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Energetically forbidden internal conversion processes ignited by intense radiation fields
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Initially energetically forbidden internal conversion processes induced by a high intensity radiation field of
appropriate frequency are discussed in the casé"dic and®Ag. Hindering effects of saturation and power
broadening are taken into consideration as well. Results of a recent paper are also disputed.
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It is well established by now that the decay rate of interaction and a one-electron hydrogenlike Hamiltonian.
radioactive isotopes cannot be altered directly by an externdlhe S-matrix element of the process can be written as
radiation field[1] of the highest intensity available nowa-
days. Some time ago, however, it was shown that, at least in
theory, it is possible to block the process of internal conver-
sion (IC) by removing electrons from those shells that sig-
nificantly contribute to it[2]. Perhaps even more impor- Heree,, is the energy difference between the initial and final
tantly, we later showed theoretically that the rate of IC camuclear statesw is the energy of the incoming photon, and
be modified—viz., it can be enhanced—in strong electro-Ae>0 denotes the energy difference of the energy eigenval-
magnetic fields. If IC is originally forbidden energetically, ues of the atomic states. It can be given by=e,— €, in
i.e., if the transition energy of the nucleus simply is notthe discrete case and lye=e¢— €, in the continuous case,
enough to kick out tightly bound electrons, then in an intensevheree, is the energy eigenvalue of the electron shell from
radiation field the absorption of one or more photons makewhich the IC takes places, is the energy eigenvalue of the
it allowed for these electrons, as well. The theoretical backexcited shell, anc=g%4%2m. In addition, m is the rest
ground of this so-called induced internal conversion was inmass andj is the wave number of the outgoing free electron.
vestigated in several papgf3-5]. The operatoH , has the form

Here we discuss two types of induced IC. First, we inves-
tigate thenormal IC process where the electron, assisted by
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an intense radiation field, makes a direct transition into a free Hao= ‘“‘Vrpzl [r—xp|" &
state. In the second case, we considerdiBeretelC process

where the transition energy of the nucleus plus the energy ofith

the absorbed phot¢s) becomes resonant with an electronic 1

transition, i.e., when it is equal to the energy difference of = EiE (Zﬂﬁw) 1 a e 3)
the binding energy of two atomic shells. In both of these m i \% P tens

cases we use the model of a previous paper by one [&Jus
Calculations are performed on the basis of this model andileree is the elementary charge, is the angular frequency
numerical results for th&™Tc and 1°9"Ag isotopes are pre- 0f the external radiation field/ is the volume of normaliza-
sented. In addition, we also give a brief review of this topic,tion, €, is the polarization vector, and, , is the photon
pointing out the hindering effects of electron strippiff],  destruction operator of the quantized electromagnetic freld.
power broadenind8,9], and saturatiorf4,5,8. Indeed, in  denotes the electron amg the proton coordinates. Finally,
order to reach a measurable effect, as it turns out, an exs the number of protons in the nucleus. The final and initial
tremely high photon flux is required, where these hinderincstates are |f)=|q)®|b)®|0w,k,v) and |i)=|1)®|a)
effects become significant and neglecting them may lead t®|1w,k,v), where|a) and |b) represent the excited and
totally false numerical predictions. We compare the transideexcited states of the nucleus, respectividy.is the free
tion rates for various induced IC processes discussed in ord€oulomb state anfll) describes the bound state of the elec-
to find the dominating one. We also deal with the huge nutron. The remainder correspond to the states of the quantized
merical difference appearing between our results and alectromagnetic field, wheteis the wave number vector,
former one[10]. Finally, we consider the experimental pos- denotes the two states of polarization, and, Dw refer to
sibilities in the light of our results. the number eigenstates of photons with frequescy
First, following the formalism of Ref[6], we employ a In the following we briefly recall the necessary steps to
simple Coulomb form of electron-nucleus electromagnetiaderive the transition probability per unit time. Equati@ is
expanded in terms of, [see Eqs(13) and(14) in [6]] and
near the threshold, i.e., for very low kinetic energies, the
*Electronic address: bukki@phy.bme.hu radial partR, | of the free Coulomb wave functiofx|q) (p.
"Electronic address: kalman@phy.bme.hu 240 in [11]) is approximated [12] as lim,_oRg,
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=(47qlr)Y21,,,1[(8Zr/ag)?]. Here J, ., is the Bessel
function of the first kind of order 2+ 1.
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Volkov) of dressed solution were used for electron states in
intense radiation fields. Near the threshold we can approxi-

Since we would like to compare eventually the rate of themate

induced process to the natural decay rate, we introduce
quasi cross sectiono* =Wy /[(c/V)T,], where T,
={8m(L+1)/L[(2L+ 1)1 %A} (wap/C)?-TIB(EL,l ;—1y)

a

6

Aind= T,

denotes the transition probability per unit time of the electricwhere T=X.,T(by) with T(by) = [532(bpx, — d/4)dx.

multipole transition of multipolarity [13], ¢ is the velocity
of light, B(EL,l,— 1) stands for the reduced transition
probability associated with radiative transition of multipole
order EL, and I, and |, are the initial and final angular
momenta of the nucleus. The quantity has a dimension of
cn? s. Multiplying it by the photon flux of the radiation field
we obtain a dimensionless quantity;{y), which is the IC
coefficient(ICC) of the induced process of the given shell.
o* can be given as

ash? 1 L[(2L+1)!117]2

R T A RTINS R G
y L+1 Il [ 2|2 % —(2L+1) (4)
o o o'l :

wherel = [gr®2, . 1[(8Zr/ag)*Jr %R, , dr. Here the

The assisting radiation is treated as a linearly polarized laser
field. Jy(a,b) stands for the generalized Bessel functions.
We have defined the following quantities:by
=eEyqn/mw?=by(N+ £)Y? whereE, stands for the am-
plitude of the electric field of the radiation fieldj,=[(N
+§)hw/Ry]1’2/a0; and é=A/hw—d/2 with A=e;+hwyp
andd=e?Ej/2m(% w)® whered is the so-called ponderomo-
tive potential. Furthermoreby=1.07x10"% 1Y% w) %72,
wherel is the laser intensity in W/cfrand#  is in units of
eV. The numbeN represents the number of photons partici-
pating in the multiphoton process. We have introduegg
which is the threshold ICC. This quantity can be considered
as the ICC of a fictitious nucleus which could emit a gamma
quantum the energy of which is just enough to lift the given
electron into a free state without the help of any external
photon. This quantity was calculated nonrelativistically in
Eq. (18) of Ref. [5] as well as by other$l4] on a fully
relativistic basis.

shielding effect of the other electrons is taken into account By comparingay, to the induced ICC of the examined

by substituting forZ its effective value defined bye,|
=Ry22/n§, whereRy is the Rydberg energyy; is the fine
structure constanty, is the Bohr radius, anGinJl is the
radial part of the atomic wave function of the initially bound
electron.

Let us consider now the discrete IC process ¥8FTc,
investigated previously by othef&0]. In order to carry out
the calculation, we have to take into account the energy di

tribution of the excited electron state. For this reason we

consider a Lorentzian line shape and in the final state w
make the following substitutiorlg)—|2). Here|2) means
the excited state of the electron with quantum numtlrers
=6 or greater typically. Adapting our formulas to this spe-
cial case we get

L[(2L+1)117?
2L+1

wherel; andl, are the orbital quantum numbers of the elec-
tron shells,I" is the width of the excited state, awg, is its

central energy;I|"11'|';2=f5°r2Rn1,|1r*(L*Z)anszr, where
Ry, .1, is the radial part ofx|2). The subscripts of™* refer

to the type of induced IC.
At high intensities it is mandatory to take into account
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shell, we may establish a criterion which can help us to de-
termine the limits of validity of the first model. Namely, if
aing™= @, i.e., if T=1 is satisfied, the influence of saturation
is about to become significant. Furthermore, the intensity
whereT=1 is satisfied is called threshold intensiity. If the
intensity exceeds this level, our first, simple, model can no
longer be used and one must employ E@)., which can
properly account for saturation. The behavior of the quantity
has been investigated j#,15] where it was plotted vb,.

t high intensities the hindering effect of the ponderomo-
ive potential has to be taken into account, {48].)

If the intensity satisfies the conditidoy<1, i.e., if we
have an intensity that is right below the threshold level, then
we can use the small argument expressions of the Bessel
functions. With this simplification we can writd (by)
= (b /2)?X/[(K1)?(2K+1)], where K denotes the mini-
mum number of photons necessary to ignite the originally
energetically forbidden process. This small intensity limit of
Eq. (6) gives us a chance to compare it to the results of the
upper derivedhormal process. By this way withiK=1, we
have obtained a reasonable agreem{@ntthe same ordér
between the numerical results of the two completely differ-
ent models at intensities which are far below the threshold
level.

Let us now mention the effect of power broadening which
gives rise to a strong hindering of inducdidcretelC itself.
Owing to the strong radiation field the width of the consid-
ered level isI'=T"y+T'¢(1), whereI'y is the natural line-
width andT"j;(1) corresponds to the emerging laser intensity
dependent broadeningfor details se€9]). For intensities
higher than~ 10* W/cn? this intensity-dependent part can

hindering effects such as stripping, saturation, and poweenhance the original natural linewidth, resulting in a decrease

broadening. Here we want just to recall the most importan

of the induced ICJ9].

aspects that are necessary for our considerations. For more Applying our formulas directly te®"Tc and 1°"Ag we

details see[3-5,9, where two types(bound and free

estimate the requested flux that can give rise to a measurable
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effect, as well as the intensity which is necessary to “halve One cannot but admit that the above intensities are ex-
the lifetime” of these isomers. tremely high and there is no monochromatic source in this
In the special case of®'Tc the metastable level has a energy range which can provide intensities in this range. In-
lifetime of 6.01 h and decays by aB3 transition into a deed, the recent x-ray lasers with photon energies of about
very-short-lived level. The releasedenergy is 2.1726 kev 0.5 keV, needed foP™"Tc, or about 51 eV, fQTlOE“Ag_, are
[17]. Normally, IC is allowed from 8 and outer shells. We ght below the requested intensities. Applying available la-
consider now the @, (binding energy is 2676.9 é\and the ~ SEr Sources multiphoton processes can only 'gake_ pIape. But
2pa, shells (binding energy is 2793.2 6V The energy de- the larger the number of the photons participating in the

fects, i.e., the applied photon energies, are 504.3 eV on thRrocess is, the larger is the intensity necessary to achieve the
2p1,2’shell,l and 620.6 eV on thep2,, she,II respec;[ively. same effecf5]. Apart from lasers, however, there are other

First we present numerical results for thermal case for radiation sources that may provide the appropriate intensity.

) : i That might have been the fact which inspired othd:@] to
99m
Tc. With the aid of Eq(4) we come to the final results i, e tigate the discrete IC process in a continuous spectrum,

o} (T6.2p3) =5.5<10 % cnP's  and  op(Te.P19)=  je., in synchrotron radiation. They claim that recent undula-
3.6x10°% cn? s. To reach the value ofj,g=1 we need tors are able to provide the intense radiation field required to
intensities of 1.5 10" W/cn? and 2.8<10" Wicn?, re-  halve the lifetime of*®"Tc. Because we found their resulting
spectively. For “halving” the metastable lifetime df"Tc, intensities strikingly low, we decided to scrutinize their re-
one should reachr,g= ai=1.637x 10" where a, is the  sults entirely. So in the following, for the sake of a sensible
total ICC. The corresponding intensities arg(Tc,2ps)) = comparison, we apply our results to the case of synchrotron
2.5x 10%° Wicn? and| 1,5(Tc,2p,) =4.6X 107°° W/icn? [16].  radiation. As is customary in the terminology of synchro-
But at such high intensities one has to address the question tibns we are going to determine the brilliance of the radiation
the appearance of hindering effects. The intensity that bedeeded, measured in photons/fcsmrad 0.1% BW), ac-
longs to the threshold value is,=1.3x 10?* W/cn?. We  cording to our resulting intensities. To attain this goal let us
have thatl > 1,,, and this is the very reason why we may integrate the product of E@5) and the spectral photon flux
accept the results obtained from our first, simple model and(«) over a range around the central energy of the resonance
why it is sensible at all to speak about halving the lifetime.CUrve:

Although it appears as though we were able to halve the wot Ao

lifetime of isomers merely applying the required intensity, aind:f o (0)(w)dw, 7

we have to be aware of the fact that at extremely high inten- wo—Aw

sities the atoms get strongly ionized. This electron strippin . . .
; hereJ(w) is measured in units of photons/(émH2) and
causes the Tc atom to partially lose those electrons that co%f\—/ .
P y we usedhAw=1 eV. Itis allowed to dragl(w) out of the

tribute significantly to IG8]. This is why halving remains a integration since the radiation spectra of synchrotrons can be

fiction in spite of our results above. Moreover, we have to . o .
: 99m ) ._considered nearly constant within the short interval we have
mention that™™Tc represents a rather exceptional case. It is

. . o . used [19]. For the 2, shell we obtainfo}(w)dw=
more typical thatry,<< ao; @and in these cases it is impossible 8.6x10 18 c2. Because of the sharp edge of resonance,

to perform the halving because saturation sets in. Thereforﬁ*;]iS value actually is not sensitive to changing the limits of

if in a calculation of the intensity for halving the lifetime the the integral by a small amount. Calculating the brilliance that
hindering effects are arbitrarily neglected, one may get %orresponds to our results we getF(psp)=
totally false result. 8.9x 10°* photons/(crA's 0.1% BW,. (It is obtained by in-
10;—“0 show the difficulties let us look at an example (g4rating the brilliance over the whole solid angle instead of
(T"Ag) for this latter situation. Here the triggered transition op0.+ 105 rad which is the source divergence of recent

is from the s shell which has an electron binding energy of ,;qyatorg19].) In order to obtain this result we have used
25.4140 keV and thé&3 transition energy is 25.465 KeV iha 0.1% BWE 7.66x 10 Hz relation. If one would like to
[17]. Thus the energy defect is about 51 eV. The correspondhgive  the lifetime of °™Tc. about F=1.5x10%°

ing resullt |Sa;§_(Ag,1s)=1.7>< %O 3 cnfs. To satleY{Iind photons/(cri's 0.1% BW should be provided. This value
=1, an intensity of =4.8x 10'° W/cn?’ should be provided. js several orders of magnitude higher than the flux of even
The threshold intensity i$;=1.3X 10" W/cn? and @, IS the most recent undulator systefls].
less than 1000th oty This is why halving becomes totally  comparing the final results of R4fL0] to ours we have to
meaningless in this case. o recognize the huge numerical discrepancy between the two
oo NEXL, We proceed with an estimation dfscretelC for  papers. Namely, on the basis of our calculation one needs a
Tc, using Eq. (5 as a starting point. Assuming prilliance of about 14 orders greater for halving than the one
[',=6.56<10"° eV (see[18]), ;0= —8.2 eV, the quantities predicted by[10], where the given final result is summed up
that we are looking for are§ (Tc,2032) =5.5<107%" cn?s  for all the shells with principal quantum numbers6. But
ando? (Tc,2p,,) =3.0x10 3! cn? s at the resonant incom- this difference between the two calculations cannot be held
ing photon energies of 496.1 eV and 612.4 eV, respectivelyresponsible for the hugh numerical disagreeni@ft. Nev-
To obtain this result we considered only the dominapt ertheless, we note that synchrotrons and plasma radiation
=6 case. We also note that the normal process has a som&surces, as the authors[df0] pointed out properly, are wor-
what larger probability than the discrete one. The intensitieshy of attention.
required to reachr,y=1 arel(Tc,2ps,) = 1.4X 10 W/cn? In the light of the above results, we come to the conclu-
and|1(Tc,2py0) = 3.3X 10 W/cn?, respectively. sion that even the recently available radiation sources cannot
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produce high enough intensities to reduce the lifetime of then energy-dispersive setup with the appropriate semiconduc-
discussed isomers significantly. Although halving the life-tor detector. Moreover, the energies of these x-ray transitions
time seems to be out of reach, synchrotrons may provide are well separable from the frequency of the incoming assis-
promising prospect for this field. We claim that the availabletant radiation and differ from other lines that can be mea-
sources already are in a range that can give rise to measugured on these isomers ordinarily.

able effects as compared to the decay rates due to the purely Although the high intensities, needed in a possible experi-
electromagnetic transition of these isomers. Thus, the effe¢hental realization, may cause a real difficulty, we are sure
can be observed experimentally by measuring the emittethat practical tests of the above results are worth investigat-
x-ray line or the outgoing Auger electrons accompanying thdng, considering the experimental and theoretical benefits.
induced IC process. The accompanying x-ray radiation is at

about 5 A for ®™Tc and, much harder, at abot0.5 A for This work was supported by Hungarian National Science
105mAg. Fortunately, both are well measurable, e.g., by usindResearch FundOTKA) Grant No. T-016865.
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