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Laser-induced transitions between triply excited hollow states
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Using complex scaling and a correlated basis constructed in ternis splines, we calculate the Li
photoion yield in the presence of a laser-induced coupling between the triply excif@p(ZP°) and
2s2p?(2D°®) resonances in lithium, the first of which is assumed to be excited by synchrotron radiation from
the ground state. The laser coupling between the triply excited states is shown to lead to a significant and
readily measurable modification of the line profile which provides a unique probe of the dipole strength
between highly correlated triply excited states. We also present results for some higher-lying triply excited
states of?’P° symmetry.

PACS numbgs): 32.80.Hd, 32.80.Dz, 32.80.Fb, 32.80.Qk

I. INTRODUCTION amined. In Ref[16] we undertook such an investigation, and
presented a report on the generic effect of photoabsorption
A triply excited state in lithium, also referred to as a hol- from the 1s?2s(*S®) Li ground state to the £2p(*P°) tri-
low state, represents a fundamental case of highly correlatg@]y excited state, when the system is embedded in a judi-

three-electron dynamics in a purely Coulombic four-body‘?'O“S'y chosen laser field. Clearly, this allows one to inves-

2qe 2ne i
system, as attested to by the continuing avalanche of reIat«%:%ﬁ;ei p ::atelz ngr S C?Sd”nD St?gpv;geetrr]yé ngﬁgggc)a”yénvge
paperg 1-23| over the last six years. Photoexcitation by syn- piing P

hrot diation h o b cul meth ﬁssz(zDe) triply excited states, which is on resonance at a
chrotron radiation has proven 1o be a very successiul metho ear-optical wavelength corresponding to a photon energy of

to study energies an_d widths of _such states. They were studz5 5 e\ Such a coherent coupling leads to a significant
ied by photoabsorptiofil], photoion[2—4], and photoelec-  mogification of the line profile of the Li photoion spectrum.
tron measuremen{$—10], and an impressive number of tri- At a sufficiently high, but still modest, laser intensity, the
ply excited states was reported. States with enkpgndL  spectrum develops an ac Stark splitting which is directly
shells were observel®,4], and several Rydberg series iden- related to and provides a measure of the dipole matrix ele-
tified [11-15,24. The results were compared wiRimatrix — ment between the triply excited states. In this paper, we
[6-10,12,13 and Dirac-Fock calculation$3,4], and the present a much more detailed account of the theoretical
agreement is generally good. There is also excellent agreenodel, the atomic structure calculations as well as of the
ment between experimental values and very accurate calcgalculation of the atomic parameters.
lations using the saddle-point complex rotation method |t should be noted that the processes we examine require
[17,18,9. In addition, the hyperspherical coordinate ap-an analysis of the time development of the system driven by
proach was used to analyze and visualize the electron corrghe radiation. Despite the existence of a number of successful
lations, in an effort to obtain a classification in terms of approache§1-15,17—2% to the calculation of the atomic
approximate quantum numbes9—-23. structure of three-electron systems, our needs in this work
The selectivity of the photoexcitation technique meansnecessitate an approach, perhaps more demanding for accu-
that only states ofP° symmetry can be reached from the rate structure, but more convenient for the study of dynam-
ground state. It is, however, equally interesting to investigatécs. Although some of the results on line-shape modification
states of different symmetry and parity, as in one experimenih this paper could be obtained through rate equations, in
[7], where a laser excited thes®2p(?P°) state from which  view of rapid developments in pulsed, bright, short-
synchrotron radiation produced even-parity triply excitedwavelength sources such as the free-electron laser, it should
states. This is one way of reaching hollow even-parity statepe feasible in the near future to explore the full range of
which still probes their connection with bound states of thedynamical effects. Hence we present a theoretical formalism
neutral. However, until very recently16] nothing was capable of handling this situation.
known about the fundamental interaction of the triply excited  This paper is organized as follow: In Sec. Il, we present a
states themselves with radiation. In particular, the inducednheoretical model describing the coherent coupling of two
coupling between such highly correlated states, which proautoionizing triply excited states. This section also includes
vides a much more detailed probe of three-electron correlaan analysis of an analytical formula which, in the weak-
tion than the excitation from bound states only, was not exprobe limit, corresponding to a relatively weak coupling by
the synchrotron pulse between the ground state and the lower
triply excited state, accounts very well for the results ob-
*Present address: Institute of Physics and Astronomy, Universityained by a direct numerical integration of the equations of
of Aarhus, DK-8000 Aarhus C, Denmark. motions describing the dynamics of the system. In Sec. IlI-
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ionizing state are shown. The figure shows some of the cou-
plings entering into this problem. Thes2p(?P°) state,
with a discrete parta), is assumed to be excited by a syn-
chrotron pulse of frequency,=142.3 eV in the presence
of a laser of frequency, and a pulse duration preferably
longer than that of the synchrotr¢atomic units f=m=e

=1) are used throughout unless otherwise indichtBdth
radiation sources are assumed to be linearly polarized along
the same direction. The frequenay is chosen so as to be
tunable around resonance with the transitiost2(?P°)
—2s2p?(?D®), which means thaiw,=2.5 eV. Note that
the excited states sf2p(?P°) and 1s?3p(?P°) of Li are
located about 1.85 and 3.8 eV, respectively, abjaye thus
being far from resonance with,. The transition induced by
the relatively weak radiation source operatedwgtcan be

9 ———— described by a single rate, but the transition by the much
stronger source operated@j cannot be so, thus requiring a

Li ground state is denoted bg). The synchrotron couplingg) strong(nonperturbativ)acoupling of the triply excited states.
with the discrete parfa) and the continuum part$E, ;) (] N_Ote that the Com'nutEa,O are acpessgd n(_)t only f.rom the
=1,23...) of the lowertriply excited state 822p 2P° has an  discrete parfa) (due to the configuration interactipmut
angular frequencyw;. The laser coupling the $2p(2P°) and  also directly by photoionization from the ground state. Given
2s2p2(2D*®) triply excited states, the latter of which has a discretethe short duration of both radiation sources involved, and the
part denoted byb) and continuum parts denoted B, ,) (k  fast autoionization of the resonances, spontaneous radiative
=1,2,3...), has arangular frequency,. The discrete parts) decay may be safely ignored, and the problem is conve-
and |b) are partly coupled to the continua via the configurationniently formulated in terms of the time-dependent Sehro
interactionV, giving rise to the autoionization widtHs, andT',, dinger equation. Note that spontaneous emission will even-
and partly via laser-induced ionization described by the widths tually become important as we move along the Li
andy,. Only three out of the infinitely many continua coupled to isoelectronic sequence. This is because the spontaneous
|a) and|b), respectively, are shown in the figure. emission rate increases with the nuclear chatgéue to an
increase in the free-space density of modes of the electro-
we describe the theoretical calculations. Section Il A de-magnetic vacuum fieldwhich more than compensates for
scribes how the atomic structure is calculated within a fullythe decrease of the dipole momgmhereas the autoioniza-
correlated basis, and how the positions and widths of théion width of the triply excited 8%2p (and %2p?) state
triply excited states are determined by complex scaling. Irdecreases along the isoelectronic sequg¢aég
Sec. Il B we calculate the atomic parameters entering the The wave function of the atom under the fields is ex-
model. In Sec. Il C we present results on energy positionpressed as
and widths for some higher-lying triply excited states’&r

FIG. 1. The level scheme under consideration. Th&2%(*S?)

symmetry, and compare our values with existing data. Addi- [W(1))=Cy(t)[g) + Ca(t)[a) + Cp(t)[b)
tionally, we calculate the light-induced coupling between the
ground state and thes33p(?P°) state, the lowest triply ex- +> J dE, ;Ce. (V)|Ea))

j T '

cited state with emptiK andL shells. Explicit formal expres-

sions of the parameters as well as further discussion of these

are found in Appendices A and B. With the parameters at +> f dEp kCe, (1)|Epi)- (1)
hand, the model produces the results on laser-induced tran- k Tk '

sitions between triply excited states discussed in Sec. 1V. This expression is substituted into the time-dependent Schro

dinger equation
IIl. MODEL
. o Loy W (1) =H[W (1)), 2
To introduce the basic idea and scheme,|tgt be the

1s?2s(?S®) ground state an¢h) and|b) the discrete parts where H is written as H=Hy+V+D, with Hgls)
belonging to the 8°2p(*P°) and 22p*(°D®) triply excited ~ =EJ|s) (s=g,a,b,E,;,Ep4), V being the configuration in-
states, respectively. The triply excited stated2p(?P°) and  teraction coupling the discrete parts of the triply excited
2s2p?(°D®) are both energetically above théLiionization  states to the continua, aridl the dipole interaction. Projec-
threshold. A multitude of channels is therefore open for autotion on the individual states in the expansion of Eb. of
ionization. Let|a) and |b) autoionize into the continua |W(t)) leads to a set of coupled differential equations con-
|[E.j)(i=123...) and |E,)(k=1,23...), respec- taining amplitudes for the discrete parts as well as for the
tively. The indices of these states denote the continua corresontinua, also including laser-induced continuum-continuum
sponding to different ionization thresholds. Figure 1 showscouplings. Ignoring the latter is usually a well-justified ap-
the basic level scheme. Only three continua for each autgeroximation at the intensities we need consider. We intro-
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; ; _ iEqt
duce_the slﬂ\évIXw\;?rylng _almpl|tutij(<aE$ggut)+:)(;,tg(t)e g,
Ca(t) =Ca(t)e™7e" “%, cp(1) =Cp(t)e o™ 1727, cg_ (1)
:Canj(t)el(EQerl)t, and CEbYk(t):CEbYk(t)el(Englerwz)t’

and an(t):%Dga,zFl(t)r and Qab(t):%Dab,zFZ(t) the
Rabi frequencies betwedg)—|a), and|a)— |b), respec-
tively. Here Dy, , and D,;,, are the corresponding dipole

and Keep only the time-dependent exponentials which arg1atrierIements, along the linear polarization direction of the
resonant with the photon frequencighe rotating-wave ap- laser,z, and Fi(t) (i=1 and 2 are the time-dependent
proximation). This amounts to neglecting virtual photon ex- pulses of the synchrotron and the assisting laser field. The
change processes. As the final step, we eliminate the cofPtegration over the continua, in EGB), runs from the lowest
tinua adiabatically(which basically means that they are threshold of the particular continuous spectrum. The evalua-
treated as sinRsby setting the time derivative of the slowly tion of the atomic coupling parameters entering the above set

varying continuum amplitudes equal to zeog(t)=0. We
arrive at the following set of equations for the time-
dependent discrete-state amplitudes:

|QgEavj(t)|2
A Eg+ w;—Eq

Qqe, (DVag,,
A Eg+w;—E,)

Cqy

iatcgz[Ej) de

+ Ca

Qg+ f dE
J

Qge, (DO, p(1)

+
Eg+ wq— Ea,j

>

[ oe.
J

iatca={ﬂag(t)+; f dE

(3a

Ch,

Vag, Qe, oD .
a Eg+ (OF Ea,j

|Va,anj|2
A Eg+w;—E,)

+

Ea—Eg— w1+ X, f dE
J
|QaEb’k(t)|2
+ w1+ wz_ Eb,k

Vag, (e, p(t)
2 Egtw,— By

Ca

+; f dEb"‘Eg

+

Q)+ J dE
]

Qae, (DVE b
+; deb’kEg+w1+w2_Eb’k Cb’ (3b)
Qpe, (HQE_ 4(1)
. _ ) a,] a,]
lﬁth—{; dea,] Eoror B, |0
Qpe, (DVE, a
i aj
" Qba(t)+§j: dea‘J Egtw1—E,
5 de Voe, L6, alt)
* K a‘kEg-l-a)l-l-a)z—Ebyk Ca
2
|Qpe, (D]

J’_

Ep—Eg— w1~ ot X, f dE
J

3 |

with VaEaj and Vg, , the configuration interactions of the
discrete parts |@),|b)) with the continua |E, j),|Ep ).

A Eg+w;—E,)

2
dE |VbEb'k|
bk Eg+ (1)1+ wy— Eb,k

Cp (3¢

of equations is significantly simplified by using the following
identity for generalized function&istributions:

1
=P

im & 7, = PE=

7—0,4

—imé(Eq—E), (4)

E

where P denotes the principal value part, @id the Dirac
delta function. Repetitive use of E4) in Eq. (3) leads to

. i ~ [ [
i 9Cq= Sg—iyg CgtQga 1—q—)0a+ Sgb_z'ygb Cp
a
. ~ i i
101Ca=Qggl 1——|Cqg—| 61+ z(ra"_ Ya) |Ca
Qa
~ |
+Qab( 1- —) Ch, (5b)
Qab
_ i - i
10:Cp= Sbg_ E’ybg Cg+Qba< 1- ﬁ) Ca—| 01t 05
a
i
+ 5 (To+ ) |G, %0
with
51:(01_(Era+sa_ Eg_Sg)l (6a)
52=w2—(Erb+Sb—E;—Sa) (6b)

the detuningsE| andT'; (i=a,b) the resonance energies
and widths of the triply excited state§y,S,,S;,,Sy, and

Yg17Ya» Yo Ygb the laser-induced shifts and width34, and

Q,p generalized Rabi frequencies including a light-induced
shift, andq, andq,, the Fano line-shape parameter for the
|g)-|a) transition[27] and its generalization for thia)-|b)
transition. Explicit formal expressions for the parameters of
Eq. (5) are given in Appendix A, and Appendix B discusses
how to calculate these using complex scaling.

The dominant autoionization decay channels faj
=2s22p(?P°) and|b)=2s2p?(°D®) were given by Chung
in Ref.[28], and are of the typessPp(>'P)+el (I=s,d)
and 1s2s(31S)+ep for |a) and 1s2p(3P)+ el (I1=p,f)
and 1s2s(®*Y) + ed for |b). The laser-induced couplings be-
tween the discrete statg) (|b)) and the nonresonant
parts of the continua|Ey,), k=1,23... (Ea;), |
=1,2,3...) arethus expected to be very small, since the
dominant configurations do not share common orbitals.
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Thus, to an excellent approximation, we can neglect the ionk fact, as we shall discuss in Sec. IV, the difference in the
ization widthsy, and vy, to these nonresonant background Li* yield Y, as obtained from the numerical integration of
parts. We can also neglegty, and Sy, which describe a Eg. (5), and as obtained from

width and a shift due to the laser-induced coupling frighn

to |b) via the nonresonant part of the contin{f, ;). The ac Y=Rr, (8)
Stark shift of the ground stat$, is vanishing at the intensi-

ties considered for the short-wavelength source. The lasefzhere is the full width at half maximum of the synchrotron
induced shifts of the triply excited stat& andS, are pon- 56 is hardly visible in the figures to be presented.
deromotive in character, and they will consequently be equa? '

to an excellent approximation. Accordingly, the two laser-
induced shifts cancel in the detuning,. Having said this, . ATOMIC STRUCTURE AND PARAMETERS
we note that for the photon energies and intensities consid- The atomic struct d t tering th del
ered in the present work the shify and S, are negligible. € alomic structure and parameters entering the mode
Equations(5) are readily solved once the atomic Ioaram_represent a major task, and have been_obtalned through fully
eters are known. The way to calculate the parameters is di§Oelated atomic structure calculations based on the
cussed in Sec. Il B and Appendix B. The probability for complex-scallng m_ethod, in com_b|nat|on with a discretized
autoionization or laser-induced ionization into the dominantasis constructed in terms 8fsplines[25,15,16. The cal-
Li*-ion channel is then calculated @&,,=1—|cy(T)|?, culations provide energies and widths, as well as the wave
whereT is the pu|se duration of the Synchrotron radiation_functlons needed for the calculation of the dlpole matrix el-
We note in passing that, as the photon energy of the lighements. For given total angular momentum, spin, and parity,
source responsible for the initial excitation step increases, thie three-electron eigenstates and eigenenergies are obtained
probability for ionization into the 13" ion channel increases by diagonalizing the complex rotated atomic Hamiltonian
as additional channels corresponding to two-step doublésee, e.g., Ref[30], and references therginin a basis
autoionization via doubly excited states in the lion begin  spanned by three-electron basis functions, constructed by
to compete with the weak direct one-photon two-electroncoupling the angular momenta and spins of the three elec-
ejection procesfsee Ref[29] for a discussion of this reso- trons, and are expressed in terms of antisymmetrized linear
nant two-step double autoionization process in the context afombinations of products of one-electron orbitals.
enhanced double ionization in Ba and Ré¢f11,§ for ex-
periments exploiting that théhigh-energy Auger electron

A. Structure
from the doubly excited Li state to the 3" ground state is

easily detecteH The complex rotatiqn tra_msformaticm—>r exp(d) gives
Although the results to be presented in Sec. IV were obthe three-electron Hamiltonian
tained by numerical integration of E(p), it is interesting to 3 1
note that ar_w analytical formula_ fo_rjhe photoion r&ecan H(Q)ZZ hj(6)+e‘i92 =, )
be derived in the weak-probe limif);,<1) =1 i<k Tjk
02 . - -
Ryt 204, : with ry =|r;—r,J and
|f(51152)|
Loz 201 i
i\? i hj()=—5V:e #/——e™'?, (10)
XRei|1——| | 6+ =Ty |f*(81,68,)|, (78 2% fi
Ja 2
. B . , ~, where the indices j(k) run over the three electrons. The
with F(01,8,) =[ 6+ (I/2)T'p][ 61+ (1/2)I'a] — Q5[ 1 complex-rotation method allows us to represent the con-

_('/qab)]_z and 6= 0, + 6,. The rate is derived from E€S)  tjnyum of the outgoingautoionized or laser-ionizectlec-

by assuming,=1, i.e., fromR=—2 Re d;cg] and by solv-  tyons in a limited box, and simultaneously reveals the triply
ing for c, from Eqgs.(5h) and (5¢) in the steady state. This oycited states through the complex eneiy:E' —iT/2,
method is equivalent to performing the derivation with the\ynereE" is the position of the resonance ahdts width.
Laplace transform method in the pole approximation, and the  The gne-electron orbitals are expanded in terms of spheri-
results are identical. If we usg,,>1, the expression foR 3| harmonics

reduces to
[, 1 g 0]
R=1y,+02, (1__2)(521"a+ Zb+rbggb) Gnim(1) = ——Yim(2) 11
a
1 _ r.r, and the radial part®,(r;) =rRp(r;),
+—[48(58,— Q%)+ 8T /{(551— :
Ga 4 e—2i0 d2 ey e—iﬂ e—i2€|(|+1) 5 ( ) 0
N J— r-)= ,
02 2+M (7b) dry i 2rf "
ab 4 ' (12
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TABLE |. Couplings all expressed in atomic units. The atomic unit of intensity is>3B¥° W/cn?.

Ga Qab Ly Iy ﬁga ﬁab Vg

-2.9 48 48%10°°  3.06<10°3  0.009F(t)/2  2.IF,(t)/2  0.08,(t)/4

with negative and positive eigenvalues, are subsequently extipole matrix element between the?2s(?>S®) ground state

panded in terms of a numbBirof B splines, of ordek within and the lower triply excited states22p(?P°) is readily cal-

a spherical box0;R] culated, and is conveniently written as a sum of its real and
imaginary parts

N
Pm(rj)=2 c'Bi(r)) (13) Dy +iD{M, (14)

which we may rewrite as
defined on a sinusoidal grid. HeB§(r;) is theith B spline
of orderk, a polynomial of ordek— 1 [31]. The boundary
condition is P, (0)=P,(R)=0, and theci”"s are deter-
mined by matrix diagonalization. The radius of the box has
to be chosen judiciously for the physical problem at handWith
Obviously, we need to be able to describe the high degree of (re)
correlation between three intrashell electrons. The demand _ Dga
on correlation, and the fact that each electron in the triply 9a= pm’
excited state on the average “sees” a larger nuclear charge 92
than if theK shell were not empty, favors a rather small box,the Fano asymmetry parametg27] and |a((f()Eg +w1)> the

and indeed we have obtained good results whkh complex scaled wave function pertaining to the triply excited

=(15-25R,. Although, in principle, other ways of imple- 2s%2p(2P°) state. The inner product of the complex scaled
mentation withB splines can be contemplated, in practice 't_eigenfunctions is defined in terms of the ket and the bra

is essential to have one-electron orbitals available, as this = h " the latt th | ; biect
allows a detailed choice of configurations for the final diago- (94]) where, in the latter case, the angular parts are subjec

nalization, which makes the problem tractable with respect g the usual complex conjugation whereas the radial parts are

computer memory and CPU time. We note that a similaot- A more deta!led discussion of.the resonance parameters

complex-scaling an@-spline approach was recently used to in connection with _complex Sca"”.g calculat|ons' can be

determine triply excited resonances in HE25] and also in fou_nd, for example, in the work of Lindroff83], and n the

Li [15]. review of Rostet al. [34]. We also refer to Appendix B of
With the one-electron orbitals at hand, the antisymmetricthe present paper.

1 . . (re)
three-electron basis functions are constructed by standard OUr value for the dipole matrix —elemenDg,
coupling of angular momentg32]. The lower eigenstates =0.0091 a.u. is in good agreement with the value 0.0117
represent bound states of the system, and those lying abofe!: extracted from the oscillator strendib]. Also, our
the ionization threshold provide a discretized representatiof@lUe of da=—2.9 is in reasonable agreement with pub-
of the continuum. The complex scaling angle 0.2 and the lished resglt$-2.2) [1.—3]. Table | summarizes our res'ults for
basis were chosen so as to represent sufficiently accuratef)e couplings entering Eq5). The field strength is_the
the triply excited states as to well as the dominant decagduare root of the intensity in atomic U”é“éi(t):Vli(t)
channels with $2s and 1s2p cores. For the £2p(2P°)  (the atomic unit of intensity i$o=3.51x 10'® w/cn?) and
resonance, with 501 three-electron basis states, we obtain
El=-224 au. and I';=131 meV, and for the Fi=Fifi(V), (7
2s2p?(°D®), with 520 basis states, we obtaif,=  with F; the maximal field strength ari(t) the pulse enve-
—2.14 a.u. ande=83 meV, which both compare well |ope which we assume to be of %uype
with benchmarK 17] and other theoretical valu¢§]. For the
ground state we find an energy ef—7.44 a.u(to be com-
pared with the table value 6f7.47 a.u.) with bases ranging
from ~300 to 900 in size. For these calculations we used fi(t)=
200 B splines of ordek=5 in a box ofR=15a,.

i _
049 1 ¢ |~ @Dl (19

(16)

i il f 0<t<8
sir?( 5 or 37

37 (18

0 otherwise.

B. Parameters Here the prefactor of 8/3 ensures that the time integral over

As described above, the complex scaling method allowshe intensity of the light source equals the peak intensity
for a rather straightforward numerical implementation of thetimes;, hencer; corresponds to the full width at half maxi-
calculation of resonance energies and widths and the correaum of the temporal envelope of the intensity=(1 and 2.
sponding eigenstates. With the eigenfunctions at hand, thi the laser pulse is much longer than the synchrotron one,
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TABLE II. Energies and widths for some higher-lying triply excited state€R? symmetry. The basis
consists of 7507 three-electron states. The box radi®&=25a,. The number oB splines is 100, and the
order isk=9. The complex scaling angle #5=0.2. The energies are in atomic uniésu) and the widths are
in meV. For comparison we show values from Rdf7| (lines 1 and 2, Ref.[18] (lines 3—6, and Ref[9]
(last line. The term energies with respect to the?2s(?S?) ground state can be calculated by using
-7.478678 a.u. for the ground-state enefg§|.

Resonances E" (a.u) E" (a.u) I' (meV) I' (meV)
Refs.[17,18,9 Refs.[17,18,9

25%2p(°P°) —2.247 —2.2502755 146 117.147
2p3(?P°) —2.008 —2.0124242 52.7 52.14
2523p(?P°) —1.991 —1.993729 131 113.58
[(2s2p)°P,3s]2P° —1.970 —1.971507 35.2 38.80
[(2s2p)*P,35]2P° —1.875 —1.875691 98.3 105.5
[(2p2p)3P,3p]2P° —1.864 —1.865051 61.8 111.0
[(2p2p)°3P,4p]2P° —1.833 —1.834557 106 497
3s?3p(2P°) —1.0427 —1.043414 281 282

F,(t) can be assumed to be constant. The synchrotron interi-he method of complex scaling provides the appropriate dis-
sity being sufficiently weak to place the transition in the cretization of the continuum and in terms of complex scaled
perturbative regime implies that the same degree of ionizaguantities[Eq. (21)] reads

tion can be obtained at a lower intensity by making the pulse
longer, and vice versa. In our calculations, we assume that
the Li atoms interact with the light sources for the full dura-
tion of the laser pulse, i.e., from=0 until t=57,. In _ _
crossed-beam experiments the actual situation might be dif- 1 2 , (94D i 6)(i 4|DIgy)
ferent, as the transit time of the atoms through the light :§|f1(t)| Im E. E—E'—
beams might be shorter thdrr; . Pt T

The ionization width to the nonresonant backgroupg,  where, in the second line, we have introduced the full set
is calculated via the spectral decomposition of the Green’sj \ of complex scaled eigenstates &P° symmetry. The
function, as is standard in complex scaling calculations ofrime on the Greens function in Eq®1) and (22) and on
the photoabsorption cross sectif®d], the difference here the summation sign in EQ.(22) indicates that the
being that the lower triply excited state is excluded from theps22(2p°) triply excited state is excluded from the summa-
intermediate summation. For completeness, here we includgon. We have checked by comparing with the full summa-
the most important formulas and arguments in the derivationon (the full ionization width and extrapolating across the
From the definition ofy, of Eq. (A8a), we have resonance of the triply excited state, that this is a well-

- justified procedure. Again, the inde& refers to complex
_ 2_" 2 2 scaled quantities.
7l 27TEJ: ng‘”l 2 f(® 21: ngEa'J" - 19 For laser-induced coupling between two triply excited

) - ) states, we need to consider
The problem of calculating transition matrix elements at a

specific final-state energy may be reformulated by noting ~ i
that(i) the modulus squared of the dipole matrix element is a Dap| 1——/, (23
real quantity, so we may use the dispersion relation

Dy [=(aID"IE))(E|D]g)

1 2imialnte’ (e?
Yg:§|f1(t)| Im(gy|D"Gy(Eg+ w1)D|gy)

. (22

which, with the help of Appendix B, is identified with

’ ’ <5(H|,Q)E +w |D|bs9l?)E +w;+ow >' (24)
I de’<g|DT|Ej><Ei|D|9> . Foren Egroates)
T o ! EJ-—EJ-'-I—ie ' which is the dipole matrix element between the complex

scaled eigenstates belonging to the#2p(?P°) (]a)) and
(200 2s52p?(?D®) (|b)) triply excited states of Li.

and(ii) the bound-state part of the Green’s operator does not

contribute to the imaginary part in ERO). Hence the full C. Comparison with existing data
spectral decomposition may be inserted and we obtain To illustrate the quality of our results, in Table Il we
1 present energies and widths for higher-lying triply excited
2po :
—Z1f.(0)2malD TG’ (E)D|a). 2 states of P® symmetry. For comparison we als_o show re-
Yy 2| 1(OFFIm{g| (E)D[g) @D sults obtained through benchmark saddle-point complex-
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scaling calculations by Chung and Gdi7,1§ (also see Ref.  —
[9]). It is encouraging to note that our computational ap- 2
L o B 5 0.00014 |

proach, performing just one matrix diagonalization, produces
all the data on the triply excited states shown in Table Il, and &,
that the agreement with the data of Réfs7,18,9 is gener- 2 0.00010 |
ally very good: We do not sacrifice accuracy at the expense =
of being able to calculate the atomic parameters needed for's 0.00006
the time-dependent calculations. B

For further illustration and later reference, we consider 'g' 0.00014 L
the triply excited “double hollow” 3?3p(?P°) state in 4
more detail, and study its coupling with thes?Rs(?S?) 5
ground state. In a box of radii®= 20a,, with 50 B splines 2 0.00010
of orderk=9 and a complex scaling angle 6&=0.2, with =
1210 basis functions we find the ground-state energy *5 0.00006
E1s225(259)= — 7.45 a.u., which should be compared with the ) -6 6
table value of—7.47868 a.u[36]. For the triply excited
3s?3p(?P°) state we findEjs23,2p0)= —1.043 a.u.(term
energy 175.12 eV and I'352352p0)=276 meV. The mea- FIG. 2. Li* photoion yield, as a function of the detunirgy,

sured values for the S?Bp(fPo) resonance are 175.165 associated with the transition between the ground state and the
+0.050 eV for the term energy and 0:25.05 eV for the  2s°2p(*P°) triply excited state. The laser coupling the’2p(*P°)
width [9]. Azumaet al. [4] measured the $3p(2P°) reso-  and 32p*(°D°) states is@ on resonance with the transitiory
nance in the 13" photoion channel, and found'=175.25 =0), and (b) detuned off resonance by the width of the
+0.10 eV and’=0.32+0.1. Hence our values for the reso- 25°2P(°P°) state §,=I'). The full, dot-dashed, dashed, and
nance parameters agree rather well with the values reporté%“g'(l"aShed curveg correspond tp=1.4x 107Z1.4>< 1_010,1.4
in existing measurements and calculatiésese Table Ii. For X10%, and 1.4<10'* Wjen?, respectively. The intensity of the

the dipole matrix element between the?2s(?S?) and the 72~ 0 PS synchrotron pulse i=4x10° Wicn?. We clearly
see that the laser coupling induces an ac Stark splitting of the line,

3s3p(*P°) states, we findDg,=8.6x 10°% ap. And for e peak separation of which equals twice the Rabi frequency.
the g value we obtairg=3.4. We note, that Azumet al.[4]

also reported ag value, q=2.1+0.1, for the resonance.
However, these twa values cannot be directly compared
since our value ) is related to the interaction with the
one-electron continuur(states of Li) whereas the value of
Azumaet al. (g, ) is related to the two-electron continuum
(the LT channel.

the two cases. The difference in height of the peaks in the
' structures of Fig. @), and the asymmetry in the position of

the minimum with respect t6;=0 is due to the finite value

of q,, i.e., due to the slight asymmetry in the line shape of

the triply excited 2?2p(?P°) resonancein the absence of

IV. RESULTS 0.00016 | ]

Figures 2 and 3 show the Liphotoion yield as a function e e
of the detunings of the light sources for a series of intensities £  0.00014 777777 . N 7
and detunings, as detailed in the captions. In all cases stud- 5 T v ,/
ied, we see how the line shapes change drastically with the 8  0.00012 | N /
intensity of the laser coupling the s2p(?P°) and = NS /
252p?(2D°®) triply excited states. At the lowest intensity we @ 0.00010 = NSy |
have a line shape corresponding to the absence of a coupling:‘ \\\ /
between two triply excited states. As the intensity is in- - 0.00008 | I / |
creased, a double-peak structure builds up in Fig. 2, while we ) o ,/
observe a window resonance in Fig. 3. The double-peak = .

structure in Fig. 2is dug tq the ac Stark splitting as a result of 0'00006_10 -é 2 2 6 10

the laser-induced oscillation betwe¢a) and |b). At the 5. /T

highest intensity in Fig. @), the separation between the two 2o

peaks is-2.8[", and also equal to twice the Rabi frequency, FIG. 3. Li* photoion yield as a function of the detunin,
2Q,,,. Hence the photoion spectrum carries direct informa-2ssociated with thes?2p(*P°) —2s2p?(°D®) transition. The syn-
tion about the dipole matrix element between the triply ex-chrotron coupling the ground state with the’2p(*P°) triply ex-
cited states. In Fig.(®), the splitting at the largest intensity cited state is on resonancé,;&0). The full, dot-dashed, dashed,

0
is approximately equal to twice the generalized Rabi fre-2"d long-dashed curves correspond lfp=1.4x 10°,1.4x 10%,
1.4x 10", 1.4x 10" Wi/cn?, respectively. The intensity of the,

quency, 2\/. Q;b+(52/2)2- In Fig. 2a) we have choserﬁzl =10 ps synchrotron pulse Ig=4x10° W/cn?. With increasing
=0, and in Fig. 20) 6,=1I",, and we see how, e.g., the line laser intensity, the triply excited states become coupled, and a win-
shape atl;=1.4x10' W/cn? is significantly different in  dow resonance appears.
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' ' ' results are most easily realized by rewriting the denominator

0.00012 h | of Eq. (7b) as

2
85,4+ 8,)8 ~ 814 8T o+ 8,T 12
(91+8) 1_1) ge Ot &l

ab
2 4

0.00010 ]

which is valid when we have a splitting of the orderlaf or

larger, i.e., wherfal“b/4§§b<1 (which is certainly the case
of the largest intensities in Fig.))2In this regime, the split-
ting is given by the difference in the roots of the first term of

0.00006 8 _‘4 _'2 0 ) 4 6 Eq. (25), and the result X \/Q§b+(52/2)2 is readily ob-
8,/T, tained. In the case of; =0, pertaining to Fig. 3, it is seen
from Eq. (7b), that it is the sign of5,/q, which determines
FIG. 4. Li* photoion yield as a function of the detuning, the decrease/increase as a functiodofor increasing laser
associated with the transition between the ground state and tHatensity: For detunings to the red the'Lyield decreases
2s?2p(2P°) triply excited state. The laser coupling the?2p(?P°)  compared to the laser-free situation for negatiye and vice
and 22p*(’D®) states is on resonance with the transitiod, (  versa, for positivey, .
=0), and its intensity id,=1.4x 10" W/cn?. The intensity of
the ;=10 ps synchrotron pulse i5=4x10° W/cn?. The full
curve is the result of a numerical integration of E§), while the V. CONCLUSION AND OUTLOOK

dashed curve pertains to the analytical yi¥le R7 given by Eq. . .
(8), with R given by Eq.(7h) and7=10 ps. The curves differ only In _c_onclusmn, we_have presented _results_ on stlmule_lted
in the relative heights of the peaks. transitions between highly correlated triply excited states in a

fundamental system. Our findings point to a unique tool,

) o ) readily implementable with present synchrotron and laser
the lasey. In Fig. 2b) this difference is enhanced by asym- technology, for the exploration of manifolds of triply excited
metric off-resonant excitation. states and the unusual correlation properties they entail. Not

In Fig. 3 the frequencw; is on resonanceq; =0), while  only can couplings between such states be thus probed, but
the laser frequency, is varied. At the lowest intensity, no also selective study of decays into single- or double-electron
coupling to the 22p?(?D°®) triply excited state occurs, as breakup can be pursued for states lying in energy above the
demonstrated by the straight line in the figure. With increasfirst doubly excited state of ['i. For example, in view of the
ing intensity, the triply excited states become coupled, and aresented results, we can realistically contemplate the con-
window resonance appears. We note that the minimum in thtrol, in a channel specific-way, of the decays of triply excited
window moves to the left as the laser intensity is increase@tates above 151.7 eV where the phenomenon of two-step
due to ac Stark splitting. We know of no other way that suchdouble autoionization from triply excited Li via doubly ex-
coupling between triply excited states, or equivalent transicited Li* to Li*" becomes possibl11]. Specifically, the
tions exploring the highly correlated manifold of the four- €xcitation of a state like 2p(*P)3s(*P°) from the ground
body Coulomb problem, can be studied. state in the presence of a laser coupling it to an even-parity

We note that the analytical formula of EGZb) for the  Stateflike, e.g., 22p*(*D®)] which decays predominantly to

o ; R
photoion rateR accounts for the variations in Figs. 2 and 3in L~ would single out that route of decay of the initially ex-

h K be limit 0 1), Inf he diff i th cited resonance, instead of the multiple cascade that it would
tgw_ea -probe '.m|t@9a< ). In aCt'F € dirterence INthe  otherwise follow. The requirements on pulse durations and
Li™ yield as obtained from the numerical integration of Eq.

X ; is hardlv visible in Fi intensities for laser and synchrotron sources are well within
(5) and as obtained from E) is hardly visible in Figs. 2 4,5 range of recent and ongoing experiments on such states.
and 3. Figure 4 gives a representative example. We see thalher calibration of the possibilities is provided by ob-

tEe r(_aslglts Of. the Sumeric?l in;c]egration O_f Hg) e}nd from servations of analogous transitiofa much lower excitation
the yield as given by EdB) or the appropriate pulse param- energies between doubly excited states in a two-electron
eters as detailed in the caption, do only differ in the relative Xstem(Mg) [37].

0.00008 ]

Li" yield [arb. units]

heights of the peaks. As seen from Fig. 2 and as discussed TQ'

detail above, the distortion of the line shape evolves into a
double-peak structure at sufficiently high laser intensity. A ACKNOWLEDGMENTS
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de Ve, I (A6b)
SIE fw—E.; gt ws— Es ,'

APPENDIX A

This appendix gives explicit expressions for the atomic
parameters entering Eq%3)—(5). Due to the vanishing
continuum-continuum couplings the contributions from theandws= w; for s=a while ws=w;+ w, for s=b. The auto-
different continua add incoherently, as shown in the formulagonization widths are

to follow.
The laser-induced shift of the ground state is r=>Tr,, s=ab, (A7a)
Sg:; Sy, (Ala)  with
with Tgi=2m|Vee [% (A7)
)|2 andEg;=Eg+ ws.
S J dE, (Alb) The |on|zat|on width ofg) to the nonresonant part of the
J JE +w1 Eaj continuum belonging to the autoionizing state, with a dis-

crete part given bya), is
The light-induced shift ofa) is part g ¥a)

= . (A8a)
Sa=§k: Sa ks (A23) 7 2 7o)
_ with
with
— 2
e, 0i =270, (A8b)
b,k
Sa k= Pf dBokE 7 01+ 0y—Epy (A2D)  andE,;=E,+ ;. The ionization width ofa) to the non-
¢ ’ resonant background of the autoionizing state, with a discrete
The light-induced shift ofb) is part|b), is
$=> S, (A33) Ya= 2 Yak: (A9a)
J
with with
|Qe, | Yak= 27 Qag, 2 (A9b)
sb,:Pde,-—a'. (A3b)
. 2! Eg+wl_Eaxj andEbyk: Eg+wl+w2.

The laser-induced shift due to the two-photon coupling of ro-m% :?fnsﬁst;)urlomlgig}nOle:gtetowit:;]e dg%?éiscaﬁits back-
|g) and|b), via the nonresonant part of the continuum be- 9 9

longing to the autoionizing states with discrete gait, is

Yo= EJD Yb,j (A10a)
Sgbzz Sgb,j - (Ada) _
] with
W|th ’yb’]:27T|QbEa’]|2, (AlOb)
dE Qeajp (Adb) andE, ;=Eg4+ w; The corresponding ionization width into
Sgb,j = aiE +w1 Eaj’ the nonresonant continuum due to the couplingg)f and
|b), via |E, ), is
The positions of the resonances are
El=Es+F,, s=ab, (A5) ng=; Ygb,j (Alla)
where the self-energy shifts are with
FSZE Fsvi ' (AGa) ygb‘jZZWQgEa’jQEa’jb, (Allb)
I
andE, j=E4+ ;.
with The Rabi frequency of theg)—|a) transition is
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Qge. Ve which, to make the connection to complex scaled quantities,

Q=0 2i“ai? is rewritten as
ga— ga+P; dEa'jm. (A12) | WIl
g [¢]
i i Hon i F D|Eaj><Eaj|V
The generalized Rabi frequency of the — |b) transition is Dga=(9| D+, f dEj=————|]a)
j Eg+w1—Eaj
~ VaE -QE b
Qap=0up+ P>, dea,jM _ f |Eqp)(EqjlV
’ Fot o1 Ba (gl 1+ 9B E oy 2

QaEbYkVEb‘kb
OBk E Tt wp—Epy
gT W1 T W2 b,k

(A13) =(9ulDlafle + up): (B2)

+P2kf

The Fano parametd27] belonging to the autoionizing
state with discrete patt) is

with |a((,Ff()Eg +uy) the complex scaled wave function of the

triply excited 2?2p(?P°) state. For the coupling between
two triply excited states £2p(?P°) and X2p?(?D°®), the
0 quantity which enters in our theory is

22 , (A14)

Qa=
77( 2 QgEa,jVEa,ja

~ i
Dip= Dab( 1- q—), (B3)
ab

which, to make the connection to complex scaled quantities,

with E, j=Eg4+ w;. Note that, in the case of only one con- is rewritten as

tinuum, the simple relation

V|E4 /(Eqi|D
2 ga j Eg‘l’ wq Ea]
S (A15)
e +S [ ae D|Epi(Epil V b
follows directly from Eq.(A14) and the corresponding defi- " bkEg+ w1+ w,— Epy )
nitions of the widthsl',, y, [see Eqs(A7a) and (A8a), re- EL ) (E.|
spectively. The generalized Fano parameter for ta _ VIEaj)(Eaj
—|b) transition is =(al 1+; dByj Egt - Eq D
Qap f | Epi)(EnklV
Qo= . (A16) X102 | dBag oy By P (B4

7| 2 Vag Qe b+ > Qe Ve b
j ek Bl TRk where the= sign signals that we have effectively introduced

, . , , an extra term
where the first term in the denominator is evaluate& af

=E4+ wy, and the second is evaluateg y=E4+ w;+ w,. 5 f JE V|Eaj){Eaj| DIEpk)(EnlV
a

dE .
< K (Eg+ 01— Eg)) (Eg+ w1+ 03— Epy)
APPENDIX B (B5)

This appendix examines the connection between complexhe term of Eq.(B5) is expected to be very small and, in
scaled wave functions and the atomic parameters need f@sct, consistent with our approximation neglecting

the solution of Eq(S). Here it is convenient to work directly - continuum-continuum couplings, it is set equal to zero. From

with the dipole matrix elements. Eq. (B4) we may now make the identification
The matrix element of interest for the coupling between
the 1s?2s(°S°) ground state and thes22p(?P°) triply ex- D§b=(E(;‘()Egmlﬂleff()Egmlmz)}, (B6)
cited state is
. which is the dipole matrix element between the complex
DF =D (1_'_) (B1) scaled eigenstates corresponding to the#2p(°P°) and
S R« 2s2p%(?D®) triply excited states.
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