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Physique Nucle´aire Théorique et Physique Mathe´matique, Universite´ Libre de Bruxelles,

Case Postale 229, Boulevard du Triomphe, B-1050 Bruxelles, Belgium
~Received 28 July 1995!

The excitation of nuclear states by electric and magnetic multipole transitions of bound electrons in the
presence of a strong laser field is studied. The excitation probability is calculated for general time-dependent
electronic states in first-order perturbation theory. An adiabatic description of the dressed electron states in the
laser field allows an easy calculation of the excitation function. Ionization effects caused by the laser are
considered in a simple manner. The probability for the excitation of the nuclei66

161Dy, 76
189Os, 77

193Ir, 79
197Au,

92
235U, and 93

237Np is investigated as a function of the laser intensity and the photon energy. The increase of the
excitation probability is limited by the ionization of the atom and the lifetime of the states. The de-excitation
of the 3

2
1 (3.561.0 eV! state in90

229Th is an example of the laser-assisted discrete internal conversion.

PACS number~s!: 32.80.2t, 25.30.2c, 42.50.Hz

I. INTRODUCTION

The excitation of atomic nuclei by electronic transitions
has repeatedly been discussed in the literature@1–4# and
several experiments have been performed@5–11#. In this
process an electron in an outer shell makes a transition to a
state of lower energy transferring the difference of the bind-
ing energies and angular momentum to the nucleus which is
excited from the ground state or a long-lived isomeric state
to another state. This mechanism corresponds to the inverse
internal conversion~IIC! and is a further kind of electronic
deexcitation in addition to radiative transitions and the emis-
sion of Auger electrons. The electronic transition requires the
existence of a vacancy in the electronic cloud. This hole can
be produced, e.g., by means of x-ray absorption by an elec-
tron or inelastic scattering of electrons with sufficient energy.
Some heavy nuclei possess low-lying states with excitation
energies close to the energy differences of the electronic or-
bits. These nuclear states can be reached by IIC in transitions
with the according electromagnetic multipolarities. The pos-
sibility of influencing electron states by now available pow-
erful lasers has renewed the interest in this excitation mecha-
nism because the application of a laser field has a strong
influence on the usual internal conversion@12–17#. There is
the hope that an accurate adjustment of the electromagnetic
field of the laser can considerably enhance the transition
probabilities@18–20#.

The theoretical description of the excitation process needs
the knowledge of the electromagnetic interaction between
the nucleus and the electron cloud and the action of the laser
field on the electron states. These problems were already
tackled in different approximations. In Ref.@18# the electron
states are described in the potential of a harmonic oscillator
whose parameters were individually adjusted to give the cor-
rect binding energies and orbital radii. In this approximation
the time dependent evolution of the states in the laser field
can be given analytically. The nuclear excitation is caused by
the Coulomb field of the oscillating charge distribution of the
electron cloud. This semiclassical approximation~cf. the
Coulomb excitation of nuclei@21,22#! considers no actual
transitions between initial and final electronic states with

definite quantum numbers. Therefore it gives no explicit se-
lection rules in the electronic part as in a real quantum-
mechanical calculation. In Ref.@18# the possible escape of
the electrons at large laser intensities is discussed but not
explicitly included in the calculation. Only simple estimates
for the ionization limit are given. More realistic wave func-
tions of the electrons in the Coulomb potential of the nucleus
and a real quantum-mechanical treatment of the excitation
~considering only the Coulomb interaction of the charge den-
sities! are used in Ref.@20#. The action of the laser field is
included by the use of field dressed states@23,24#. It is as-
sumed that electron states with the same principal quantum
number are energetically degenerated. Neglecting the cou-
pling between states of different principal quantum number,
the time evolution of the electron states can again be given
analytically using parabolic coordinates. But these field
dressed states can only be used if the interaction of the elec-
trons with the laser field is stronger than the spin-orbit split-
ting of the electron states@25#. In multi-electron systems this
condition is obviously not met. In Ref.@19# the excitation
process with high frequency laser fields was studied using a
classical description for the motion of the electrons.

In view of the above approximations, we will present a
more realistic description of the excitation process. It in-
cludes the electric and magnetic interaction between the elec-
trons and the nucleus and permits the use of more realistic
electronic wave functions. The initial creation of a hole state
in the electron cloud@20# will not be taken into consider-
ation. This process can be assumed to be independent from
the excitation in first approximation. The action of the laser
field on the electron states is considered in an adiabatic treat-
ment of the time evolution and the ionization effects are
considered in a simple way. The dependence of the excitation
probability on the laser intensity and photon energy is stud-
ied. The paper is organized as follows. In Sec. II we calculate
in general the probability of the nuclear excitation during an
electronic transition without a detailed specification of the
time-dependent electron states. The action of the laser field
on the electron states is described in Sec. III and in this
adiabatic approximation the nuclear excitation functions are
calculated. The finite lifetimes of the states including the
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ionization of the atom in the laser field is considered in Sec.
IV. In Sec. V we apply our model to the excitation of states
with small excitation energy in the nuclei92

235U, 79
197Au,

77
193Ir, 66

161Dy, 76
189Os, and93

237Np. A special case is the90
229Th

nucleus where the deexcitation of a nuclear state is studied.
Finally, in Sec. VI, we close with a summary and our con-
clusions.

II. NUCLEAR EXCITATION INDUCED
BY ELECTRONIC TRANSITIONS

The probability for the excitation of a nuclear stateuc f
N&

with energy Ef
N from a ground stateuc i

N& with energy
Ei
N,Ef

N during the transition of an electron from the state
uc i

e& with energyEi
e to a stronger bound stateuc f

e& with
energyEf

e,Ei
e will in general be much smaller than one.

Therefore we can calculate the excitation probability in first
order perturbation theory proceeding along the lines of the
Coulomb excitation theory@21,22#. The excitation amplitude
is given by

bfi5
1

i\E dteivNtE E d3rd3r 8FrN~r8!re~r,t !

2
1

c2
JN~r8!•Je~r,t !Gexp~ ikNur2r8u!

ur2r8u
~2.1!

with the nuclear excitation energy

\vN5Ef
N2Ei

N5\ckN ~2.2!

and the nuclear and electronic transition matrix elements of
the charge density

rN~r8!5^c f
Nur̂~r8!uc i

N&, re~r,t !5^c f
e~ t !ur̂~r!uc i

e~ t !&,
~2.3!

and the current density

JN~r8!5^c f
NuĴ~r8!uc i

N&, Je~r,t !5^c f
e~ t !uĴ~r!uc i

e~ t !&.
~2.4!

We have assumed that the total initial~final! wave function is
a simple product state of the initial~final! nuclear and elec-
tronic wave functions. We keep the time dependence of the
electronic states in this notation as it is not specified as yet.

The excitation amplitude can be expanded into a sum of
contributions of different multipolarity by using the expan-
sion of the Green’s function. Assuming that the electrons do
not penetrate into the nucleus, i.e.,ur8u,uru, the integrand
factorizes into a nuclear and an electronic part. Using the
continuity equation and integrating by parts in both the
nuclear and the electronic part, we remain with

bfi52
4pkN
\c2 (

LM
F E d3r 8rN~r8! j L~kNr 8!YLM~ r̂8!S 11

ke
kN

D E dteivNtE d3rre~r,t !hl
~1!~kNr !YLM* ~ r̂!

1 (
a5e,m

E d3r 8JN~r8!•ALM~r8,a!E dteivNtE d3rJe~r,t !•BLM* ~r,a!G ~2.5!

with the electric (a5e) and magnetic (a5m) vector fields
ALM(r8,a) andBLM(r,a) defined in Ref.@22#. Usually the
energy differenceEf

e2Ei
e5\cke between the final and initial

electronic states is the negative of the nuclear energy differ-
ence so that the scalar contribution from the charge density
cancels out the longitudinal contribution from the current
density and only the electric and magnetic contributions re-
main in ~2.5!. But for the nuclear excitation due to a laser-
assisted electronic transition, this is not necessarily the case;
the nuclear and electronic energy differences do not compen-
sate exactly.

We introduce the usual electric (a5E) and magnetic
(a5M ) multipole operatorsM(a,LM ) and additionally the
‘‘scalar’’ multipole operator

M~S,LM !5
~2L11!!!

kN
L E d3r r̂~r! j L~kNr !YLM~ r̂!,

~2.6!

where j L is the regular spherical Bessel function. For the
excitation amplitude we get

bfi5
4p

i\~2L11! (
LM

a5e,m,s

^c f
NuM~a,LM !uc i

N&FLM
a

~2.7!

with the electronic time integrals

FLM
a 5E dteivNt^c f

e~ t !uN ~a,LM !uc i
e~ t !&. ~2.8!

Here we have introduced the electric, the magnetic, and the
scalar multipole operators defined by

N ~E,LM !5
ikN

L

c~2L21!!! LE d3r Ĵ~r!

3@¹3L̂hL
~2!~kNr !YLM~ r̂!#* , ~2.9!

N ~M ,LM !5
kN
L11

c~2L21!!! LE d3r Ĵ~r!

3@ L̂hL
~2!~kNr !YLM~ r̂!#* , ~2.10!

and
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N ~S,LM !5S 11
ke
kN

D ikN
L11

~2L21!!! E d3r r̂~r!

3hL
~1!~kNr !YLM* ~ r̂! ~2.11!

with the spherical Hankel functions of first and second kind
hL
(2)5hL

(1)*5( j L1 inL)* . The electric multipole operators
can be put into a more convenient form by applying the
formula

¹3L̂@ f L~kr !YLM~ r̂!#5 i¹H ]

]r
@r f L~kr !#YLM~ r̂!J

1 ik2r f L~kr !YLM~ r̂! ~2.12!

for a spherical cylinder functionf L , integrating by parts and
using the continuity equation. For the nuclear part the elec-
tric multipole operator reads as

M~E,LM !5
~2L11!!!

kN
L ~L11!

E d3r r̂~r!
]

]r
@r j L~kNr !#YLM~ r̂!

2 i
~2L11!!!

ckN
L21~L11!

E d3r Ĵ•r j L~kNr !YLM~ r̂!

~2.13!

and reduces in the long-wavelength limit (kN→0) to

M~E8,LM !5E d3rr Lr̂~r!YLM~ r̂!, ~2.14!

whereas the magnetic multipole operator assumes the form

M~M ,LM !5
2 i

c~L11!
E d3rr LĴ•L̂YLM~ r̂!. ~2.15!

This approximation is well justified by the small dimensions
of the nucleus as compared to the length 1/kN . The long-
wavelength limit of the nuclear scalar operator~2.6! leads to
the same result as the electric operator so that we can com-
bine both contributions to the excitation amplitude by intro-
ducing the operator

N ~E8,LM !5N ~E,LM !1N ~S,LM ! ~2.16!

in the electronic part. The application of relation~2.12! leads
to

N ~E8,LM !5 i
kN
L

~2L21!!! E d3r r̂~r!H keL ]

]r
@rhL

~1!~kNr !#1~kN1ke!hL
~1!~kNr !JYLM* ~ r̂!

1
kN
L12

c~2L21!!! LE d3r Ĵ•rhL
~1!~kNr !YLM* ~ r̂! ~2.17!

where the factorke appears as before from the application of
the continuity equation to the electron current. ForkN→0 we
get the long-wavelength limit

N ~E,LM !5E d3r
1

r L11 r̂~r!YLM* ~ r̂!. ~2.18!

The magnetic operator reduces to

N ~M ,LM !5
i

cLE d3r
1

r L11Ĵ•L̂YLM* ~ r̂! ~2.19!

in this limit. In the electronic part we can use these approxi-
mations only for very small nuclear transition energies, the
electronic wave functions being much more extended than
the nuclear wave functions.

The excitation probability for the transition between
nuclear states with total angular momentumJi

N andJf
N dur-

ing the electronic transition from stateJi
e to stateJf

e is now
obtained as

Pfi5
1

~2Ji
N11!~2Ji

e11! (
Mi
NM f

N

Mi
eM f

e

ubfiu2. ~2.20!

With the reduced transition probability for the nuclear exci-
tation (a5E,M )

B~aL,Ji
N→Jf

N!

5
1

~2Ji
N11! (

Mi
NM f

NM

z^Jf
NM f

NuM~a,LM !uJi
NMi

N& z2,

~2.21!

we finally get for the excitation probability

Pfi5 (
L

a5e,m

B~aL,Ji
N→Jf

N! f ~aL,Ji
e→Jf

e! ~2.22!

with the electronic excitation function

f ~aL,Ji
e→Jf

e!5
1

~2L11!3 S 4p

\ D 2 1

~2Ji
e11! (

Mi
eM f

eM

uFLM
a u2.

~2.23!

This function depends on the initial and final wave functions
of the electronic states which are affected by the action of the
laser field. Multiplying the excitation probabilityPfi with the
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cross sections for the production of the hole state we will
finally get the cross section for the excitation process assum-
ing two independent processes. Because the cross sections
depends on the chosen mechanism for the hole creation we
will not investigate this in the following. The full informa-
tion of the nuclear excitation during the electronic transition
is already contained in the probabilityPfi .

III. DYNAMIC OF ELECTRON STATES
IN A LASER FIELD

The description of bound electron states in the time-
dependent laser field is, in general, very complicated since
one has to solve a time-dependent many-body problem. For
simplicity we describe the electrons as independently mov-
ing in a Coulomb field with a nuclear charge number which
is individually adjusted to yield the correct binding energies.
The effect of the perturbing electromagnetic field is calcu-
lated for the one-electron states separately. The laser field of
frequencyvL and amplitudeE0 is treated classically. The
field can be considered homogeneous as its wavelength is
much larger than the atomic dimensions. Assuming a polar-
ization in thez direction, the time-dependent perturbation of
the electron states is given by

V~r,t !5eE~ t !z with E~ t !5E0sin~vLt !. ~3.1!

The unperturbed electron eigenfunctionsun& are solutions of
the unperturbed Schro¨dinger equation

H0un&5En
0un& ~3.2!

with the energyEn
05\vn

0 . The wave function under the ac-
tion of the perturbation can in general be expanded as

uc~ t !&5(
n

an~ t !un&exp~2 ivn
0t ! ~3.3!

with time-dependent amplitudesan(t). They obey the set of
differential equations

d

dt
am~ t !5

1

i\(
n

an~ t !Vmnsin~vLt !exp@2 i ~vn
02vm

0 !t#

~3.4!

with

Vmn5^mueE0zun& ~3.5!

and the initial conditionam(0)5dmi when the electron was
in the stateu i & before the laser was switched on at time
t50. The set of equations~3.4! can be solved, in principle,
numerically. Depending on the number of considered states
and the used step size of the integration the calculation will
be very extensive. Carrying out this procedure we notice
however that the time dependence of the wave function
shows a very simple behavior. The electronic states follow
adiabatically the slowly changing perturbation field because
the electronic transition energiesEm

0 2En
0 are much larger

than the laser energy\vL . If the adiabaticity criterion

Uvn
02vm

0

vL
U@1 ~3.6!

is valid the following simple adiabatic approximation can be
used. The time-dependent wave function of an initial state
u l & for t.0 can be written as

uc l~ t !&5uf l@E~ t !#&expF2
i

\E0
t

El~ t8!dt8G ~3.7!

where uf l& is the solution of the time-independent Schro¨-
dinger equation

@H01V~ t !#uf l@E~ t !#&5El~ t !uf l@E~ t !#& ~3.8!

with a constant perturbation depending on the electric-field
strengthE(t) at each timet. The adiabatic energy is given in
second-order time-independent perturbation theory by

El~ t !5El
0@11Clsin

2~vLt !# ~3.9!

with

Cl5
1

El
0(
nÞ l

VlnVnl

El
02En

0 . ~3.10!

For the spatial part of the wave function we get in this ap-
proximation

uf l&5(
k

@d lk1Blksin~vLt !1Alksin
2~vLt !#uk&

~3.11!

with dimensionless coefficients

Blk5H 0, k5 l

Vkl

El
02Ek

0 , kÞ l

Alk55 2
1

2(mÞ l
U Vml

El
02Em

0 U2, k5 l

1

El
02Ek

0(
mÞ l

VkmVml

El
02Em

0 , kÞ l .

~3.12!

All the numbersAlk , Blk , andCl depend on the amplitude
E0 of the laser field. In the calculation we have made use of
the fact that the perturbation does not couple states of equal
quantum numbers due to the negative parity of the coupling
potentialV. The coefficientsBlk andAlk determine the cou-
pling of the unperturbed stateu l & to statesuk& which have the
opposite and the same parity as the stateu l &, respectively.
The quantityClEl

0 is simply the Stark shift of the levelu l & in
a constant electric field of amplitudeE0 . The time depen-
dence for the exponential factor in~3.7! has the form

expF2
i

\E0
t

El~ t8!dt8G
5exp~2 iv l t !expF i Cl

4

v l
0

vL
sin~2vLt !G ~3.13!
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with the shifted frequencies

v l5v l
0S 11

Cl

2 D . ~3.14!

The action of the laser field introduces a time dependence
with the double laser frequency because the Stark effect
gives a change in the energy only in the contribution of sec-
ond order. Using the generating function of Bessel functions

exp@ ilsin~vt !#5 (
N52`

`

JN~l!exp~ iNvt ! ~3.15!

we obtain for the total wave function

uc l~ t !&5(
Nrn

JNSClv l
0

4vL
DDln

r un&exp~2 iv l t !

3exp@ i ~2N1r !vLt# ~3.16!

with the coefficients

Dln
0 5d ln1

Aln

2
, Dln

1 5
Bln

2i
52Dln

21 ,

Dln
2 52

Aln

4
5Dln

22 .

~3.17!

The summation overr covers the range from22 to 2 be-
cause we have restricted our approximation to second-order
perturbation theory. Simultaneously with the initial state
u l &, each stateun& which couples tou l & gets a ladder of Flo-
quet states (N52`, . . . ,̀ ) with an energy separation of
2\vL and an amplitude determined by the Bessel function
JN . The argument of the Bessel function is the ratio between
the half Stark shift of the initial level and the double laser
frequency. This factor rises linearly with the laser intensity.
The use of the second-order perturbation theory foruf l& lim-
its the application of our approximation to not too large laser
intensities. But as the intensity rises the electrons~beginning
with the outer shells! will be removed from the atom in a
ionization process before this will be a problem.

Comparing our result for the field-dressed electron states
with the description@20# we note a structural similarity but
characteristic differences. Instead of the first-order perturba-
tion in the linear Stark effect, our solution is determined by
the quadratic Stark effect. The energies of the states are not
separated by the single but by the double photon energy. We
are not limited to the coupling of states with equal principal
quantum number and equal energy in our description.

The time integral for the durationT of the laser pulse in
the electronic excitation function~2.8! can now be done ana-
lytically

FLM
a 5E

0

T

dteivNt2gt^c f
e~ t !uN ~a,LM !uc i

e~ t !&

5 (
Nrn
Msm

JNSCiv i
0

4vL
D JMSCfv f

0

4vL
DDin

r D fm
s* ^muN ~a,LM !un&

@exp~ iVT2gT!21#

iV2g
~3.18!

with

V5vN2v i1v f1@2~N2M !1r2s#vL . ~3.19!

We have introduced an additional factor exp(2gt) in the in-
tegral to account for the finite lifetime of the electronic and
nuclear states. The number of participating photons from the
laser field is given by

ng52~ uNu1uM u!1ur u1usu. ~3.20!

For a certain transition multipolarity the contributions to the
electronic excitation function with either even or oddng do
not vanish. Through the application of the laser, transitions
which are not possible in the unperturbed case due to selec-
tion rules may get a finite probability.

To remove the dependence of the excitation probability on
the timeT, we assume that the duration of the laser pulse is
much longer than the lifetime of the hole states. The widths
of electron hole states in heavy atoms are usually in the
range of some eV@28# where 1 eV corresponds to a half-life
of about 0.5 fs. We can carry out the limitT→` and get

FLM
a

5 (
Nrn
Msm

JNSCiv i
0

4vL
D JMSCfv f

0

4vL
DDin

r D fm
s*

^muN ~a,LM !un&
g2 iV

.

~3.21!

Choosing a certain laser frequency the possible enhancement
of the excitation probability due to the application of the
laser is determined by the value of the Bessel functions, the
D coefficients, the energy\V, and the width\g which all
depend on the intensity of the laser. Without the laser field
the electronic time integral reduces simply to

FLM
a 5

^ f uN ~a,LM !u i &
g2 i ~vN2v i

01v f
0!
. ~3.22!

The excitation probability may then be expressed by

Pfi5 (
L

a5e,m

v int
2 ~aL!

~vN2v i
01v f

0!21g2 ~3.23!
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with the squared interaction energies

Eint
2 ~aL!5@\v int~aL!#2

5
~4p!2

~2L11!3
B~aL,Ji

N→Jf
N!

3 (
Mi
eM f

eM

u^ f uN ~a,LM !u i &u2

~2Ji
e11!

. ~3.24!

These quantities serve as measure for the strength of the
electron-nucleus interaction in the laser-free case.

If the frequencyV in Eq. ~3.21! goes to zero we get into
resonance with the nuclear excitation. This can be achieved
in principle by adjusting a multiple of the laser frequency
vL to the difference between the nuclear excitation fre-
quencyvN and the differencev i2v f of the Stark-shifted
electron frequencies. The amplification factorA for the
probability by the resonant laser interaction can be calculated
easily in a rough approximation when the resonant contribu-
tion dominates in Eq.~3.21!. We compare the expressions for
the squared modulus of the excitation functionFLM

a in the
resonant 2N-photon excitation and in the process without the
laser. Because the outermost electrons, i.e., the initial elec-
tron states, have a much larger Stark shift than the more
tightly bound electrons we get the expression

A2N'FJNSCiv i
0

4vL
D 1gG2 Y 1

~2NvL!21g2 ~3.25!

which can be simplified assuming that the width\g and the
Stark shift Ci\v i

0 of the initial electron state are much
smaller than the photon energy\vL . Using the approxima-
tion of the Bessel function for small arguments, the amplifi-
cation factor becomes

A2'SCiv i
0

4g D 2 ~3.26!

for the two-photon resonance, independent of the photon en-
ergy. Therefore a large amplification can be obtained if the
total width of the states is much smaller than the Stark shift
of the initial electron state.

IV. FINITE LIFETIME OF STATES AND EFFECTS
OF IONIZATION

There are different contributions to the width\g in Eq.
~3.21!

g5
1

2\
@GN~ i !1GN~ f !1Ge~ i !1Ge~ f !# ~4.1!

due to the finite lifetime of the initial and final nuclear and
electronic states. The widthGN( i ) of the initial nuclear state
is usually zero or very small determined by, e.g., the
b-decay rate of the ground state. The widthGN( i ) of the
final nuclear state will mainly depend on the probability for
the transition into lower nuclear states either by electromag-
netic or nuclear decay. The electronic contributionsGe( l ) of

the initial and final states (l5 i , f ) to the width\g contain
spontaneous processes and laser-induced transitions.

The lifetime of the initial state depends on the probability
for removing the electron from this state. This can be caused
either by the action of the laser field, the radiative transition
of the electron to a state with lower energy which is not
occupied, or an Auger process. The width of the initial elec-
tron state will increase with growing laser intensity on ac-
count of ionization; comparatively the spontaneous processes
become less important.

We estimate the ionization widths for the electron states in
a simple approximation to take into account the action of the
laser field. As the electron states adjust immediately to the
change of the potential by the electric field of the laser we
can use a simple barrier penetration model to calculate in a
rough approximation the ionization widthGL

e( l ) due to the
laser field for a state with wave functionuc l(t)&. This pro-
cedure is consistent with the adiabatic description of the time
development of the electron states. During one laser period
the electron has a time-dependent probability to be found in
a unperturbed electronic stateuk& @cf. Eq. ~3.11!#. Using the
mean probabilities we can calculate the width

GL
e~ l !5~11All1

3
8All

2 !G l1(
kÞ l

~ 1
2Blk

2 1 3
8Alk

2 !Gk ~4.2!

from the widthsGk5G(unJMl&) of the usual one-electron
wave functionsuk&5unJMl& with principal quantum number
n, total angular momentumJ, magnetic quantum number
M , and orbital angular momentuml . These states in the
spherical basis are linear combinations of states in the para-
bolic basis with the same principal quantum numbern, the
parabolic quantum numberq, and the magnetic quantum
numberm. Accordingly, we calculate the width as a sum

G~ unJMl&)5 (
q50

n2umu21

(
m52 l

l

CqMm
nJl G~ unqm&), ~4.3!

where

CqMm
nJl 5~2J11!~2l11!

3S l
1

2
J

m M2m 2M
D 2S n21

2

n21

2
l

m1k

2

m2k

2
2m

D 2

~4.4!

with

k52q2n1umu11 ~4.5!

the probability of finding the electron in the respective state.
A more rigorous treatment would directly use the wave func-
tions in the representation in parabolic coordinates for the
electronic states from the beginning. The widths
G(un,q,m&) of the parabolic wave functions are finally cal-
culated from the barrier penetration probability in the
Wentzel-Kramers-Brillouin ~WKB! approximation @26#.
When the laser amplitudeE0 rises and the barrier vanishes
there will be no bound electron state any more so that the
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electron will be immediately removed from the atom. The
time constant of this process will be determined by the time
dependence of the laser field. As a simple approximation we
assume the value 4\vL ~the field reaches its first maximum
after one quarter of the laser period! for the width at the
ionization threshold. For larger amplitudes of the electric
field, the ionization threshold will be reached before the field
attains its maximum strength. For simplicity, we assume a
linear scaling of the width with the field strength. This
method should give a reasonable approximation to the ion-
ization widths.

We also have to consider that the interaction with the laser
field leads not only to larger widths of the initial electron
states but also to a decrease of the widths of the final states.
The more electrons are removed from the outer shells of the
atom in the ionization, the smaller is the width of the final
electron state, a hole state in an inner shell. Finally it gets an
infinite lifetime when the intensity reaches its ionization
threshold. We can take this effect into account in a very
simple method for a rough estimation. The width of a final
state is assumed to be reduced from its value in the laser-free
case proportionally to the number of ionized electron states
above it.

V. APPLICATION TO INDIVIDUAL NUCLEI

We will now examine the excitation of some heavy nuclei
employing the theory developed before. This will give a feel-
ing about the importance of the various effects in the laser-
assisted excitation process. The characteristics of the nuclear

and electronic transitions for the examined atoms are given
in Table I.

The matrix elements for the coupling of the electron states
by the perturbation of the laser field^mueE0zun& and of the
transition operatorŝ muN (alm)un& are calculated with
nonrelativistic one-electron wave functions in a Coulomb po-
tential where the nuclear charge has been adjusted to give the
correct binding energies of the states. This should be a rea-
sonable approximation for a first estimation of the excitation
probability. The binding energies were taken from Ref.@27#.
The screening of the nuclear charge by the more strongly
bound electrons leads to quite small effective charge num-
bers for the Coulomb potential of the outer electrons. A cal-
culation with relativistic wave functions of the electrons is
possible but would increase the numerical expenses and is
beyond the aim of the present work. The long-wavelength
limit of the electronic excitation operators was only used for
the cases of92

235U and 90
229Th, in the other cases the full ex-

pressions were used.
Of course, we cannot expect to get really quantitative re-

sults. However, the essential dependences will become clear
and may indicate the direction for future investigations. The
absolute values of the excitation probability are rather uncer-
tain and may change considerably in more exact calculations
of the electronic transition matrix elements. This is clearly
seen in Table I where the squared interaction energies@Eq.
~3.24!# in our calculation are compared with the results of
Ref. @4# where a relativistic variant of the Hartree-Fock-
Slater method was used for the generation of the electronic

TABLE I. Characteristics of the nuclear and electronic transitions for different atoms.

66
161Dy 76

189Os 77
193Ir 79

197Au 90
229Th 92

235U 93
237Np

Multipolarity aL M1 M1 M1 M1 M1 E3 E1

Nuclear transition 5
2

1→ 7
2

1 3
2

2→ 5
2

2 3
2

1→ 1
2

1 3
2

1→ 1
2

1 3
2

1→ 5
2

1 7
2

2→ 1
2

1 3
2

1→ 1
2

1

Excitation energy~keV! 43.8211a 69.537b 73.041c 77.351d 20.0035e 0.0768f 102.96g

Reduced transition probability
B(aL,↓) ~W.u.! 0.026a 0.00252b 0.00098c 0.00409d 0.0198h 1.0 0.0198g

Electronic transition 2s12 → 1s12 3s12 → 1s12 3s12 → 1s12 3s12 → 1s12 7s12 → 8s12 6p 3
2 → 5d 5

2 2p 3
2 → 1s12

This work 3.131024 1.131025 1.631026 8.231026 2.1310214 2.4310223 1.731026

Eint
2 (eV)2 i 4.6231025 3.831024 4.9731025 3.0731024 1.9310217 j 9.631026

Two-photon resonance energy
\vL ~eV! 455.13 632.245 61.13 37.59 0.1065 0.575 954.46

aReference@30#. fReference@29#.
bReference@31#. gReference@34#.
cReference@32#. hReference@36#.
dReference@33#. iReference@4#.
eReference@35#. jValue converted toB(E3)51.0 W.u.
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wave functions. In general, the electronic-nuclear interaction
becomes larger for lower multipolarities and transitions be-
tween inner electron shells. The influence of the shape of the
electronic wave function on the value of the matrix element
is easily understandable from the radial dependence of the
transition operators. For small radii we have ar2L21 depen-
dence from the Hankel functions enhancing the contributions
of the inner part of the wave function where relativistic and
many-body effects like the antisymmetrization are very im-
portant. This is most noticeable in theE3 transition of

92
235U. On the other hand, the calculated values of the Stark
shift should not be so sensitive to the used wave functions
because the contributions in the inner region of the radial
integral are suppressed.

The assumption of independent one-electron states will
also limit the predictive power of our calculations. Perturba-
tions in the other electronic states through the interaction of
the laser field will have an influence on the binding energy
and wave function of each electron because of many body
effects. The changes in the energies may be larger than the
widths and Stark shifts of the initial states.

The contributions of the spontaneous electronic transi-
tions to the widths of the initial electron states are neglected
as they are small compared to the width of the final elec-
tronic states~taken from @28# except for 92

235U and 90
229Th!.

The ionization widths of the initial electronic states are taken
into account as described in Sec. IV. In Fig. 1 we give the
calculated ionization thresholds for the electron states of the
considered atoms. The threshold for the ionization of the
atom for the different electron states span a wide range of
laser intensities. The outermost electrons will escape the
atom at laser intensities below 1012W cm22, whereas the 1s
electrons are affected only for much larger intensities of
about 1026 W cm22. The widths of the nuclear states can be

neglected due to their long lifetimes as compared to the life-
times of the electronic states.

A. 92
235U

The long-lived (T 1
2'25 min @29#! isomeric 1

2
1 state can

be reached in anE3 transition from the72
2 ground state. The

nuclear energy difference corresponds almost exactly to the
difference in the binding energies of the 6p 3

2 and 5d 5
2 elec-

trons. By carefully adjusting the laser frequency a resonant
transition can be achieved.

The contributions of spontaneous transitions to the widths
of the final electronic states are estimated from the radiative
widths of these states. A calculation with the one-electron
wave functions gives approximately 1 meV for theO1 , 0.5
meV for theO2,3, 0.1 meV for theO4,5, 0.02 meV for the
P1 , and 0.01 meV for theP2,3 shells. The higher shells are
assumed to have zero widths. These numbers should be taken
as lower limits as compared to the actual widths of these
states since further decay processes than radiative transitions
contribute.

To begin with, we examine the dependence of the excita-
tion probability on the laser intensity for the 6p 3

2 → 5d 5
2

electron transition~Fig. 2!. Without the perturbation by the
laser, we calculate a probability of only 0.185310222. With-
out the long-wavelength approximation this value would
change by about 0.531022% because of the small 76.8-eV
excitation energy. The photon energy of the laser field is
chosen as\vL50.575 eV, half the difference between the
nuclear and electronic energy differences, to get a resonant
excitation in case of a two-photon absorption from the laser.
With increasing laser intensity the excitation probability first
rises to a maximum at approximately 331012 W cm22 and
finally drops far below the unperturbed value. This behavior
can be explained by investigating the electronic excitation
function@Eq. ~3.21!#. For small laser intensities contributions
with ngÞ0 are insignificant and ionization effects can be
neglected. The weak dependence of the probability on the
laser intensity is only determined by the magnitude of the
stark shift of the electronic energies and the coupling of ini-
tial and final states to other electronic states. The relative
shift of the energies amounts to only 0.431024 for the initial
and 0.231025 for the final state at 1013 W cm22, corre-
sponding to 4 and 0.06 meV, respectively. With increasing
laser intensity the two-photon exchange contribution be-
comes important as the comparison with the excitation prob-
ability in the case of a static electric field of equal strength
shows. The argument of the Bessel functionJ1 in Eq. ~3.21!
rises. The energy denominator, limited from below by the
width of the electronic state, is very small because of the
tuning of the photon energy\vL .

The enhancement of the probability through the absorp-
tion of photons from the laser field is not very large.
It reaches a factor of about 2 at approximately 331012

W cm22. Not much above 331013 W cm22 ionization ef-
fects become strong. The probability drops steeply as the
intensity exceeds the ionization threshold of the initial state.
The steps in the probability curve are related to the crossing
of ionization thresholds of states which couple to the initial
state by the laser perturbation. The effect of ionization is
very pronounced in looking at the static electric field. In this

FIG. 1. Ionization thresholds of the electron states in the inves-
tigated atoms. The states are arranged for each element from left to
right in the orders12, p

1
2, p

3
2, d

3
2, d

5
2, f

5
2, f

7
2, and from bottom to

top with increasing principal quantum number. States not occupied
by electrons are given by circles in the case of Th. The considered
electronic transitions are marked with thin lines. Corresponding to
the Stark shift, the sublevels for total angular momentumJ are
splitted where the ionization threshold increases with increasing
uM u.
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calculation the ionization widths have been taken as the en-
ergies of the states giving a rough approximation of the typi-
cal time constant of the process. Without the escape of the
electrons a rather large excitation probability could be
reached with the help of the laser. At intensities much above
1015 W cm22 processes with more than two photons from
the laser field become significant. The Stark-shift of the elec-
tronic energies increases rapidly and the theoretical descrip-
tion using only second-order perturbation theory for the
electron-laser coupling is no longer valid.

In addition to the 6p 3
2 → 5d 5

2 transition investigated be-
fore, the energy differences of the 6p 1

2 → 5d 5
2 and 6p 3

2 →
5d 3

2 transitions are also similar to the nuclear energy differ-
ence. To get into resonance, photon energies of 4.695 and
6.235 eV, respectively, are needed. For these energies the
adiabaticity condition Eq.~3.6! is not met and the theoretical
description of the time dependence of the electron states
fails. Because of these larger energies the probability for the
nuclear excitation through these two electronic transitions is
smaller than in the case of the 6p 3

2→ 5d 5
2 transition. We get

the values 0.115310223 and 0.308310224, respectively, in
the laser-free case. With a photon energy of 0.575 eV no
enhancement can be reached by the application of the laser.

An electronic transition 6p 1
2 → 5d 3

2 with anE3 multipo-
larity is not possible without the laser interaction due to the
selection rules. The coupling of initial and final states to
other electronic states with increasing laser intensity allows
this transition but it is too weak to give a sufficiently large
contribution to the excitation probability. We get a value
of 0.11310230 for this transition at an intensity of 1013

W cm22 and a photon energy of 0.575 eV. This is eight or-
ders of magnitude smaller than the 6p 3

2 → 5d 5
2 transition.

The dependence of the excitation probability on the pho-
ton energy is studied in Fig. 3 for the 6p 3

2 → 5d 5
2 electronic

transition. At an intensity of about 331012 W cm22 we get
the maximum enhancement of the probability in the reso-
nance case~cf. Fig. 2! because ionization effects are still
small. The sharp resonance from the two-photon absorption
is well seen at an energy around 0.575 eV. At an intensity of
331013 W cm22, close to the ionization thresholds for the

FIG. 2. Excitation probability of the12
1 state

in the 92
235U nucleus for the 6p 3

2→ 5d 5
2 electronic

E3 transition as a function of the laser intensity
with a photon energy of\vL50.575 eV. Solid
line: full calculation; long-dashed line: without
ionization; short-dotted line: excitation probabil-
ity in a constant electric field with corresponding
field strength.

FIG. 3. Excitation probability of the12
1 state

in the 92
235U nucleus for the 6p 3

2→ 5d 5
2 electronic

E3 transition as a function of the photon energy
with a laser intensity of 331012 W cm22 ~solid
line! and 331013 W cm22 ~dashed line!.
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initial states, the resonance is less pronounced due to the
larger widths and a little shifted to smaller energies because
of the Stark shift. The probability also becomes smaller with
increasing intensity. The resonant contributions from the
four-photon, six-photon, or higher photon processes at the
corresponding smaller resonance energies are insignificant to
the total excitation probability due to the small ratio of the
Stark shift to the laser frequency in the argument of the
Bessel functions.

We can hardly compare our results for the increase of the
excitation probability by the application of the laser with
earlier calculations. The useful laser intensities are com-
pletely limited by the ionization of the atom, at least six
orders of magnitude smaller than the values used in Ref.
@18#. These authors give only some rough approximation for
the limit in intensity for the laser-induced electron escape
from s states. Accordingly their calculated enhancement of
the excitation probabilities is many orders of magnitude
larger than our results. They did not explicitly study the de-
pendence on the photon frequency too. In Ref.@20# no ex-
plicit probabilities for the nuclear excitation are given since
the more complicated process with the initial hole creation
and only relative yields as compared to nuclearg-ray absorp-
tion and Coulomb excitation are considered.

B. 66
161Dy

The second excited state of66
161Dy with a half-life of T 1

2

50.83 ns@30# can be reached from the ground state during

an electronicM1 transition from the 2s12 to the 1s12 state
~Table I!. In Fig. 4~a! the dependence of the excitation prob-
ability on the laser intensity is examined. The photon energy
is adjusted to a resonant two-photon process to get the maxi-
mum enhancement. Much higher laser intensities can be used
as compared to the uranium case because the participating
electrons are much more tightly bound~cf. Fig 1!. The lower
multipolarity and the electronic transition in the inner shells
lead to a much stronger interaction between the electrons and
the nucleus and with that to a higher excitation probability.
The larger energy difference between the nuclear and the
electronic energy differences as compared to the uranium
case, however, leads not to a corresponding increase of the
excitation probability as expected from the squared interac-
tion energy~Table I!. Taking into account the reduction of
the widths of the final electron states with increasing laser
intensity in the procedure of Sec. IV we notice a distinct
enhancement of the excitation probability. We get an ampli-
fication of about 4 at an energy already one order below the
ionization threshold of the 2s12 state beyond which the prob-
ability decreases quickly. The amplification is limited by the
large width of the final electron state.

The two-photon resonance energy depends on the inten-
sity through the Stark shift of the electronic levels and de-
creases from 455.13 eV at no laser application to 425.42 eV
at a laser intensity of 1.2531021 W cm22 @Fig. 5~a!#. Ad-
ditionally to the distinctly visible two-photon resonance the

FIG. 4. Excitation probability as a function of the laser intensity. The photon energy is fixed to the energy of a resonant two-photon
process. Calculation with~solid line! and without~dashed line! reduction of the final state width by the laser induced ionization. Excitation
of the ~a! 7

2
1 state in66

161Dy with a 2s12 → 1s12 electronicM1 transition,~b! 5
2

2 state in76
189Os with a 3s12 → 1s12 electronicM1 transition,

~c! 1
2

1 state in77
193Ir with a 3s12 → 1s12 electronicM1 transition,~d! 1

2
1 state in79

197Au with a 3s12 → 1s12 electronicM1 transition.
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four- and six-photon resonances can be seen at a half and a
third of this energy with much smaller amplitudes mainly
determined by the value of the Bessel functionsJ2 andJ3 .

C. 76
189Os

The excitation of the52
2 state (T 1

251.62 ns@31#! from the
ground state occurs also during a magnetic dipole transition
~Table I!. Instead of an initial 2s12 as in the dysprosium case
we have a 3s12 state and only smaller laser intensities can be
used before ionization effects become noticeable. The depen-
dence of the excitation probability on the laser intensity in
Fig. 4~b! shows that the laser-induced reduction of the final-
state width is important to achieve an increase of the excita-
tion probability. In Fig. 5~b! we look at the dependence of
the excitation probability on the photon energy for a laser
intensity of 0.7531020 W cm22. The behavior is similar to
the 66

161Dy case. The resonance energy of 604.36 eV at this
laser intensity is even higher than in the case of dysprosium.
The four-photon resonance can be detected at half of this
energy.

D. 77
193Ir

The excitation of12
1 state (T 1

256.09 ns@32#! in 77
193Ir also

proceeds during an electronic 3s12 → 1s12 transition ~Table

I!. The main differences to the case of osmium are the
smaller reduced transition probability for the nuclear excita-
tion and the smaller photon energy neccessary for a two-
photon resonance. In Fig. 4~c! we look again at the depen-
dence of the excitation probability on the laser intensity. The
reduction of the width of the final electronic state is again the
important ingredient to obtain an increase of the probability
slightly below the ionization threshold of the initial electron
state. The dependence of the probability on the photon en-
ergy at a laser intensity of 1020 W cm22 @Fig. 5~c!# shows
clearly the two-photon resonance. It is shifted by the Stark
effect from 61.5 eV in the laser-free case to the higher 95.7
eV at this high intensity. The four-photon, six-photon, and
higher photon resonances can also be seen. They are very
prominent due to the small values in the argument of the
Bessel functions.

E. 79
197Au

The excitation of the12
1 state (T 1

251.91 ns @33#! re-
sembles very much in its characteristics the excitation of
iridium ~Table I!. The reduced transition probability is larger
and the two-photon resonance energy is smaller so that the
overall excitation probability is about a magnitude larger. We
calculate a probability of 0.12931028 for the excitation of

FIG. 5. Excitation probability as a function of the photon energy. Calculation with~solid line! and without~dashed line! reduction of the
final state width by the laser induced ionization. Excitation of the~a! 7

2
1 state in66

161Dy with a 2s12→ 1s12 electronicM1 transition at a laser
intensity of 1.2531021 W cm22, ~b! 5

2
2 state in 76

189Os with a 3s12 → 1s12 electronicM1 transition at a laser intensity of 0.7531020 W
cm22, ~c! 1

2
1 state in77

193Ir with a 3s12→ 1s12 electronicM1 transition at a laser intensity of 1.531020 W cm22, ~d! 1
2

1 state in79
197Au with

a 3s12 → 1s12 electronicM1 transition at a laser intensity of 1.531020 W cm22.
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the 1
2

1 state without the application of the laser. The use of
the long-wavelength limit in the calculation of the electronic
matrix elements would lead to a probability of
0.12431028. This is a change of only 4%, not very signifi-
cant at the current level of theoretical precision. In Fig. 4~d!
the dependence of the excitation probability on the laser in-
tensity is studied. As expected, the shape of the excitation
function is very similar to the case of77

193Ir. When the ioniza-
tion thresholds for the electrons in then53 shell are reached
the probability drops off quickly. The dependence of the ex-
citation probability on the photon energy for a laser intensity
of 1.531020 W cm22 shows again clearly the multiphoton
resonances when the reduction of the widths of the final
states is taken into account@Fig. 5~d!#. The highest maxi-
mum is reached at an energy of 82.4 eV for the two-photon
process Stark shifted from 37.59 eV at vanishing laser inten-
sity.

The other maxima can be found at1
2 ,

1
3 ,

1
4 , . . . , of this

energy. The many photon resonances can only be seen so
clearly because the Stark shift of the initial state and the
photon frequency are of the same order of magnitude: the
argument of the Bessel function takes on the large value
0.544 for the two-photon resonance energy. Unfortunately,
the photon energies, where we get the strong variation in the
excitation probability, seem to be still too high to be reached
in an experiment with current available lasers.

F. 93
237Np

The excitation of the72
2 state in93

237Np with a half-life of
T 1

2
580 ps@34# from the ground state is made possible by an

E1 transition~Table I!. The initial electron level is now a
2p 3

2 state. The electronic transition matrix elements have to
be calculated without using the long-wavelength approxima-
tion because of the high excitation energy. We calculate a
probability of 0.45310212 in the case of no laser perturba-
tion. The use of the long-wavelength approximation would
reduce this value by 26.6%, a rather large amount. The ex-
citation probability does not increase much with increasing
laser intensity~Fig. 6!. When the ionization threshold for the
initial electronic states is reached we again observe the de-

crease. The effect of the width reduction by the ionization
can be clearly seen but it is not very pronounced. Because
the electric field of the laser acts differently on the 2p 3

2 sub-
states the photon energy can be adjusted to a resonant two-
photon process either for theuM u5 3

2 or
1
2 levels of the initial

electron states.
This can also be seen in Fig. 7 where the dependence of

the excitation probability on the photon energy is shown for
a laser intensity of 7.531022 W cm22. The contributions
with different uM u in the initial electron state to the total
probability show a clearly different behavior. The two-
photon resonances are shifted by the Stark effect to different
energies and have a different energy dependence. The states
with M56 1

2 are much stronger affected by the Stark effect
than the6 3

2 states so that the four-photon resonance in
their contribution is also visible. At a laser intensity of
7.531022 W cm22 the resonances are already quite broad
and the ionization induced reduction of the electronic widths
has only a small effect. The photon energies for a resonant
excitation are considerably larger than the energies that can
be reached with current lasers.

G. 90
229Th

Contrary to the examples before we will now study the
deexcitation of a nucleus by laser-assisted internal conver-
sion with a bound final electron state. The nucleus90

229Th has
a first excited 3

2
1 state at an uniquely small energy of

(3.561.0) eV@35#. The half-life of this state which is popu-
lated in thea decay of92

233U has been estimated to be in the
order of 45 h@35# for a M1 radiative transition to the52

1

ground state (T 1
2
57340 yr! @36#. A decay of the3

2
1 state

through internal conversion with an unbound electron in the
final state is not possible because the excitation energy is
smaller than the binding energy of the most loosely bound
electrons in90

229Th. A resonant or discrete internal conversion
with a bound electron in the final state can only be achieved
by applying a laser field with the appropriate frequency. This
process would lead to a drastic acceleration of the nuclear
decay@17#.

FIG. 6. Excitation probability of the72
2 state

in the 93
237Np nucleus for the 2p 3

2 → 1s12 elec-
tronic E1 transition as a function of the laser in-
tensity. The photon energy is fixed to the energy
of a resonant two-photon process in theM
56

3
2→6

1
2 ~solid and long-dashed lines! andM

56
1
2→6

1
2 ~short-dashed and dotted lines! tran-

sition. Calculation with~long-dashed and dotted
lines! and without~solid and short-dashed lines!
reduction of the final state width by the laser in-
duced ionization.
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The electronic binding energies for the electronic states in

90
229Th are taken from Ref.@27# for the 7s12 and lower states,
and from Ref.@17# for the upper levels. The energy differ-
ence of 3.713 eV between the 7s12 and 8s12 states is very
close to the 3.5-eV nuclear decay energy. This electronic
transition in a M1 excitation needs only a photon energy of
0.1065 eV in a resonant two-photon process. It is the most
favorite candidate for the laser-assisted internal conversion.
The experimental signal for the excitation could be the pho-
ton emission during the decay of the excited 8s12 state via the
7p 1

2 and 7p 3
2 states.

In Ref. @17# the 8p 1
2 state is chosen as the final electronic

state with the excitation to the 8s12 state as intermediate state
and the absorption of a single laser photon in the second
step. This corresponds to a first-order process in the laser
interaction whereas we consider a second-order process. Tak-
ing the 8p 1

2 states as final states there is noM1 transition
possible without the laser field; only the one-photon coupling
from the laser with the 8s12 states gives a finite transition
probability. The necessary photon energy of 0.712 eV is
much higher than in the second-order process. An 8p 1

2 elec-
tron will escape from the atom at smaller laser intensities
than an 8s12 electron limiting the useful intensities. The prob-
ability increases in the first-order process only linearly with
the intensity whereas in the second-order process we can
expect to observe a quadratic increase.

For the calculation of theM1 transition probability we
can adopt the theoretical description used before with slight
modifications. The width of the initial and final electron
states depends on the laser induced ionization. There is no
contribution to the width of the initial state from spontaneous
transitions because all electron levels with lower energy are
occupied. The radiative width of the 8s12 state is calculated
from the transitions to the 7p 1

2 and 7p
3
2 levels to be 37.1 neV.

Without the application of the laser we get a very small
probability of 0.47310212 for the excitation of the 8s12 elec-
tron state during the decay of the32

1 state.
In Fig. 8 the strong dependence of the excitation probabil-

ity on the laser intensity is shown where the photon energy is
adjusted to the two-photon and four-photon resonances, re-

spectively. We obtain a strong increase with the intensity
until the ionization thresholds of the electron states are
reached and the probability decreases rapidly. The observed
enhancement is enabled by the small width of the final elec-
tron state. With a Stark shift of 0.5 meV at a laser intensity of
108 W cm22 and the small width of the final electron state
we calculate in the approximation of Eq.~3.26! an amplifi-
cation factor ofA254.53107 independent of the photon
energy. This compares well with the value of 2.53107 in the
full calculation at a nuclear excitation energy of 3.5 eV. The
absolute value of the deexcitation probability depends, of
course, on the photon energy. This can be seen in Fig. 8 by
comparing the results for different nuclear excitation ener-
gies. For large photon energies the theoretical description of
the process is no longer valid as the adiabaticity criterion is
not fulfilled. The amplification factor explicitly shows the
increase of the excitation probability with the square of the
laser intensity through the dependence on the Stark shift in
the case of the two-photon resonance. In the four-photon
process we get an increase with the fourth power of the in-
tensity but at comparatively smaller excitation probabilities.

VI. SUMMARY AND CONCLUSIONS

We studied the excitation of nuclear states by transitions
of bound electrons in heavy atoms in the presence of a strong
laser field. First-order time-dependent perturbation theory
was used for the calculation of the excitation probability in-
cluding general electric and magnetic multipolarities and
considering relativistic retardation effects in the interaction.
The time-dependent field dressed electron states were de-
scribed in an adiabatic approximation which is valid under
the condition of a small laser frequency as compared to the
electronic transition energies and not too large laser intensi-
ties. This method improves the description for many-electron
atoms, where the strength of the electron-laser coupling is
much smaller than the splitting of states with equal principal
quantum number as compared to hydrogenlike atoms. The
ionization of the atom for increasing laser intensities was
considered in a rough approximation. The limitation of the

FIG. 7. Excitation probability of the72
2 state

in the 93
237Np nucleus for the 2p 3

2 → 1s12 elec-
tronic E1 transition as a function of the photon
energy with a laser intensity of 7.531022

W cm22. Total probability with~solid line! and
without ~dotted line! reduction of the final state
width by the laser induced ionization; contribu-
tion of theM56

1
2→6

1
2 ~long-dotted line! and

M56
3
2→6

1
2 ~short-dashed line! transition to

the probability~calculated with the width reduc-
tion!.
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laser intensity in the theoretical description is not a problem
due to the set in of ionization. The adiabaticity condition is
often well met for the envisaged excitation processes.

The laser field gives rise to a characteristic time depen-
dence and coupling of the electronic states determined by the
second order Stark effect. This is different from the hydro-
genlike atoms where the first order Stark effect dominates.
The theoretical description allows an easy application of se-
lection rules for simultaneous electronic and nuclear transi-
tions. Even if the nuclear transition multipolarity does not
match the possible multipolarity of the unperturbed elec-
tronic transition, there may be a finite excitation probability
from the coupling to other electronic states. A resonant in-
crease of the excitation probability can be achieved by ad-
justing a multiple of the photon energy to the difference of
the electronic and nuclear energy differences. These energy
differences should match as close as possible to get small
laser frequencies and a strong enhancement. The largest in-
crease is expected for large laser intensities sufficiently be-
low the ionization threshold of the participating electron
states. The ionization of the atom limits the attainable en-
hancement of the process by restricting the useful laser in-
tensities. The widths of the states have to be very small. For
this, the laser-induced ionization of the atom can contribute
by reducing the widths of the final electronic states. The
exact values of the ionization thresholds of the electron states
calculated in a nonrelativistic approximation can change ap-
preciably in a more detailed calculation. The actual ioniza-
tion threshold may be larger than the value suggested by the
simple barrier penetration model. In Ref.@37# it was demon-
strated in a nonrelativistic calculation for the hydrogen atom
that a laser field can keep the electron in the atom at very
high intensities. The question of the ionization rates in an
intense laser field needs certainly more work to be fully un-
derstood. The electronic transition matrix elements are very
sensitive to the inner structure of the wave functions. A really
quantitative calculation will have to use a relativistic descrip-
tion of the electron states. An improvement of the theory is

of course possible. More complicated electronic wave func-
tions can be used taking into account relativistic and many-
body effects. The adiabatic approximation for the time-
dependence of the electron states could be replaced by a full
Floquet calculation@38# reducing the limitations in laser fre-
quency and intensity. The ionization process and its effects
on the electronic states and their lifetimes should be treated
in more detail.

The excitation of the low-lying states in the investigated
nuclei exhibits some typical features of the laser-assisted ex-
citation process. The calculated probabilities are very small
in the case of the12

1 isomeric state of92
235U even in the

resonant excitation due to the weak electric octupole cou-
pling of the outer electrons with the nucleus. The excitation
with the help of electronic transition with multipolarity
L51 in the inner shells of, e.g.,66

161Dy, 76
189Os, and79

197Au are
much more probable. An actual experimental observation of
the nuclear excitation by laser-assisted electronic transitions
seems to be very difficult in the92

235U case. The needed pho-
ton energies for a resonant excitation of the nuclei79

197Au,

77
193Ir, and especially66

161Dy, 76
189Os, and93

237Np seem to be too
large for current lasers. The deexcitation of the3

2
1 state in

90
229Th in a resonant internal conversion is really worth an
experimental study. In comparison with experiments we have
however to bear in mind the idealized description of a single
atom. In real situations especially the outer electron states
will depend on the atomic environment. This is clearly seen
from the influence of the chemical composition on the life-
time of the isomeric state in92

235U which decays by internal
conversion@39,40#. The ionization of the atom in the strong
laser field will also have an effect on the binding energies of
the remaining electrons. In favorable cases, this can lead to a
shift of the resonance energies to experimental accessible
regions.

An investigation of other nuclei is worthwhile. Low mul-
tipolarities and transitions between inner electron states
would be advantageous to get a strong nuclear-electron cou-

FIG. 8. Deexcitation probability of the32
1

state in the90
229Th nucleus for the 7s12 → 8s12

electronicM1 transition as a function of the laser
intensity. The photon energy is fixed to the en-
ergy of a resonant two-photon process for a
nuclear excitation energy of 3.5 eV~solid line!,
4.0 eV ~long-dashed line!, and 3.0 eV~short-
dashed line! or the resonant four-photon process
for an energy of 3.5 eV~dotted line!.
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pling. The necessary photon energy to achieve resonance has
to be within reach experimentally. The chance of finding out
favorable experimental conditions depends mainly on the
precise knowledge of the nuclear and electronic energies.
The actual number of experimentally accessible cases will be
quite small.
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@38# M. Dörr et al., J. Phys. B26, L275 ~1993!.
@39# M. Neve de Mevergnies and P. Del Marmol, Phys. Lett.49B,

428 ~1974!.
@40# D. Hinnenburg, Z. Phys. A300, 129 ~1981!.

53 2561NUCLEAR EXCITATION BY LASER-ASSISTED ELECTRONIC . . .


