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Nuclear-coupled Rabi oscillations
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The role of electronic resonances due to a laser field of appropriate frequency is investigated in laser-assisted
internal conversion~IC!. After the IC creates a vacancy in the electron shell, Rabi oscillations of an electron
may take place in the presence of a resonant laser field. By deriving a no-go theorem, we show that a resonant
process of this or, in fact, any related sort has no effect on the nuclear decay rate. This finding seems to
contradict some earlier theoretical predictions in this field.
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In the last 15 years there has been a great deal of inte
in laser-assisted internal-conversion~IC! processes@1#. In the
early works nonrelativistic Volkov and Coulomb-Volkov so
lutions were used for the description of dressed electro
states to include those processes where IC was assiste
the absorption of many laser photons@2#. Afterwards,
electron-bridge processes were also studied in the pres
of laser radiation@3#, including the role of resonances in ca
of some special isomers@4#. Then several papers were a
dressing the role of electronic resonances in the presence
laser field tuned to the electronic transition in these exo
cases@5#. Moreover, in the case of processes involving
least two steps, such as, electron-nucleus and laser-ele
ones, emerging resonances were treated using approa
very similar @6–8# to the approach of Breit and Wigne
which was used to describe nuclear resonances@9#.

Some of these papers@7,8# predict the possibility that the
rate of the laser-modified inverse IC process~the laser-
assisted process of nuclear excitation in electronic transit!
may be increased significantly due to its resonant chara
Specifically, these papers deal with229Thm, which is an ex-
otic nuclear isomer with nuclear excitation energy of 3
61.1 eV. The assumption was made in Refs.@6–8# that the
nuclear transition may be resonant with a bound-bound e
tronic one. However, the difference of the nuclear and e
tronic transition energies is much larger than the correspo
ing nuclear energy width. Consequently, one cannot sp
about resonance in this case at all~the term becomes ver
misleading! and the use of the Breit-Wigner formula cann
be justified. In the two-step process the laser helps to sa
the requirement of energy conservation only. In a recent
per @10#, we have shown that contributions of both secon
order graphs to the process investigated in Refs.@6,7# as well
as all intermediate states have to be taken into account in
calculation. As improper treatment of resonances has h
pened before, it is important to clarify which process can
considered a resonant one in the case of laser-ass
electron-nucleus combined processes.

In fact, three different kinds of resonances can occur
the case of laser-assisted IC processes. First, when two
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tronic states, one occupied and one empty, are coupled
laser of appropriate frequency, Rabi oscillation of the el
tron arises@11#. Then IC takes effect on the oscillating ele
tron, kicking it into a free state. If the two coupled electron
bound states are sufficiently close to each other, so that
IC rate can be considered to be equal for both, the reso
character of the process has no influence on the rate of
IC. Second, if there is resonance with some intermed
state of a higher-order nucleus-electron-laser process, th
has been shown@12# that the poles that arise can be avoid
and ultimately do not give rise to any increase in the IC r
and no effect is expected due to the resonant character o
process. However, in the third case, the resonance may o
in the final state, viz., after the IC has created a vacan
Rabi oscillations can arise due to a laser with appropr
frequency. In this paper we investigate the effect of the re
nance in the final state and take into account the Rabi os
lation of the participating electron, in a general way.

To describe the electron-nucleus-laser processes, we in
duce a system that consists of two electrons and the nuc
interacting with them, and a laser field which can resonan
modify the state of the participating electrons, but can
directly affect the state of the nucleus. Let us suppose
initially both electrons are bound and they are in their grou
state, but the nucleus is excited, e.g., it is in a metasta
state. The deexcitation of the nucleus causes one of
bound electrons to get into a free state~in the process that is
called IC! and the atom becomes ionized. The resonant la
field can give rise to Rabi oscillation of an other electr
between two bound states of the ion. The whole proces
treated in the second order of the perturbation theory.

The Hamiltonian of the unperturbed electron system c
be written as

H05\S v1 0 0

0 v2 0

0 0 v3

D , ~1!

wherev15E1 /\, v25E2 /\, andv35E3 /\, andE1 , E2 ,
andE3 are the energies of the electronic states of the syst
©2002 The American Physical Society02-1
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numeric 1 refers to the state where both electrons are bo
while 2 and 3 refer to those cases when one electron is
and the other is in one of the two bound states coupled by
laser field. To take into account the decay of these electro
states, we introduce the complex energy operator

i\G5 i\S g1 0 0

0 g2 0

0 0 g3

D ~2!

andg1 , g2 , andg3 describe the rate at which the states 1,
and 3 decay.

The interaction between the laser field and the bou
electron can be represented by the matrix

H1522\Vzcos~vt !S 0 0 0

0 0 1

0 1 0
D . ~3!

Here Vz5pzEz /\ is the Rabi frequency, characterizing th
coupling strength between the electronic transition and
laser. Furthermore,Ez is the amplitude of the laser field~the
laser is linearly polarized in thez direction!, 2pz is the z
component of dipole moment of the transition 2→3, v is the
angular frequency of the laser, andt is the time in the frame
of reference.

To describe the interaction with the nucleus, i.e., to
scribe the IC process, we write its Hamiltonian as

H25Ve2 ivgtS 0 0 0

1 0 0

0 0 0
D , ~4!

whereV is the potential created by the nuclear transition fo
current and felt by the electron. It contains the Coulom
potential and current-current terms in the case without re
dation, and its explicit form is not needed in our calculatio
vg5Eg /\ and Eg is the energy of the nuclear transitio
transferred to one of the electrons in the first step of
process. The above asymmetric form ofH2 is a consequence
of the fact that we have neglected the probability of reex
tation of the nucleus. ThusH2 can only induce an 1→2
transition.

Now let us transform our system by the unitary opera
U05ei (H0t)/\. In this interaction picture, the Hamiltonian o
the laser interaction is
04540
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H152\Vz~eivt1e2 ivt!S 0 0 0

0 0 eiv23t

0 eiv32t 0
D , ~5!

wherev235v22v3 andv325v32v2. After employing the
rotating-wave approximation, i.e., neglecting the rapidly o
cillating terms, we get

H152\VzS 0 0 0

0 0 eiD0t

0 e2 iD0t 0
D , ~6!

with D05v232v. Note thatv231v@D0. We also obtain
for H2 in this transformed picture

H25VeiDtS 0 0 0

1 0 0

0 0 0
D , ~7!

where we have introduced the notationD5v122vg and
v125v12v2.

Let us transform our system again@13#, getting into the
oscillating picture which is defined byH1. The unitary op-
eratorU1 of such a transformation is given by the equati
i\(dU1 /dt)5H1U1, and the solution is easy to find if w
take D050, i.e., the laser is resonant with the transition
→3,

U15S 1 0 0

0 cos~Vzt ! i sin~Vzt !

0 i sin~Vzt ! cos~Vzt !
D . ~8!

The transformed Hamiltonian,Ĥ25U1
†H2U1, takes the form

Ĥ25VeiDtS 0 0 0

cos~Vzt ! 0 0

2 i sin~Vzt ! 0 0
D . ~9!

Similarly the transformation ofG yields
Ĝ5U1
†GU15S g1 0 0

0 g2cos2~Vzt !1g3sin2~Vzt ! i ~g22g3!sin~2Vzt !/2

0 2 i ~g22g3!sin~2Vzt !/2 g2sin2~Vzt !1g3cos2~Vzt !
D , ~10!
2-2
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which becomes diagonal if we assumeg25g35g,

Ĝ5S g1 0 0

0 g 0

0 0 g
D . ~11!

In the following, we introduce the wave function of th
three-level system as uc(t)&5c1(t)u1&1c2(t)u2&
1c3(3)u3&, whereu1& is the vector representing state 1, an
respectively, for the others. The time dependence of the
tem is contained in the expansion coefficients and the Sc¨-
dinger equation in the second interaction picture can be w
ten as

i\
dcn

dt
5~Ĥ22 i\/2Ĝ !nmcm , ~12!

for n,m51,2,3 and summation overm is assumed. From
here we obtain the following explicit equations for the e
pansion coefficients:

dc1

dt
52

g1

2
c1 , ~13!
s

th

n,
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e
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dt
52 i

V

\
eiDtcos~Vzt !c12

g

2
c2 , ~14!

dc3

dt
52

V

\
eiDtsin~Vzt !c12

g

2
c3 . ~15!

Here, due to the series of transformations,c2 and c3 are
already decoupled. Inserting the solution of Eq.~13!, c1
5c1(0)exp(2g1t/2), into the equations forc2 and c3, and
making the reasonable assumptiong1!g we can integrate
these equations. Note thatg15 ln 2/T1, whereT1 is the life-
time of state 1. SinceT1.1s typically, as it is governed by
the lifetime of a nucleus in the metastable state, andg
5 ln 2/T whereT is the lifetime of the vacancy created by th
IC, and it is of the order of nanoseconds or less, we feel
the above approximation is well justified. In fact, in the fo
lowing we setg150.

We chose the initial conditionsc2(0)5c3(0)50 and
c1(0)51, corresponding to the situation when the excitati
of the isomeric state of the nucleus coincides with the beg
ning of the measurement. For the time-dependent solu
we then obtain
c252 i
V

\

@~ iD1g/2!cos~Vzt !1Vzsin~Vzt !#e
iDt2~ iD1g/2!e2gt/2

~ iD1g/2!21Vz
2

~16!
be

rom

tire
and

c35
V

\

@Vzcos~Vzt !2~ iD1g/2!sin~Vzt !#e
iDt2Vze

2gt/2

~ iD1g/2!21Vz
2

.

~17!

To obtain the probability of the laser-assisted IC proce
we integrate the quantityuc2u21uc3u2 over the entire phase
space, i.e.,

E
Vk

E
0

`

~ uc2u21uc3u2!
L3

~2p!3 k2dkdVk . ~18!

Herek is the absolute value of the wave number vector of
free electron with energyE2, and sok5A2mE2/\. Vk is the
solid angle in thek space;m is the rest mass of the electro
L is the volume of the normalization. Usingkdk
5(m/\)dD we can carry out the integration overD. As the
quantity uc2u21uc3u2 gives significant contribution aroun
D50, we can substitutek5A2m(E11Eg)/\ ~its value for
D50) into the above integral. Moreover, we have expand
the interval of integration from2` to `, becauseuc2u2
1uc3u2 vanishes with increasinguDu.

If Vz→0 thenuc3u250, and we receive the quantity
s,

e

d

uc2u25
uVu2

\2

11e2gt22e2gt/2cos~Dt !

D21~g/2!2
. ~19!

Integrating it over the phase spaceD we obtain

N0~ t !5KE
2`

`

uc2u2dD5
2puVu2K

\2g
~12e2gt!, ~20!

whereK5L3/A2(mc2)3(E11Eg)/(2p2/\2c3) is the phase-
space constant andc is the velocity of light. The transition
probability per unit time of the laser-free IC process can
given asW05N0g.

In the case when a resonant laser field is present, f
Eqs.~16! and ~17! we obtain the expression

uc2u21uc3u25
uVu2

\2

1

@D21Vz
21~g/2!2#224Vz

2D2

3$@D21Vz
21~g/2!2#@11e2gt

22e2gt/2cos~Vzt !cos~Dt !#

24e2gt/2DVzsin~Vzt !sin~Dt !%. ~21!

We can now integrate the above expression over the en
phase space, i.e., overD, and receive
2-3
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N~ t !5
2puVu2 K

\2g
@11e2gt22e2gtcos2~Vzt !

22e2gtsin2~Vzt !#5
2puVu2 K

\2g
~12e2gt!.

~22!

The transition probability per unit time of the laser-assis
IC process is given byW5Ng.

Note thatN0(t)5N(t) and, therefore,

W5W0 , ~23!

which is our most important result, stating that the rates
the laser-free and laser-assisted IC processes are equal

In conclusion, we have shown that the presence of a la
field has no influence on the IC process, in spite of the re
nant character of the interaction with the final state. Nor
the other kind of the resonant processes exert any influe
on the rate of the IC, as we have discussed the state o
theoretical art in the Introduction. If one is interested in
feasible experiment, a possible realization of the above s
ation is offered by, e.g., the90Zr isomer which has a meta
stable state with a lifetime of 61 ns, much longer than
04540
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e

lifetime of the vacancy in an inner~e.g., K) electron shell
@14#. The isomeric state is populated through a cascade f
another metastable state of the same nucleus with m
longer lifetime~809 ms!. This long-lived metastable state i
in turn, populated by theb-decay of 90Nb @15#. When the
state with the lifetime of 61 ns is populated, ag pulse with
energy of 425.5 keV and duration of 93 fs is emitted, ma
ing the event and triggering the measurement. Then this
meric nuclear state decays via anE0 transition into the
ground state of the nucleus through IC only. The emit
energetic IC electron should also be registered. This way,
can obtain ourN0(t) or N(t) quantities. Since their explici
expressions, Eqs.~20! and ~22!, are identical, the spectrum
must be independent of whether or not the resonant la
field is present. Therefore, if the rate of the IC process
found to be altered by the presence of lasers in future exp
ments, the change should not be attributed to the reso
interaction with the laser field of appropriate frequency.
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@10# P. Kálmán and T. Bükki, Phys. Rev. C63, 027601~2001!.
@11# P. L. Knight and L. Allen,Concepts of Quantum Optics~Per-

gamon Press, Oxford, 1983!.
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