possible to use the method con
sidered here to separate isotopes. 

One can use the induced migration in atoms and mole
cules at the surface of a substance for pumping and the 
emission of powerful hypersound [3J when there are 
shocks at the surface with a pressure amplitude ps 
~ NIMvn, where NI is the number of atoms per cm2 of 
the surface, M the mass of an atom, v the velocity, and 
n the frequency of the oscillations on the surface. 

3. CONTINUOUS ACCELERATION IN POTENTIAL 
FIELDS WHICH ARE MANY TIMES REPEATED IN 
SPACE 

It is well known that a particle can not pick up energy 
monotonically in potential fields with an alternating 
polarity. However, if the particle parameters-charge, 
dipole moment, polarizability, and so on-could change 
with time, continuous acceleration can be realized. 

In our case internal transitions of the system can 
change the polarizability of the dipole moment in the re
quired time interval and continuous acceleration may be 
realized through a multi-periodic potential field. We as
sume that the potential of the system on the external 
fields V = Va sin2 kz is given, where in the case of the 
polarizability Va = QlE~xt. The equation of motion of the 
system as a whole is then 

Mi=a(t)E:xtk sin 2kz. 

The solution z(t) of the equation can determine the form 
of QI(t) which is necessary for continuous acceleration. 
For instance, we give O'(t) = O'osin2kz. Multiplying both 
sides of the equation of motion by i and integrating we 
get 

i , S', i 2 ( sin 4kz ) 
Z-M(v'-vo')=a"Eextk sin 2kzdz="4aoEextk z-----;;;;-- , 

o 

i.e., when z » 1/4k 

and the asymptotic behavior 

The case u ~ yx 2 corresponds to the case of the modu- when 
lation of the hardness of the oscillator. In the case of a a(t) ""ao sin(aoE:xt k 2t'/4M) , 
classical oscillator it reduces very simply to the equa
tion 

;;+Qo' { i + ~/os 2Qt }x=o. 
We consider the case which is close to strong pump

ing: 2n = no + 6 and substituting in the previous equa
tion a solution of the form [6J 
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i.e., a change in the resonance field 

Eo(t)=kQJ2d" = ....!!:..-(aoEe~tk'tI4M). 
2d" 

In the case of the acceleration of a modulated dipole 
moment P(t) = Posinkz we get V"" P(t)Eext{z) and when 
Eext{z) = Eext cos kz 
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We note that the action which changes the internal 
state can vary not only with time, but also in space, being 
localized in well-defined sections of the trajectory. 

The continuous acceleration is the analogue of the 
continuous acceleration of a plasma and of plasma 
bunches, considered in [7J • 

Accelerated atoms can find a wide range of applica
tions in plasma physics (diagnostics, populations) for 
"hot" chemistry. For the external fields one can use 
standing light waves or microwaves, electrostatic fields 
with an alternating polarity, and so on. 
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