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A general formula for the coefficient of internal conversion in an intense laser field, which is valid
for all atomic electron shells, is deduced in a simple nonrelativistic model. For special shells, for
which internal conversion without the laser is energetically forbidden but which have an energy de-
fect relatively small compared to the laser photon energy, the presence of the laser radiation is
essential. Cases such as the 4s% shell internal conversion of the E1 transition of the isomeric state
"BW™(E, =544 eV, 7=5.35,J =1 %) and the 5d%, 5d3 shell internal conversions of the E3 transi-
tion of the isomeric state 2*U™ (E, =73.5 eV, 7=26 min, J =1 ) are numerically investigated in

the small momentum approximation.

I. INTRODUCTION

In a recent paper' (hereafter referred to as paper I) we
dealt with the internal conversion process (ICP) that
takes place in the presence of intense radiation (laser)
field. In paper I a very simple model® was used, as the in-
teraction Hamiltonian H;, which causes internal conver-
sion, was supposed to be of Coulomb type
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where R and x, denote electron and proton coordinates,
respectively, and Ze is the nuclear charge. Furthermore,
in paper I, only the K shell ICP in the small momentum
approximation (see below) was investigated.

The exact treatment of laser free ICP needs a very
complex calculation. Besides the above simple interac-
tion Hamiltonian, it is also necessary to take into account
the effect of photon exchanges. In such a calculation one
has to use relativistic (Dirac-type) wave functions and
also has to take into account the effect of the nuclear size
and of the shielding of the Coulomb potential of the nu-
cleus by inner-shell electrons.3

The treatment of the laser assisted ICP (LA-ICP) also
needs electronic wave functions which are the solutions
of the Dirac equation, but with the Hamiltonian®*
HP=H,p+H ; with Hyp=—iticaV+Bmc>—Ze?/R
and H ,p =ea A (for the notation see Ref. 4). Here A is
the vector potential describing the laser radiation.

The main problem of the formulation of the LA-ICP is
that there is no exact solution of the Dirac equation with
the above Hamiltonian and the same holds for the non-
relativistic Hamiltonian
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which was used in paper I. Thus at present we have to
take approximate solutions for the in and out electron
states.

Our final aim is to construct a general theory of LA-
ICP, but because of the above-mentioned numerous prob-
lems we are going to do it step by step. In the present pa-
per we are extending the calculation in two directions.
We restrict ourselves to the simple model of paper I but
we investigate not only the K shell case; furthermore, at
the beginning we do not use the p =ayp /#i << 1 approxi-
mation [small momentum approximation (SMA)].

With these extensions we generalize the calculation of
LA-ICP in two essential respects, we work out some of
the mathematical grounds for LA-ICP which will also be
useful in the case of a general relativistic calculation, and
we account for the LA-ICP of all electronic shells making
possible the discussion of special interesting cases.

The vector potential A of a circularly polarized exter-
nal radiation field in the dipole approximation is

A =a |€,coswt —€,sinwt | , (3)

where o is the angular frequency, and a is the amplitude
of the vector potential. €, and €, are the unit vectors per-
pendicular to each other and €;=¢€,X¢€,. We use the
coordinate system €,,€,,€; further on.

In Sec. II the electronic wave functions in the initial
and final states are given. In Sec. III the transition prob-
ability per unit time of the process is deduced. Section
IV is devoted to the general form of LA-ICP and in Sec.
V the result is discussed in the SMA. In Sec. VI numeri-
cal results and their discussions are given. The
mathematical formulae necessary for the computation, in
general, are listed in Appendix A. Appendix B contains
the method of computation of the quantities denoted by
ij4"™ and TI(‘C,;,ll),’,lm2 in the paper. Appendix C gives the
way the quantity 7T (depicted in Fig. 1) was numerically
computed in. Finally, in Appendix D we deal with the
approximations used at the deduction of the initial and
final states. As the initial state looks like a wave function
of MTA type’® the relation to the MTA is also discussed
there.
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FIG. 1. The quantity T(By,A/#fiw) defined by (30) for
different materials and lasers. 1 =8.73 X 10"!83(#iw)’ is the laser
intensity, A=E, — Ep, where E, is the nuclear transition ener-
gy, and Ej is the electronic binding energy. The curves a—d are
obtained with fio=S5 eV and e-h with #iw=1.16 eV. The corre-
sponding material is denoted by its electronic shell (see Tables I
and II). The curves c and g denoted by K correspond to the
105mA g K shell case discussed in paper I. (IgT means the loga-
rithm of T to the base 10.)

II. INITIAL AND FINAL ELECTRONIC STATES
IN THE RADIATION GAUGE

The initial and final electronic states are two different,
approximate solutions of H; (see Appendix D). The ini-
tial states are H-like bound states®

V=3 !B, (4a)

0{F =3, (ENiTT (b sind)etve ~/(—K/A-Lek (4b)

Here J; is the Bessel function of the first kind of order L,
b =eaa,/#%ic, K is the binding energy of the electron on
shell of quantum numbers n,A,u and ¢,,,(§) is a spinless,
unperturbed H-like wave function’ of this shell:

bl E)=ag o e 5,008, , (4c)
with
n—1
far(E)= 3 d (nk)&? (4d)
q=0
and

?K#=(41T)1/2YM“ E=R/ay, apg=nag/Z.gj),

where R,d, @ are the spherical coordinates of the electron
in the coordinate system defined by €,,€,,€3, Y, is spher-
ical harmonics, ap is the Bohr radius, Z 4 is the effective
charge, i.e., the charge of a H-like ion with an electron
having the same binding energy in a state of quantum
numbers n,j,A as in the subshell in question. Here j is
the total angular momentum of the state. Thus the
differences in ICC’s of subshells caused by the different
total angular momenta mainly included in Z.. The
quantities dy(ni),...,d,_,(nd) are constants which
determine the radial part of the electronic wave function
$unu- Their values are given for two states in Sec. VI
The shielding of the nuclear Coulomb potential is partly
accounted for by the quantity Z q.%

The final states are nonrelativistic Volkov solutions’
given by formulae similar to (5a) and (5b) of paper I.

vszéwv}N’, (5a)
with
o = — e PET (B sing)e VY + (Vo £/ (sb)
and

zﬁ%’ p=aop/h, (5¢)

where V,p,m stand for the normalization volume, elec-
tron momentum, and rest mass, respectively, E=p2/2m
and 6,X are polar angles of p in the above (€,,€,,€;) coor-
dinate system. We expand exp(ip€) according to (A1) in
terms of partial waves, which leads to the form of the
final state

!
S v (6a)

where
vffTn = 71—;g1,,.(§, 3,@)GN(0,X )i No—E/R1 (6b)
with

8im=1'1(PE) ¥}, (3,) (6¢)
and

G\N=Jy(Bsing)Y £, (8,X)eNY . (6d)

Here j; denotes the spherical Bessel function.
The SMA (p << 1) gives j;=0 if /40 and j;=1if [ =0
which results in only v }1& remaining the sum. As gy =1
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and G =Jy(Bsinf)exp(iNX) we have for the final state tively, and

i i oximation the form of (5d) of paper I.

in this approximati m of (5d) of pap dr= S d%, - dx,,

III. CALCULATION OF THE TRANSITION proton spin
PROBABILITY PER UNIT TIME with x,, ..., x, denoting proton coordinates. After car-

rying out time integration in (8) we have
In this section we follow the steps of Sec. III of paper I.

We use the scattering matrix formalism, and the matrix SML— H([& I G{N* .2
element to be determined is the same as (6) of I. Using b \/ V
the expressions (4a) and (6a) it can be written as
X8[K +E —fiwg, +(L —Nfiw] , 9)
Sp= 3 SND, )
MLim with the notation
where N ~
1 Hiom =f¢}*g,an,¢;’i)‘ﬁ-L’d3R dr, (10)
Sihe=— [ vl yb*HyfvPd R drdt . (8)

i% and fiw,, =E, —E,. The caret denotes the space depen-
Here 37 and 1/;} are nuclear wave functions for the initial  dent part of the wave functions.

(a) and final (b) states having energies E, and E,, respec- The above modifications alter formula (11) of paper I
J
Vpidp dQ m ,
|5, 222D S arHE VR GG sV, LSV, L) "E<dEd, , (1)
(27#) NLN,L' 1,my,1y,m, ' fim s (2mh)

where 8(N, L) denotes the Dirac delta function in (9) and 8(N',L’) has the same meaning but N’ and L’ stand in the ar-
gument instead of N and L. Using the identity

O(N,L)8(N',L")=6(w(L —N —L'+N"))8(N,L)/# ,

we can obtain the following result in the usual way*

(L,m (LI *  mp(N,L)
AW (map—my)= 3 (Jnm——H,,,,,' 7 G‘ﬁ,ﬁp}%h—m_vﬁ_wmp, (12)

N,L,N',L’'

where the symbol p (N, L) denotes that p has to take a value determined by the argument of 8(N, L), ny(jnA) is the den-
sity of the initial electronic states, i.e., the number of electrons on the given subshell of quantum numbers j,n,A, p is
the magnetic quantum number of the initial electronic state, and m,,m, are the magnetic quantum numbers of nuclear
states (a) and (b), respectively, 8, _; n_n is the Kronecker delta.

We work in the point nucleus approximation, i.e., we neglect the nuclear size beside the size of the electronic shell so
we use the expansion (A2) of 1/ | R—x, | in terms of spherical harmonics valid if x, < R. Thus we obtain

Lim) 2 L 4m (L,Im)

I=0m=—

where s =1,2 and Q,,,(a,b) is the matrix element of the electric multipole moment of order I, m [see (14) in paper 1] be-
tween nuclear states (a) and (b) which can be written with the use of the Wigner-Eckart theorem’ through its reduced
matrix element {b||Q;||a ) as

I g
Qun@,b)=(=1"""(blIQ/lla) | _, . m, (14)
Furthermore,
(LI mg) (LI m) . e .y
IlmAy "Clmkp with Czw'aé (15)
and
i},f;;s#’"s’:fe—ﬁfﬂ(g)?kﬂ(a,qa)yh,,(0,¢>JL(bgsim?)iLe"L¢>g,x,,,s<§,o,<p)§‘—’d§dq;sim?da , (16)

Since {(b||Q;|la) decreases rapidly with increasing /, we retain from the sum for / only the term of lowest / which gives
nonzero reduced matrix element. Thus / is determined by the multipolarity of the nuclear transition as usual.
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We use the addition formula of the spherical harmonics’ and write the product f’kﬂ Y,,, in the form

AL T
00O

AL T

VY= 3 VIR pm M

M

(17)

m,) (L'\l,m

*
Here J=2J +1, 7=21 +1, and A=2A+1. Using this in H; """ and in H, o, *"*" , the formulae (13)-(16) and twice
the condition of orthogonality of the 3j symbols (A3); furthermore, averaging over the magnetic quantum numbers of
the initial nuclear state (a) and the initial electronic state, i,e., over m, and p, and summing over the magnetic quantum
number m, of the final nuclear state (b) as usual, we obtain

2
W= S 3 angnnZEBNL) gt
NLN,L 1j,my,ly,m, wl°h e
AL T 1 ! « | (b|lQ a>|2
X8 L' N-N 2 000 ’;Jfl i );1{} 22! —HlﬂT_T P (18)
' M (2jg+1ag
where
ing ™= [ e )Y (0,00 (BEsind e %ilg, ,, (£,9,9)-£' ~dEdpsinddd, s=1,2. (19)
Finally, the total transition probability per unit time can be obtained as
8ny(jnA)me?
sz: 2 O]3A2 p(]i,L)
NN, L' 1y,my ly,m, 7'l
AL (le)(le) . |<b||Q1||“>|2
% i 1 22 s, . _’T(Ij',lN)m (20)
J% 000 JM Lm L-L' N-N"1ml, 2(2ja+1)a(2)[,‘1
where
T}f‘,;’ﬁ',’zmz_ fG, h G dX sin6do . 1)

IV. LASER ASSISTED INTERNAL CONVERSION COEFFICIENT (LA-ICC)

o L . ALIm) . .
We can make further simplifications in the expressions of i ,, ss using the formulae (A4) for the spherical harmonics
and intergrating over @. Similarly the integration in T,‘l”,/,,’lv I,m, Over X can be carried out. These integrations result:

275 M4m0 277'51,'+M+m2,o’ 217-6N._N+m1 —my,00 respectively, which with the definition of the internal conversion
coefficient (ICC) [see Sec. V formulae (28) and (29) in paper I] gives for the LA-ICC

I—
al _ no(])l[(ZI—l)”]z 214172 Zeﬂ- 21—1
ke (1 +1) E, Va | n
172 '
2w AL J (Lllm1 AL4m—mylymp* | A NN +my—m))
. E, NLymylymyd 000 =l —L=m, %“”HN—L) sz Jymy ’ (22)

[L+m | <J

where Ej=mc? is the rest mass of the electron, #iw is the laser photon energy, a is the fine structure constant,

E,=E,—E, is the energy of the gamma photon, A=FE, —Ep, Ep =K is the binding energy of the electron in the shell
investigated; furthermore,

i =Vt K S [T R)P (cosp, 1" (cos®)i 47 4 (bE sind)sind dd e =4, (£)), (PEIE , (23a)
with
172

m A m m —_ (lS_ ms )'
KJB,IS=‘/I F(_q) Bt Bl merim 2| (J = | B | ) | mg | ’ 23b)

J+ BN+ | my | )

and
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T{CP), . =K [ 1.(Bsing)(Bsin)P,. ™" (cos®)P, "' (cosh)d(cosh) . 24)
The formulae we need to compute i;j,’l’ ") and T}f,;,‘;f,zMz are given in Appendix B.

V. SMALL MOMENTUM APPROXIMATION

The SMA results (see Sec. II) that [, =/,=0, m; =m,=0 and so we have quantities of types i{>%’ and T3’ ap-

pearing in the LA-ICC. Thus (22) giving the LA-ICC (af,jx) of a nuclear transition of multipolarity I and of an elec-
tronic subshell of quantum numbers n, j, A as

1 AT VA o
a,,jk= (_]) 000 2 z ‘IJ[L!l TN,L > (25)
J=|1-%| L=—J N>—A/fio+L
J —L =even
with
121 204172

(i) iD= DI | Zeal)) ako "7 2 (280 ' 250

= a(l+1) n E, Va |E, |
and

1 2B(N,L)
TN’Lz?B'; o JZ|N|(x)dx . (25b)

Here 27y, =T(0 [see (25 and (26) in paper II, J, | denotes the Bessel function of the first kind,

B(N,L)=B(N—L +A/#w)'? with By=ea(2 /#inE, )12, 1573 =i},1102) (see Sec. IV in paper 1), and
liy | =S, 146272 71yL72 J L =even

(26)
where y =b2/(1 +b?) with b defined in Sec. I,
n—1
Sp)= 3 d(nM)(1—pY? 3 Fr, ik, (27a)
g=0 k> J-L
=2

Frung=27Ny fork oFy |k +1+ % “2’ +g L ”2“1 L L bk 415y |2k +L —J +q + D[22 HERNL +0)]

(27b)
_|2J4+1 (J-=L)
Nu= 1" U5 ’ (27¢)
[k +3)kNJ +L)!
Sok= L L7 (27d)
2T | =7 +k +1 T [Z5 4k +3/2 |(J L)
As the L dependence in 8 can generally be neglected, j» may be written in a simpler form'°
[
! ; 1 28N
=B (j)SF;;(n)T (28) T= 3 33—1'0 Ty x| (x)dx (30)
with N> —A/fo “P0
) and B(N) is B(N,L) with L =0.
J=I+1 |l A J | | 5
SF;(n)= i ,
" J=]1-A| 0co0o =2_J Ik VI. RESULTS AND DISCUSSION
J—L =even

(29) At first we discuss the conditions of validity of our re-

sults. The laser field should be so intense that the interac-
where n in the parentheses indicates that SF), depends on  tion energy of electrons with the laser field would become
the constants dy(ni),...,d, _(n}), comparable with the binding energy of electrons in the
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atomic potential. This leads to a condition for the ap-
plied laser intensity

4
[#w(eV)]%6.31-108 W /cm? . (31

1>ﬁ

Another condition is a consequence of the SMA. The
SMA is valid and so is our result in the preceding section
if pa, /% << 1 which yields the condition

A«<Eg, (32a)
or more precisely
A+ (N —L)fiw << Ep . (32b)

Finally, our result can be used only at moderately high
laser intensities because at extremely high intensities the
nonrelativistic formulation loses its validity.

At moderate laser intensities the condition y <<1 is
usually fulfilled and in the expression SF;;(n) the only
term which contains the lowest power of y is enough to
be retained. It can be seen from (26) and (27a) that
lip | 2_y’min in this case,!! thus the J ;= |l —A|
power term gives the main contribution to SF;;. It means
that because of |L | < |/ —A|, L is a small number and
the above approximation, i.e., formulae (28), (29), and
(30) can be used. [In the computation of y we use
b=1.07X10"%I"?/fiw) X (n/Z4).]

As numerical examples we discuss the 0,405 shell
ICC’s of the E3 transition of the isomeric state 2*>"U and
the N, shell ICC of the E1 transition of the isomeric state
183mw_ The ICC for these shells is energetically forbid-
den without the presence of the laser radiation as the
gamma energies are less than the binding energies of the
electron on the shell in question.

According to Weisskopf’s formula'? for the decay of a
1+ state of excitation energy 73.5 eV to a 7~ state by E3
transition, the theoretical lifetime for photon emission is
3.1x10% s. Thus the experimental lifetime of 26 min of
the 2**™U corresponds to a total ICC a7 =2x 10" in the
laser free case.

We restrict our considerations to lasers of intensity
I=2.73x10"" W/cm? (B,=5) with photon energy
fio=5 eV and I=1.2x10" W/cm? (B,=9.5) with
fivo=1.16 eV in the 2**"U case. The electronic binding
energies Ep of the subshells determine the quantity
Z.z/n which can be estimated as Z.4/n =(Ep /Ry)"?,
where Ry =13.605 eV is the Rydberg constant. Thus in
the cases of 04,05 shells y <<1. It means that the ap-
proximate s formulae (28), (29), (30), and the
SF;(n)~y ™" approximation can be used to compute
ICC. With these approximations one can obtain from
(29) with the wuse of (26) and (27a)-(27d)
SF;,(5)=32my /245. The number in the parentheses
refers to the principal quantum number of the state in
question. The comparison of the wave function of the 5d
state’ and of its form given by (4c) and (4d) gives for the
constants dy(52), . ..,d,(52) necessary for the computa-
tion of SF;,(5): dy=0, d;=0, d,=r, dy=—2r/3, and
d,=2r/21 with r =4/5(71/21/5)"/2,

2681

In the "W case a 1 * state decays via El transition
to a 3~ state with E, =544 eV and 7=5.3 s. However,
the dipole coupling between low lying states is very
weak'? in the nucleus which is manifested in the fact that
a measured half-life against dipole transition can be
1075-107° times smaller than the theoretical one com-
puted in the Weisskopf estimation. Thus the total ICC of
the E1 transition of the '®3”W isomer cannot be comput-
ed in a similar way as was done in the 2>>"U case. How-
ever, we can give an upper limit for the laser free ICC.
For a given transition the largest ICC belongs to the most
inner shell; therefore, we estimate the total ICC by the
sum of the ICC’s of the N, and N; shells. Their values
can be approximated by threshold ICC’s which are upper
limits. These are not available directly, but the threshold
ICC’s of M,,M; shells are known,® we can compute
them for hypothetical transitions of energies 489 and 423
eV corresponding to the binding energies on the N,,N;
shells. Thus we obtain a(N,) <490 and a(N;) <980, i.e.,
the total ICC a; <1500 for the 544 eV transition of
183mW in the laser free case.

We investigate this ICC in two cases: at a laser intensi-
ty 1 =9.85x10'"> W/cm? (B,=9.5), laser photon energy
fio=5 eV, and at I=2.1x10" W/cm? (B,=12.5),
fiw=1.16 eV both giving y << 1, and similarly to the case
discussed above we can obtain SF,y(4)=4my/9 with
dy=1,d=-3,d,=2,anddy=—1.

In order to obtain the LA-ICC’s we need the numerical
values of the quantity T (S, A /#iw) given by (30). It was
computed with different A <0 values corresponding to
the cases investigated in this article and in paper I (i.e.,
25my, 183mw_ and %™Ag) and the result is depicted in
Fig. 1 where B,=1.07X 10~%I'"?(#iw)~3/2. The method
of computation is detailed in Appendix C. The numerical
data!3 necessary to the calculation and our ICC results
are listed in Tables I and II, respectively.

The processes discussed here numerically may be
promising to observe as the energy defects are relatively
small compared to the laser photon energies.

On the basis of our results one may propose experi-
ments on LA-ICC. The crucial points of such an experi-
ment are the production and collection of nuclei of the
desired amount being in the isomeric state and their irra-
diation by intense and long laser pulses. From an experi-
mental point of view the appearance of multiple charged
ions and free electrons in intense (I > 10'* W/cm?) laser

TABLE 1. Atomic and nuclear data (Ref. 13) used in the cal-
culation. Ejy is the electronic binding energy of the subshell,
A=E,—Ep with E,=73.5 eV (U) and E, =544 eV (W). The
quantity SF;,(n) is determined by (29), y =b2/(1+b?).

Electronic
Atom shell Eg (eV) A (eV) SF;(n)
U 5d3(0,) 105 —31.5
U 5d5(05) 96  —225 OSFn(35)=32my/245
W 4sI(N)) 592 —48 SFo(4)=4my /9
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TABLE II. The intense field ICC results (a/, ja). I,#iw are the laser intensity and laser photon energy, respectively, y =b?/(1+b?)
with b =1.07X 10~8%n /Z g )(I'"? /#iw) where Zg/n =(Eg /R ), I =8.73x 10" Bi(#w)’. The quantity T is defined by (30) and it is

given in Fig. 1.

Matter

(shell) #iw (eV) Bo I (W/cm?) b y T akj
U(0,) 5.0 5.0 2.7x 108 0.55 0.23 0.27 2.1x10%
U(O,) 1.16 9.5 1.2x 10" 0.51 0.20 6.6 1073 4.6x 10"
U(Os) 5.0 5.0 2.7x 101 0.58 0.25 1.2 2.7x 10"
U(0s) 1.16 9.5 1.2x 10" 0.53 0.22 1.7 1.5x 10"
W(N,) 5.0 9.5 9.9 10" 0.44 0.16 3.6 3.3x10?
W(N,) 1.16 12.5 2.1x 10" 0.28 7.3%x 1072 8.9x 1072 1.80

pulses is disturbing.!* Thus because of the high electron
background, it seems more convenient to detect those
soft x rays which are emitted in the recombination pro-
cesses instead of the detection of slow conversion elec-
trons. The number of emitted soft x-ray photons N, can
be estimated as

N7,=T’Atalas/a7' ) (33)

where a is the total laser free ICC (ay >>1 in our cases),
ay,s is the LA-ICC of the shell investigated, A is the ac-
tivity of the sample, t is the integrated laser irradiation
time (it is the duration of the laser pulse in an ordinary
case), and 7 is the efficiency of soft x-ray detection in-
cluding geometrical efficiency.

Taking, e.g., @), /ar~0.2 ('¥"W, o, =330, see Table
1I), 17:10‘2 and t~10"7% s, we obtain that we need an
activity A ~6x10''Bq (15 Ci) to obtain N, ~1 in one
laser pulse. This high activity may be reached by select-
ing the isomeric nuclei by a method similar to the one ap-
plied by Letokhov et al.'> to sort out **"Os isomers.
This method is based on the fact that the angular
momentum is higher in some isomeric states than in the
ground state, and this difference gives rise to different
molecular spectra because of hyperfine interaction, when
the atom with isomeric nucleus is embedded in molecules
like OsO, or in our case, e.g., WO;. This method gives
the possibility to select molecules containing isomeric nu-
clei and in this way to produce a sample of low density
but high activity.

The '83"W isomer can be produced by thermal neutron
capture in a neutron beam of high flux. The reaction
182W(n,y )!83™W may have a cross section 0 ~2 mb es-
timated by the cross section of the similar
134W(n,y )!%™W reaction' where the nuclear angular mo-
menta, which are essential in a thermal neutron capture
process, are the same as in the '*2W(n,y )'®3™W reaction.
The abundance of '#2W is 26.3%.

Besides the fast isomer separation we need a soft x-ray
detection method of high resolution in order to be able to
select soft x-rays originated from the recombination of
the N,N,, and N; shells. A promising method was
developed for absolute soft x-ray measurement with a
transmission grating spectrometer'® which may be a can-
didate for soft x-ray detection in a LA-ICC experiment.

Finally, a regenerative type resonator (amplifier)!” may

be used to confine a laser pulse and to force it to run back
and forth through the sample many times, while a laser
active material compensates the losses and ensures that
its intensity remains approximately constant. In this way
the laser irradiation time ¢t may be increased.
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APPENDIX A

The following general mathematical formulae are used
in the paper:

. © !
e®=ar 3 3 i,(pOYL(6,X)Y,,(3,9)  (AD

I=0m=-1
[see Ref. 2, Appendix A, formula (3.5)], here p,6,X and
&,93,¢ are the spherical coordinates of vectors P and &,
respectively,

1 1

© !
|xp_RI =1§ 2

21+1 R’+l Y[m(‘l? (P)Y]m(l?p,(pp)

(A2)
[see Ref. 2, Chap. XII, formula (5.10)], x, <R,

v, ‘"’1 m; H . =2jl+18’"'"’8”"
(A3)
[see Ref. 7, formula (4.42)],
R A E::: };:
X P/ ™ (cosd)e™ (Ada)
Y, (3,@)=(—1)"Y%, m>0 (Adb)

(see Ref. 7, Sec. 1.1.2),
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m
PP =(—1m(1—x2172m 3" p ) ms0  (AS)
dx™
[see Ref. 18, p. 334, (8.6.6)],
AP x)=(2m —DICP ), m<l (A6
[see Ref. 18, p. 779, (22.5.37)],

o [n/2] Cla+n —m)(2x)"~2"
Crlx)= r( ) 2 (=1)" ml(n —2m)! (A7

[see Ref. 18, p. 775, (22.3.4)], here [n /2] is the largest in-
teger <n/2,

fﬁll(l—xz)}‘x”dx= B &;—1,7‘.+1 , p=even (A8)
0, p=odd
[see Ref. 19, formula (8.380.11)],
B(x,y)=%% (A9)
[see Ref. 19, formula (8.384.1)],
Iy=(=D)N=IND22y o\ N =integer (A10)

(see Ref. 18).
Here j, denotes the spherical Bessel function, Y, is
the spherical harmonics,

(—1)*%(1—¢

v oJa
m, m; m

denotes 3j symbol, P,(x) is the Legendre function, P;"(x)
is the associated Legendre function of the first kind,
C2(x) is the ultraspherical (Gegenbauer) polynomial,
I'(x) is the gamma function, and J stands for the Bessel
function of the first kind.

APPENDIX B

. (ALm) .
The quantities T/, ,, and i;p s’ given by (23a),

(23b), and (24) are discussed here. First we are dealing

with T\S.2) We have to evaluate integrals of the type
Limy,lymy:

7£2 m= [ Tc(Bsind)p(Bsind)P, ™ (cosd)
XP,Lm2 ' (cos8)d(cos) , (Bla)
and so
T{GD) =K1 210D 1w (B1b)

[see (23b) and (24)]. The product JoJp is written in
another form using (A10) and the new variable t =cos@
as

2)(‘C |+ |D|+2r+2s)/2

t2)1/2]_____ i

rs=0

J o [B—=1)'"2W 5 [B(1—

ris!

B|C1+|D|+2r+25

(B2)
r([c1+r+1)r(|1)1+s+1)2’+S+HCl+’DW2
(see Ref. 20). Using (AS5) and (A6) we can obtain
C+D—-|C|—|D]|)/2 m
£ o= (=) TP REIm I 2  my | — 1
(|C D )/2 (172) m )
Xf 20 1) +5(1 — )I [+ D]+ |my|+]|my| +'+scl‘l’i‘|lm+,1 ()Cll—2|lm+(;l/2 (1)t
r,s
XBICIHIDI+2 42 /[ 1ID(| C | +7 4+ 1| D | +s 4127 +s+UCT+IDD2] (B3)

Taking into account (A7) we can conclude that (B3) contains only integrals of the type of (A8) and so (B3) can be in-

tegrated term by term using (AS8).
The other quantity can be written as

(A,0m)

iy = VKA el ™ (E)e 4,817, (P68 e B4

with the notation
A, I mg

eys = [ PJ? (cos®)P, ™ (cosd) 4 (bEsin®)sind d9 .

At first we deal with € 7, B

. We use (AS5) and (A6) again and with the new variable ¢t =sind
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a;};""‘z(-l)'“*'"s(z Im, | —1)2| B | —1)!!2foltw‘+mSCJ‘f|I;;l/2)[(l—tz)l/zlcllfﬂlmtjl/”[(1~12)l/2]
tdt .
XJA(bgt)W 1fJ+IS—|B|—|mS|=even,

efw™ =0 if J 41— |B | —|m,|=odd .

Using (A7) and the integral formula
J A= (bgnbgn' dr

v+1/2
=8 Bt 1,i[udv+1]F,

2T (v+1)

(see Ref. 21), the integration over t can be performed.
The remaining integration with respect to £ can be car-
ried out with the use of (A4) of paper I, as with the use of
the definition of the F,(a;b,c;y) function, it can be writ-
ten in power series form of —(b%£2/2). The resulting
formulae in both cases (T and i) are so cumbersome that
we omit their publication. The formulae given above are
suitable for constructing computer program to calculate
LA-ICCinthe p R 1 case.

APPENDIX C

The computation of the numerical values of T given by
(30) is based on the following formulae:'®
-1

z z N
fOJZN(t)dtzfoJo(t)dt—2k§012k+1(z) ,

(Cn

(B6)

22
“*;*1 ;v+1’#+;+3 S S B Y)

JTodt=1— [ “Jonydr . (C2)

Fortunately there is available an approximate solution??
for

E=["Jyndt, (C3)
which gives E for z >8 (B,>4) with an error less than
2-107°. So we can obtain ngo(t)dt with the same error
if we use (C2). In this way a program was constructed
where a subroutine producing Jy(x) with an error less
than 107 '° was used. Thus with the help of (C1) we can
obtain one term of the sum 7 with an error less than
2N-107° (if By> 4,z >8).
In the z < 8 (B, < 4) range we used the formula®

22

4

PPN, [ p+v+ 15 p4+v+ 3L v+ 15—
[tr (ndt =
0 "pu+v+1)C(v+1)
with p=0 and v=2|N| in order to compute

I,= [§J,, 5 (t)dt. From the asymptotic form'®

N
1

V27N

ez

In2)~ 2N

, N>

(CS)

it is clear that above a critical value of N the integral I,
rapidly goes to zero. This rapid decrease of I, versus in-
creasing N was observed in each case calculated. For
each point of our T curve (Fig. 1) we also obtained a
number Ny ,x characterizing the ICP. Those N photon-
ic processes played a dominant role in the LA-ICP which
had N < Nyax. Thus to an arbitrarily small number ¢
belongs an Ny ,x so that the contribution of N photonic
processes N > Ny ax to the total LA-ICC is less than e.
The Ny,x values are important as with their help we can

) (C4)

[
check the validity of condition (32b) at a given laser in-
tensity.

At first sight it seems that besides the O,,05 shell
ICC’s, the P,,P, ICC’s of the 3™U can be computed in
the SMA as they fulfill (32a). However, the detailed cal-
culation (i.e., the Ny ,x values) show that for these shells
condition (32b) is not fulfilled and the SMA cannot be
used at moderate laser intensities.

APPENDIX D

There have been contradictory claims in the literature
on the methods, about how can handle problems in in-
tense radiation fields. On the one hand it is stated that
the momentum translation method (MTA) is a very com-
pact useful one to describe intense field phenomena.>?*
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On the other hand,?>?¢ it is claimed that the MTA wave
function represents a noninteracting wave function.?® As
our initial and final states given in Sec. II are in the radia-
tion gauge, and the initial state has the form which is
called MTA wave function,?* we want to make clear the
situation here. The MTA is a gauge-specific technique
appropriate to Coulomb-gauge;?* therefore, we formulate
our problem at first in the Goppert-Mayer (xE) gauge in
order to avoid the above problem and then we transform
the result into the radiation (p 4) gauge.

The electric field strength of a circularly polarized
wave can be written in the dipole approximation as

E=E,[¢sin(wt)+&cos(wt)] (D1)

which can be deduced from a vector potential of the form
(3) with a =cE, /w.

The Hamiltonian corresponding to (2) in the electric
field (xE) gauge is

Hy=p?/2m +V(R)—eER . (D2)

Here V(R) denotes the Coulomb potential. As was men-
tioned in the Introduction, there has been no exact solu-
tion of this problem, yet.

We take two different approximate solutions of (D2) as
in and out states. The initial state can be an unperturbed
one of hydrogenic-type’ [see formulae (4c) and (4d) in
Sec. II], as we are searching for internal conversion of
inner shells, which are ‘“near” to the nucleus, where the
shielding of the external radiation field is strong.?’” The
final state is described by the exact time dependent solu-
tion of (D2) without the Coulomb term. We hope this is
a good approximation, as in the final state the atomic
electrons shield the Coulomb field of the nucleus and thus
for the outgoing electron the laser-electron interaction
can be considered dominant. Thus the exact solution of
the time dependent Schrodinger equation

L 0, ) ,
zhavf=(p /2m —eER g

has the form

(D3)

, i(eE /fiw)R[ —& cos(wt)+&,sin(wt
=e

o) Yy (R, 1) (D4)

2685

with

. 2\ A a
4 (R.1)= V—l/2ei(pR-—Et)/ﬁe’("E0/"'ﬁ“’ )p[&sin(wt) +&,cos(wt)]
)=

(DS)

and E =E +¢2E} /2m?, which will be approximated as
E =E further on. The prime over v  denotes that the
state is given in the xE gauge. One can recognize that
formally (D4) can be written as

vy=e "ARMYy (R,1) . (D6)
where A is the vector potential in the Coulomb gauge.
Now we transform the initial and final wave functions

into the radiation gauge.?® The results are

vi=eieAR/ﬁ"‘¢ N (R)ei(Kt/ﬁ)
i niu

(D7)
and

vf=u(R,t) . (D8)

Thus (D7) is the noninteracting state in the radiation
gauge?® though it looks like an MTA wave function.?*
Using (3)' (D5), the definition of the frame of reference
(€,,&,,€;); furthermore, the Jacobi-Anger formulae®®

e

eirsina_ 3 giNay () (D9)
N=—w
elzcosa i ite'tay, (z), (D10)
L=
the identities
e AR /#ic =(eaR /#c)sindcos(wt + @)
=b¢§ sindcos(wt +¢) , (D11)
(eEo/m#iw?)p[€sin(wt)+€,cos(wt)]
=pPsinbsin(wt +X), (DI12)

with the notation b =eaa,/fic, R =£a,, a =cE,/w,
B=eap /mc#w, we obtain the in and out states in the ra-
diation gauge in the form given in Sec. II.
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