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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 conversiofIlC). 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 interegbnic states, one occupied and one empty, are coupled by a
in laser-assisted internal-conversi®@) processegl]. Inthe  laser of appropriate frequency, Rabi oscillation of the elec-
early works nonrelativistic Volkov and Coulomb-Volkov so- tron ariseg11]. Then IC takes effect on the oscillating elec-
lutions were used for the description of dressed electroni&ron, kicking it into a free state. If the two coupled electronic
states to include those processes where IC was assisted bgund states are sufficiently close to each other, so that the
the absorption of many laser photorfg]. Afterwards, |C rate can be considered to be equal for both, the resonant
electron-bridge processes were also studied in the presengBaracter of the process has no influence on the rate of the
of laser radiatiori3], including the role of resonances in case IC. Second, if there is resonance with some intermediate
of some special isomelf@]. Then several papers were ad- State of a higher-order nucleus-electron-laser process, then it
dressing the role of electronic resonances in the presence of@s been showji 2] that the poles that arise can be avoided
laser field tuned to the electronic transition in these exotic@nd ultimately do not give rise to any increase in the IC rate
cases[5]. Moreover, in the case of processes involving atand no effect is expected due to the resonant character of the
least two steps, such as, electron-nucleus and laser-electrffocess. However, in the third case, the resonance may occur
ones, emerging resonances were treated using approacHBsthe final state, viz., after the IC has created a vacancy,
very similar [6—8] to the approach of Breit and Wigner, Rabi oscillations can arise due to a laser with appropriate
which was used to describe nuclear resonafggs frequency. In this paper we investigate the effect of the reso-

Some of these papefg,8] predict the possibility that the hance in the final state and take into account the Rabi oscil-
rate of the laser-modified inverse IC procegbe laser- lation of the participating electron, in a general way.
assisted process of nuclear excitation in electronic trangition 10 describe the electron-nucleus-laser processes, we intro-
may be increased significantly due to its resonant characteflUce a system that consists of two electrons and the nucleus
Specifically, these papers deal withTh™, which is an ex-  interacting with them, and a laser field which can resonantly
otic nuclear isomer with nuclear excitation energy of 3.5modify the state of the participating electrons, but cannot
+1.1 eV. The assumption was made in R§6s-8] that the Q|r¢ctly affect the state of the nucleus. Let us suppose that
nuclear transition may be resonant with a bound-bound eledDitially both electrons are bound and they are in their ground
tronic one. However, the difference of the nuclear and elecState, but the nucleus is excited, e.g., it is in a metastable
tronic transition energies is much larger than the corresponditate. The deexcitation of the nucleus causes one of the
ing nuclear energy width. Consequently, one cannot speaIROU“d electrons to get into a free_sté;rethe process that is
about resonance in this case at @he term becomes very qalled 10 apd th_e atom bec;ome; |o_n|zed. The resonant laser
misleading and the use of the Breit-Wigner formula cannot field can give rise to Rabi oscnlat_lon of an other eIectron_
be justified. In the two-step process the laser helps to satisigetweer_‘ two bound states of the ion. The whole process is
the requirement of energy conservation only. In a recent pal’éated in the second order of the perturbation theory.
per [10], we have shown that contributions of both second- Tht_a Hamiltonian of the unperturbed electron system can
order graphs to the process investigated in Ré{§] as well ~ be written as

as all intermediate states have to be taken into account in the wi. 0 0

calculation. As improper treatment of resonances has hap- !

pened before, it is important to clarify which process can be Ho=%| 0 w2 0|, (1
considered a resonant one in the case of laser-assisted 0 0 w;

electron-nucleus combined processes.
In fact, three different kinds of resonances can occur inwherew,=E /%, w,=E, /%, andwz=E3/h, andE,, E,,
the case of laser-assisted IC processes. First, when two eleaadE; are the energies of the electronic states of the system;
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numeric 1 refers to the state where both electrons are bound, 0 0 0

while 2 and 3 refer to those cases when one electron is free ) ) )

and the other is in one of the two bound states coupled by the ~ Hi=—7Q (e“'+e )| 0 0 €| = (5
laser field. To take into account the decay of these electronic 0 ev 0

states, we introduce the complex energy operator

wherew,;= w,— w3 and wz,= w3 — w,. After employing the

v 0 0 rotating-wave approximation, i.e., neglecting the rapidly os-
inC=inl 0 9, O ) cillating terms, we get
0O 0 vy
° o 0 o0
andvy,, y,, andy; describe the rate at which the states 1, 2, .
and 3 decay. Hi=—#hQ,[ 0 0 e ] (6)
The interaction between the laser field and the bound 0 e bt

electron can be represented by the matrix
with Ag= wy3— w. Note thatw,3+ w>A,. We also obtain

0 00 for H, in this transformed picture
H,=—-2AQ.codwt)| O O 1. (3)
0 1 0 0 0O

Here Q,=p,E, /% is the Rabi frequency, characterizing the Hp=ved| 1.0 0, @
coupling strength between the electronic transition and the 0 0 O

laser. Furthermorek, is the amplitude of the laser fielthe
laser is linearly polarized in the direction), 2p, is the z
component of dipole moment of the transitior:3, w is the

angular frequency of the laser, ah@ the time in the frame Let us transform our system agdib3], getting into the

of reference. - : P ) .

. . . . . oscillating picture which is defined bM,. The unitary op-

TO describe the mteracUon W'th the nuc[eus, .e., to de'eratorul of such a transformation is given by the equation
scribe the IC process, we write its Hamiltonian as

i7(dU,/dt)=H,U4, and the solution is easy to find if we

take Ay=0, i.e., the laser is resonant with the transition 2
0 0 O .3,

where we have introduced the notatidn=w;,— w, and
W= W1 — Wy.

H,=Ve [ 1 0 0], (4)
00 0 1 0 0

whereV is the potential created by the nuclear transition four U;=| 0 cosQd;t) isin(Qt) |. ®
current and felt by the electron. It contains the Coulomb 0 isinQ,t) cogQ,t)

potential and current-current terms in the case without retar-

dation, and its explicit form is not needed in our calculation.
w,=E,/h and E, is the energy of the nuclear transition
transferred to one of the electrons in the first step of the

The transformed Hamiltoniaty ,= U IH ,U4, takes the form

process. The above asymmetric formtbf is a consequence 0 0 0
of the fact that we have neglected the probability of reexci-
tation of the nucleus. Thubl, can only induce an +2 H,=vea cogQ,t) 0 0], (9)
transition. o
Now let us transform our system by the unitary operator —isin(Qzt) 0 0
Uo=¢'(Ho"" |n this interaction picture, the Hamiltonian of
the laser interaction is Similarly the transformation of yields
Y1 0 0
=UlrU = 0  7C08(Q.t)+ygsiM(Qt)  i(y2—ya)sin(2Q,0)/2 |, (10)
0 —i(y2—7y3)siN(20,1)/2  y,SinP(Q,t)+ y3c0(Q,t)
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which becomes diagonal if we assumg= y3= v, dc, AV v
H: —i gelAtCO$ta)Cl—§C2, (14
Y1 O 0
= 0 y 0. (12) des vV, y
— _ _ AlAtgg _
0 0 vy T sin(Q,t)cq 5Ca- (15

In the following, we introduce the wave function of the ) )
three-level  system  as |¢(t))=c,(t)|1)+cy(t)[2) Here, due to the series o_f transformat_long,,and c3 are
+¢4(3)|3), where|1) is the vector representing state 1, and,&réady decoupled. Inserting the solution of E¢3), ¢
respectively, for the others. The time dependence of the sys= €1(0)€xp(=71t/2), into the equations foe, and cs, and
tem is contained in the expansion coefficients and the Schrgnaking the reasonable assumptigp<y we can integrate

dinger equation in the second interaction picture can be writthese equations. Note that=In2/T,, whereT, is the life-
ten as time of state 1. Sinc&,>1s typically, as it is governed by

the lifetime of a nucleus in the metastable state, and
de, o~ =In 2/T whereT is the lifetime of the vacancy created by the
i7 at (Ho=iA/20) nnCm, (12 |c, and it s of the order of nanoseconds or less, we feel that
the above approximation is well justified. In fact, in the fol-
for n,m=1,2,3 and summation oven is assumed. From lowing we sety;=0.
here we obtain the following explicit equations for the ex- We chose the initial conditiong,(0)=c3(0)=0 and

pansion coefficients: ¢1(0)=1, corresponding to the situation when the excitation
of the isomeric state of the nucleus coincides with the begin-
ﬂ: _ ﬁc (13) ning of the measurement. For the time-dependent solution
dt 2 b we then obtain

V[(A+y2)cod Q,t) +Q,sin(Q,t)]ed = (iA+ y/2)e™ "2

Co=—l+ 16
2 (iIA+y/2)2+ Q2 (19
|
and 2 —yt —yt12
V|c 1+e "—2e” "coq At
ICZIZ=Q 20 (19)
_ h A%+ (yl2)?
V[QcodQ,t) — (iA+y/2)sin(Q,t) ]2~ Qe 2
C3_Z (iA+ y/2)2+Q§ ‘ Integrating it over the phase spasewe obtain
17

27|V|?K

w7, (1me ), (20

No(t)zlcf |C2|2dA:
To obtain the probability of the laser-assisted IC process, —o
we integrate the quantityc,|?+|cs|? over the entire phase
space, i.e., whereC=L3/\2(mc)*(E, +E,)/(27?/%%c?) is the phase-
space constant andis the velocity of light. The transition
" L3 probability per unit time of the laser-free IC process can be
f f (|col?+]c5)?) zk2dkdQ,. (18  given asWy=Npy.
Q@ Jo (27m) In the case when a resonant laser field is present, from
Eqgs.(16) and(17) we obtain the expression

Herek is the absolute value of the wave number vector of the

2
free electron with energl¢,, and sk=v2mE,/%. Q is the |c,|2+ | cal2= M 1
solid angle in thek spacem is the rest mass of the electron, 2 37 K% [AZ+ Q2+ (4120217 - 402A7

L is the volume of the normalization. Usinddk

2,02 2 -
=(m/A)dA we can carry out the integration ovAr As the X{[A%+ Q7+ (y/2)?)[1+e "

quantity |c,|2+]|cs|? -gives significant contripution around —2e 2004 ),t)cog At)]

A=0, we can substitute= y2m(E,+E,)/%A (its value for

A=0) into the above integral. Moreover, we have expanded —4e  "2AQsSin(Q )sinAY}. (21)

the interval of integration from— to %, because|c,|?

+ |c5|? vanishes with increasing\|. We can now integrate the above expression over the entire
If O,—0 then|cs|?=0, and we receive the quantity phase space, i.e., ovAr, and receive
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27|V|2KC o - lifetime of the vacancy in an inndee.g.,K) electron shell
N(t)= —ﬁzy—[1+e "—2e” "coS(Q,t) [14]. The isomeric state is populated through a cascade from
, another metastable state of the same nucleus with much
2m|V|[* K longer lifetime(809 ms. This long-lived metastable state is
_ —Yej — _a N !
2e 7SIt (Q,1)]= 72y (1=e™7). in turn, populated by thg-decay of ®Nb [15]. When the

22) state with the lifetime of 61 ns is populated;yapulse with
energy of 425.5 keV and duration of 93 fs is emitted, mark-
The transition probability per unit time of the laser-assistednd the event and triggering the measurement. Then this iso-

IC process is given byW=Ny. meric nuclear state decays via &0 transition into the
Note thatNgy(t) =N(t) and, therefore, ground state of the nucleus through IC only. The emitted
energetic IC electron should also be registered. This way, one

W=W,, (23)  can obtain ouNy(t) or N(t) quantities. Since their explicit

xpressions, Eq420) and (22), are identical, the spectrum

which is our most important result, stating that the rates o ust be independent of whether or not the resonant laser

the laser-free and laser-assisted IC processes are equal. field is present. Therefore, if the rate of the IC process is

. n COI’]C|US_IOI’1, we have shown that the_pres_ence ofa Ias%und to be altered by the presence of lasers in future experi-
field has no influence on the IC process, in spite of the reso-

nant character of the interaction with the final state. Nor doments, _the c_hange shouI(_i not be atmbl.]ted to the resonant
. " interaction with the laser field of appropriate frequency.

the other kind of the resonant processes exert any influence

on the rate of the IC, as we have discussed the state of the This work was partly supported by the Hungarian Na-

theoretical art in the Introduction. If one is interested in ational Science Research Foundati@@TKA) under Grant

feasible experiment, a possible realization of the above situNo. T031825. The research of J.B. was partially supported

ation is offered by, e.qg., th€%Zr isomer which has a meta- by the Office of Naval ResearctGrant No. N00014-92J-

stable state with a lifetime of 61 ns, much longer than thel233.
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