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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 threphotonic 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 %™Tc 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 coeffi€i&@gsare also
calculated for energetically forbidden shells 8FAg™ (K shell, E3, 25.47 keV),Nb™ (L, shell, M2
+E3, 2.3 keV), 1BW™ (N; shell, E1, 544 eV and Mz shell, E2, 1.79 keV), ®Re" (M, shell, M3
+E4, 2.63 keV),2°%PU" (Mg shell,E2, 2.4 keV), and*U™ (O, andOs 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.
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[. INTRODUCTION by the electron in the presence of the laser field. As an ex-
ample for the laser-assisted electron-nucleus combined pro-
Intense laser fields can exert an influence on atomic, agesses we give the transition probability per unit time of
well as on nuclear processes. Such atomic processes are, elgser-induced internal conversigiC) process and the soft-
multiphoton ionization and higher harmonics generationX-ray laser-assisted IC coefficient of the energetically forbid-
[1,2]. After lasers with high intensity had become available,den IC process in the case 8f"Tc. Moreover, hard UV
the investigation of nuclear processes in the presence of idaser'induced IC coefficients of a few energetically forbidden
tense laser fields was boosted and it has been concluded tH¥@cesses have been also calculated.
direct effects of the intense lasers on the nucleus can be
copsit:_lered_negligibléS]. Moreover, the effect of electronic Il. ELECTRON-NUCLEUS INTERACTION IN THE
shielding hinders the possibility of the_ direct |nteract|o_n of PRESENCE OF A LASER FIELD
the laser and the nuclelfid]. However, internal conversion
(IC) and electronic-bridge processes have been investigated Our model consists of an electron aAchucleons bound
steadily, since lasers may cause significant modification in the nucleus. In the laser-free case the electron-nucleon
the rate of nuclear transitions in case of these electroninteraction can be described by the electromagnetic four-
nucleus laser combined proces$§gb In the precursor stud- vector potentiaA“(x) felt by the electron and created by the
ies of the topic Volkov and Coulomb-Volkov solutions were nucleon transition currerjt;,(yy) in the transitiona— 8 as
used to describe the laser modified free-electron states in the
calculations[6] and, on the other hand, calculations were
carried out employing dressed bound electronic solutions, A“(x)=f d“yND,:(x—yN)jga(yN), (n]
too [7]. However, the treatment of nucleus-electron laser
combined processes in Ref§6,7] does not let us see clearly
what kind of mechanism actually occurs as the laser modifie¢/here
the nucleus-electron processes. It is shown here that all these

processes, i.e., both atomic and nuclear processes, can be 1 — 4e iax=yN)

traced back to laser field induced modification of the electro- De(x—yn)= 5 4j > d*q (2
o : (2m) P+ie

magnetic interaction between the electron and nucleons.

One aim of this paper is to give a rather general way for
the calculation of the rate of several electron-nucleus lases the causalFeynman Green function. The notationsand
combined processes. The weak-field limits and the results foyy are the four coordinate of the electron and one of the
n photonic processes of the rates are determined. Furthenucleons, respectively.
more, it is shown that our treatment results in the well- The first-order scattering amplitude of the electron on this
known, laser modified Coulomb potential of the nucleus feltpotential is
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Si=— %J d4XJ dYNLOA ), )

whereJ?! is the four-transition current of the electron in the

y2
transition 1—2 [8].
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where

The modification of the above process due to the presence

of the laser field can be traced in the following way. The
laser field is described by a classical field of the form

ﬁd(t):EAocos@Lt), where we have introduced the angular
frequencyw, and the unit vectoe for the state of polariza-

tion of the laser. As the atomic radii are much smaller thameperger transformed electron

the wavelength of the laser, the dipole approximation is jus
tified. We use nonrelativistic approximation in the laser-
electron interaction Hamiltonian

-

2

p - e -
Hie=—ee-—-Aq(t) + 5—5AU(1),

KC

(4)

wherex is the rest mass of the eIectrq;njs its momentum,
cis the velocity of light, and,= — e is the electronic charge

(e is the elementary chargeThe,&gI term inH . disappears
after transforming the system by the unitary operdtbr

= exy] —ie%/(2fixc?) [AZdt].
Now we define another unitary operator

~ex ;220
B=ex %7p~Z(t) , 5

where

(t)

10 .
——Ef Aq(t)dt. (6)

The operatorB acts only on the operators containing the

electron coordinates. Applying this unitary transformation
the remainder oH,. disappears and it can be shoj@j that

X is transformed tog as
R -+ - €es
Xg=BxB'=x+ ?Z, (7)
and, similarly,

Bf(x)Bf=f 8

. €ea
x+—eZ).
K

This transformation of the system is called Henneberge
transformation10]. We can say that the effect of the laser
appears inA¥(x) [and similarly inDg(x—Yyy)] only as a

1 — Ageiax =yn)

De(X' —yn) = 2m)? d*q.

(10

J

Here, the four—vectorq={q0,ﬁ}; x" represents the Hen-
four coordinatex’ (
{XO,)ZB}), andyNz{yo,ﬁN} is the four coordinate of one
of the nucleonst,}(x) is the four-transition current density
of the electronjj,(yn) is the four-transition current density
of a nucleon

q’+ie

J2H(X) = et (X) y, Y (x) 2o, (12)
. i“P(yy), fN=1,...Z
jﬁa(yN)=e'kBay°[ Jﬁ ; e
IBa(yn), HN=Z+1,... A,
(12

where
j’,ﬁMN):f j eoUB(y1, - ..

Xl/fﬂ(gl, ,)7N, .- -gz)da)’l' : 'dSYN—l
Xd¥ypiq- - diyy (13

is the proton part of the nuclear four-current density and
jg'an(;N)zf o f enE%()_/)ZJrl’ s 1§N= s 1§A)’y#

-)7N .. -9A)d3y2+1' : ’dSyN—l
(14)

XYo(Yzi1, - -
Xd3ypyp- - d3ya

is the neutron part of the nuclear four-current density, and the
notationse, and e, refer to the charges of a proton and
neutron bound in the nuclei$l], andZ is the proton num-
ber. y* (©=0,1,2,3) are the foury matrixes. > and y*
stand for the electron bispinors in the final and initial states
of the process, and/;, ¢ and ¢, ¢, are the final and
jnitial states of Slater determinant type, constructed from
one-particle bispinors, of the bound protons and neutrons,
respectively. We have introduc&d,= (E,— E,)/(%c) where

vibrating term that is added to the electron coordinate. So=2 @ndE are the energy eigenvalues of the final and initial

after the Henneberger transformation Ei(of)+eele)ﬁ] ap-
pears in the Green-functioD .

electron states, respectively, anklz,=(Eg—E,)/(%c)
whereE; and E,, stand for the energy eigenvalues of the
final and initial nuclear states.

Now we can give the nucleus-electron scattering ampli-
tude in the presence of the laser field. As a consequence of

the Henneberger transformation we have to substiytior

X in the Green function and with this substitution, the
Smatrix element of the process is given by

Ill. THE WEAK-FIELD LIMIT

First we deal with the weak-field case, i.e., with the
lowest-order process in the laser field.Dg we can write
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€on - , cial result of Ref[12] was then employed to calculate laser
1+ ?Z'Vx)e_'qx- (19  initiated energetically forbidden internal conversion coeffi-
cients[13]. The question of directy- or electronic-bridge
where decay modes of thé?"Th isomeric state was discussed by
extending the model df12] to include the magnetic dipole-
Z=—iZy(ekXo— g~ ikixo), (16)  dipole interaction terni14].

e—iqx'z

with Zo=—[Ag/(2cw|)]e andk, = w,/c. The contribution IV. GENERAL CASE AND DISCUSSION
that originates from the first term on the right-hand side of
Eqg. (15), the term that equals to 1, gives tRBamatrix ele-
ment without laser field. The other term represents the firs
order contribution of the laser field.

The integration ovekg, results in

Next, we extend our calculation to include higher-order
{terms in the laser intensity, i.e., we deal withphotonic
processes. Instead of relying on the approximation
of Eg. (15, we now carry out the calculation in the fol-

lowing way. We expand the terer %' in the Green-function
if ei(kzr%ikL)XodXOZ +278(Kyy— Qo= k). (17) De, Eg. (10), _}aﬁ eXpein,):eXpS_quXO"'iq'XB):eXp

- (—igx)exdi(e./x)q-Z]=exp(-igx)exdiq- Zo(2e./x)sin Xo) ],
and we employ the Jacobi-Anger formula'zsn®
=3 e"% (2, whereJ, represents the Bessel function of
the first kind of ordem. Thus, we obtain

Performing the integral over, leads, similarily, to a Dirac-
delta 2m5(kg,+qg). This way it is possible to perform the
integration overy, yielding

4 1 [ —4mwe 9
* —4m De(X'—yn) = f
if O(Ka1=doE k) 8(Kgat0o)—5—=,——ddp FOC=) (2m)* g’+ie
— o0 qo_q +le
—4x X D e‘”kLXOJn(%ﬁio)d“q. (23)
(Kot Kot ky). (19 n K

=t
Ko Q%+ie
Integrating ovety, and overqg:
Integrating over the| space we carry out first the integration

over the solid anglé), j quJ' dyee*BYoD £ (x" — yp)

f 40,960 = 2T aRy_e-aRy) (1) . .
a igRy ' =2, MoV, (X,yyiKga), (24)
n

whereRy=|x—yy|. Then we carry out the integration over here
using contour integration techniques. The two poles are at

=|kg,| +ie andg=—|kgz,| —ie. Finally, we obtain - =
f | Ba| ° a | Ba| © Y vV ()-())7 'k ):__lf ‘]n(gsjq) ei(i.()?*)?,\‘)dBq
St =KE2m (ko kg ko), (20 mEINTAY 2w ) A2~ rie '
with 9
Here, we have introduced=e.Aq/(kCcw,). Carrying out
Kgit): 1}% 2 f f dSXdBYNJle(;)J'ﬁ (}7N) the integration ovek, finally results in
C°N @
_ SN =KM27 8(Ka1+ K g+ Nky) (26)
€eo - e'lkﬁa‘RN !
X ;ZO -V ) (21 with
The transition probability per unit time is given b i T iy
P P JvEn DY KiP=—7s 2 f dPxAPYNIZ R (V) V(XY iKga),
Wyi=27> KPP 8(0pt wpetso), (22 @7
S

and the transition probability per unit time is given by

wheres=*+1, andw;;=CKy,wg,=CKg,, andw =ck, .

A formall)_/ similar result was obtained for the_ inverse Wfi=2772 |K$?)|2c25(w21+ ©gatN0L). (28)
electronic-bridge process using pure Coulomb interaction n
(1/Ry) between the electron and the nucleus, instead of _ _ )
exp(Ks./R\)/Ry [12]. Moreover, in Ref[12] the laser field If the intensity [, of the laser vanishes the,—0,(n
was quantized and the current-current interaction term be#0) since J,(x)=x" for small x, and Zyx JIL. As
tween the electron and the nucleus was neglected. The splﬂ'mXHOJo(x)=l we obtainvo(kﬁa)=e'|"ﬁoc‘RN/RN with |
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—0. Thus, in the case of vanishing intensity we reobtain thepler calculation in these cases since the requirements of the
well-known formula describing the transition probability per high frequency limit of the electronic solutions of E@®1)
unit time for the pure interaction between the electron andare better fulfilled. So, laser-assisted internal conversion pro-
the nucleug11]. Note that our general result, E(8), also  cesses are expected to be well described in this manner. In
describes those processes where the nucleus does not chagiger words, if| 8) # | a), K, <0 then Eq.(28) gives quite
its state and only assists the process. This is the case wheacurately the rate of the laser-assisted internal conversion

|B)=|a). It gives Vo(0)=1/x—yy| in the absence of the Processes in the high-frequency approximation.

laser. Summing/,(0) for all the nucleons we can write the ~ We continue with our general formulas Ed&5)—(27),
electrostatic potential in the case of the pointlike nucleus agnd we expand the exponentVf as
|

go > (@Y (@)Y m(X)

m=—|

e Ze — iq(x—y,
%ZT:V(), 29) e'd0YN = (447)?
N Ix=ynlIX|

o L
where we ha\E introduced the average electrostat_u_: potential 2 E (_i)LjL(QYN)YLM(Q)YEM(yN):|v
of the nucleus/,. We also note that we have not utilized the L=0 M=-L
specific form of the electronic and the nuclear eigenfunctions (32)
so far. Our derivation, however, tells us the way in which the
electronic part of the free Hamiltoniad, should be modi- wherej, andj, are the spherical Bessel functions of ortler
fied, viz., by addingv,=Ze/|x| to our originalH,, which ~ andL, respectively, and/,,, and Y, denote the spherical
results in the usual bound atomic eigenfunctighof the  harmonics, Yy, andq represent the unit vectors pointing
electron. Now, with these solutions we can calculate the scafp the directionsx, yy, andd, respectively. We choose the

tering amplitude by substituting®(x) =V in Eq. (3). The  frame of reference ad,|s (the laser is polarized in the

transition probability per unit time for the laser-free processgirection. Then we can writed3q= —qqud¢qdu, where
is determined by E¢28) in case of8) #|«) with n=0 and u=cost, and ¢y, 0, are the polar angles «ff The spherical

I L= 0 . .
o . o : harmonics can be expanded as
Similarly, if the laser field is present and we still assume P

|B)=|a) then, using the point-like nucleus approximation, 1 2rDa—m
thej%a term produces the average, laser intensity-dependent Yim(Q)= \/?P,m(u) \/2(|+—m)|'e'm¢q, (33
- !

electrostatic potentidll5]

X

o Ze where P[" is the associated Legendre polinom of the first
==, (30 kind. Carrying out the integration over the whole solid angle
X+ eeZ(t)/ k| in Eq. (25), the integration ovep, results indy, y . Thus, we
experienced by the electron. Using this average potential, th%bta'n
nonrelativistic electronic eigenfunctions can be obtairies] o . . .
from the time-dependent Sclfiager equation V(X YN ;ka5)=| LEm y (=8)i' (= )Y im(X) YEm(Yn)
g | PP — % (1
M Frasalie 3D <7 1w e spududa
Now we have to us&’(x’)—V, in the calculation of the (34
ls;;tiTg?g amplitude while E¢28) remains valid in case of wherek ;= — k. and we have introduced

It can be shown in the high-freqgency limit that, as a 21+ 1)(1—m)!
lowest-order approximation, one can use the unperturbed (me'L‘M(U):P:’n(U)P[A(U)\/—I
(laser-freg@ wave-functionys instead ofi, for the description 2(1+m)t
of the bound electron in the oscillating franh&6]. There- (2L+1)(L—M)!

fore, it can be used in Eq28) for the calculation of the — (35
transition probability per unit time of the process under con- 2(L+M)!
sideration. and
V. LASER-ASSISTED INTERNAL CONVERSION PROCESS Jo(—&qu)j 1 (ax)jL(qyn) o2
I (u,q)= = . 36
The laser can modify electron-nucleus processes more ef- (4 4) kiﬁ—q2+ia (39

fectively if its angular frequency lies near one of the charac-

teristic frequencies of the system. Therefore, it is expected Expanding the expressioan(u)P,M(u)P,_M(u) into
that lasers in the UV, soft- and hard-x-ray regime will be power series ofu it yields a sum of terms of the
better suited for this purpose. Our description leads to a simform of  u" KA —-uH)MU'TL2ME(a, by 1)

053414-4



ELECTRON-NUCLEUS INTERACTION IN LASER.. .. PHYSICAL REVIEW A5 053414

F(ay,b,;c,p;1/u?), wherek is the index of summation in the Wwhere (I;|| M(EL)||I;) is the reduced matrix element of
series andF is the Gauss’s hypergeometric functigiv,1g.  M(EL,M), I; and | are the angular momentum quantum
if n+1+L is even. In this case, the integration ouezan be ~ While M; andM; denote the magnetic quantum numbers of
written asf! ;du=2f%du. On the other hand, ifi+1+L is  the initial and final nuclear states, furthermore we have
odd, the integration results ifi*;J,P"P"du=0, which applied the usual notation of j3 symbols. We use

; — the reduced transition  probability B(EL,l;—1¢)
also givesW;;=0 after all. Therefore, we have to evaluate o i
the rate of tfr|1e process for-L+n=2p cases only. Simi- :|<|i.”.M(EL)”|f>|2/(2|i+1) for describing the nuclear
larly, expanding the Bessel function and the spherical Bességansmon_[ZZ].h ditiorek hich be fulfilled
functions into power series of their argumeiis] the q Imposing the conditiortk,s<1, which can be fulfille
dependence of the numeratorlgfu,q) is a power series of (~see Iat?'n vr\1/e| can appro_xw_nate ‘]n(__ EKapl)
q'*L "2 wherek is the index of summation in the series —(~ ¢Kap) U/ (2°n1),  and  similarly i (Kagyn)

~ L i
again. Ifl +L+n is even, then we can change the integration_(l_(aﬂy’\‘) /(2L+1)!L. Atter summing up for all the mag-
as [Zdq=1/2["_.dq netic quantum numbers of the final states; (M) and av-
ouu= -4dd.

eraging for all the initial onesng; ,M;), m;, m; are the mag-
netic quantum numbers of the initial and final electronic

tates, respectively, we obtain #df;; by following the usual
f(ain of thought of such calculations

So we can carry out the integration owgusing contour
integration techniques. We suppose thatyy<x, i.e., the
oscillation in the electron coordinate caused by the laser i
smaller than the characteristic size of the bound-electro
shell incorporated in the process, furthermore the nucleus is

n
pointlike. Now we can employ the asymptotic formula of the \y, _ E 2 E 20 |K$i )(EL)|2
Bessel function for large argumerfts9] and the expansion " mome Mi M, “n (21;+1)(21;+1)
of the spherical Bessel functiof20]. From the three expo- 5
nents emerging from the three Bessel functions the one origi- XC8(wa— waptNw)p(ez)de;
nated fromj,(gx) determines that the contour of integration 82e2
is closed in the upper or in the lower half of the comptgx :f Z . B(EL,l;—15)

I,n

plane. Carrying out the integration we obtain
K25 272ME® (21¢+1)(21+1)

fﬁ 10(U,0)dG=1(U) = 7K oo — Ko pU) 2°n(nny? - (2L DIZL+DH]
L1142 .
XjL(kaﬁyN)hl(l)(kaﬁx)1 (37) X 0 0 O) S|n|_|R|fl|25(w21_wa3+”w)P(€2)d€2,
1) . . . ) (39
whereh;~’(k,zx) is the spherical Henkel function of the first
kind of orderl. We note that if the laser field ceases, i.e., if where we have defined the quantities
we insertJo(0)=1 [and J,(0)=0 if n#0] in the upper
formula, it yields the well-known potential fov, that is 1 2
usually used to describe the IC process in pointlike nucleus S|”L=Z f @1mLm(uu"du (40
approximation 21]. m /-1

In the following, we are going to calculate the transition

probability per unit time Y;;) of the laser-assisted IC pro- @"

cess. We presume that the metastable state of the nucleus

decays mainly by an electric multipole dgc.ay_ mode of order lei: mefhfl)(kaﬁx)Rixzdx. (41)

L (denoted a€L). Furthermore, nonrelativistic wave func- 0

tions for the electronic states are used, and the current-

current interaction between the nucleus and the electron igere, R; and R, are the radial parts of the nonrelativistic

not considered here. The nuclear transition is described byave functions in the final and initial electronic states, re-

the muItipoIe transition operator of the nucleus, which iSSpective|y;|i and |f are the angu|ar momentum quantum

defined asM(EL,M)=3\exykY.m(yn); here, ey is the  numbers of the IC electron in the initial and final states,

charge of theNth nucleon. Its matrix element can be written respectively.p(e,) denotes the line-shape function of the

as final electronic state if it is a bound state, as it stands for the
phase-space density if the outgoing IC electron is in a free
state,e,=E, /#.

We introduce the IC coefficientiCC) « of the laser-

assisted process which can be calculatedvasiVy /W,

)(Ii|M(EL)||If>, where W, =8m(L+ 1)k B(EL,l;—1¢)/[L((2L
+1)11)?4] is the rate of directy decay[22]. Thus, in the

(39 case of bound-bound electronic transitions

(I ,M{IM(EL,M)|I¢,M¢)

I'¢

M
==1 (_Mi M Mg
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TABLE I. Computed values o8, for different electronic transitions of multipolarityand numbers of
laser photon® incorporated in the electron-nucleus procébtere the multipolarity of the nuclear transition
is L=3.) Remember tha®3=S3".

=0 =1 =2 =3 =4 =5 =6 =7
n=0 0 0 0 7.0 0 0 0 0
n=1 0 0 1.0 0 1.3333 0 0 0
n=2 0 0.16 0 0.9437 0 0.2963 0 0
n=3 0.0229 0 0.3905 0 0.5174 0 0.0693 0
n=4 0 0.1253 0 0.4093 0 0.2266 0 0.0166

rarg(Kep) M wp (21+1)(21 + 1)L VI. NUMERICAL RESULTS FOR ENERGETICALLY
a= o FORBIDDEN IC PROCESS OF °°Tc ISOMER IGNITED
tno 27(nt) CL+D)(L+1) BY SOFT COHERENT X-RAY FIELD

I 0 IR, ¢! 42 Next, we apply our results for a realistic situation, viz., we
0 0 0 SLIRp(e2). (42) investigate the laser-assisted IC process in casé¥®rc.

9MTc has a metastable state with transition enefgy,

=2.1726 keV and it decays via &8 transition. The energy
Here, a¢ is the fine-structure constant, argd=w;+ w,p of the nuclear transition is smaller than the binding energy of
—nw, p(ey)=vI(2m)[ (€2~ €3)2+ y24] "L, wherey is the ']Ehe eltehctrons r?futhe'( andL Sht?”SI,I thferet‘)f%rg thel—llc proceslsC
width of the final electronic state antle,g is the central rom these Shells IS energetically forbidden. However, |

S . may be ignited on these inner shells if an external radiation

energy of the distribution. In the case of a free final elec-,

. : . field assists the process. So laser ignited 1G¢ i6 added to
tronic state with energy,—0, 1.e., near threshold, one has the total, laser-free ICCd,,) in this case. Such a situation

to substitutdR/'|*4/(2R) instead of R{'|?p(e5) in Eq.(42),  was examined in a more simple model in a previous work by
where Fz,” 3311[13], where the possibility of acceleration of the decay of
_ B, (1) [a 7T o\ i Tc was discussed by switching on the 8hells into the
\/EIR,(y)m (kaﬁaoy)jz”ﬂ( 8Ze11y)y*“dy, which is IC process calculating with one-photon absorption. Our con-
a dimensionless quantity;(y) is the dimensionless radial sjderations presented here make it possible to discuss the
part of the wave function of the initial2state,y=x/ap and  possibility of the ignition of the energetically forbidden 1C
ﬁi(y)=ag/zRi(x), whereR; is the radial part of the initial process in the case of many-photons absorption, too.
wave function.R is the Rydberg energy, is the Bohr ra- Here, we examine the possibility of switching on the;2
dius,ZL is the effective charge of the initial stasee latey, ~ €lectronic shell into the IC process numerically. This shell
and for the radial part of the free electronic state Rje  Nashwi=—2676.9 eV binding energy23]. First, we con-

. S o sider that the final electronic state of the process is a bound
=\47/xJp +1(V8ZesX/ao) approximation is usedvalid  giate of the Tc atom. It is hard to predict its exact binding
for e,—0). energy due to the fact that, e.g., the energy levels of these

The conservation of angular momentum in laser-assistedlectronic shells are altered by the chemical surroundings,
IC process is ensured by th¢ 8ymbols and the quantit$| therefore we have calculated the process by chooSyyg
(S} =S."). We show the properties &% in Table I. Itcan —8 eV according to[13]. Moreover, we have takefiy
be seen, e.g., that in the case of &3 nuclear transition IC =.1.91 eV for the width of the final bound state which is the
process containing p— p electronic transition I(=1;=1, width of the IC creafted vacandgee Ref[24]). To calculate
=0) is allowed if|n|=3 of laser photons take part in the the matrix elemenR;' we have used the radial parts of non-
process. Although our restrictiol £ 3+n must be even relativistic hydrogenlike bound wave functions. The interac-
allows the process withn|=1 if 1=0, the S},=0 value  fion W|th_ the other ele_ctrons has been taken into accozunt by
forbids this possibility. Similarly, il >4 the IC process be- ntroducing the effective chargee; asE,=R (Zesi/np)”,
comes forbidden for lown| values. It can be seen from WhereE, is the binding energyR is the Rydberg-energy,
Table | thatS], gives zero in any case that is forbidden by @1dMp qe”OtﬁS the principal quantum number of the shell.
momentum conservation rule. Here, it is tacitly assumed that@lculatingR;™ for allowed electronic transitions we have
n corresponds to the number of absorbed or emitted photorPtained that those cfhannels will dominate at whiehl ;
and each photon carries unit angular momentgfine n ~ +!i, and any otheR/' has orders of magnitude smaller
<0 values give the absorbtion branch and the0 values value. The results of our calculation are given in the first half
Correspond to laser photon emissjom such a way this of Table Il, where we have givea and the critical intensity
model is able to give an account of a significant aspect of thétry (in parenthesgsof the laser in case of different I, and
n-photonic laser interaction, namely, angular momentunelectronic transitions, sorted out by differeRff values.lgi)t
conservation. is the laser intensity at whichh becomes unity.

X
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TABLE 1l. Computed values of laser induced IC coefficients) (of ®**Tc in the case of bound-boun®B) and bound-fredBF)
electronic transitions, for different atomic transitions of different multipolari(i¢gand photon numbersj. | denotes the laser intensity
given in W/cnt units. Under the values of in the parentheses the critical intensltﬁ}?I has been tabulated, which is defined by the
conditiona=1.

=1 =2 =3 =4 =5 =6
BB 2p—6s 2p—5p 2p—4d 2p—4f 2p—5g 2p—6h
n=-1 0 5.40< 10719 0 5.83< 10 Y 0 0
(1.9 109 (1.7x 10%)
n=-2 4.94<10 432 0 1.94x 10392 0 3.95<10 32 0
(1.4x 107 (7.2x10'9) (1.8x 10')
n=-3 0 1.54x 10 %93 0 1.66<10 593 0 5.96x 10 %63
(8.7 10" (1.8x 10" (2.6x 109
BF 2p—1i=2 2p—l=1 2p—1¢=2 2p—14=3 2p—li=4 2p—1¢=5
n=-1 0 8.94x 10| 0 1.66x107 19 0 0
(1.1x 10%) (6.0x10°)
n=-2 1.20x 107432 0 2.88<10 342 0 1.29x 107292
(9.1x 107 (5.9x10') (2.8x 10*%
n=-3 0 2.55<10 %93 0 4.73<10 %33 0 2.16x10° 493
(1.6X 10%9) (1.3x 10 (7.7 10')

On the other hand, we have also calculated the IC processficant « is expected im=—1,—2 cases onlyas the ratio
in the case of free final electronic states. We have carried out!) /| ®) <1 at higher number of absorbed photpriEhis is
the calculation for small kinetic energy of the outgoing IC the reason why we have tabulated our results in Table |1 for
electron, viz., we give the threshold values of the IC coeffi-the |n|<4 cases only.

cients of the process. Our results are tabulated in the second gy results show that in the case of bound-free electronic

half of Table II. transition, a significant effect can be achieved, applying a

Comparing the bound-bound and bound-free cases we cafqer \yith appropriately high intensity. The laser-ignited ICC
see that the bound-free transitions always dominate, and the_ =~ . "v inquced at= 107 W/en? in the case oh
- %tot -

most leading channel is tHe=4n=—1 one. . '
. .’ : 3 =—1 (hw, =496 eV). . is the total laser-free IC coeffi-
Our model, however, is valid only if thek ;<1 and the cient a, o= 1.6x 10’ [25], which incorporates all the enabled

i > e . . | _ .
Zei€/(aon;) <1 conditions are fulfilled; her&e=28.06is decay channels of the isomer. Solat10'’ W/cn? the
the effective charge number;=2 is the principal quantum alfiife of the sample is expected to be halved
number of the initial electronic state. We have calculated thé1 . . pie b ;
The intensity required to reach thg,, value(in case of

critical intensities 1), with ¢k, z=1 and 1), with » . ) .
i N crit EKap erit bound-free transition and wiflm| = 1) is available nowadays
Zqi:€l(agn;)=1. These values versus the photon number "~ : .
. . . using, e.g., free-electron laseSEL), which operate in the
are tabulated in Table Ill. The applied laser intengijyyhas - o
: L 2) @) o x-ray region[26]. The ignition of the IC process on thep?2
to fullfill the conditionsl <1, andl <1, . It is important . . . :
. - G shell may be detected with measuring the x-ray signal emit-
to mention that at risingn| (and with risingl) the values of ted by Te when the vacancy in the Ztate is filled un. After
I (1) also rise according to a flattening out function, while the y cWhe Y ® b-A
3) . Co . the deexcitation of the metastable nuclear state by induced
valuesl ./, decrease rapidly. Because of this limitation, sig- . . .
IC process, the nucleus decays into its ground stateyvia
decay, emitting ay photon of energye,=149.5 keV(and
TABLE lll. Values of photon energies required to ignite the IC of half life 7=0.19 ns). This character of the decay%Tc
process on the R electron shell o™ Tc are tabulated for the cases makes it an ideal species for measurements, as the induced
of different photon numberén) incorporated in the process. The |c may be detected measuring both the outgoing x-rayjand
Vgl)'d_'ty of the calculation is limited byzthe mten_sutnd(a%?t andlch) signals in delayed coincidence. On the other hand, it is hard
L”“Z'? def2|;1ed byzt_h:eL C%Td't'onfkéﬁl) =1 ‘;Vh"e. 'Cfﬁ IS tdeff":]fl‘lj to make precise predictions far and for the frequency of
tr?e(chg')t'o(nzol)l @) an dl:‘f’z‘? led laser intensity) has to fulf the laser that is required, as the irradiation at such intensities
. erit erit- makes the Tc atom highly ionized changing the binding en-
ergies of the participating electrons. Fortunately, FEL pro-

n=-1 n=-2 n=-3 vides a broad bandwidth of radiation at appropriately high
fhw (eV) 496 248 165 intensity (brightnesg making it an ideal candidate for such
13 (Wiend) 1.1x 107 7.1} 107 1.4x10%° experiments. However, stripping the Tc atom can cause the
18 (Wicm?) 7.9x 10 4.9x 108 9.6x 1017 hindering of the rate of laser free total IC dedaycreasing

aior as wel), and therefore smaller intensity will be needed
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TABLE IV. Computed values of3 (in cm?/W units) that give laser-induced IC coefficienta) as a= 81, wherel denotes the laser
intensity given in W/crf units. In the table the transition energidsa(,5) [23], the multipolarity of the nuclear electric transition with the
symbols of the electronic shells that take part in the IC process, the binding endtg)esf(the electron on the shell in questigd3], the
photon energiesfi{w, ) of the applied laser beant (o, = A with A=Eg—fiw,z), and the total laser free IC coefficients,,) [28] (a) [29]

(b) of the transitions investigated are listdg,,, denotes the highest applicable laser inten€ityW/cn? units).

Isomer hiw,p (keV) EL/shell Es (keV) fio, (eV) B (cm?/W) @t I max
105pgm 25.47 E3/K 25.514 44 7.&10 ¥ 3.6x10%a) 1.3x10%
9ONp™ 2.3 E3L, 2.368 68 1.%10°7 1.1X 10%%(b) 8x 10t
183ym 1.79 E2/M5 1.807 17 1.x10°7 6.5x107(b) 4x10%?
183ym 0.544 ELN, 0.592 48 1.x10 4 2240() 8x 10t
18Ren 2.63 E4/M, 2.682 52 5.&10 4 1.1X 10'%(b) 2.4x 104
205pgn 2.4 E2/Mq 2.484 84 1.x10°1° 3.2x10'(b) 1.7x10%
23ym 0.0735 E3/Og 0.096 225 433 3X10°(b) 2.3x 10"
23ym 0.0735 E3/0, 0.105 315 161 3X10°(b) 8x 10

to attain a significant contribution in the rate of the laser-tronic shells, that take part in the IC process, the binding
initiated IC process in comparison to the rate of total IC ofenergies Eg) of the electron on the shell in questi¢23],
the stripped Tc characterized ), . the photon energiesi,) of the applied laser beant (o,
=A with A=Eg—fw,s), the calculateds values [in
(W/cn?) ~1 units] and the total laser-free IC coefficients
[28,29 of the transitions investigated are listed in Table IV.
The intensities required to reaeh~10"%—10 2a,,, val-
Now we reinvestigate the laser-induced energetically forUes are available nowadays using, e.g., free electron lasers
bidden IC channels of%’Ag™, 83W™, and 2%U™ isomers  (FEL) [26], synchrotron radiation sourc¢80], or table-top
that were studied earlig27] and that have a small energy hard UV deviced31] which operate in the hard UV region.
defect (A) of about 20—48 eV. These materials are com- The ignition of the IC process on the shell in question
pleted by 9Nb™, 18Re" 204" and by an other line of May be detected by measuring the x-ray fluorescent signal

VIl. HARD UV LASER-IGNITED INTERNAL
CONVERSION PROCESSES

183\™M havingA between 17 and 84 eV. emitted by the atom when the vacancy, that has been created
It was found above that the bound-free transitions alwayd" the shell by laser-induced IC process, is filled up. So the
dominate, and the most leading channel is lthd. + 1,n= induced IC may be detected measuring the x-ray signal and

—1 one, i.e., the one photonic case is the dominant(te the inducing laser pulse in coincidence. The fluorescent sig-
n<0 values give the absorbtion bran@nd« has the form nal vanishes as w <A, thus the method is very sensitive
a=pl in this case, wheré is the laser intensity. Therefore, fOr the applied laser photon energy, therefore it is expected
we have carried out the calculation with= —1 for small  that one can determine the nuclear transition energy by tun-
kinetic energy of the outgoing IC electron, viz., we give theind the laser photon energy to the thresholtw(=A).
threshold values of the laser-induced IC coefficients. The ob] N€se types of experiment are expected to be useful as tools
tained values of our calculation are given in Table IV. We for a more, accurate determimation of the nuclear transition
have, however, two intensity criteria for the applied laser thaf"€ray-

impose upper limits for the applicable laser intensitigs,() Finally, we hope that by carrying out the suggested ex-
that are given in W/cfunits in Table IV, too. periments, one may start observations of laser-induced

In the case of'“/Ag™ and 23%U™ the metastable state of electron-nucleus processes. Moreover, we think that carrying
the nucleus decays by an electric multipole decay mode dfut Such experiments would be worthy and it may help in
orderL =3 (denoted a€3) and in case of°Nb™ the decay clarifying the complex nature of laser-assisted electron-
mode is a mixed2+E3 transition. ItsE3 component is Nucleus processes.
discussed here. Furthermore, Bfh and anE2 transition of
B3WM anE2 transition of2%PP", and theE4 component of
a mixedM 3+ E4 transition of 138Re" is investigated. The This work was supported by the Hungarian National Sci-
transition energiesf{w,z) [23], the symbols of the elec- ence Research Fun®TKA) under No. T031825.
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