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Nuclear excitation by laser-assisted electronic transitions
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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. lonization effects caused by the laser are
considered in a simple manner. The probability for the excitation of the ngglBly, 7o°0s, 333, 33°Au,

23%U, and 33'Np 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 %* (3.5+1.0 eV) state inS(Z)gTh is an example of the laser-assisted discrete internal conversion.

PACS numbsd(s): 32.80—t, 25.30—c, 42.50.Hz

[. INTRODUCTION definite quantum numbers. Therefore it gives no explicit se-
lection rules in the electronic part as in a real quantum-
The excitation of atomic nuclei by electronic transitions mechanical calculation. In Ref18] the possible escape of
has repeatedly been discussed in the literafdre4] and the electrons at large laser intensities is discussed but not
several experiments have been perforniBe11]. In this  explicitly included in the calculation. Only simple estimates
process an electron in an outer shell makes a transition to far the ionization limit are given. More realistic wave func-
state of lower energy transferring the difference of the bindtions of the electrons in the Coulomb potential of the nucleus
ing energies and angular momentum to the nucleus which iand a real quantum-mechanical treatment of the excitation
excited from the ground state or a long-lived isomeric statdconsidering only the Coulomb interaction of the charge den-
to another state. This mechanism corresponds to the inversities are used in Ref[20]. The action of the laser field is
internal conversionllC) and is a further kind of electronic included by the use of field dressed stdi23,24). It is as-
deexcitation in addition to radiative transitions and the emissumed that electron states with the same principal quantum
sion of Auger electrons. The electronic transition requires themumber are energetically degenerated. Neglecting the cou-
existence of a vacancy in the electronic cloud. This hole campling between states of different principal quantum number,
be produced, e.g., by means of x-ray absorption by an eledhe time evolution of the electron states can again be given
tron or inelastic scattering of electrons with sufficient energyanalytically using parabolic coordinates. But these field
Some heavy nuclei possess low-lying states with excitatiomlressed states can only be used if the interaction of the elec-
energies close to the energy differences of the electronic otrons with the laser field is stronger than the spin-orbit split-
bits. These nuclear states can be reached by IIC in transitiorisg of the electron statd®5]. In multi-electron systems this
with the according electromagnetic multipolarities. The pos-condition is obviously not met. In Refl19] the excitation
sibility of influencing electron states by now available pow- process with high frequency laser fields was studied using a
erful lasers has renewed the interest in this excitation mechalassical description for the motion of the electrons.
nism because the application of a laser field has a strong In view of the above approximations, we will present a
influence on the usual internal conversid®?-17. There is more realistic description of the excitation process. It in-
the hope that an accurate adjustment of the electromagnetitudes the electric and magnetic interaction between the elec-
field of the laser can considerably enhance the transitiotrons and the nucleus and permits the use of more realistic
probabilities[18—-20. electronic wave functions. The initial creation of a hole state
The theoretical description of the excitation process needm the electron cloud20] will not be taken into consider-
the knowledge of the electromagnetic interaction betweemtion. This process can be assumed to be independent from
the nucleus and the electron cloud and the action of the las¢he excitation in first approximation. The action of the laser
field on the electron states. These problems were alreadjeld on the electron states is considered in an adiabatic treat-
tackled in different approximations. In R¢fL8] the electron ment of the time evolution and the ionization effects are
states are described in the potential of a harmonic oscillatozonsidered in a simple way. The dependence of the excitation
whose parameters were individually adjusted to give the corprobability on the laser intensity and photon energy is stud-
rect binding energies and orbital radii. In this approximationied. The paper is organized as follows. In Sec. Il we calculate
the time dependent evolution of the states in the laser fielth general the probability of the nuclear excitation during an
can be given analytically. The nuclear excitation is caused byglectronic transition without a detailed specification of the
the Coulomb field of the oscillating charge distribution of thetime-dependent electron states. The action of the laser field
electron cloud. This semiclassical approximatitf. the on the electron states is described in Sec. Il and in this
Coulomb excitation of nuclef21,22) considers no actual adiabatic approximation the nuclear excitation functions are
transitions between initial and final electronic states withcalculated. The finite lifetimes of the states including the
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ionization of the atom in the laser field is considered in Secwith the nuclear excitation energy
IV. In Sec. V we apply our model to the excitation of states
with small excitation energy in the nuclefsU, 3Au, hony=E}Y—EN=%cky (2.2
3, 8Dy, 18%s, and33'Np. A special case is th%gTh
nucleus where the deexcitation of a nuclear state is studieénd the nuclear and electronic transition matrix elements of
Finally, in Sec. VI, we close with a summary and our con-the charge density
clusions.
NI =CRlp(rlet), e =(yRIp(N[ YD),
Il. NUCLEAR EXCITATION INDUCED 2.3
BY ELECTRONIC TRANSITIONS
and the current density
The probability for the excitation of a nuclear staig')
with energy EY' from a ground statdyf’) with energy — gN(r)=(gR|3(r)[ul), 3,0 =(wfOI3M)]g(D).
E;"<E}{ during the transition of an electron from the state (2.4
|47y with energyEf to a stronger bound statesf) with
energy Ef<E{ will in general be much smaller than one. We have assumed that the total initifihal) wave function is
Therefore we can calculate the excitation probability in firsta simple product state of the initiglinal) nuclear and elec-
order perturbation theory proceeding along the lines of théronic wave functions. We keep the time dependence of the
Coulomb excitation theorf21,22. The excitation amplitude electronic states in this notation as it is not specified as yet.
is given by The excitation amplitude can be expanded into a sum of
. contributions of different multipolarity by using the expan-
B ‘o , , sion of the Green’s function. Assuming that the electrons do
“_EJ dte Ntf fd3rd3r [pN(r )pH(r.) not penetrate into the nucleus, i.&:/|<|r|, the integrand
) factorizes into a nuclear and an electronic part. Using the
exp(iky|r—r']) 2.1) continuity equation and integrating by parts in both the

1
N(pr e
— = IN(r'") - 38(r,t : R
c ) (Y [r—r'| nuclear and the electronic part, we remain with

47Tk
--2 Ud3 M0 G Yo 1+ | [t [ aepste,on ) ¥
fd:*’r’\]“(r )-Am(r’ a)f dte""Ntf d3r38(r,t)- By (r,a) (2.5
a=e,m
|

with the electric =€) and magnetic §=m) vector fields A N -
A w(r’,a) and B, y(r,a) defined in Ref[22]. Usually the bfi:m % (el 7(a,LM) |y ) Fiy
energy differenc&f— E;=7ick, between the final and initial a=em,s
electronic states is the negative of the nuclear energy differ- 2.7

ence so that the scalar contribution from the charge densit
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- Fﬁsz dte N{yf(t)| 7 (a,LM)]gi(1)). (2.8
assisted electronic transition, this is not necessarily the case;

the nuclear and electronic energy differences do not compefere we have introduced the electric, the magnetic, and the

sate exactly. _ ~ scalar multipole operators defined by
We introduce the usual electrima€E) and magnetic

%lth the electronic time integrals

(a=M) multipole operators#(a,LM) and additionally the i N 5 2
“scalar” multipole operator A(E,LM)= mf d=rJ(r)
oLaD) X[VXLhP (ky)Yu(PT*, (2.9
!/%(s,Lw:k—L”f d3rp(r)jL (k) Yew(F), s
N

x[Lht”(kNr)YLM(f)]*, (2.10
where j, is the regular spherical Bessel function. For the
excitation amplitude we get and
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_ ko| kit - and reduces in the long-wavelength limky(—0) to
X hi (knr) Yim () (2.11) .//Z(E’,LM)zJ' d3rrtp(r) Y w(P), (2.14

with the spherical Hankel functions of first and second kind

h)=h{*=(j_+in.)*. The electric multipole operators \yhereas the magnetic multipole operator assumes the form

can be put into a more convenient form by applying the

formula .
—i

c(L+1)

H(M,LM)= f dBrrtI- LY y(P). (2.15

~ R ) J R
VX L[fL(kr)YLM(r)]:|V[ E[rfL(kr)]YLM(r)

+ik2rf (kr) Y m(P) (212  This approximation is well justified by the small dimensions
. ) ) ] ] of the nucleus as compared to the lengtkyl/ The long-
for a spherical cylinder functiofy_, integrating by parts and wavelength limit of the nuclear scalar operatdr) leads to
using the continuity equation. For the nuclear part the electhe same result as the electric operator so that we can com-
tric multipole operator reads as bine both contributions to the excitation amplitude by intro-
ducing the operator

@ .
{,//é(E,LM)—mf rp(r)E[HL( N 1Y w(1) ’. . |
A(E"\LM)=/1{E,LM)+_J(S,LM) (2.16
(2L+1)!!

—im d®r3-rj (knD)Yom(P)
N in the electronic part. The application of relatith12) leads

(213 to

e . ky 3~ | Ke 9 (1) x 2
A (E ,LM)—IWJ’ d>rp(r) fﬂ_r[rhl‘ (knr) ]+ (knt ko) P (knr) 1 YEm(D)

kh+2
- 3 7. rh(D * (7
+C(2L—1)!!Lf drJ-rhi”(knr) Yim(r) (2.17

where the factok, appears as before from the application of With the reduced transition probability for the nuclear exci-
the continuity equation to the electron current. kKgr—0 we  tation (@=E,M)

get the long-wavelength limit
B(aL,JN—J})

I S PO
SELM)= | drrp(Yiw(@). (218 1

= oI 2 (ML @ Lm M
|

. MMM
The magnetic operator reduces to

(2.2
. i 1 s a, .
A M, LM) = c_Lf dsr_rL+l‘]' LYIM() (219 e finally get for the excitation probability

in this limit. In the electronic part we can use these approxi- _ N AN e e
mations only for very small nuclear transition energies, the Pi= 2 BaL.Ji—Jp)f(aL,Ji—Jp)  (2.22
electronic wave functions being much more extended than a=em

the nuclear wave functions.

The excitation probability for the transition between with the electronic excitation function

nuclear states with total angular momentdfhand J} dur- 1 am\2 1
ing the electronic transition from stag§ to stateJ§ is now f(aL,Ji—J7) = L+ 7) EE TSN > IF3I2
obtained as (237 Dyéwen
(2.23
1
Pi= 25N E > byl (220 This function depends on the initial and final wave functions
(2\]| +1)(2Ji+l)MNMN . . .
i Mg of the electronic states which are affected by the action of the

MPM{ laser field. Multiplying the excitation probability; with the
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cross sectiorr 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 section

depends on the chosen mechanism for the hole creation W yalid the following simple adiabatic approximation can be

will not investigate this in the following. The full informa- sed. The time-dependent wave function of an initial state
tion of the nuclear excitation during the electronic transition|| for t>0 can be written as

is already contained in the probabiliB; .

>1 (3.9

W

(3.7)

y i t ! ’
lll. DYNAMIC OF ELECTRON STATES |¢.(t))=|¢|[(5(t)]>exr{ - ﬁfoE'(t dt

IN A LASER FIELD .
o ) ~ where|¢,) is the solution of the time-independent Schro
The description of bound electron states in the time-ginger equation

dependent laser field is, in general, very complicated since
one has to solve a time-dependent many-body problem. For [Ho+ V(D] [ £ =E ()| A £(1)]) (3.8
simplicity we describe the electrons as independently mov- ) . o
ing in a Coulomb field with a nuclear charge number whichWith @ constant perturbation depending on the electric-field
is individually adjusted to yield the correct binding energies.Strength“(t) at each time. The adiabatic energy is given in
The effect of the perturbing electromagnetic field is calcu-Second-order time-independent perturbation theory by

lated for the one-electron states separately. The laser field of

_ 0 H
frequencyw, and amplitudeZ, is treated classically. The Ei()=E[1+Cisif(wLb)] (3.9
field can be considered homogeneous as its wavelength g,
much larger than the atomic dimensions. Assuming a polar-
ization in thez direction, the time-dependent perturbation of 1 VinVa
the electron states is given by C':E_?r; E0_g0 (3.10
n

V(r,t)y=eZ(t)z with £(t)=Zosifw t).  (3.)  For the spatial part of the wave function we get in this ap-
proximation
The unperturbed electron eigenfunctign$ are solutions of

the unperturbed Schdinger equation . .
P e |¢|>:Ek [ S+ Bysin(w, t) + Aysin?(w, t)]|k)

Holn)=Eq[n) (3.2 (3.10
with the energyE®=7%w?. The wave function under the ac- With dimensionless coefficients
tion of the perturbation can in general be expanded as 0 k=I
- Bi=9 Vi
[#(0) =2 ay(t)mexp(—iwft) (3.3 E0_gu K7
with time-dependent amplitudes,(t). They obey the set of _ E Vi . k=l
differential equations 2071 |E/—Ep
Alk: (312
d 1 LS YemVm
Gran(0= 72 an(OVmsino exd —i(of - oft] E)—Een? E)—Eq '
n

(3.4  All the numbersA, By, andC, depend on the amplitude
&, of the laser field. In the calculation we have made use of
with the fact that the perturbation does not couple states of equal
guantum numbers due to the negative parity of the coupling
e”oz|n) (3.9 potentialV. The coefficientd;, andA,, determine the cou-
L » pling of the unperturbed statb) to stategk) which have the
and the initial conditiora,(0)= 6 when the electron was  ophosite and the same parity as the sthe respectively.
in the state|i) before the laser was switched on at time The quantityC,E? is simply the Stark shift of the levél) in

t=0. The set of equation@A) can be solved, in.principle, a constant electric field of amplitudé,. The time depen-
numerically. Depending on the number of considered state,

. i ; . ~dence for the exponential factor {8.7) has the form
and the used step size of the integration the calculation Wllfi P ®.7
be very extensive. Carrying out this procedure we notice i [t
ex —%J E\(t")dt’
0

Vinn=(m

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 0
. .. =] ) .CI wl .
the electronic transition energids,,— E,, are much larger —exp—iot)exp i — —sin(2w, t)
than the laser energyw, . If the adiabaticity criterion 4 o

(3.13
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with the shifted frequencies The summation over covers the range from-2 to 2 be-
cause we have restricted our approximation to second-order
o= w? 1+& _ (3.14 perturbation theory. Simultaneously with the initial state
' 2 |I), each statén) which couples tdl) gets a ladder of Flo-
. ) . . uet states = —x,...,©) with an energy separation of
The action of the laser field introduces a time dependenc %iw, and an amplitude determined by the Bessel function
with the double laser frequency because the Stark effec 2 .
n - The argument of the Bessel function is the ratio between

gives a change in the energy only in the contribution of sec:

ond order. Using the generating function of Bessel function%he half Stark shift of the initial level and the double laser

requency. This factor rises linearly with the laser intensity.
* The use of the second-order perturbation theory #gy lim-
exdirsinot)]= > Jy(MexpiNwt) (3.19 its the application of our approximation to not too large laser
N=m intensities. But as the intensity rises the electr@eginning
we obtain for the total wave function with the outer shellswill 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 descriptiorf20] we note a structural similarity but
characteristic differences. Instead of the first-order perturba-
Xexdi(2N+r)w t] (3.16  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

Di,Inyexp(—iwt)

C 0
=3 JN(%L'

with the coefficients

. A . B ) are not limited to the coupling of states with equal principal
Dh=9dnt > D,n=7= —D,, guantum number and equal energy in our description.
(3.17 The time integral for the duratiol of the laser pulse in
D2 — %: D=2 the electronic excitation functiof2.8) can now be done ana-
In 4 In lytically

Ciw} AP [exp(iQT—yT)—1]
= NEm JN< 4wL) M(4— D{,.Dfr(ml./ (a,LM)|n) 0=y (3.18
Msm
|
with au
Q=wy—oi+o+[2(N-M)+r—slo_. (3.19 _S Cio} ] Cio? D D* (m|./(a,LM)|n)
_Nrn N 4o M 4wL in~fm y—iQ '
We have introduced an additional factor expf) in the in- Msm
tegral to account for the finite lifetime of the electronic and (3.2
nuclear states. The number of participating photons from the
laser field is given by Choosing a certain laser frequency the possible enhancement
of the excitation probability due to the application of the
n7=2(|N| M) ||+ 8], (3.20 laser is determined by the value of the Bessel functions, the

D coefficients, the energg ), and the widths y which all

) » ] ] o depend on the intensity of the laser. Without the laser field
For a certain transition multipolarity the contributions to thehe glectronic time integral reduces simply to

electronic excitation function with either even or odg do

not vanish. Through the application of the laser, transitions (f].7 (a,LM)]|i)
which are not possible in the unperturbed case due to selec- Fiu=—: s (3.22
tion rules may get a finite probability. y—i(on— of t wf)

To remove the dependence of the excitation probability on
the timeT, we assume that the duration of the laser pulse ig'he excitation probability may then be expressed by
much longer than the lifetime of the hole states. The widths
of electron hole states in heavy atoms are usually in the wﬁn(aL)
range of some eY28] where 1 eV corresponds to a half-life Pri= (on— @0+ @) 2+ 12 (3.23
of about 0.5 fs. We can carry out the limit—«~ and get a=e,m NG f
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with the squared interaction energies the initial and final statesl &i,f) to the width# y contain
spontaneous processes and laser-induced transitions.
Eﬁ“(aL)=[ﬁwim(aL)]2 The lifetime of the initial state depends on the probability
) for removing the electron from this state. This can be caused
_ (4m) B(aL.JN_ N either by the action of the laser field, the radiative transition
= 3B(aLl,Ji—Jy) . ek
(2L+1) of the electron to a state with lower energy which is not

fls 12 occupied, or an Auger process. The width of the initial elec-

z (.7 (a,LM)[i)] . (324 tron state will increase with growing laser intensity on ac-
MEMEM (237+1) count of ionization; comparatively the spontaneous processes
become less important.

These quantities serve as measure for the strength of the We estimate the ionization widths for the electron states in
electron-nucleus interaction in the laser-free case. a simple approximation to take into account the action of the

If the frequencyQ in Eq. (3.21) goes to zero we get into laser field. As the elgctron states adjusy immediately to the
resonance with the nuclear excitation. This can be achieveg?@nge of the potential by the electric field of the laser we
in principle by adjusting a multiple of the laser frequency ¢an uUse a smjple.barrler penetration model to calculate in a
w_ to the difference between the nuclear excitation fre-"ough approximation the ionization widthi(l) due to the
quencywy and the differencen;— w; of the Stark-shifted laser field for a state with wave functidw(t)). This pro-
electron frequencies. The amplification factor for the  cedure is consistent with the adiabatic description of the time
probability by the resonant laser interaction can be calculate@€velopment of the electron states. During one laser period
easily in a rough approximation when the resonant contributh® €lectron has a time-dependent probability to be found in
tion dominates in Eq(3.21). We compare the expressions for @ unperturbed electronic stgte [cf. Eq.(3.11]. Using the
the squared modulus of the excitation functibp,, in the ~ Mean probabilities we can calculate the width
resonant Rl-photon excitation and in the process without the
laser. Because the outermost electrons, i.e., the initial elec-  T'8(1)=(1+A;+2AHT,+ >, (3B2+ A2 (4.2
tron states, have a much larger Stark shift than the more k#l
tightly bound electrons we get the expression

3 Ci(,()io
N 4(,()|_

from the widthsT',=T'(JnJMI)) of the usual one-electron
2 1 wave functiongk)=|nJIMI) with principal quantum number
/ﬁ (3.25 h, total angular momentund, magnetic quantum number
(2Nw )"ty M, and orbital angular momentui These states in the
. o . ) spherical basis are linear combinations of states in the para-
which can be simplified assuming that the width and the polic basis with the same principal quantum numbethe
Stark shift Ciﬁwi of the initial electron state are much parabo”c guantum numbe]h and the magnetic guantum

smaller than the photon enerdyo, . Using the approxima- numberm. Accordingly, we calculate the width as a sum
tion of the Bessel function for small arguments, the amplifi-

cation factor becomes

1

N -
2N ¥

n—m-1 |

I'(|[nIMI)) = qgo m; Cimnl(Inam), (4.3

(3.26

Ci wio 2
where

42~( 4y
Jl

for the two-photon resonance, independent of the photon erfequm=(2J+1)(21+1)

ergy. Therefore a large amplification can be obtained if the n—1 n-1 2
total width of the states is much smaller than the Stark shift 1 of = =
of the initial electron state. | 2 J 2
X
m Mem —M m+k m—k Cm
IV. FINITE LIFETIME OF STATES AND EFFECTS 2 2
OF IONIZATION (4.4)
There are different contributions to the widkhy in Eq. .
(3.21) with
k=2q—n+|m|+1 4.5

1
— 7Ny N e/ e
Y= 24 [CRH -+ AT + )] 4.1 the probability of finding the electron in the respective state.

A more rigorous treatment would directly use the wave func-
due to the finite lifetime of the initial and final nuclear and tions in the representation in parabolic coordinates for the
electronic states. The widfiN(i) of the initial nuclear state electronic states from the beginning. The widths
is usually zero or very small determined by, e.g., thel'(|n,q,m)) of the parabolic wave functions are finally cal-
B-decay rate of the ground state. The widif(i) of the culated from the barrier penetration probability in the
final nuclear state will mainly depend on the probability for Wentzel-Kramers-Brillouin (WKB) approximation [26].
the transition into lower nuclear states either by electromagWhen the laser amplitudé&, rises and the barrier vanishes
netic or nuclear decay. The electronic contributidii$l) of  there will be no bound electron state any more so that the
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TABLE |. Characteristics of the nuclear and electronic transitions for different atoms.

woy  dPos W W @M BU Fw
Multipolarity aL M1 M1 M1 M1 M1 E3 El
Nuclear transition AT $-3- 3+ 1 3+ 1+ 3+ 5+ I- 1+ 31+
Excitation energykeV) 43.8211% 69.537° 73.041° 77.3514 —0.0035° 0.0768' 102.96°
Reduced transition probability
B(aL,|) (W.u) 0.026 0.00252° 0.00098° 0.00409 0.0198" 1.0 0.019¢
Electronic transition 87 — 1s3 3s3 — 1s3 3si— 1s3 3s;— 1si 7s3— 8si 6p3— 5d2 2pd— 1s3

This work 3.1x107*  11x107°  16x107° 82x107° 21x10°* 24x10 %  1.7x10°°
E2, (eV)? i 4.62x10°° 3.8x10°* 4.97x10°° 3.07x10* 1.9x10° %71 9.6x10°®

Two-photon resonance energy

ho (eV) 455.13 632.245 61.13 37.59 0.1065 0.575 954.46
aReferencd30]. Referencd 29].

bReferencd 31]. 9Referencd 34].

°‘Referencd32]. "Referencd 36].

dReferencd 33]. 'Referencd4].

®Referencd 35). Value converted t®(E3)=1.0 W.u.

electron will be immediately removed from the atom. Theand electronic transitions for the examined atoms are given
time constant of this process will be determined by the timen Table I.

dependence of the laser field. As a simple approximation we The matrix elements for the coupling of the electron states
assume the valuefo_ (the field reaches its first maximum by the perturbation of the laser fie{dh|e#,z|n) and of the
after one quarter of the laser perjotbr the width at the transition operators(m|./(axw)|n) are calculated with
ionization threshold. For larger amplitudes of the electrichonrelativistic one-electron wave functions in a Coulomb po-
field, the ionization threshold will be reached before the fieldiential where the nuclear charge has been adjusted to give the
attains its maximum strength. For simplicity, we assume gqrect binding energies of the states. This should be a rea-
linear scaling of the width with the field strength. This gonapie approximation for a first estimation of the excitation
.met.hod S.hOUId give a reasonable approximation to the '0N5robability. The binding energies were taken from R&f].
ization widths. The screening of the nuclear charge by the more strongly

We also have to consider that the interaction with the Iase[)ound electrons leads to quite small effective charge num-

field leads not only to larger widths of the initial electron ers for the Coulomb potential of the outer electrons. A cal-
states but also to a decrease of the widths of the final stateg. . ) . .p . ) )
The more electrons are removed from the outer shells of th8u|a’[|on with relativistic wave functions of the electrons is

atom in the ionization, the smaller is the width of the final POSSible but would increase the numerical expenses and is
electron state, a hole state in an inner shell. Finally it gets ajeyond the aim of the present work. The long-wavelength
infinite lifetime when the intensity reaches its ionization limit of the electronic excitation operators was only used for
threshold. We can take this effect into account in a venthe cases of3U and §3°Th, in the other cases the full ex-
simple method for a rough estimation. The width of a finalpressions were used.
state is assumed to be reduced from its value in the laser-free Of course, we cannot expect to get really quantitative re-
case proportionally to the number of ionized electron statesults. However, the essential dependences will become clear
above it. 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
We will now examine the excitation of some heavy nucleiseen in Table | where the squared interaction eneidies
employing the theory developed before. This will give a feel-(3.24] in our calculation are compared with the results of
ing about the importance of the various effects in the laserRef. [4] where a relativistic variant of the Hartree-Fock-
assisted excitation process. The characteristics of the nucle&tater method was used for the generation of the electronic

V. APPLICATION TO INDIVIDUAL NUCLEI
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10° . neglected due to their long lifetimes as compared to the life-
o8 times of the electronic states.
o e |-
§ |- - . o A U
% - R N N '& T The long-lived T3~25 min[29]) isomeric™ state can
S = I T be reached in aB3 transition from the ~ ground state. The
§ ¢ L T | = || = = = nuclear energy difference corresponds almost exactly to the
< = | _| |77 difference in the binding energies of thg$and 3 elec-
c T | = | L= | = trons. By carefully adjusting the laser frequency a resonant
-% = - . _ transition can be achieved.
N J) I I e 7 The contributions of spontaneous transitions to the widths
o of the final electronic states are estimated from the radiative
- - widths of these states. A calculation with the one-electron
10% wave functions gives approximately 1 meV for tbg, 0.5
by Os W AwTho U Np meV for theO, 3, 0.1 meV for theO, 5, 0.02 meV for the

P,, and 0.01 meV for thé®, 5 shells. The higher shells are

_ FIG. 1. lonization thresholds of the electron states in the 'nves?ssumed to have zero widths. These numbers should be taken
tigated atoms. The states are arranged for each element from left

(0] - .
right in the orderst, pl, p. d2 dS, f2 f1, and from bottom to as lower limits as compared to the actual widths of these
top with increasing principal quantum number. States not occupie

gtates since further decay processes than radiative transitions
by electrons are given by circles in the case of Th. The considere

8ontribute.
electronic transitions are marked with thin lines. Corresponding to To begin with, we examine the dependence of the excita-
the Stark shift, the sublevels for total angular momentlirare

tion probability on the laser intensity for thepé — 5d3

splitted where the ionization threshold increases with increasin@l€ctron transition(Fig. 2). Without the perturbatlz(;n by the

M. aser, we calculate a probability of only 0.2830 <~ With-
out the long-wavelength approximation this value would

. . . ._change by about 0¥%610 2% because of the small 76.8-eV
wave functions. In general, the electronic-nuclear interactiory,,

, " " citation energy. The photon energy of the laser field is
becomes larger for lower multipolarities and transitions benqsen agiw, =0.575 eV, half the difference between the

tween inner electron §hells. The influence of the s_hape of thguclear and electronic energy differences, to get a resonant
electronic wave function on the value of the matrix elementaycitation in case of a two-photon absorption from the laser.
is easily understandable from the radial dependence of thgyjith increasing laser intensity the excitation probability first
transition operators. For small radii we have @& ! depen-  rises to a maximum at approximately<302 W cm~2 and
dence from the Hankel functions enhancing the contributionsinally drops far below the unperturbed value. This behavior
of the inner part of the wave function where relativistic andcan be explained by investigating the electronic excitation
many-body effects like the antisymmetrization are very im-function[Eq. (3.21)]. For small laser intensities contributions
portant. This is most noticeable in the3 transition of  with n,#0 are insignificant and ionization effects can be
23%U. On the other hand, the calculated values of the Starkeglected. The weak dependence of the probability on the
shift should not be so sensitive to the used wave functiontaser intensity is only determined by the magnitude of the
because the contributions in the inner region of the radiastark shift of the electronic energies and the coupling of ini-
integral are suppressed. tial and final states to other electronic states. The relative

The assumption of independent one-electron states wibhift of the energies amounts to only &40 # for the initial
also limit the predictive power of our calculations. Perturba-and 0.2<10 ° for the final state at 6 W cm™2, corre-
tions in the other electronic states through the interaction ogponding to 4 and 0.06 meV, respectively. With increasing
the laser field will have an influence on the binding energylaser intensity the two-photon exchange contribution be-
and wave function of each electron because of many bodgomes important as the comparison with the excitation prob-
effects. The changes in the energies may be larger than ttability in the case of a static electric field of equal strength
widths and Stark shifts of the initial states. shows. The argument of the Bessel functignin Eq. (3.21)

The contributions of the spontaneous electronic transirises. The energy denominator, limited from below by the
tions to the widths of the initial electron states are neglectedvidth of the electronic state, is very small because of the
as they are small compared to the width of the final electuning of the photon energiw, .
tronic states(taken from[28] except for 23°U and 33°Th). The enhancement of the probability through the absorp-
The ionization widths of the initial electronic states are takertion of photons from the laser field is not very large.
into account as described in Sec. IV. In Fig. 1 we give thelt reaches a factor of about 2 at approximately B0
calculated ionization thresholds for the electron states of th& cm 2. Not much above % 10'* W cm~? ionization ef-
considered atoms. The threshold for the ionization of the€ects become strong. The probability drops steeply as the
atom for the different electron states span a wide range ahtensity exceeds the ionization threshold of the initial state.
laser intensities. The outermost electrons will escape th&he steps in the probability curve are related to the crossing
atom at laser intensities below MW cm ™2, whereas the 1s of ionization thresholds of states which couple to the initial
electrons are affected only for much larger intensities ofstate by the laser perturbation. The effect of ionization is
about 16° W cm™2. The widths of the nuclear states can bevery pronounced in looking at the static electric field. In this
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1.0x10% . .

/ FIG. 2. Excitation probability of thg * state

/ in the 23%U nucleus for the p3 — 5d3 electronic

2 / E3 transition as a function of the laser intensity
0510~ r S 1 with a photon energy ofw, =0.575 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.
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calculation the ionization widths have been taken as the erthe values 0.11810 22 and 0.30& 10”24 respectively, in
ergies of the states giving a rough approximation of the typithe laser-free case. With a photon energy of 0.575 eV no
cal time constant of the process. Without the escape of thenhancement can be reached by the application of the laser.
electrons a rather large excitation probability could be An electronic transition p3 — 5d2 with an E3 multipo-
reached with the help of the laser. At intensities much abovéarity is not possible without the laser interaction due to the
10* W cm~ 2 processes with more than two photons fromselection rules. The coupling of initial and final states to
the laser field become significant. The Stark-shift of the elecother electronic states with increasing laser intensity allows
tronic energies increases rapidly and the theoretical descrifhis transition but it is too weak to give a sufficiently large
tion using only second-order perturbation theory for thecontribution to the excitation probability. We get a value
electron-laser coupling is no longer valid. of 0.11x10 %° for this transition at an intensity of 1®

In addition to the 3 — 5d3 transition investigated be- W cm™2 and a photon energy of 0.575 eV. This is eight or-
fore, the energy differences of thep$ — 5d3 and @3 —  ders of magnitude smaller than the$— 5d3 transition.
5d3 transitions are also similar to the nuclear energy differ- The dependence of the excitation probability on the pho-
ence. To get into resonance, photon energies of 4.695 artdn energy is studied in Fig. 3 for thep — 5d3 electronic
6.235 eV, respectively, are needed. For these energies theansition. At an intensity of about>8310'? W cm™2 we get
adiabaticity condition Eq(3.6) is not met and the theoretical the maximum enhancement of the probability in the reso-
description of the time dependence of the electron statesance casdcf. Fig. 2 because ionization effects are still
fails. Because of these larger energies the probability for themall. The sharp resonance from the two-photon absorption
nuclear excitation through these two electronic transitions igs well seen at an energy around 0.575 eV. At an intensity of
smaller than in the case of thgpé — 5d3 transition. We get  3x 10 W cm ™2, close to the ionization thresholds for the

6x10% .
2
5
S
e FIG. 3. Excitation probability of thé * state
O 5402 | ] in the U nucleus for the p3 — 5d3 electronic
g E3 transition as a function of the photon energy
= 1 with a laser intensity of & 102 W cm™?2 (solid
S N line) and 3x 10" W cm~2 (dashed ling
X Ty ]
0 1
0.4 0.6 0.8

Photon Energy [eV]
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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 wittsolid line) and without(dashed lingreduction of the final state width by the laser induced ionization. Excitation
of the(a) 3" state iniS!Dy with a 2s3 — 1s3 electronicM1 transition,(b) 3~ state in38%0s with a 33 — 1s3 electronicM 1 transition,
(c) 3* state in1%3r with a 3s3 — 1s3 electronicM 1 transition,(d) 3 state in33’Au with a 3s3 — 1s3 electronicM 1 transition.
initial states, the resonance is less pronounced due to then electronicM1 transition from the 83 to the 1s} state
larger widths and a little shifted to smaller energies becausgTable I). In Fig. 4(a) the dependence of the excitation prob-
of the Stark shift. The probability also becomes smaller withapility on the laser intensity is examined. The photon energy
increasing intensity. The resonant contributions from theg adjusted to a resonant two-photon process to get the maxi-

four-photon, six-photon, or higher photon processes at thg, ;) enhancement. Much higher laser intensities can be used

corresponding smaller resonance energies are insignificant - e
the total excitation probability due to the small ratio of the 5 compared to the uranium case because the participating

Stark shift to the laser frequency in the argument of theelec';rons are much more tlgh_tly bou@. F|g D. The lower
Bessel functions. multipolarity and the electronic transition in the inner shells

excitation probability by the application of the laser with the nucleus and with that to a higher excitation probability.
earlier calculations. The useful laser intensities are comThe larger energy difference between the nuclear and the
pletely limited by the ionization of the atom, at least six electronic energy differences as compared to the uranium
orders of magnitude smaller than the values used in Retase, however, leads not to a corresponding increase of the
[18]. These authors give only some rough approximation folexcitation probability as expected from the squared interac-
the limit in intensity for the laser-induced electron escapetion energy(Table . Taking into account the reduction of
from s states. Accordingly their calculated enhancement othe widths of the final electron states with increasing laser
the excitation probabilities is many orders of magnitudeintensity in the procedure of Sec. IV we notice a distinct
larger than our results. They did not explicitly study the de-enhancement of the excitation probability. We get an ampli-
pendence on the photon frequency too. In R2@] no ex-  fication of about 4 at an energy already one order below the
plicit probabilities for the nuclear excitation are given sincejgnization threshold of the & state beyond which the prob-
the more complicated process with the initial hole creationppility decreases quickly. The amplification is limited by the
and only relative yields as compared to nuclgary absorp-  |arge width of the final electron state.
tion and Coulomb excitation are considered. The two-photon resonance energy depends on the inten-

B, 181n sity through the Stark shift of the electronic levels and de-

- 66 Y creases from 455.13 eV at no laser application to 425.42 eV
The second excited state g§'Dy with a half-life of T  at a laser intensity of 1.2610°* W cm™2 [Fig. 5@a)]. Ad-

=0.83 ns[30] can be reached from the ground state duringditionally to the distinctly visible two-photon resonance the
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FIG. 5. Excitation probability as a function of the photon energy. Calculation (gahd line) and without(dashed lingreduction of the
final state width by the laser induced ionization. Excitation of(ﬁje? state inég]Dy with a 23% — 1S% electronicM 1 transition at a laser
intensity of 1.25¢107 W cm™2, (b) g‘ state in%ggos with a $% — 15% electronicM1 transition at a laser intensity of 0.%3.0?° W
cm 2, (c) 3 state ini33r with a 3s3 — 1s3 electronicM 1 transition at a laser intensity of X8.0?° W cm ™2, (d) 3* state in33’Au with
a 3s3 — 1s3 electronicM 1 transition at a laser intensity of X8.07° W cm™2.

four- and six-photon resonances can be seen at a half andle The main differences to the case of osmium are the
third of this energy with much smaller amplitudes mainly smaller reduced transition probability for the nuclear excita-

determined by the value of the Bessel functidnsandJs. tion and the smaller photon energy neccessary for a two-
photon resonance. In Fig(@} we look again at the depen-
C. 3¥0s dence of the excitation probability on the laser intensity. The

The excitation of thé ~ state 1= 1.62 ng31]) from the reduction of the width of the final electronic state is again the

ground state occurs also during a magnetic dipole transitiofPortant ingredient to obtain an increase of the probability
(Table )). Instead of an initial 82 as in the dysprosium case slightly below the ionization threshold _o_f the initial electron
we have a 3bstate and only smaller laser intensities can beState. The dependence of the probability on the photon en-
used before ionization effects become noticeable. The depeRIgY at a laser intensity of W cm~2 [Fig. 5c)] shows
dence of the excitation probability on the laser intensity inclearly the two-photon resonance. It is shifted by the Stark
Fig. 4b) shows that the laser-induced reduction of the final-effect from 61.5 eV in the laser-free case to the higher 95.7
state width is important to achieve an increase of the excitaeV at this high intensity. The four-photon, six-photon, and
tion probability. In Fig. %b) we look at the dependence of higher photon resonances can also be seen. They are very
the excitation probability on the photon energy for a lasemprominent due to the small values in the argument of the
intensity of 0.75<10°° W cm~2. The behavior is similar to Bessel functions.

the 3'Dy 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 E. 1¥Au

energy. I
9y The excitation of the;™ state T3=1.91 ns[33]) re-
sembles very much in its characteristics the excitation of

19 iridium (Table ). The reduced transition probability is larger
D. 1%3r .
and the two-photon resonance energy is smaller so that the
The excitation of} * state T3=6.09 ng[32]) in %33" also  overall excitation probability is about a magnitude larger. We
proceeds during an electronics8— 1s} transition(Table  calculate a probability of 0.12910 8 for the excitation of
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FIG. 6. Excitation probability of thé ~ state
in the 23'Np nucleus for the @3 — 1s3 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 thé

\ % ==+2, 42 (solid and long-dashed lingand M

Y ==+3—=*3 (short-dashed and dotted linesan-
'.| sition. Calculation with(long-dashed and dotted
! i lines) and without(solid and short-dashed lines
L N reduction of the final state width by the laser in-

/ duced ionization.
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the 3 * state without the application of the laser. The use ofcrease. The effect of the width reduction by the ionization
the long-wavelength limit in the calculation of the electronic can be clearly seen but it is not very pronounced. Because
matrix elements would lead to a probability of the electric field of the laser acts differently on thed2sub-
0.124x 10" ®. This is a change of only 4%, not very signifi- states the photon energy can be adjusted to a resonant two-
cant at the current level of theoretical precision. In Figl)4 photon process either for thsl| =2 or 3 levels of the initial

the dependence of the excitation probability on the laser ing|ectron states.

tensity is studied. As expected, the shape of the excitation Thjs can also be seen in Fig. 7 where the dependence of
function is very similar to the case gfr. When the ioniza-  the excitation probability on the photon energy is shown for
tion thresholds for the electrons in the=3 shell are reached 5 |aser intensity of 7.810%2 W cm~2. The contributions

the probability drops off quickly. The dependence of the exjih different [M| in the initial electron state to the total

citation probability on the photon energy for a laser intenSityprobability show a clearly different behavior. The two-
of 1.5X10°° W cm™2 shows again clearly the multiphoton

hoton resonances are shifted by the Stark effect to different
resonances when the reduction of the widths of the finag ! y !

states is taken into accouffig. 5(d)]. The highest maxi- nergies and have a different energy dependence. The states

. with M= =+ 3 are much stronger affected by the Stark effect
mum is reached at an energy of 82.4 eV for the tWO_phOtOQhan the +§ states so thatgthe four—phot)é)n resonance in

process Stark shifted from 37.59 eV at vanishing laser inten- ™. T2 e . ) .
sity. their contribution is also visible. At a laser intensity of

The other maxima can be found &t L, &, ..., ofthis  7-5% 102 W cm ™2 the resonances are already quite broad

energy. The many photon resonances can 0n|y be seen §6d the ionization induced reduction of the electronic widths
clearly because the Stark shift of the initial state and thdas only a small effect. The photon energies for a resonant
photon frequency are of the same order of magnitude: théxcitation are considerably larger than the energies that can
argument of the Bessel function takes on the large valu®e reached with current lasers.
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.

G. 5°Th

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 nuclggi&h has
a first excited3* state at an uniquely small energy of

The excitation of the ~ state in33'Np with a half-life of ~ (3.5+1.0) eV[35]. The half-life of this state which is popu-
T%:BO ps[34] from the ground state is made possible by anlated in thea decay of§§3u has been estimated to be in the
E1 transition(Table ). The initial electron level is now a order of 45 h[35] for a M1 radiative transition to thg *
2p3 state. The electronic transition matrix elements have t@round state T:=7340 yp [36]. A decay of the* state
be calculated without using the long-wavelength approximathrough internal conversion with an unbound electron in the
tion because of the high excitation energy. We calculate inal state is not possible because the excitation energy is
probability of 0.45<10 *? in the case of no laser perturba- smaller than the binding energy of the most loosely bound
tion. The use of the long-wavelength approximation wouldelectrons in33°Th. A resonant or discrete internal conversion
reduce this value by 26.6%, a rather large amount. The exwith a bound electron in the final state can only be achieved
citation probability does not increase much with increasingoy applying a laser field with the appropriate frequency. This
laser intensityFig. 6). When the ionization threshold for the process would lead to a drastic acceleration of the nuclear
initial electronic states is reached we again observe the delecay[17].

F. 23'Np
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FIG. 7. Excitation probability of thd ~ state
in the 22’Np nucleus for the @3 — 1s3 elec-
tronic E1 transition as a function of the photon
energy with a laser intensity of 7&10%2
W cm™2. Total probability with(solid line) and
PR without (dotted ling reduction of the final state
/ T -] width by the laser induced ionization; contribu-
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The electronic binding energies for the electronic states irspectively. We obtain a strong increase with the intensity
229Th are taken from Ref27] for the 7s1 and lower states, until the ionization thresholds of the electron states are
and from Ref[17] for the upper levels. The energy differ- reached and the probability decreases rapidly. The observed
ence of 3.713 eV between thes¥ and &3 states is very enhancement is enabled by the small width of the final elec-
close to the 3.5-eV nuclear decay energy. This electronitron state. With a Stark shift of 0.5 meV at a laser intensity of
transition in a M1 excitation needs only a photon energy ofl0® W cm~?2 and the small width of the final electron state
0.1065 eV in a resonant two-photon process. It is the moske calculate in the approximation of E(.26 an amplifi-
favorite candidate for the laser-assisted internal conversiorgation factor of. Z,=4.5x 10’ independent of the photon
The experimental signal for the excitation could be the pho'energy. This compares well with the value of .50’ in the
tonlemlssm? during the decay of the excites} 8tate viathe  f| calculation at a nuclear excitation energy of 3.5 eV. The
7pz and 3 states. _ _ _ absolute value of the deexcitation probability depends, of

In Ref.[17] the 8p3 state is chosen as the final electronic course, on the photon energy. This can be seen in Fig. 8 by
state with the excitation to thes8 state as intermediate state comparing the results for different nuclear excitation ener-
and the absorption of a single laser photon in the secondias ror |arge photon energies the theoretical description of
step. This corresponds to a first-order process in the 1asgfs nrocess is no longer valid as the adiabaticity criterion is
!nteractlonlwhereas we.con5|derasecon_d—order process. Tagst fulfilled. The amplification factor explicitly shows the
ing the & states as final states there is Wl transition  j,crease of the excitation probability with the square of the
possible without the laser field; only the one-photon couplinggqa, intensity through the dependence on the Stark shift in
from the laser with the € states gives a finite transition the case of the two-photon resonance. In the four-photon
probability. The necessary photon energy of 0.712 eV ig,5cess we get an increase with the fourth power of the in-

much higher than in the second-order process. A 8leC-  tensity but at comparatively smaller excitation probabilities.
tron will escape from the atom at smaller laser intensities

than an &3 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 We studied the excitation of nuclear states by transitions
expect to observe a quadratic increase. of bound electrons in heavy atoms in the presence of a strong
For the calculation of thé1 transition probability we laser field. First-order time-dependent perturbation theory
can adopt the theoretical description used before with slighivas used for the calculation of the excitation probability in-
modifications. The width of the initial and final electron cluding general electric and magnetic multipolarities and
states depends on the laser induced ionization. There is remnsidering relativistic retardation effects in the interaction.
contribution to the width of the initial state from spontaneousThe time-dependent field dressed electron states were de-
transitions because all electron levels with lower energy arscribed in an adiabatic approximation which is valid under
occupied. The radiative width of thes8 state is calculated the condition of a small laser frequency as compared to the
from the transitions to thepa and D3 levels to be 37.1 neV. electronic transition energies and not too large laser intensi-
Without the application of the laser we get a very smallties. This method improves the description for many-electron
probability of 0.47 10”12 for the excitation of the 8} elec-  atoms, where the strength of the electron-laser coupling is
tron state during the decay of tBe state. much smaller than the splitting of states with equal principal
In Fig. 8 the strong dependence of the excitation probabilgquantum number as compared to hydrogenlike atoms. The
ity on the laser intensity is shown where the photon energy igonization of the atom for increasing laser intensities was
adjusted to the two-photon and four-photon resonances, reonsidered in a rough approximation. The limitation of the

VI. SUMMARY AND CONCLUSIONS
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FIG. 8. Deexcitation probability of theg+
state in the32°Th nucleus for the §5 — 8s3
electronicM 1 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 elgolid line),
4.0 eV (long-dashed ling and 3.0 eV(short-
dashed ling or the resonant four-photon process
for an energy of 3.5 eVYdotted ling.
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laser intensity in the theoretical description is not a problenof course possible. More complicated electronic wave func-
due to the set in of ionization. The adiabaticity condition istions can be used taking into account relativistic and many-
often well met for the envisaged excitation processes. body effects. The adiabatic approximation for the time-
The laser field gives rise to a characteristic time dependependence of the electron states could be replaced by a full
dence and coupling of the electronic states determined by theloquet calculatiori38] reducing the limitations in laser fre-
second order Stark effect. This is different from the hydro-qyency and intensity. The ionization process and its effects
genlike atoms where the first order Stark effect dominatesyp, the electronic states and their lifetimes should be treated
The theoretical description allows an easy application of S€j, more detail.
lection rules for simultaneous electronic and nuclear transi- The excitation of the low-lying states in the investigated

tions. Even if the nuclear transition multipolarity does notp,,cjej exhibits some typical features of the laser-assisted ex-

match the possible multipolarity of the unperturbed elec-;ation process. The calculated probabilities are very small
tronic transition, there may be a finite excitation probability

. ; Yin the case of the; " isomeric state ofsa U even in the
from the coupling to other electronic states. A resonant in-

£1h itati babilit b hieved b dresonant excitation due to the weak electric octupole cou-
crease of the excitation probability can be achieved by a pling of the outer electrons with the nucleus. The excitation
justing a multiple of the photon energy to the difference of

the electronic and nuclear eneray differences. These enerWith the help of electronic transition with multipolarity
gy ' Y_ 1 in the inner shells of, e.gX¢'Dy, 18%0s, andl’Au are

differences should match as close as possible to get Smaluch more probable. An actual experimental observation of
laser frequencies and a strong enhancement. The largest ih_e nuclear 2xcitatioﬁ by laser assigted electronic transitions
crease is expected for large laser intensities sufficiently be- y

P ; 3
low the ionization threshold of the participating electron seems to be very difficult in th§"U case. The needed pho-

states. The ionization of the atom limits the attainable enilOn energies for a resonant excitation of the nugAu,

hancement of the process by restricting the useful laser ing7 Ir, and especially;¢'Dy, 76°0s, andé%pr seem to be too
tensities. The widths of the states have to be very small. FJarge for current lasers. The deexcitation of the state in

this, the laser-induced ionization of the atom can contributeso Th in a resonant internal conversion is really worth an
by reducing the widths of the final electronic states. Theexperimental study. In comparison with experiments we have
exact values of the ionization thresholds of the electron statdsowever to bear in mind the idealized description of a single
calculated in a nonrelativistic approximation can change apatom. In real situations especially the outer electron states
preciably in a more detailed calculation. The actual ionizawill depend on the atomic environment. This is clearly seen
tion threshold may be larger than the value suggested by tHgom the influence of the chemical composition on the life-
simple barrier penetration model. In RE37] it was demon- time of the isomeric state iﬁgsu which decays by internal
strated in a nonrelativistic calculation for the hydrogen atomconversion[39,40. The ionization of the atom in the strong
that a laser field can keep the electron in the atom at veriaser field will also have an effect on the binding energies of
high intensities. The question of the ionization rates in arthe remaining electrons. In favorable cases, this can lead to a
intense laser field needs certainly more work to be fully unshift of the resonance energies to experimental accessible
derstood. The electronic transition matrix elements are veryegions.

sensitive to the inner structure of the wave functions. Areally An investigation of other nuclei is worthwhile. Low mul-
guantitative calculation will have to use a relativistic descrip-tipolarities and transitions between inner electron states
tion of the electron states. An improvement of the theory iswould be advantageous to get a strong nuclear-electron cou-
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pling. The necessary photon energy to achieve resonance has ACKNOWLEDGMENTS
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