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Electron-nucleus interaction in laser fields: The laser-assisted internal conversion process
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We present a general formalism for an efficient treatment of a broad range of electron-nucleus laser pro-
cesses. The interaction with the laser beam is taken into account by transforming the system into an oscillating
frame, called the Henneberger picture. General expressions for the transition probability per unit time are given
in the weak laser field and in then photonic cases, and connection to previous methods is demonstrated in the
appropriate limits. As an example, the transition probability per unit time of laser-induced internal conversion
~IC! processes is presented. The conservation of angular momentum in the multiphoton process can be traced
well in our calculation. Numerical values of the IC coefficient of the energetically forbidden IC process in case
of 99mTc ignited by the absorption of up to three soft-x-ray laser photons are also given. The increase in the rate
of IC decay is found comparable to or greater than the natural decay rate of the isomer in case of appropriate
intensity and photon energy of the laser. Hard UV laser-induced internal conversion coefficients~ICCs! are also
calculated for energetically forbidden shells of107Agm (K shell, E3, 25.47 keV), 90Nbm (L2 shell, M2
1E3, 2.3 keV), 183Wm (N1 shell, E1, 544 eV and M5 shell, E2, 1.79 keV), 188Rem (M2 shell, M3
1E4, 2.63 keV),205Pbm (M5 shell,E2, 2.4 keV), and235Um (O4 andO5 shells,E3, 73.5 eV). Measurable
induced ICCs are found in case of available intensities and photon energies of the laser beam for the above
isomers. Experiments, that may demonstrate the effect and may be tools for determination of nuclear transition
energies, are also suggested.

DOI: 10.1103/PhysRevA.65.053414 PACS number~s!: 32.80.Wr, 23.20.Nx
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I. INTRODUCTION

Intense laser fields can exert an influence on atomic
well as on nuclear processes. Such atomic processes are
multiphoton ionization and higher harmonics generat
@1,2#. After lasers with high intensity had become availab
the investigation of nuclear processes in the presence o
tense laser fields was boosted and it has been concluded
direct effects of the intense lasers on the nucleus can
considered negligible@3#. Moreover, the effect of electroni
shielding hinders the possibility of the direct interaction
the laser and the nucleus@4#. However, internal conversion
~IC! and electronic-bridge processes have been investig
steadily, since lasers may cause significant modification
the rate of nuclear transitions in case of these electr
nucleus laser combined processes@5#. In the precursor stud
ies of the topic Volkov and Coulomb-Volkov solutions we
used to describe the laser modified free-electron states in
calculations@6# and, on the other hand, calculations we
carried out employing dressed bound electronic solutio
too @7#. However, the treatment of nucleus-electron la
combined processes in Refs.@6,7# does not let us see clearl
what kind of mechanism actually occurs as the laser mod
the nucleus-electron processes. It is shown here that all t
processes, i.e., both atomic and nuclear processes, ca
traced back to laser field induced modification of the elec
magnetic interaction between the electron and nucleons.

One aim of this paper is to give a rather general way
the calculation of the rate of several electron-nucleus la
combined processes. The weak-field limits and the results
n photonic processes of the rates are determined. Fur
more, it is shown that our treatment results in the we
known, laser modified Coulomb potential of the nucleus f
1050-2947/2002/65~5!/053414~9!/$20.00 65 0534
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by the electron in the presence of the laser field. As an
ample for the laser-assisted electron-nucleus combined
cesses we give the transition probability per unit time
laser-induced internal conversion~IC! process and the soft
x-ray laser-assisted IC coefficient of the energetically forb
den IC process in the case of99mTc. Moreover, hard UV
laser-induced IC coefficients of a few energetically forbidd
processes have been also calculated.

II. ELECTRON-NUCLEUS INTERACTION IN THE
PRESENCE OF A LASER FIELD

Our model consists of an electron andA nucleons bound
in the nucleus. In the laser-free case the electron-nucl
interaction can be described by the electromagnetic fo
vector potentialAm(x) felt by the electron and created by th
nucleon transition currentj ba

m (yN) in the transitiona→b as

Am~x!5E d4yNDF~x2yN! j ba
m ~yN!, ~1!

where

DF~x2yN!5
1

~2p!4E 24pe2 iq(x2yN)

q21 i«
d4q ~2!

is the causal~Feynman! Green function. The notationsx and
yN are the four coordinate of the electron and one of
nucleons, respectively.

The first-order scattering amplitude of the electron on t
potential is
©2002 The American Physical Society14-1
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Sf i52
i

\cE d4xE d4yNJm
21~x!Am~x!, ~3!

whereJm
21 is the four-transition current of the electron in th

transition 1→2 @8#.
The modification of the above process due to the prese

of the laser field can be traced in the following way. T
laser field is described by a classical field of the fo
AW cl(t)5«W A0cos(vLt), where we have introduced the angul
frequencyvL and the unit vector«W for the state of polariza-
tion of the laser. As the atomic radii are much smaller th
the wavelength of the laser, the dipole approximation is j
tified. We use nonrelativistic approximation in the las
electron interaction Hamiltonian

HIe52ee

pW

kc
•AW cl~ t !1

ee
2

2kc2AW cl
2 ~ t !, ~4!

wherek is the rest mass of the electron,pW is its momentum,
c is the velocity of light, andee52e is the electronic charge
(e is the elementary charge!. TheAW cl

2 term inHIe disappears
after transforming the system by the unitary operatorU

5exp@2iee
2/(2\kc2)*AW cl

2dt#.
Now we define another unitary operator

B5expS i

\

ee

k
pW •ZW ~ t ! D , ~5!

where

ZW ~ t !52
1

cE AW cl~ t !dt. ~6!

The operatorB acts only on the operators containing t
electron coordinatesxW . Applying this unitary transformation
the remainder ofHIe disappears and it can be shown@9# that
xW is transformed toxWB as

xWB5BxWB†5xW1
ee

k
ZW , ~7!

and, similarly,

B f~xW !B†5 f S xW1
ee

k
ZW D . ~8!

This transformation of the system is called Henneber
transformation@10#. We can say that the effect of the las
appears inAm(x) @and similarly in DF(x2yN)# only as a
vibrating term that is added to the electron coordinate.
after the Henneberger transformation exp@i(xW1ee/kZW)qW# ap-
pears in the Green-functionDF .

Now we can give the nucleus-electron scattering am
tude in the presence of the laser field. As a consequenc
the Henneberger transformation we have to substitutexWB for
xW in the Green function and with this substitution, th
S-matrix element of the process is given by
05341
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N

E d4xE d4yNJm
21~x!DF~x82yN! j ba

m ~yN!,

~9!

where

DF~x82yN!5
1

~2p!4E 24pe2 iq(x82yN)

q21 i«
d4q. ~10!

Here, the four-vectorq5$q0 ,qW %; x8 represents the Hen
neberger transformed electron four coordinate; (x8

5$x0 ,xWB%), and yN5$y0 ,yW N% is the four coordinate of one
of the nucleons.Jm

21(x) is the four-transition current densit
of the electron,j ba

m (yN) is the four-transition current densit
of a nucleon

Jm
21~x!5eec̄

2~xW !gmc1~xW !eik21x0, ~11!

j ba
m ~yN!5eikbay0H j ba

m,p~yW N!, if N51, . . . ,Z

j ba
m,n~yW N!, if N5Z11, . . . ,A,

~12!

where

j ba
m,p~yW N!5E •••E epc̄b

p~yW 1 , . . . ,yW N , . . . ,yW Z!gm

3ca
p~yW 1 , . . . ,yW N , . . . yW Z!d3y1•••d3yN21

3d3yN11•••d3yZ ~13!

is the proton part of the nuclear four-current density and

j ba
m,n~yW N!5E •••E enc̄b

n~yW Z11 , . . . ,yW N , . . . ,yW A!gm

3ca
n~yW Z11 , . . . ,yW N . . . yW A!d3yZ11•••d3yN21

3d3yN11•••d3yA ~14!

is the neutron part of the nuclear four-current density, and
notationsep and en refer to the charges of a proton an
neutron bound in the nucleus@11#, andZ is the proton num-
ber. gm (m50,1,2,3) are the fourg matrixes.c2 and c1

stand for the electron bispinors in the final and initial sta
of the process, andcb

p , ca
p and cb

n , ca
n are the final and

initial states of Slater determinant type, constructed fr
one-particle bispinors, of the bound protons and neutro
respectively. We have introducedk215(E22E1)/(\c) where
E2 andE1 are the energy eigenvalues of the final and init
electron states, respectively, andkba5(Eb2Ea)/(\c)
where Eb and Ea stand for the energy eigenvalues of th
final and initial nuclear states.

III. THE WEAK-FIELD LIMIT

First we deal with the weak-field case, i.e., with th
lowest-order process in the laser field. InDF we can write
4-2
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e2 iqx8.S 11
ee

k
ZW •¹WxDe2 iqx, ~15!

where

ZW 52 iZW 0~eikLx02e2 ikLx0!, ~16!

with ZW 052@A0 /(2cvL)#«W andkL5vL /c. The contribution
that originates from the first term on the right-hand side
Eq. ~15!, the term that equals to 1, gives theS-matrix ele-
ment without laser field. The other term represents the fi
order contribution of the laser field.

The integration overx0 results in

6E
2`

`

ei (k212q06kL)x0dx0562pd~k212q06kL!. ~17!

Performing the integral overy0 leads, similarily, to a Dirac-
delta 2pd(kba1q0). This way it is possible to perform th
integration overq0, yielding

6E
2`

`

d~k212q06kL!d~kba1q0!
24p

q0
22qW 21 i«

dq0

56
24p

kba
2 2qW 21 i«

d~k211kba6kL!. ~18!

Integrating over theqW space we carry out first the integratio
over the solid angleVq ,

E dVqeiqW (xW2yWN)5
2p

iqRN
~eiqRN2e2 iqRN!, ~19!

whereRN5uxW2yW Nu. Then we carry out the integration overq
using contour integration techniques. The two poles are
q5ukbau1 i« andq52ukbau2 i«. Finally, we obtain

Sf i
(6)5K f i

(6)2pd~k211kba6kL!, ~20!

with

K f i
(6)57

1

\c (
N

E E d3xd3yNJm
21~xW ! j ba

m ~yW N!

3
ee

k
ZW 0•¹WxS ei ukbauRN

RN
D . ~21!

The transition probability per unit time is given by

Wf i52p(
s

uK f i
(s)u2c2d~v211vba1svL!, ~22!

wheres561, andv215ck21,vba5ckba , andvL5ckL .
A formally similar result was obtained for the invers

electronic-bridge process using pure Coulomb interac
(1/RN) between the electron and the nucleus, instead
exp(iukbauRN)/RN @12#. Moreover, in Ref.@12# the laser field
was quantized and the current-current interaction term
tween the electron and the nucleus was neglected. The
05341
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cial result of Ref.@12# was then employed to calculate las
initiated energetically forbidden internal conversion coe
cients @13#. The question of directg- or electronic-bridge
decay modes of the229mTh isomeric state was discussed b
extending the model of@12# to include the magnetic dipole
dipole interaction term@14#.

IV. GENERAL CASE AND DISCUSSION

Next, we extend our calculation to include higher-ord
terms in the laser intensity, i.e., we deal withn photonic
processes. Instead of relying on the approximat
of Eq. ~15!, we now carry out the calculation in the fo
lowing way. We expand the terme2qx8 in the Green-function
DF , Eq. ~10!, as exp(2iqx8)5exp(2iq0x01iqW•xWB)5exp
(2iqx)exp@i(ee/k)qW•ZW#5exp(2iqx)exp@iqW•ZW0(2ee/k)sin(kLx0)#,
and we employ the Jacobi-Anger formulaeiz sin(u)

5(n52`
` einuJn(z), whereJn represents the Bessel function

the first kind of ordern. Thus, we obtain

DF~x82yN!5
1

~2p!4E 24pe2 iq(x2yN)

q21 i«

3(
n

einkLx0JnS 2ee

k
qW •ZW 0Dd4q. ~23!

Integrating overy0 and overq0:

E dq0E dy0eikbay0DF~x82yN!

5(
n

eikLnx0Vn~xW ,yW N ;kba!, ~24!

where

Vn~xW ,yW N ;kba!5
21

2p2E Jn~j«W j•qW !

kba
2 2qW 21 i«

eiqW •(xW2yWN)d3q.

~25!

Here, we have introducedj5eeA0 /(kcvL). Carrying out
the integration overx0 finally results in

Sf i
(n)5K (n)2pd~k211kba1nkL! ~26!

with

K f i
(n)52

i

\c (
N

E d3xd3yNJm
21~xW ! j ba

m ~yW N!Vn~xW ,yW N ;kba!,

~27!

and the transition probability per unit time is given by

Wf i52p(
n

uK f i
(n)u2c2d~v211vba1nvL!. ~28!

If the intensity I L of the laser vanishes thenVn→0,(n
Þ0) since Jn(x).xn for small x, and ZW 0}AI L. As
lim

x→0
J0(x)51 we obtainV0(kba)5ei ukbauRN/RN with I L
4-3
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→0. Thus, in the case of vanishing intensity we reobtain
well-known formula describing the transition probability p
unit time for the pure interaction between the electron a
the nucleus@11#. Note that our general result, Eq.~28!, also
describes those processes where the nucleus does not c
its state and only assists the process. This is the case w
ub&5ua&. It gives V0(0)51/uxW2yW Nu in the absence of the
laser. SummingV0(0) for all the nucleons we can write th
electrostatic potential in the case of the pointlike nucleus

(
N

eN

uxW2yW Nu
.

Ze

uxW u
5V̄0 , ~29!

where we have introduced the average electrostatic pote
of the nucleusV̄0. We also note that we have not utilized th
specific form of the electronic and the nuclear eigenfuncti
so far. Our derivation, however, tells us the way in which t
electronic part of the free HamiltonianHe should be modi-
fied, viz., by addingV̄05Ze/uxW u to our originalHe , which
results in the usual bound atomic eigenfunctionsc of the
electron. Now, with these solutions we can calculate the s
tering amplitude by substitutingA0(x)2V̄0 in Eq. ~3!. The
transition probability per unit time for the laser-free proce
is determined by Eq.~28! in case ofub&Þua& with n50 and
I L50.

Similarly, if the laser field is present and we still assum
ub&5ua& then, using the point-like nucleus approximatio
the j ba

0 term produces the average, laser intensity-depen
electrostatic potential@15#

V̄L5
Ze

uxW1eeZW ~ t !/ku
, ~30!

experienced by the electron. Using this average potential
nonrelativistic electronic eigenfunctions can be obtained@16#
from the time-dependent Schro¨dinger equation

i\
]cL

]t
5F pW 2

2k
1eeV̄LGcL . ~31!

Now we have to useA0(x8)2V̄L in the calculation of the
scattering amplitude while Eq.~28! remains valid in case o
ub&Þua&.

It can be shown in the high-freqency limit that, as
lowest-order approximation, one can use the unpertur
~laser-free! wave-functionc instead ofcL for the description
of the bound electron in the oscillating frame@16#. There-
fore, it can be used in Eq.~28! for the calculation of the
transition probability per unit time of the process under co
sideration.

V. LASER-ASSISTED INTERNAL CONVERSION PROCESS

The laser can modify electron-nucleus processes more
fectively if its angular frequency lies near one of the char
teristic frequencies of the system. Therefore, it is expec
that lasers in the UV, soft- and hard-x-ray regime will
better suited for this purpose. Our description leads to a s
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pler calculation in these cases since the requirements o
high frequency limit of the electronic solutions of Eq.~31!
are better fulfilled. So, laser-assisted internal conversion p
cesses are expected to be well described in this manne
other words, ifub&Þua&, kba,0 then Eq.~28! gives quite
accurately the rate of the laser-assisted internal conver
processes in the high-frequency approximation.

We continue with our general formulas Eqs.~25!–~27!,
and we expand the exponent inVn as

eiqW (xW2yWN)5~4p!2F(
l 50

`

(
m52 l

l

i l j l~qx!Ylm* ~ q̂!Ylm~ x̂!G
3F (

L50

`

(
M52L

L

~2 i !L j L~qyN!YLM~ q̂!YLM* ~ ŷN!G ,

~32!

where j l and j L are the spherical Bessel functions of ordel
and L, respectively, andYlm and YLM denote the spherica
harmonics;x̂, ŷN , and q̂ represent the unit vectors pointin
in the directionsxW , yW N , andqW , respectively. We choose th
frame of reference asqW zi«W ~the laser is polarized in thez
direction!. Then we can writed3q52q2dqdfqdu, where
u5cosuq andfq ,uq are the polar angles ofqW . The spherical
harmonics can be expanded as

Ylm~ q̂!5
1

A2p
Pl

m~u!A~2l 11!~ l 2m!!

2~ l 1m!!
eimfq, ~33!

where Pl
m is the associated Legendre polinom of the fi

kind. Carrying out the integration over the whole solid ang
in Eq. ~25!, the integration overfq results indm,M . Thus, we
obtain

Vn~xW ,yW N ;kab!5 (
l ,L,m,M

~28!i l~2 i !LYlm~ x̂!YLM* ~ ŷN!

3E
0

`E
21

1

I n~u,q!w l ,m,L,M~u!dm,Mdudq,

~34!

wherekab52kba , and we have introduced

w l ,m,L,M~u!5Pl
m~u!PL

M~u!A~2l 11!~ l 2m!!

2~ l 1m!!

3A~2L11!~L2M !!

2~L1M !!
, ~35!

and

I n~u,q!5
Jn~2jqu! j l~qx! j L~qyN!q2

kab
2 2qW 21 i«

. ~36!

Expanding the expressionJn(u)Pl
M(u)PL

M(u) into
power series of u it yields a sum of terms of the
form of un12k(12u2)Mul 1L22MF(a1 ,b1 ;c1 ;1/u2)
4-4
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ELECTRON-NUCLEUS INTERACTION IN LASER . . . PHYSICAL REVIEW A65 053414
F(a2 ,b2 ;c2 ;1/u2), wherek is the index of summation in the
series andF is the Gauss’s hypergeometric function@17,18#.
It can be seen that the power series is an even functionu
if n1 l 1L is even. In this case, the integration overu can be
written as*21

1 du52*0
1du. On the other hand, ifn1 l 1L is

odd, the integration results in*21
1 JnPl

MPL
Mdu50, which

also givesWf i50 after all. Therefore, we have to evalua
the rate of the process forl 1L1n52p cases only. Simi-
larly, expanding the Bessel function and the spherical Be
functions into power series of their arguments@18# the q
dependence of the numerator ofI n(u,q) is a power series o
ql 1L1n12k, wherek is the index of summation in the serie
again. Ifl 1L1n is even, then we can change the integrat
as*0

`dq51/2*2`
` dq.

So we can carry out the integration overq using contour
integration techniques. We suppose thatj1yN!x, i.e., the
oscillation in the electron coordinate caused by the lase
smaller than the characteristic size of the bound-elec
shell incorporated in the process, furthermore the nucleu
pointlike. Now we can employ the asymptotic formula of t
Bessel function for large arguments@19# and the expansion
of the spherical Bessel functions@20#. From the three expo
nents emerging from the three Bessel functions the one o
nated fromj l(qx) determines that the contour of integratio
is closed in the upper or in the lower half of the complexq
plane. Carrying out the integration we obtain

E
2`

`

I n~u,q!dq5I n~u!5p ikabJn~2jkabu!

3 j L~kabyN!hl
(1)~kabx!, ~37!

wherehl
(1)(kabx) is the spherical Henkel function of the firs

kind of orderl. We note that if the laser field ceases, i.e.,
we insert J0(0)51 @and Jn(0)50 if nÞ0# in the upper
formula, it yields the well-known potential forV0 that is
usually used to describe the IC process in pointlike nucl
approximation@21#.

In the following, we are going to calculate the transitio
probability per unit time (Wf i) of the laser-assisted IC pro
cess. We presume that the metastable state of the nu
decays mainly by an electric multipole decay mode of or
L ~denoted asEL). Furthermore, nonrelativistic wave func
tions for the electronic states are used, and the curr
current interaction between the nucleus and the electro
not considered here. The nuclear transition is described
the multipole transition operator of the nucleus, which
defined asM(EL,M )5(NeNyN

L YLM( ŷN); here, eN is the
charge of theNth nucleon. Its matrix element can be writte
as

^I i ,Mi uM~EL,M !uI f ,M f&

5~21! I i2MiS I i L I f

2Mi M M f
D ^I i iM~EL!i I f&,

~38!
05341
el

n

is
n
is

i-

f

s

us
r

t-
is

by

where ^I i iM(EL)i I f& is the reduced matrix element o
M(EL,M ), I i and I f are the angular momentum quantu
numbers of the initial and final nuclear states, respectiv
while Mi andM f denote the magnetic quantum numbers
the initial and final nuclear states, furthermore we ha
applied the usual notation of 3j symbols. We use
the reduced transition probability B(EL,I i→I f)
5u^I i iM(EL)i I f&u2/(2I i11) for describing the nuclea
transition@22#.

Imposing the conditionjkab!1, which can be fulfilled
~see later!, we can approximate Jn(2jkabu)
.(2jkab)nun/(2nn!), and similarly j L(kabyN)
.(kabyN)L/(2L11)!!. After summing up for all the mag-
netic quantum numbers of the final states (mf ,M f) and av-
eraging for all the initial ones (mi ,Mi), mi , mf are the mag-
netic quantum numbers of the initial and final electron
states, respectively, we obtain forWf i by following the usual
train of thought of such calculations

Wf i5E (
mi ,mf

(
Mi ,M f

(
n

2p
uK f i

(n)~EL!u2

~2I i11!~2l i11!

3c2d~v212vab1nv!r~e2!de2

5E (
l ,n

8p2e2

\2 B~EL,I i→I f !

3
kab

2L1212nj2n

22n~n! !2

~2l f11!~2l 11!

~2L11!@~2L11!!! #2

3S l i l l f

0 0 0D
2

SlL
n uRl

f i u2d~v212vab1nv!r~e2!de2 ,

~39!

where we have defined the quantities

SlL
n 5(

m
F E

21

1

w l ,m,L,m~u!unduG2

~40!

and

Rl
f i5E

0

`

Rfhl
(1)~kabx!Rix

2dx. ~41!

Here, Rf and Ri are the radial parts of the nonrelativist
wave functions in the final and initial electronic states,
spectively; l i and l f are the angular momentum quantu
numbers of the IC electron in the initial and final state
respectively.r(e2) denotes the line-shape function of th
final electronic state if it is a bound state, as it stands for
phase-space density if the outgoing IC electron is in a f
state,e25E2 /\.

We introduce the IC coefficient~ICC! a of the laser-
assisted process which can be calculated asa5Wf i /Wg ,
where Wg58p(L11)kab

2L11B(EL,I i→I f)/@L„(2L
11)!! …2\# is the rate of directg decay@22#. Thus, in the
case of bound-bound electronic transitions
4-5
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TABLE I. Computed values ofSl3
n for different electronic transitions of multipolarityl and numbers of

laser photonsn incorporated in the electron-nucleus process.~Here the multipolarity of the nuclear transitio
is L53.) Remember thatSl3

n 5Sl3
2n .

l 50 l 51 l 52 l 53 l 54 l 55 l 56 l 57

n50 0 0 0 7.0 0 0 0 0
n51 0 0 1.0 0 1.3333 0 0 0
n52 0 0.16 0 0.9437 0 0.2963 0 0
n53 0.0229 0 0.3905 0 0.5174 0 0.0693 0
n54 0 0.1253 0 0.4093 0 0.2266 0 0.0166
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a5(
l ,n

pa f~kabj!2nvab

22n~n! !2

~2l f11!~2l 11!L

~2L11!~L11!

3S l i l l f

0 0 0D
2

SlL
n uRl

f i u2r~e28!. ~42!

Here, a f is the fine-structure constant, ande285v11vab

2nv, r(e28)5g/(2p)@(e202e28)
21g2/4#21, whereg is the

width of the final electronic state and\e20 is the central
energy of the distribution. In the case of a free final ele
tronic state with energye2→0, i.e., near threshold, one ha

to substituteuR̃l
f i u2\/(2R) instead ofuRl

f i u2r(e28) in Eq. ~42!,

where R̃l
f i

5A4p*R̃i(y)hl
(1)(kaba0y)J2l f11(A8Ze f f

i y)y3/2dy, which is

a dimensionless quantity;R̃i(y) is the dimensionless radia
part of the wave function of the initial 2p state,y5x/a0 and

R̃i(y)5a0
3/2Ri(x), whereRi is the radial part of the initial

wave function.R is the Rydberg energy,a0 is the Bohr ra-
dius,Ze f f

i is the effective charge of the initial state~see later!,
and for the radial part of the free electronic state theRl f

5A4p/xJ2l f11(A8Ze f f
i x/a0) approximation is used~valid

for e2→0).
The conservation of angular momentum in laser-assis

IC process is ensured by the 3j symbols and the quantitySlL
n

(SlL
n 5SlL

2n). We show the properties ofSl3
n in Table I. It can

be seen, e.g., that in the case of anE3 nuclear transition IC
process containing ap→p electronic transition (l i5 l f51,l
50) is allowed if unu53 of laser photons take part in th
process. Although our restriction (l 131n must be even!
allows the process withunu51 if l 50, the S03

1 50 value
forbids this possibility. Similarly, ifl .4 the IC process be
comes forbidden for lowunu values. It can be seen from
Table I thatSl3

n gives zero in any case that is forbidden
momentum conservation rule. Here, it is tacitly assumed
n corresponds to the number of absorbed or emitted pho
and each photon carries unit angular momentum.~The n
,0 values give the absorbtion branch and then.0 values
correspond to laser photon emission.! In such a way this
model is able to give an account of a significant aspect of
n-photonic laser interaction, namely, angular moment
conservation.
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VI. NUMERICAL RESULTS FOR ENERGETICALLY
FORBIDDEN IC PROCESS OF 99Tc ISOMER IGNITED

BY SOFT COHERENT X-RAY FIELD

Next, we apply our results for a realistic situation, viz., w
investigate the laser-assisted IC process in case of99mTc.
99mTc has a metastable state with transition energyEab

52.1726 keV and it decays via anE3 transition. The energy
of the nuclear transition is smaller than the binding energy
the electrons of theK andL shells, therefore the IC proces
from these shells is energetically forbidden. However,
may be ignited on these inner shells if an external radiat
field assists the process. So laser ignited ICC (a) is added to
the total, laser-free ICC (a tot) in this case. Such a situatio
was examined in a more simple model in a previous work
us @13#, where the possibility of acceleration of the decay
99mTc was discussed by switching on the 2p shells into the
IC process calculating with one-photon absorption. Our c
siderations presented here make it possible to discuss
possibility of the ignition of the energetically forbidden I
process in the case of many-photons absorption, too.

Here, we examine the possibility of switching on the 2p3/2
electronic shell into the IC process numerically. This sh
has\v1522676.9 eV binding energy@23#. First, we con-
sider that the final electronic state of the process is a bo
state of the Tc atom. It is hard to predict its exact bindi
energy due to the fact that, e.g., the energy levels of th
electronic shells are altered by the chemical surroundin
therefore we have calculated the process by choosingE25
28 eV according to@13#. Moreover, we have taken\g
51.91 eV for the width of the final bound state which is th
width of the IC created vacancy~see Ref.@24#!. To calculate
the matrix elementRl

f i we have used the radial parts of no
relativistic hydrogenlike bound wave functions. The intera
tion with the other electrons has been taken into accoun
introducing the effective chargeZe f f as Eb5R (Ze f f /np)2,
where Eb is the binding energy,R is the Rydberg-energy
and np denotes the principal quantum number of the sh
CalculatingRl

f i for allowed electronic transitions we hav
obtained that those channels will dominate at whichl 5 l f

1 l i , and any otherRl
f i has orders of magnitude smalle

value. The results of our calculation are given in the first h
of Table II, where we have givena and the critical intensity
I crit

(1) ~in parentheses! of the laser in case of differentn, l, and
electronic transitions, sorted out by differentRl

f i values.I crit
(1)

is the laser intensity at whicha becomes unity.
4-6
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TABLE II. Computed values of laser induced IC coefficients (a) of 99mTc in the case of bound-bound~BB! and bound-free~BF!
electronic transitions, for different atomic transitions of different multipolarities~l! and photon numbers (n). I denotes the laser intensit
given in W/cm2 units. Under the values ofa in the parentheses the critical intensityI crit

(1) has been tabulated, which is defined by t
conditiona51.

l 51 l 52 l 53 l 54 l 55 l 56
BB 2p→6s 2p→5p 2p→4d 2p→4 f 2p→5g 2p→6h

n521 0 5.40310219I 0 5.83310217I 0 0
(1.931018) (1.731016)

n522 4.94310243I 2 0 1.94310238I 2 0 3.95310236I 2 0
(1.431021) (7.231018) (1.831018)

n523 0 1.54310260I 3 0 1.66310258I 3 0 5.96310256I 3

(8.731019) (1.831019) (2.631018)

BF 2p→ l f52 2p→ l f51 2p→ l f52 2p→ l f53 2p→ l f54 2p→ l f55

n521 0 8.94310217I 0 1.66310210I 0 0
(1.131016) (6.03109)

n522 1.20310242I 2 0 2.88310234I 2 0 1.29310229I 2

(9.131020) (5.931016) (2.831014)
n523 0 2.55310258I 3 0 4.73310252I 3 0 2.16310248I 3

(1.631019) (1.331017) (7.731015)
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On the other hand, we have also calculated the IC proc
in the case of free final electronic states. We have carried
the calculation for small kinetic energy of the outgoing
electron, viz., we give the threshold values of the IC coe
cients of the process. Our results are tabulated in the se
half of Table II.

Comparing the bound-bound and bound-free cases we
see that the bound-free transitions always dominate, and
most leading channel is thel 54,n521 one.

Our model, however, is valid only if thejkab!1 and the
Ze f f

i j/(a0ni)!1 conditions are fulfilled; here,Ze f f
i 528.06 is

the effective charge number,ni52 is the principal quantum
number of the initial electronic state. We have calculated
critical intensities I crit

(2) with jkab51 and I crit
(3) with

Ze f f
i j/(a0ni)51. These values versus the photon numben

are tabulated in Table III. The applied laser intensity~I! has
to fullfill the conditionsI !I crit

(2) and I !I crit
(2) . It is important

to mention that at risingunu ~and with risingl ) the values of
I crit

(1) also rise according to a flattening out function, while t
valuesI crit

(3) decrease rapidly. Because of this limitation, s

TABLE III. Values of photon energies required to ignite the I
process on the 2p electron shell of99mTc are tabulated for the case
of different photon numbers~n! incorporated in the process. Th
validity of the calculation is limited by the intensitiesI crit

(2) andI crit
(3) .

I crit
(2) is defined by the condition (jkab)251, while I crit

(3) is defined
by (Ze f f

i j)2/(a0ni)
251. The applied laser intensity~I! has to fulfill

the conditionsI !I crit
(2) and I !I crit

(2) .

n521 n522 n523

\v (eV) 496 248 165
I crit

(2) (W/cm2) 1.131022 7.131020 1.431020

I crit
(3) (W/cm2) 7.931019 4.931018 9.631017
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nificant a is expected inn521,22 cases only~as the ratio
I crit

(1) /I crit
(3) ,1 at higher number of absorbed photons!. This is

the reason why we have tabulated our results in Table II
the unu,4 cases only.

Our results show that in the case of bound-free electro
transition, a significant effect can be achieved, applying
laser with appropriately high intensity. The laser-ignited IC
a5a tot can be induced atI 51017 W/cm2 in the case ofn
521 (\vL5496 eV).a tot is the total laser-free IC coeffi
cienta tot.1.63107 @25#, which incorporates all the enable
IC decay channels of the isomer. So atI 51017 W/cm2 the
halflife of the sample is expected to be halved.

The intensity required to reach thea tot value ~in case of
bound-free transition and withunu51) is available nowadays
using, e.g., free-electron lasers~FEL!, which operate in the
x-ray region@26#. The ignition of the IC process on the 2p
shell may be detected with measuring the x-ray signal em
ted by Tc when the vacancy in the 2p state is filled up. After
the deexcitation of the metastable nuclear state by indu
IC process, the nucleus decays into its ground state vig
decay, emitting ag photon of energyEg5149.5 keV~and
of half life t50.19 ns). This character of the decay of99Tc
makes it an ideal species for measurements, as the ind
IC may be detected measuring both the outgoing x-ray ang
signals in delayed coincidence. On the other hand, it is h
to make precise predictions fora and for the frequency of
the laser that is required, as the irradiation at such intens
makes the Tc atom highly ionized changing the binding
ergies of the participating electrons. Fortunately, FEL p
vides a broad bandwidth of radiation at appropriately h
intensity ~brightness!, making it an ideal candidate for suc
experiments. However, stripping the Tc atom can cause
hindering of the rate of laser free total IC decay~decreasing
a tot as well!, and therefore smaller intensity will be neede
4-7
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TABLE IV. Computed values ofb ~in cm2/W units! that give laser-induced IC coefficients (a) as a5bI , whereI denotes the lase
intensity given in W/cm2 units. In the table the transition energies (\vab) @23#, the multipolarity of the nuclear electric transition with th
symbols of the electronic shells that take part in the IC process, the binding energies (EB) of the electron on the shell in question@23#, the
photon energies (\vL) of the applied laser beam (\vL5D with D5EB2\vab), and the total laser free IC coefficients (a tot) @28# ~a! @29#
~b! of the transitions investigated are listed.I max denotes the highest applicable laser intensity~in W/cm2 units!.

Isomer \vab ~keV! EL/shell EB ~keV! \vL ~eV! b (cm2/W) a tot I max

105Agm 25.47 E3/K 25.514 44 7.6310214 3.63104(a) 1.331013

90Nbm 2.3 E3/L2 2.368 68 1.931027 1.131010(b) 831014

183Wm 1.79 E2/M5 1.807 17 1.231027 6.53107(b) 431012

183Wm 0.544 E1/N1 0.592 48 1.1310214 2240(b) 831014

188Rem 2.63 E4/M2 2.682 52 5.831024 1.131015(b) 2.431014

205Pbm 2.4 E2/M5 2.484 84 1.2310210 3.23107(b) 1.731015

235Um 0.0735 E3/O5 0.096 22.5 433 3.731020(b) 2.331014

235Um 0.0735 E3/O4 0.105 31.5 161 3.731020(b) 831014
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to attain a significant contribution in the rate of the las
initiated IC process in comparison to the rate of total IC
the stripped Tc characterized bya tot* .

VII. HARD UV LASER-IGNITED INTERNAL
CONVERSION PROCESSES

Now we reinvestigate the laser-induced energetically f
bidden IC channels of107Agm, 183Wm, and 235Um isomers
that were studied earlier@27# and that have a small energ
defect (D) of about 20–48 eV. These materials are co
pleted by 90Nbm, 188Rem, 205Pbm, and by an other line of
183Wm havingD between 17 and 84 eV.

It was found above that the bound-free transitions alw
dominate, and the most leading channel is thel 5L11,n5
21 one, i.e., the one photonic case is the dominant one~the
n,0 values give the absorbtion branch! anda has the form
a5bI in this case, whereI is the laser intensity. Therefore
we have carried out the calculation withn521 for small
kinetic energy of the outgoing IC electron, viz., we give t
threshold values of the laser-induced IC coefficients. The
tainedb values of our calculation are given in Table IV. W
have, however, two intensity criteria for the applied laser t
impose upper limits for the applicable laser intensities (I max)
that are given in W/cm2 units in Table IV, too.

In the case of107Agm and 235Um the metastable state o
the nucleus decays by an electric multipole decay mode
orderL53 ~denoted asE3) and in case of90Nbm the decay
mode is a mixedM21E3 transition. ItsE3 component is
discussed here. Furthermore, anE1 and anE2 transition of
183Wm, anE2 transition of205Pbm, and theE4 component of
a mixedM31E4 transition of 188Rem is investigated. The
transition energies (\vab) @23#, the symbols of the elec
05341
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tronic shells, that take part in the IC process, the bind
energies (EB) of the electron on the shell in question@23#,
the photon energies (\vL) of the applied laser beam (\vL
5D with D5EB2\vab), the calculatedb values @in
(W/cm2)21 units# and the total laser-free IC coefficien
@28,29# of the transitions investigated are listed in Table I

The intensities required to reacha;1024–1022a tot val-
ues are available nowadays using, e.g., free electron la
~FEL! @26#, synchrotron radiation sources@30#, or table-top
hard UV devices@31# which operate in the hard UV region

The ignition of the IC process on the shell in questi
may be detected by measuring the x-ray fluorescent sig
emitted by the atom when the vacancy, that has been cre
in the shell by laser-induced IC process, is filled up. So
induced IC may be detected measuring the x-ray signal
the inducing laser pulse in coincidence. The fluorescent
nal vanishes as\vL,D, thus the method is very sensitiv
for the applied laser photon energy, therefore it is expec
that one can determine the nuclear transition energy by
ing the laser photon energy to the threshold (\vL5D).
These types of experiment are expected to be useful as
for a more, accurate determimation of the nuclear transit
energy.

Finally, we hope that by carrying out the suggested
periments, one may start observations of laser-indu
electron-nucleus processes. Moreover, we think that carry
out such experiments would be worthy and it may help
clarifying the complex nature of laser-assisted electr
nucleus processes.
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