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One- and two-photon double ionization of beryllium with ultrashort ultraviolet laser fields
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The interaction between the beryllium atom and short laser fields is treated on the basis of the nonrelativistic
time-dependent Schrédinger equation. We calculate total cross sections and electron energy distributions for
the double ionization of the valence electrons through one- and two-photon absorption. We introduce a model
potential to represent thes?core. The emphasis is put on the double ionization of the valence electrons in the
context of ultrashort pulses. Results will be also presented for the ionization of the inner electrons.
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I. INTRODUCTION Therefore, it should be easier to perform experiments involv-
With th f ; | |la<BEL ing atoms with a multielectronic core. From the theoretical
ith the emergence of new free-electron IasBEL) — 5int of view, it is still a challenging problem to represent the

Sources, it Will b(_a soon possible_ to explor_e Iig_ht-ma_tter in'double continuum in complex atoms, and the presence of the
teractions with high frequency fields at high intensity andCore places additional demands on the calculations.

short pqlse durationgl—s‘]. The in_cregsing efficiency .Of the In this paper, we extend our theoretical method to the
generation Of. high-order harmqmcs is also a promising Shor§tudy of the one- and two-photon double ionization of the
wavlglength light sourq¢h4].hTh|s opelns thhe Wa}:] to study E}gryllium atom. Besides the absolute cross sections for
nonlinear processes with short wavelengtns at the time scaig, e jonization, the electron energy distribution spectrum
of electronic correlations. A recent example of application ofiS of great interest and it has to be determined. We have
harmom_cs s t_he experlme_ntal and th.eoret|cal St“.dy of WOgsHown that, in two-photon double ionization with long pulse
photon ionization of He with harmonics of the Ti:sapphire duration, the sequential regime is favored when it is energeti-
Iaser[5]_. The development Qf the_se New sources ha§ led th@ally allowed, which results in two peaks in the electron
theoretical community to investigate multielectronic pro- ¢ne gy dgistributior{13]. In the regime of ultrashort interac-
cesses in the nonlinear regime. In particular, recent studieg, o (femto- or subfemtosecongsthe time scale of elec-
have concentrated. on the doqble phot0|on|z_at|on O.f WO aCqnic correlations in the atomic ground state is reached and
tive electron atomic systems in the UV regime, with MOr€ihe electron energy spectrum tends to a single peak. The
than one photon absqrb(_ad. MUCh attention has been paid fason for such behavior is that, once one photon has been
the electron energy distribution, which is directly related 10 bsorbed. the relaxation of the parent ion has no time to
the ionization mec_hanlsr(dwect or sequential A large lit- occur before the second photon is absorfig]. These ef-
erafure already exists for the helium atesee Ref[6], de- (o 5 have been thoroughly studied in heligae paper | for

noted_ as paper | in the following, and other referen.ceq ferencep The aim of this work is to extend our investiga-
therein but the case of more complex systems has receive ons to the case of the Be atom. We focus on the case of the

less attention. We note the recent work on two-photon doublg) .- ~«i0n of the valence electrons, and, in a more prospec-

ionization of magnesiunir]. The double and triple ioniza- e context, we also investigate the two-photon double ion-

tion of beryllium has been also recently studied, from bOthiFation of the &2 core. Note that the two processes occur at

the theoretical and experimental sides, but in the context Qery different wavelengths. On the one hand, the core ion-
one-photon absorptiof8—12. ization requires photon energies larger than 160 eV; at these

We Showed In paper | that t_he f_e'a“"e_ m?‘gn'tUd? of the‘Wavelengths the ionization of the valence electrons plays a
pulse duration and correlation time in the initial atomic state

: ) minor role. On the other hand, the double ionization of the
plays a crucial role in the electron spectrum produced by th%z valence shell is investigated with photon energies of

two-photon double electron ejection of He. This has led ust0 4 _»q e\ The multiphoton ionization of the core is negli-

explore similar processes in alkaline-earth atoms. It is easi ible at the intensity considered in this work. We assume
to double ionize the valence electrons in these systems bg- i

he ti le of th lati i th ere that the relaxation of the out@nner) electrons is ne-
cause the time scale of the correlations in the uppermq%lected and consequently the photoionization process re-

shell is closer to the femtosecond regime. For example, i uces to a two active electron problem. The “frozen” con-
beryllium, two—photor) lonization requires about 1‘?‘:7 eriguration 2% (1s%) will be represented by a model potential.
photons, the electron interaction energy of tiségate being This type of approach has been extensively used for the
about 8.4 e\0.49 f3. These latter numbe_rs havg to b? Com'photoionization of atomic systenisee Ref[15] and refer-
pared to 79 and 30 eV\0.14 f9, respectively, in helium. ences therein

We develop the theoretical approach in the following sec-
tion (it is of a spectral and configuration interaction typed
*Electronic address: laulan@celia.u-bordeaux.fr we solve the time-dependent Schrodinger equatidDSE)
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for two active electron systems. Emphasis will be put on the P(i) = |1s(i))(1s(i)
description of the electronic structures in the presence of the
model potentials. The correlations between the active elec-
trons are fully included in the initial state and during the Where X(i) is the lowest eigenvalue of the Hamiltonian
propagation. The numerical approach, basedBesplines, Ho(i)+Vy(i). Note that this solution is unphysical since it
has been described in paper | and will not be developed hergiolates the Pauli principle. It generates unphysicahll
In the applications we present first the ionization of B8). bound states andskl continuum states in thel spectrum.
One-photon double ionization cross sections are calculatefihe parametew defined in expressiof8) is adjusted so that
and compared with other theoretical calculations. Two-he second eigenvalue of the Hamiltonidg(i) +Vy(i) coin-
photon double ionization cross sections and electron districides with the experimental BEs) energy (with «
butions will be also calculated and discussed. Emphasis wikF2.333 71 weobtain Ege+(,5=—0.666 54 a.). The pseudo-
be put on the evolution of the electron distributions with thepotential Vs is used to eliminate the unphysical solutions
pulse duration. Finally the case of the two-photon doubleof type isnl (or 1skl continuum statgsof the equatior(1)
ionization of the % core of Be will be investigated. [17]. The pseudopotential approach has been widely used
The calculations are performed at an intensity ofto calculate autoionizing resonances in the Feshback for-
10" W/cn?, where three-photon absorption does not play amalism[18]. The diagonalization of Eq(1) now directly
significant role. Atomic units are used throughout the papegives the fundamental state @s?). We obtain Egqe)
unless otherwise mentioned. =-1.013 09 a.u., aalue in good agreement with the ex-
perimental value £.011 85 a.u[20].
The solution of Eq(1) is expanded on the basis of two-
electron configurations that are products of one-electron

Our approach to resolve the TDSE has been described iinctions as follows:

detail in our previous works; therefore, it will be briefly pre-
sented here. Here we will endeavor to include the effect of Bi(ry) Bi(r,)
the frozen configuration in our theory. TMrr)=A4 S cr'-]"g"'r—l—lr—zyt'y'l\’;(l,Z), (6)
aEi,j,llJz 1 2

: (5)

Il. THEORETICAL APPROACH

A. The two-active electron models
whereA is the antisymmetrization operatdy s the angular

qu:ﬁOerzllectronlc structure of the beryllium atom satisfies themomentum of the valence electronand yh’,?”z(li) is a bi-

polar spherical harmonic. A direct diagonalization of ED.
(H-E)¥,=0, (1) gives the eigenenergies and the expansion coefficigyifs
of the bound and continuum states. We point out here that
e useB-spline functionsBik(r) to represent the radial part of
e wave functiong21]. The specificity of our numerical
approach is that the system is confined in a radial box whose
1 length Rax is explicitly defined. Consequently the whole
H=Ho(1) + V(1) + Ho(2) + Vu(2) + r_+Vps atomic spectrum is represented by discrete states and the
L . L . 12 L density of continuum states can be controlled. This reduces
_ 1. £ iy £ 4 considerably the numerical difficulties in both perturbative
=M r VD =54 r *Vn(@+ M *Vos and nonperturbative approachese Ref[22] for a review.
) We now investigate the case of the ionization of ti8 1
core. As seen above, it occurs at a short wavelength, and the
whereZ is the nuclear chargénereZ=4), and labels 1 and 2 ionization of the valence electrons plays a minor role. We
refer to the two valence electrongy(i) is a model potential ~will consider that the & valence shell is frozen during the
that describes the interaction between tk&dectronic core laser-atom interactiorthis point will be discussed in the
and the valence electrdn following section. The electrostatic potential created by the
2s? configuration is given by

whereH is the nonrelativistic Hamiltonian.
First, we investigate the case of the representation of th
252 valence shell of Be. The Hamiltonian reads

Vi) =2 - 21+ ar)e 7 @

- . 1 1 ' . I__Z 2( 3, 1,22 1/33)-&’!“
V(i) is equivalent to the electrostatic potential produced by ~ Vy(i)=—-—|1+-a'ri+—a'r + —a'>r7 |e* ", (7)
the configuration & in the presence of a nuclear charge i i 4 4 8
a [16].

Vps is @ pseudopotential of the form where the hydrogenic orbitalsds calculated with the effec-

4) tive chargea’. In order to be consistent with the calculation
of the B€(2s) state, we choose the effective chargé

M is an arbitrary large number, and we define therojec- =2.309 18, which gives a hydrogenic energy of

tor as follows: —-0.666 54 a.u.i.e., the experimental energy of Bas).

Vps=MP=M[P(1) + P(2) - P(1)P(2)].
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B. Time-dependent calculations 20 T T T T T T T T T
Let us now consider briefly the interaction between the L J
atom and the laser field. Within the dipole approximation, the
time-dependent Schrédinger equation to be solved is given__15 |- -
in the length gauge, by 2 2
. d S o 2
|E‘I’(r1,r2,t)= [H "E E(t) 'ri]‘l'(rlyfz.t), (8) 810 |- o -
e 2 | T — ]
with the electric field defined as o
G ° A
E(t) =—-—A(l). 9
(h=-—-AW (9) i |
The vector potential, polarized along thexis, is defined as 0 ) | L [ A 1 ! [ A
5 0 10 20 30 40 50
A(t) = A0<co s%t) codat)e, (10) Excess photon energy (eV)

FIG. 1. The(y,2e) cross sectionsfull triangles calculated at
whereT is the total pulse duration, H2<t<T/2, andwis  various excess photon energi@seV). Empty diamonds with error
the photon energy. The time-dependent total wave functiobars: measurements on B&2]. Theoretical values of Colgan and
is expanded on the basis of the field-free atomic eigenstate®jndzola[8] (empty squargsand Kheifets and Bray9] (empty

normalized to unity, circles. Full curve: our calculations on He. Cross sections are ex-
NoL pressed in kb. Result8,9,13 are extracted from Fig. 4 in Ref.
S—max
[11].
W(ryra)= 2 CwyMryry). (11
a=n,L

account the time dependence of the intensit(l)
=2 ,C(2)=1%; Py s the total probability of double ioniza-
tion.

Equation(8) is integrated over the total pulse duratibnThe
initial condition is given by

W(ry,rpt==T2) =WE=MO(r 1)), (12

LM=0( ) is the initial state of the field-free sys- lll. RESULTS AND DISCUSSION

tem. The TDSE calculations have been performed in the length
At the end of the pulse, the population of a given station-gauge and the probabilities are evaluated in the Schrédinger
ary stateW (1,1 ) is obtained by projecting this state on picture att=T/2. We have checked that the results are simi-
the total wave function: lar in the velocity gauge and interaction picture. The cross
L LM=0 5 sections have been evaluated with form@l&). Such an
PEKIK'T) = (g (1) [W(ry,rot=TI2)°. (13)  approach is valid as far as the total probabify, is calcu-
lated in the perturbative regime, which is the case here. The
ak intensity is 18 W/cn?, and the pulse duration is given
the text.

whereV

We use a simple antisymmetrized product of orbitglr) of e
Be' to represent the double continuum. It has been showeﬁ]
in paper | that this approximation, of order zero in pertur-
bation theory, gives the leading contribution to the two-
photon double ionization process. A. lonization of the valence electrons

The one-electron energy distribution in the atomic double  Figyre 1 shows the one-photon double ionizatign2e)

continuum is given by cross section versus the excess photon energly, (I, being

dP-(Kl) the double ionization potentiedjiven in eV. Other theoretical
T:E PL(KIK'I") p(KI), (14) [8,9] and experimenta[12] results are also shown in the
Kl figure. The calculations have been performed with a pulse

duration of ten optical cycles. TH&spline basis sets and the
configurations used in expansi¢®) are given in Table I. In
the case of one-photon double ionization, the total angular
momentum of the final states is=1, so here we have used
=3 basis Il, which has more angular paitsg,l,). Our results are
U(N%ZG)Z(T W_ (15) in good agreement with other theoretical calculations. We
can observe that the various calculations available agree with
wherel is the intensity in W/crfy  the photon energy in the experimental measurements with error bars. In Fig. 1 we
joules,N the number of photons absorbed, ahthe total also plotted the curve corresponding to the helium cross sec-
pulse duration in seconds. Cross sections are expressedtions. The double ionization cross sections are of the same
cn?M VL The dimensionless coefficient3(N) take into  order of magnitude in He and Be. At low excess energies, the

wherep(kl) is the density of states in the continudh
We calculate the total-integrated cross sections by usin
the following expression:
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TABLE I. The (I1,1,) pairs of angular momenta and total number of combination t&mgg,used in Eq.
(6), for each total angular momentuimand for two differenB-spline basis sets, witk=7 and a linear knot

sequence.
Basis | Basis Il
(Rmax=50 a.u.;N,=50 (Rpax=30 a.u.;Np,=40

Angular (I4,15) (I1,15)

momentumL angular pairs Necomb angular pairs Necomb
L=0 (0,0 (1,1 (2,2 (3,3 5100 (0,0 (1, (2,2 (3,3 3280
L=1 0, (1,2 5000 0, (1,2 (2,3 4800
L=2 0,2 (1,1 (1,3 6275 0,2 (1,9 (1,3 (2,2 (3,3 5660

Be cross section dominates and falls for larger excess photdnvolves the production of B€2s) in the intermediate step.
energies. A similar feature has been observed by Cittial.  Indeed, in contrast with the dipole coupling betweeh énd
[11]. We have also checked that the one-photon single ion2skp the 22-2pkl dipole coupling is zero in the zero-order
ization cross sectiolfy,e) is in very good agreement with perturbation theory in Irf,. Therefore, one can surmise that
the experimental values given in R¢12]. the sequential process which involves thé @s) ion in the

In Fig. 2 we show the partial and total cross sectionsintermediate step will dominate fay>0.66 a.u(this will be
(2y,2e) for the double ionization of beryllium through two- confirmed latex. We note that there is a maximum of the
photon absorption, for photon energies ranging frem14  cross section at 0.66 a.u. in Fig. 2. We have checked that
to 20 eV. The pulse has a total duration of eight opticalsuch a maximum also exists in the helium case for a photon
cycles, and we use thB-spline basis set (see Table ). energy of 2 a.u. Therefore, the two-photon double ionization
Before studying in more detail the evolution of cross sectiongate has a maximum when the sequential channel opens. This
with the photon energy, we examine the various channelg also observed in magnesiyi. Figure 2 shows that, as in
leading to the double ionization processes with the absorpthe case of He, the D wave dominates. The contribution of
tion of two photongsee the diagram in Fig.)3For frequen- the different angular channels is discussed in the following
cies lower than 0.52 a.u(0.505 a.u< w<<0.52 a.u), the  section.
double ionization process in Be is only direct; the two va- Figure 4a) shows the total electron spectrum resulting
lence electrons are directly ejected in the double continuunfrom two-photon double ionization of Be with a photon en-
For photon frequencies larger than 0.52 a.u., the process &gy of 0.9 a.u(24.5 eVj. The calculations include the chan-
either direct or sequential. This latter mechanism only in-nels given in basis | of Table I. Three total pulse durations
volves the ionization of B&2p) for 0.52 a.u<w<0.66 a.u. are considered: 14 optical cyclésbout 2.36 f§ ten optical
For >0.66 a.u.(18 eV), the B&(2s) channel is open for cycles(1.7 fs), and six optical cycle$l fs). We have drawn
double ionization. It is important to note that the sequentiathe total density of probabilitydP-(kl)/dk [see Eq.(14)].
channel which does not require correlation to be populatedhere are two well-defined peaks for the longest pulse dura-

12 T I I T A
oo . — 1
;u? Y U Y\ 4 I E,
g 8 0 Ezi Be*(1s2)
N
n
o .
= ) &
8 6 E E, E;
._§ —0.52)  4n Be'(Is2p)
@, ~0.66 Be'(Is2s)
[72]
g
(] 2! -1.01 Be(ls22s%)
direct sequential
U * 1'6 : 1'8 : 20 FIG. 3. Sphematic Be energy Ieyel_dia_gram, showing the direct
Photon energy (eV) and sequential two-photon double ionization channels frefn 2

the sequential case the diagram shows the two paths to double ion-
FIG. 2. The(2y,2e) total cross sectiongull curve) vs the pho-  ize Be. The first one involves the B@s) ion, and the ejected
ton energy(in eV). The contributions of th® wave(dashed curve  electrons have the energi&€s and E,. In the second path, which
andS wave (long-dashed curyeare represented. Cross sections areinvolves B&(2p), the ejected electrons have the energigandE,.
expressed in cfrs. The energies are given in a.u.
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- FIG. 5. The(y,e) total cross sections for thesAelectronic core
(full curve) and 2° valence electrongdashed curve The cross

0.0003 |- sections are expressed in Mb.

the intermediate channel Bpkl) with =0 or 2. The one-
photon ionization of Be leaving the ion Bén the 2p state
leads to an ejected electron energy of 0.41 a.u. The ioniza-
tion of the ion Bé&(2p) produces an electron of energy
-] 0.38 a.u. In fact, due to the laser bandwidth, the correspond-
ing structures cannot be resolved and the probabilities have a
s A\ maximum at about 0.4 a.u. in Fig(l).
o ek |y 1 e Tosend We now analyze the behavior of the energy distribution
®) o o é’j'zcied°:|ec"%: eneor'gy (a_olf) 0.7 08  gpectrum for ultrashort pulse durations. We see in Fig) 4
that the two peaks move towards each other for decreasing
FIG. 4. (a) (2v,2e) electron energy distribution spectrum for Pulse durations. In the limit of the shorter pulse duration
®=0.9 a.u., =104 W/cn?, and a total pulse duration of six there is only one peak. This occurs when thé B& has no
(dashed curve ten(long-dashed curyeand 14 optical cyclegull time to relax to the BH2s) stationary state before the second
curve. (b) (2y,2e) electron energy distribution spectrum in the photon is absorbed. We have noticed that the electron inter-
channels(L=2,l,=1,1,=1) (full curve), (L=2,1,=0,1,=2) (long-  action in the initial state is 0.31 a.u.. In terms of time it is
dashed curvg (L=0,,=1,l,=1) (dashed curve and (L=0,I, 0.49 fs, which is the full width at half maximum duration of
=2,1,=2) (dotted-dashed curyefor a total pulse duration of ten the shorter pulse in Fig(d). In this latter case the distinction
optical cycles. between direct and sequential process is not pertinent.

0.0002 |-

Probability density (a.u.)

0.0001 |-

tion, at 0.25 and 0.50 a.u., respectively. The latter peak cor-
responds to the one-photon ionization of Be leaving Be

the Z state, the ejected electron having an energy of In order to complete our study of the double photoioniza-
0.55 a.u. The second peak is the signature of the ionizatiotion of beryllium, we now explore the main features of the
of the B€(2s). The ejected electron has an energy ofdouble ionization of the € core of Be. In our approxima-
0.24 a.u. The total energy in the double continuum is thdion, the 22 state is frozen and represented by the model
photon excess energyn2 | ,. The energy difference between potentialVy, [see Eq(7)]. The energy of the & shell of Be

the peaks is the electron interaction energy in the initial states calculated at —11.6 a.-315.5 eV}, and the ionization
here it is 0.31 a.u. Figure(d confirms that the dominant potential is found at 4.64 a.126.2 e\}. The two-photon
channel for double ionization is sequential, and involves thelouble ionization of the & core requires a minimum photon
production of the B&2s) ion in the intermediate step. In Fig. energy of 157.8 eV. It is direct for 157.8 eVw<189.4 eV

4(b) we have represented the contributions of the mairand the sequential double ionization is energetically permit-
double ionization channels for the case of a pulse duration aied for w>189.4 eV. In this calculation, thB-spline basis

ten optical cycles. The figure shows that, as expected, thset is similar to the one used before, but we have scaled the
main contribution to the double ionization comes from thebox length(R,,,,=25 a.u) in order to represent correctly the
channel(l;=1,,=1) that does not require correlations to be 1s orbitals in the presence of the nucleus chaget. In Fig.
populated. There are also contributions from the channel5 we show the one-photon single ionization cross sections of
(1,=0,1,=2) and(l,=2,1,=2). They are populated from the the 1s? core and & valence shell of Béthe latter curve is

2p? component of the initial state, and the process involvesalculated with the approach exposed in Sec. )l As ex-

B. Towards the ionization of the electronic core
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15 T T T T T T y T y ment with other theoretical and experimental results. We
have focused on the two-photon double ionization of the
valence electrons, which occur for photon energies larger
than 14 eV, the sequential channel being open for double
ionization for photon energies larger than 18 eV. The asso-
ciated cross section increases with the photon energtil
w=18 eV, and it decreases for higher frequencies. There-
fore, the two-photon double ionization cross section is maxi-
mum in the region of the threshold for the sequential process.
This feature is observed in other systems. &or 18 eV the
electron energy distribution shows two peaks separated by
the electron-electron interaction in the (B&?) state. The
peak at large energy corresponds to the one-photon ioniza-
tion of Be(2s?), populating the &pchannel, while the other
%0 170 T80 190 200 >10 peak, positioned at a lower energy, is associated with the
Photon energy (eV) one-photon ionization of Bé2s). At short pulse durations
(T=1 fs) the B€ ion has no time to relax to the stationary
FIG. 6. T_he(2y,2e) total cross sections for thesielectronic state B&(2s), and the two peaks move toward the same po-
core, at various photon energiés eV). Cross sections are ex- gition, This feature has been already observed in helium. In
pressed in cths. the case of beryllium, less energetic photons and longer pulse
durations are used. Therefore, the case of alkaline earths like
pected, the ionization cross section of tr& tore is much Be, Mg, or Ca should be more favorable for experiments.
larger than the ionization ofs for »>130 eV. The ioniza- The case of the double ionization of the? tore of Be has
tion of the inner shell dominates at these photon energieseen investigated in the subfemtosecond regime. It requires
The cross sections shown in Fig. 5 are in good agreementensities and photon energies which should be available in
with other recent theoretical resultsee Fig. 1 in Ref[10]).  the near future with the FEL sources. Two-photon double
In Fig. 6 we present the cross sections for two-photorionization requires a minimum photon energy of 160 eV. At
double ionization of the core versus the photon energy. Thenis energy the photoionization of the valence electrons does
photon energies range from 160 to 210 eV. They are calcunot play a significant role, and we represent the frozeh 2
lated with a total pulse duration of ten optical cyclé®.,  configuration with a model potential. Note that the electronic
T<1fs). Figure 6 shows that, as previously observed for thezorrelation time in the € state is close to 0.06 fs, which is
double ionization of &, the cross section has a maximum at shorter than the pulse durati¢fi=0.2 f9. We have checked
the threshold of the sequential process, i.e®at190 eV.  that our model gives one-photon single ionization cross sec-
It is worth noticing that the dynamics of the two-photon tions that are in good agreement with other theoretical val-
double ionization process will strongly depend on the pulsgjes. We have calculated cross sections for the double ioniza-
duration. Indeed, one-photon ionization of the core producegon of the Be core through two-photon absorption, for
a nonstationary state B@s,2s”). We assume that this ion photon energies ranging from 160 to 210 eV. In this context,
will mainly relax to B€(1s,2Inl) autoionizing states which our treatment is strictly valid as far as the relaxation of the
decay to the ks continua. In the context of sequential frozen configuration does not occur during the sequential
double ionization, our model of the frozes?Zonfiguration  double ionization process. For long pulses durati¢ms
is valid as far as Bé1s,2s% does not decay to Béls?,ks) 1 fs), the second ionization step should be strongly af-
before the second photon is absorbed. We have estimated thscted, and the two active electron model is not valid. These
autoionizing lifetime of B&(1s, 2s%) on the basis of the reso- effects require further investigation.
nance parameters of Bds, 2Inl) [19]: it is in general of the The study of multiple electron ionization through multi-
order of 10 fs(or large)p. Note that it is also the case for the photon absorption in complex atoms is in its infancy. With
Be?*(2Inl) resonance$19]. The conclusion is that our ap- femto- and subfemtosecond laser pulses the laser-atom inter-
proach should be valid in the femto- and subfemtosecondction time is of the order of magnitude of the internal
regime, where the< configuration relaxes in the post laser- atomic correlation times. This opens the way to observe new
atom interaction channél.e., att>T/2). dynamical effects. We have shown that alkaline earths are
good candidates for experiments.

54 4
cm's)
-
o
T

Cross section (10
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