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Effects of spontaneous emission on nondispersing wave packets in two-electron atoms
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We investigate the Rydberg wave packet dynamics of core-driven two-electron atoms with the density
matrix formalism. The spontaneous emission of the core transition is included. We show how it modifies the
dynamics of radial Rydberg wave packets, which are nondispersing, but slowly decaying in the absence of
spontaneous emission. Although our considerations apply to all two-electron atoms, we focus on the experi-
mentally convenient element calciuf$1050-294{®8)07003-§

PACS numbes): 32.80.Rm, 32.80.Dz, 42.50.Ct

[. INTRODUCTION was examined by using amplitude equations and thereby ne-
glecting the spontaneous emiss{dn. This approximation is
In the last two years, the suppression of dispersion ofalid as long as the radiative lifetime of the core
radial Rydberg wave packets in two-electron atoms has been
proposed and investigated theoreticdlly2]. The basic con- r(a.u)=1T(a.u) @)
cept is the_application of two laser pulses: a short one exqitrs long compared to the Kepler period
ing the radial Rydberg wave packet and a second one driving
the core after the excitation. This technique is sometimes Ta(a.u)=~2m(v)3 2
called isolated core excitatiofiCE) and its effect on wave
packet dynamics has been the subject of many recent publi7], wherel is the decay rate of the core transition and
cations[3—6]. The core resonant field causes Rabi oscilla-the mean gquantum number of the wave packet. In order to
tions between the Rydberg series, to which the wave packeget a feeling for the orders of magnitude involved, let us turn
is excited originally, and an upper lying autoionizing Ryd- to the example of calcium with its decay rate=3.79
berg series. Nevertheless, autoionization hardly occurs, if th&10™° a.u. (see Appendix The corresponding radiative
Rabi oscillation and the Kepler-like motion of the radial Ry- lifetime 7=6.38 ns is much longer than the Kepler period
dberg wave packet are synchronized in a proper way, that i§,,~20 ps of a wave packet centered aroynd=50, and
if the core is in its ground state whenever the Rydberg wavéhe problem can be treated without caring about spontaneous
packet is at its inner turning radius. At that moment, auto-emission. This effect is important only for much higher mean
ionization is impossible, since the atomic energy is below thejuantum numbers where the Kepler period is comparable to
first ionization threshold. On the other hand, whenever th€or even exceedghe radiative lifetime of the core transition.
Rydberg electron is sufficiently far away from the core, theBut the latter case is the more interesting one, as soon as the
configuration interaction between electron and core is weaklassical features of Rydberg atoms are considered.
and the atom hardly autoionizes, even if the core is in its Thus a thorough investigation of the phenomenon includ-
excited state. Conditions for the required synchronization aréng spontaneous deexcitation of the core is desirable. It re-
a good timing between exciting and core resonant lasequires the extension of our previous formalism so as to in-
pulse, and the choice of the Rabi period as a small integetlude this mechanism, as well as a realistic calculation for
multiple of the Kepler period. The stabilization of the Ryd- the quantitative assessment of the importance of the effect in
berg wave packet against dispersion can now be understo@dspecific context. The issue has also been raised and inves-
in terms of the necessity to fulfill the timing condition; i.e., tigated by Zobay and Albd2], whose formulation in terms
when the wave packet broadens, the tails are no longer syf multichannel quantum defect theofMQDT) required a
chronized and therefore undergo autoionization, whereas tHdonte Carlo type of approach since their equations were cast
center is still well timed and therefore almost unaffected byin terms of the channel wave functions. We have chosen to
autoionization. Thus it is understandable that the setup undeeneralize our previous approach, which was cast in terms of
consideration leads to slowly decaying, nondispersing Rydthe resolvent operator for the wave function, by deriving the
berg wave packets. corresponding set of density matrix equations into which
It is now important to ask how this effect is influenced by spontaneous decay can be incorporated relatively straightfor-
the spontaneous emission of the core transition. Semiclassivardly. As we shall see later on, the number of the necessary
cally speaking, the spontaneous emission of one photon at afifferential equations is quite reasonable, presenting no par-
arbitrary moment destroys the above mentioned timing, byicular difficulty in their numerical solution. In addition to its
changing the phase of the Rabi oscillation. Consequentlyrelevance to the problem at hand, this set of density matrix
spontaneous emission of the core transition is expected tequations represents a master equation in which two incoher-
have a negative effect on the stabilization of the Rydbergnt mechanism&eservoir$ such as spontaneous decay and
wave packef2]. Nevertheless, in a first approach the systentransitions to the atomic continuum coexist. This approach is
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possible here only because autoionization can be formulated
in terms of discrete states and the respective continua to
which they are coupled. And it is the isolated core excitation
arrangement of the problem, which creates a series of sepa-
rate resonances, that allows such a treatment. The additional
cross coupling of these resonances by the laser is also readily /
included in the equations.
At this point, it is relevant to recall earlier work, almost 3d+e”
20 years ago, in which the question of interference between
radiative emission and autoionization in the decay of atomic
states excited above the first ionization threshold was formu- Z
lated and discussed by Armstrorgal.[8]. At the time, the A
authors recognized that such phenomena would be of rel- !
evance only in stripped ions of relatively highwhere au-
toionizing and radiative lifetimes become comparable. For |
neutral atoms, however, typical autoionizing lifetimes, at I
least of states normally within experimental resolution, are |
1
1
I
I

4p+e”
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much shorter than radiative decay, unless of course one con-
siders autoionizing states involving at least one electron at an
orbit of very high principal quantum number, say=200,
which is practically unattainable spectroscopically. What
makes our problem relevant to neutral atoms is the involve-
ment of a wave pack_et and r_‘Ot of a Slngl_e a_ut0|0n|Z|ng state. kG, 1. Level scheme of calcium with the relevant interactions:
Spectroscopically, this requires the excitation of a band Ofjashed arrowb,,; straight arrowsD; curved arrow:V.

high Rydberg states which is readily accomplished experi-

mentally. If it became possible to resolve single autoionizin
states of sufficiently highv (see also discussion in Sec.)]ll

then the considerations of R¢8] would be of experimental ; : . L ; .
Since calcium is a promising candidate for experimental

relevance even for neutral atoms, investigation of the effecfl5], we will focus our attention
Another difference between that work and the present pa- ug . ’ . ; .
e . . : on this alkaline earth element. Referring to calcium, Fig. 1

per lies in the intention. Here we are concerned with the

interplay between a wave packet and two reservoirs and nﬁh?jvt\)lzrthgts[g;und— ;[2@>_a|r$(‘jlst)h(>a, ;hteo_gg.n a#to:::)nézt;r;?
with the features of the spectra of the emitted photons an y 9 v)=|4svp) utoionizing Ry 9

electrons which was the chief concern of R]. Our for-  States v)=[4pvp), as well as the relevant continuum states
malism is nevertheless capable of dealing with those quege;)=[4s+e (e )), [c)=[3d+e (&), and |c)

tions as well and is in fact more general in that it includes a=|4p+e~(e;)) with the corresponding free electron ener-

manifold of states and the respective continua. Having injies e, ,and e. A special feature of calcium is the auto-

e_lddmon the ma_ster gqu.atlo.n, one can deal W'th.the ImIOIICa|'onizati<')n of the upper Rydberg series into two independent
tions of the Rabi oscillation in driving the autoionizing states

; . continua, namely, the sicontinuum |[c;) and the
strongly and its effect on the spectra, if one chose to do SO%%d-continuum|cz>. Our formalism, which is introduced in

In that respect, our work is also related to papers tha kes th f. . lina lofs .
appeared in the early 1980see, for example[9,10], and Sec. II, takes the configuration coupling |of) to two inde-

references thereinwhose concern was the inclusion of ra- pendent continua into account and is therefore appropriate

diative decay in strongly driven autoionizing states. Mastef©! calcium. For our numerical calculations, shown in Sec.
equations were also formulated in those papers which ad!!’ we used values that are reasonably accurate in the case of
dressed the effect of strong driving on the photoemissiorf&ICium-

spectra. Again the difference in our work is that we deal with

manifolds (instead of ong of autoionizing states and the Il FORMULATION

wave packet aspects.

Thus in some sense our work unifies and generalizes the In this section we outline the derivation of the density
above discussed earlier papers, in addition to providing anatrix equations describing the dynamics of the ground state
realistic and quantitative context to assess the possible re&nd the Rydberg states.
evance of those earlier formal considerations to present-day The Hamiltonian of the system consists of the atomic
experimental possibilities. It may be useful to remind thepart ~ Ha°™ whose eigenstates are {|n)}

reader here that even the effect of the strong driving on au= {|g>,{|y>}'{|v_>}'{|cl 2}},{|c_>}}, the configuration cou-
toionizing line shapes was observed for the first time onlypling Vv, and the time-dependent interactioB$(t) and

is interesting to ponder when the interplay between photogyr calculations by considering the Liouville equation
electron and photoemission spectra might be observed. Our

discussion of the relevant lifetimes in Sec. Ill does provide a _
guantitative frame of assessment. These are in fact issues we iip=[H,p]=[H¥*™V+D®+D,p] 3

(4s)?

Sntend to discuss in a separate publication not dealing with
wave packets, which is our main concern here.
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for the atom coupled to the external fields and expanding itn dipole approximation and by applying the rotating wave
in the full basis of state§|n)}. This procedure gives a sys- approximation. In the resulting system of equations the con-
tem of first order differential equations for the correspondingtinuum is eliminated adiabatically17,1§. Thus we obtain

density matrix elements. The introduction of the spontaneouthe integrals
emission of the core transition with rakeyields
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where E,=(n|H?*°"n) denote the atomic energies and o, €+ > lim f dc; [l _
00, v, is the Kronecker symbol. In order to save space, the =12 0 E, + _Ec,-+'f
parts of the equations which contain the coupling to all the
other populations and coherences and where the matrix ele- - i
mentsVy, n,, Diry, » andDy, ,, appear are not written down =:0,,,| 1- —q_ , (7¢)
here. In pr|nC|pIe one could derive the way enters the it
equations by considering the vacuum field as well. But this i§yhere we used the well-known formula
a well-known procedurgl6] and needs not be repeated here.
The above equations imply that it is convenient to change to 1 1
slowly varying density matrix elements LoE Tho—E tie T’E,,+ﬁw— E
_ fop .t i
U”lnz_pnlnzel vz 5 —imd(E,+hw—E,) (8

with  w,,, being one of the frequencies out of to split up the corresponding integrals into their real and
{0,065, @, Wex+ @, wey+ 2w} Which is nearest the energy dif- imaginary part13] and whereE, is an average energy
ferenceE, —E,,. Let u, n, be the dipole matrix element within the manifold of the Rydberg states. Discussion in
between the Statdﬂl> and|n2> and £(t) and &(t) be the ~ more detail of such integrals coupling discrete states to each
envelopes of the exciting and core resonant laser pulse§ther via continua can be found in R¢L7]. There are also
Thus the system of equations can be simplified by WmmgSImHar integrals with slightly different denominators: either

the matrix elements E, is replaced byEy+7iwey, Or E,+7%iw is replaced byE;~
+|F/2 In the first case we make no further distinction, since
Dﬁxnz(t) = Mnlnz[geX(t)e—'wext+ c.cl, (6a)  We assume thdy+fiwe,~E, for all significantly populated

stateg v). In the second case the quantities belonging to the
_ ot integrals with a larger imaginary part of the denominator are
Diyn, ()= ptnyn [E(DET+C.C] 6D marked by a tilde. Defininglﬁ’l‘nz 1= pn,n, £ we obtain
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This system of equations for the slowly varying density ma-
trix elements is now ready to be investigated numerically.

Ill. RESULTS

In the following, some of our results concerning calcium
are presented.

In order to examine the atomic dynamics, we integrate the
above equations numerically with the initial condition of the
whole population being originally in the ground state. We
choose the numbeX v of included quantum numbers around
(v) such that the inclusion of any further level leaves the
results unchanged. In our particular calculations, whose re-
sults are shown below »=55 levels are taken into account
and therefore a system of A2+ 1)2=12 321 real equations
has to be solved. Concerning the laser pulses, we use a
Gaussian-shaped envelof&(t) centered arountd=0 with
a widthAt=T_/3 for the exciting pulse and a Heaviside step
function £(t)=&,0(t—T,) for the envelope of the core
resonant pulse. That is, we assume that the core-driving laser
field is, for the purpose of this investigation, switched on one
Kepler period after the maximum of the exciting pulse has
been reached and then stays constant. The exciting pulse is
tuned to the energy difference between the stéggsand
[(v)), i.e., wex=(E(,y+ S,y —Eg)/% and the core resonant
pulse to the energy difference betwdén)) and|(v)), i.e.,
o=(E+S—E(,y— S(,))/A. The intensity of the core
resonant laser is chosen such that the stabilization effect is
maximal, i.e., that the Rabi period matches the Kepler pe-
riod. All other parameters, which are used in order to obtain
the graphs shown, are listed in the Appendix. Of course, in
experiments, pulsed lasers of appropriately longer duration
will be used for the core transition as well, as has been dis-
cussed in1].

Figures 2 and 3 refer to a wave packet which is originally
excited arounc{ v)=50. We obtain optimal stabilization for
£,=2.04<10"® a.u., which corresponds to an intensity of
I =0.58 MW/cn?. In Fig. 2 the spontaneous emission of the
core transition is neglected, that E=0. Since this is the
same assumption as ji], graph 2 is similar to the results
shown in that paper, although we have included here the
configuration coupling of the upper Rydberg series to a sec-
ond continuum. The total population of the wave packet, i.e.,
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populations (arbitrary units)
populations (arbitrary units)

-5 0 5 25 -10 0 40 50

FIG. 2. Population of the wave packéull curve) and total
population of the lower Rydberg seriédotted curvein the case of
(v)=50 andl'=0.

FIG. 4. Population of the wave packéull curve) and total
population of the lower Rydberg seriédotted curvein the case of
(v)=200 andI'=3.79x 10" ° a.u. For comparison, the population
of the wave packet in the cage)=200 andl'=0 is also plotted

the sum of the populations of all Rydberg states, shows th&lashed curve
following behavior: After the core resonant laser pulse is
switched on at=T, the total excited population decreasesAs one can expect from the small rafig,/7~3.1x 103,
fast in the beginning, which means that parts of the wavdhe effect of spontaneous emission is small: the decay of the
packet are autoionized until the shape of the wave packet ital population of the Rydberg series is slightly faster than
consistent with the above explained scheme of synchronizan Fig. 2, but the wave packet is still stabilized during many
tion between wave packet and core dynamics. After a fewKepler orbits.
Kepler periods, the stabilization effect reaches its full extent In contrast, Fig. 4 shows a wave packet w{th) =200,
and we observe only very little autoionization. The coher-whose Kepler period,~1.2 ns has the same order of mag-
ence between wave packet and core dynamics is reflected imitude as+ and leads to a considerable size of the ratio
the total population of the lower Rydberg series which showsl' ./ 7~0.19. In this case optimal stabilization is obtained for
a structure similar to one collapse and one half revival within§,=2.93<10"8 a.u. (=0.12 kW/cn?). The most striking
a period of 1/, whereT,,~2(v)Ty/3 is the wave pack- difference in comparison to Figs. 2 and 3 is that the popula-
et's revival time[ 7], approximately 3B, in our case. Figure tion of the wave packet decays much faster as soon as spon-
3 refers to the realistic decay rafe=3.79x10 ° a.u. of  taneous emission of the core transition is taken into account,
calcium (see Appendix where the radiative lifetimer  that is, autoionization is no longer suppressed effectively.
=6.38 ns is much longer than the Kepler peribg=20 ps.  This result is in good accordance wi{tB], where the param-
eters chosen for the numerical example they examined cor-
respond to the cas&,/r=0.2. Additionally, we wish to
focus attention on the fact that in Fig. 4 the structure of
collapses and revivals in the total population of the lower
Rydberg series disappears after several Kepler orbits and
gives way to an incoherent, statistical superposition of the
ground and the excited state of the core. This reflects the fact
that the spontaneous emission of the core transition intro-
i duces a stochastic component, thereby destroying the coher-

populations (arbitrary units)

-5 0 5

25

ence between wave packet and core dynamics. There is no
longer a fixed phase relation between the Kepler-like motion
of the wave packet and the Rabi oscillation of the core, and
stabilization due to judicious synchronization is no longer
possible.

IV. CONCLUSION

We have recast the results [df], concerning nondispers-
ing radial Rydberg wave packets in core-driven two-electron

FIG. 3. Population of the wave packéull curve) and total
population of the lower Rydberg seri@otted curvein the case of ~atoms, by using the density operator formalism. Starting
(v)=50 andl'=3.79x 10" ° a.u. For comparison, the population of from this, the spontaneous emission of the core transition has
the wave packet in the cagg))=50 andI'=0 is also plotted been included. We showed that it destroys in general the
(dashed curve coherence between the wave packet and the core dynamics
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and therefore has a negative effect on the stabilization of the y4—SEO.135Qv_—2.00)‘3, (AB)
wave packet against autoionization and dispersion. But we v
saw also that the magnitude of the influence of the sponta-
neous emission depends strongly on the ratio between Kepler
period T, and radiative lifetime of the core transitian In
our concrete example of calcium, the inclusion of spontane-
ous emission has proved to be important only for very hig
mean quantum numbers of rougKly)>100, where the Ke- T~y = 554 43 (A8)
pler periodT is sufficiently large. It would nevertheless be vyt v

interesting to contemplate experiments even in that regime, ~___ 4s, 3d
as they would address a rather novel situation in which a Yo=Y =YY
wave packet interacts with two reservoirs.

y¥=0.1247v—2.00 3, (A7)

and the formulas used to determine the remaining atomic
arameters

(A9)

_ 3,2
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APPENDIX: ATOMIC PARAMETERS (A12)

Most of the atomic parameters appearing in our equations Q,, Q,,

were determined by performing atomic structure calculations 1z 12 (\/ 7437;4}5 \/73dy§d (A13)
for small and moderate quantum numbers and by extrapolat- [P 2 2
ing the obtained values to higher quantum numbers via QDT
formulas. As we do not want to occupy too much space by o o
listing all the numbers used in our numerical calculations, we itz itz — YAy [R3) (a14

; . = ( Vo, Yy, (Al4)
confine ourselves only to the extrapolating QDT formulas

Uvywy,  Oupr,
E,+S,~E,+S,=—0.436 278 5 0.5 v—1.84 2, . o a1 -

(WD e e s )
E,+S,~E,*+S,=—0.3208206-0.5 »—2.00 2, B Qo Qo Qo

(A2) +¥* 9%, (A15)
Mog= g, =1.7434v—1.84 37, (A3)  where ug=2.18. All of the above numbers are given in
4s 5 3 atomic units. Although we do not claim high accuracy, these
Y, =7&(v—1.84 7, (A4)  values are reasonably good for calcium, especially for the
34 ) s design of experiments, and are also compatible with experi-
, =4&(v—1.84 77, (A5)  mental data where availabje0—23.
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