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Selective-field-ionization dynamics of a lithiumm=2 Rydberg state: Landau-Zener model
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The selective-field-ionizatiofSFIl) dynamics of a Rydberg state of lithium with magnetic quantum number
m=2 is studied in detail based on two different theoretical moddlsa close coupling integration of the
Schralinger equation an®?) the multichannelincoherent Landau-ZenetMLZ) model. Them=2 states are
particularly interesting, since they define a border zone between fully adiabat® (1) and fully diabatic
(m>2) ionization dynamics. Both sets of calculations are performed up to, and above, the classical ionization
limit. It is found that the MLZ model is excellent in the description of the fully diabatic dynamics while certain
discrepancies between the time dependent quantal amplitudes appear when the dynamics become involved.
Thus, in this region, the analysis of experimental SFI spectra should be performed with care.

DOI: 10.1103/PhysRevA.67.053402 PACS nuniber32.80.Rm, 33.80.Rv, 33.60q
I. INTRODUCTION genic ionization limit(the nonclassical ionization linit at
much higher fields.
The method of selective-field ionizatiaiSFIl) has been Recently, it has been pointed out tHat|=2 states may

studied thoroughly both theoretically and experimentally foralso have an adiabatic compongA8]. A “mixed” dynam-
several decaddd,2]. SFI methods are now mature and well ics, as suggested here, will then require particular care in the
known experimental procedures to measure detailed quantanalysis of the spectra and from a theoretical point of view
state-to-state dynamics. The method is in particular usefihe validity of simple models should be investigated in de-
for characterization of the population distribution of highly fil- Most theoretical attempts to study the SFI process have
excited states in atoms and molecules. Intrashell dynamics (€N carried out in the extreme case where the evolution
hydrogenlike Rydberg atoms in weak electric and magneti@ecomes purely diabatic or adiabatic after a few avoided

fields[3,4], collisions between slow ions and Rydberg atomsCrossings. However, a few more thorough theoretical works

[5], manipulation of quantum entanglement of atoms ancp"?“/(.e been dO”‘? on the systgiB, 9], but they are all tr_eated
) . . within the multichannel Landau-ZendéMLZ) approxima-
photons in a cavity6], and, more recently, observation of

cold antihydrogeri7] are examples where the SFI techniquetlon

. . T.he main purpose of this paper is to carry out a first
has been used to characterize the Rydberg level pOpUIatIOI?jetailed studypof IEt)he dynamicspofpvariouszz states of the

The pr|n(_:|ple of SFI is _szlmply to expose th? R_ydberg Li (n=25) Stark manifold when exposed to a realistic time-
atoms to a time-dependent increasingmped electric field.  yenendent increasing electric field. The degree of
Depending on the specific state, atoms in different quantumgiapaticity/diabaticity of these states is studied in detail and
states will ionize at different field strengths. The electronse results of the MLZ model are confronted wib initio
are accelerated by the field and hit a detector, which producgme-dependent quantal calculations. The behavior of such a
a signal. In this way a SFI spectrum as a function of the fiellcomplex quantum system and its route from a localized
(time) is plotted. In alkali Rydberg atoms, which are used inpound state towards breakup is interesting in its own right.
most experiments, the level crossings between low angulafowever, in the present study the main motivation is to in-
momentum states show avoided crossings in the region Gfestigate the dynamics of the transition zone between fully
intern mixing in contrast to the exact crossings in hydro- diabatic and fully adiabatic field ionization in relation to the
genic Rydberg atoms. With a typical ramping field interpretation of experimentst]. Atomic units ¢;=e=m,

(400-1000 V/cmys) one usually considefsn|=0,1 states  =1) are used throughout except where units are given ex-
of lithium to traverse the avoided crossings adiabaticallypiicitly.

whereas|m|=2 states pass the crossings diabatically. The

SFI technique does usually not distinguish between 0 Il. THEORETICAL MODELS
and m==*1 states since they for all practical purposes .
traverse the avoided crossings adiabatically with the field A. Numerical model

ramps specified above, and field ionize at the classical ion- The Hamiltonian of a pseudo-one-electron alkali-metal

ization limit E~(16n%) ™! a.u. This is sometimes referred to Rydperg atom in a homogeneous time-dependent electric
as adiabatic field ionization. But the technique clearly distin-ie|q is given by

guishes these states from>2 states, which traverse the
crossings plainly diabatically and field ionize at the hydro- H=Hy+V(r)+F,(t)z, (1)
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whereHy=—V2/2—1/r andV(r) are the unperturbed hy- part of the matrix element is straightforward calculated by
drogenic Hamiltonian and the perturbation due to the coreysing the Wigner-Eckart theorem for spherical harmonics
respectively. Spin-orbit effects may safely be ignored for thg 17], with the well-known result,

lighter Rydberg atoms, i.e., for H, Li, and N&,10].

The core potential is set up by the induced correction to
the Coulomb potential resulting from the interaction between
the excited electron and the inner shell electrons. The pertur-
bation is assumed to be significant for low angular momenThe radial part of the dipole matrix elementsl|r|n’l
tum states only, since high angular momentum states are pre-1), is either found by direct numerical integration or is
hibited from penetration into the core region. In the coregiven in terms of the hypergeometric functiéi{a,b,c,d)
region the effect on the Rydberg electron is a more strongly18],
attractive force, which mainly accounts for a positive phase

|2_¢n2 1/2
(2|+1)(2|—1))

(6)

(Im|cosé|l —1m)=

shift of the hydrogenic radial functiorid1]. For highly ex- (=)™ [(n+1)1(n" +1-1)!
cited states of the field free Hamiltonian the radial functions (nl|r|n’l —1)= PTETEERY -
outside the core are accurately described by the Bates- ( N (n=1=1(n' =)

Damgaard-type quantum defect radial wave functiptg. Sl s nen’—21-2
These functions are basically hydrogenic wave functions X(4nn ) (n=n")

with the nodes phase shifted inward. The field free energy (n+n")nn

levels are modified according to

4nn’
1 X|Fl =n+l+1-n"+12, - ——
- _ n—n’

Wnl 2(n_ 5n|) ’ (2) , ( )
whered,, are the so-called quantum defects, which break the _[h=n Fl —=n+1—21,—n"+1,2,
degeneracy of the energy levels. For higtalues the quan- n+n’
tum defects become almost energy independl&yit3], and ,
for the Rydberg states of lithium the nonvanishing quantum - 4nn @
defects take the valuefl] 8,=0.3995, 5,=0.0472, 54 (n—n")?/ |

=0.0021, andj;=0.0003.
Because of spherical symmetry of the core potential therhe formula is valid fom=n’. Within one principal shell
wave function may be expanded in hydrogenlike wave functhe expression is in particular simple,
tions in the region outside the cof4,10,14. In the present
work it is more suitable to choose an expansion in ordinary (nlr|nl=1)=—3nyn?-1° (8)
hydrogenic wave functions,
Since the core potential exclusively couples states of egual
\P(r,t)zE Coim(DR(N)Y (6, ), 3) quantum numbers due to the spherical sym_metry of fche po-
nim tential, and since the operator obeys thAm=0 selection
rule, it is sufficient to expand the Scliinger equation on a
to take advantage of known procedures for analytic calculahasis set consisting only of states identical to the initiah
tion of matrix element§l15]. The wave function expansion is vajues.

inserted into the Schdinger equationi(d/at)¥(r,t)
=HW(r,t), leading to a first-order coupled matrix system of

. . - B. Analytical multichannel Landau-Zener model
equations for the expansion coefficierntg,m(t),

The dynamics will be compared with an incoherent MLZ
model[19]. Let P(t)=[P4(t),P,(t), . .. ,Pn(t), ...] be the
probability distributions on the eigenstates at each tirnde
a bookkeeping device the probability corresponding to each

. Sstate is chosen to be ordered with increasing energy,in

couplings1,16], i.e., the state with lowest energy always comes first in the
vector. We use the hydrogenic parabolic stdtes;n,m)}

5) as a basis set and calculate the couplings by forrfiila

Al
|ac—M(t)c. (4)

Within the first-order perturbation theory the core induce

|
/n3n/3

between the hydrogenim spherical states with the sarhe
andm quantum numbers. This approximation is excellent for
the highly excited states of interest in the present work. =4

(nIm|V¢(r)n’I’'m’) = 81 Sy »

(nnynom|Ve(r)[n"ninsm)= 2 (nnyn,m|nim)

The nonvanishing matrix elements of theperator fol- X—===(n"Im[n"nn;m).
low within the dipole approximation the selection rul&s nn
=+1, Am=0. Sincez=r cosé=/(47/3)rY 1, the angular 9
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The crossing times; (i.e., the times where the diabatic en- too
ergy curves crodsfor each Landau-Zener crossing, and the Psur,=€xp — Jt rt)dt’|. (14
information about which two states that cross at eaclare 0
found from the expression for the eigenenergies within
second-order perturbation theory in the electric fidld], . RESULTS
1 3 1 The electric field is ramped linearly from an initial field
[ _ A4 242
W(n,ny,n,,m)= 2nz+2n(nl n,) yt 6" vt F(t)=Fo+ 11, (15)
X[17n?—=3(n;—n,)?—9m?+19], where F, is chosen arbitrarily but weak enough to avoid

(10 intershell mixing, i.e.F,<1/3n°. For the present field ramps
the spin-orbit effects at zero field are ignorakilg, henceF,
wherey is the slew ratéslope of the electric field. Letp; ~ can likely be put to zero. Four different values of the ramp,
(P;) andP/ (P/) be the population probability of the adia- ¥~ 100,421,1000, and 10,000 Vicpé, have been tried.
batic state () before and after the crossing point is passed,These values correspond to relatively slow to ultrafast

respectively. The Landau-Zener model then gives switching with respect to experimental applicable ranges.
For field strengths less than 1000 V/cm and with the initial

P/ 1-P,, P, =3 population distribution within thex=25 manifold, the en-
L= )( ) (11 ergy spectrum of the system appears to be sufficiently con-
P; Pz 1-Piz/\P; verged for a basis set including the manifolds from 21 to

n=40. It may seem strange and even wrong to solve this
huge and complex system numerically by using a basis set
only including bound hydrogenic states since the eigenstates
that decrease in energy with increasing field, in fact, are con-
tinuum states immediately after the field is turned on. What
saves us is that, despite being continuum states, they behave
as bound states all the way up to the classical ionization
limit, i.e., in the energy regioh23],

where P, is the two-state Landau-Zener probability for a
diabatic passag@onadiabatic transitiorthrough the cross-
ing points. The two-state probability is given [30],

PLZ:e—Zw(d%), (12)

wherea is the absolute difference in slope of the two diabatic
eigenenergy curves at the crossimglculated from the de-
rivative of Eq.(10)], andd is the coupling from Eq(9). 3
Within the first-order perturbation theory in the field bath W= —2F+|m|F¥+ —m?F. (16)
andd are constant, i.e., an almost ideal situation for applica- 16

tion of the Landau-Zener model. Thus, one should be aware that the calculations may be less

accurate in the region close to the classical ionization limit.
For further details on the discussion of the applicability of

Since our basis set only includes bound states, the numeriising a truncated basis set see Ri].
cal solution of the Schidinger equation does not automati-  Figure 1 shows the quantum dynamics of the parabolic
cally give any information about the field strength needed tcstates [nn;n,m)={252301 and |nn;n,m)=|252103
ionize the states. To obtain an estimate of the ionizatiodor a 421 V/icmjus field ramp. It is clearly seen that the
probability we use the semiempirical formula for the ioniza-m=3 state follows a completely diabatic development,
tion rate of hydrogen derived by Damburg and Kolo§®%], = whereas the time development of the=1 state is plainly

ot il adiabatic. In the latter case the population spreads out to a
r= (4R)""2 ex;{ band of states. The formation of a narrow band can be un-
n3n,! (n,+m)! derstood from the Landau-Zener modelRs, rapidly falls
to zero in the region outside the adiabatic state in the center
) 53 of the band. All states in the band will ionize near the clas-
+46n,+ 7m°+23m+ 3/ (13 sical ionization limit, whereas the stdt5 21 0 3 ionizes at
the hydrogenic ionization limit at very strong fields.

whereR=(—2W)*%F andF is the electric field. The Stark ~ Now turning to them=2 case we display in Fig. 2 the
energyW is calculated by a perturbation expansion up totime development of the initide5 22 0 2 state for the same
fourth order in the field22]. They claim that this formula is parameters as in Fig. 1. Here, a mixed evolution, which is
correct within a precision of a few percent for the thresholdneither diabatic nor adiabatic, is observed. The first crossings
field for ionization of the different states. This accuracy iswith the states belonging to the principal shell above are,
more than sufficient for the present analysis. We have testeaowever, traversed completely diabatically. As new red states
the formula on the data in Fig. 4 of Robicheaux, Wesdropfrom above are reached increases, whereas decreases,
and Noordanj2], and it successfully reproduced the positioni.e., P_; decreases and the dynamics become more and more
of all the peaks in the SFI spectrum calculated in that workadiabatic. At crossings with the sta26 8 152, the adia-

Assuming a one way exponential decay into the con-batic leakage becomes visillas greenin the figure. As the
tinuum the survival probability takes the form n=27 levels enter the dynamics, giving the first triple cross-

C. lonization probability

2 1 3 2
—§R—Zn F 34n2+34n2m
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FIG. 1. (Color) The SFI dynamics of two initial parabolic states
[25230 1) (upped and|2521 0 3 (lowen) for a 421 Vicmjus field
ramp in the lithium|/m|=1 and|m|=3 Stark energy spectrums,
respectively. In both cases the part of the eigenenergy spectrum,
which corresponds to states with significant population probability,
i.e., probability greater than 0.5 percent, is marked. The classical
ionization limit is shown as a blue line.

ings, there is a significant sharing of probabilities between
the adiabatic and diabatic directions for each new crossing
(shown in red. The time the various paths reach their ion-
ization limit varies and as a result an experimental SFI spec-
trum may contain a broad distribution.

We use the notation of Reffl,18] and define the states
where the electron is most likely located on the side of the
atom away from the saddle point as blue states, and the states
with the electron located adjacent to the saddle point as red
states. Blue and red states are characterized by the eigenen
ergy curves in the Stark spectrum going upward and down-
ward, respectively. Roughly speaking one expects the red
states to ionize near the classical ionization limit, whereas
the blue states ionize at much higher field. But, in general,
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FIG. 2. (Color) The SFI dynamics of the parabolic state

[252202 in a 421 V/icmjs field ramp. The part of the eigen-
energy spectrum, which corresponds to states with population prob-
ability P>1%, is plotted in red, whereas states with 0S®
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this subdivision into two groups is not satisfactory, as the FIG. 3. A plot of Pyye, Preq, andPgiaparic for the parabolic
decay rate function, Eq13), is a continuous function om,. state|25220 2 in a 421 Vicmjs field ramp.
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FIG. 4. (Color) The MLZ results for the SFI dynamics of the 1 i
parabolic staté25220 2 in a 421 V/icmjus field ramp. Notation
as in Fig. 2. 0.8l |
Let Py e and P4 be the total population in blue and red  _ P iabati
states, respectively. Define alBg;aparic t0 be the probability ~— E0.6f ahate
for the initial state to traverse all the avoided crossings com- §
. . . [«
pletely diabaticallyPy e, Preq, @NdPyiapatic are plotted in gl
Fig. 3 for the initial statd25220 2. The uppermost Stark :
state in then=25 manifold is the state with the highest di-
abatic component. Figure 3 shows that more than 25% of this .ol
initial blue state has been transferred to other channels at the
classical ionization limit 850 V/cm), about 15% to red
states and the rest to other blue states. Formida esti- 00 260 460 6(‘)0 8(')0
mates a probability more than 15% for this blue state to Electric Field (V/cm)

ionize within 1us. For the lower lying states in the manifold

the ionization probability is even higher. This prediction of FIG. 6. Same as Fig. 3 for an initial stq@5111132.
ionization probability for thd2522 0 2 state is sufficient to

explain the observed discrepancies between the experimental

and calculated data in Rd#].
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FIG. 5. (Color) Same as Fig. 2 for an initial staj@511 11 3, FIG. 7. (Color) The MLZ results for the SFI dynamics of the
with green and red color corresponding to 08®<3% andP parabolic stat¢25 1111 2 in a 421 V/cmjus field ramp. Notation
>3%, respectively. as in Fig. 5.
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For comparison, the MLZ calculations are also shown incrossings forF>500 V/cm. The figure shows that in the
Fig. 3. The MLZ behavior of the red and blue populationregions F~525 V/cm, F~560 V/cm, F~640 V/cm, and
dynamics is seen to be in good agreement with the quant® >700 V/cm, there are clear discrepancies in the strength of
calculations. The dramatic spikes of the initial state, how-the population jumps. It is interesting to note that these re-
ever, are time dependent in their origin and related to phasgions coalesce with the regions of the energy spectrum
development and therefore clearly not reproduced in the inwhere three or more states are crossing. This indicates that
coherent MLZ approach. For the special situation with onephase effects are in action. Despite that the MLZ result de-
single initial state selected in the uppermé@st lowermost  viates significantly in certain regions, the overall picture is
part of then=25 manifold, the probability of remaining in that the MLZ result is not diverging from the exact quantum
the initial diabatic state is completely independent of thecalculations. Thus the present calculations strengthen the as-
phases of different paths, because the diabatic energy level stmption made by the authors of RE2]: The phase accu-
most crosses the same adiabatic energy level once. This emulation on the different paths cancel because of the very
plains the agreement between the numerical and the MLXarge number of ways for the population to choose up to the
calculations in Fig. 3. ionization limit. This is confirmed in Fig. 7, where the MLZ

In Fig. 4 we plot the corresponding MLZ dynamics of network dynamics is shown. The degree of spreading is
Fig. 2. At this level certain discrepancies become evidentrather similar with the quantal calculation in Fig. 5. Some
Some of the channels are less populated, especially in thdifferences in the relative population strength of various
adiabatic “direction,” whereas others are more populatedpaths are, however, still present. As in the case of the initial
Thus, even if the total population in “blue” and “red” states |25220 2 dynamics, it is therefore fair to conclude that this
is the same in both models, the time of ionization will differ may lead to different final spectra.
and create different “theoretical SFI spectra.” The observed Lett; (i=1,2,...)define the timecalculated from Eq.
deviations for higher fieldsH>500 V/cm) are believed to (10)] when the hydrogenic energy level of a given initial
originate from higher-order corrections to the energy that arstatenn,n,m) crosses with the other parabolic energy levels
neglected in the Landau-Zener model. Phase interference dft the energy spectrum. The corresponding couplings intro-
fects, and also a possible breakdown in the validity of theduced when lithium is considered are found from E3).in
Landau-Zener model as the level crossings become vergrms of Clebsch-Gordan coefficients. Then the total prob-
dense, can also play a role. To avoid confusion note that thability of remaining in the initial state, i.e., the probability of
basis set for the Landau-Zener calculations is truncated for tiaversing the avoided crossings completely diabatically,
less extensive basis set than for the fully numerical calculamay be estimated by the simple formula
tions. This only affects the number of visible eigenenergy
curves above the classical ionization limit, and not the dy-
namics. The degree of agreement in Figs. 2—4 raises the P:H Pi,
guestion whether the state-to-state dynamics is accurately de-

scribed by the MLZ model. However, one should be awar%herepi:exp(—sz/a) is the Landau-Zener probability of

of the f‘."‘Ct that in .th's example only very few states have RHiabatic passage through each Landau-Zener crossing at time
popula_tlon probability greater than 1 percent throughout the Now a criteria for diabatic evolution with time becomes
dynamics. Hence, from the beginning phase interference ef*’

fects are expected to play a minor role. ; . .
Figure 5 gives an example of an initial state in the middle T

(17)

15

¥
of the manifold. For this case the adiabaticity of the cross- 10000 Viomius
ings becomes significantly higher, and the population is 0.9y
spread more efficiently out on the other states in the energy ]-H.. 1000 Vicmies
spectrum. Hence, in contrast to the dynamics of the first case, 0.8} F M e .
phase interference effects are expected to play a stronger2 -1- i

role. There are two immediate differences between the spec-
tra in Figs. 2 and 5: First, the crossings start later for the
latter case, i.e., at the fiel& ~350 V/cm instead ofF
~180 V/cm. Second, the multiple number of avoided cross-
ings between the initialdiabatio |251111 2 state and the
same adiabatic neighbor state both above and below this di- 0.5} 100 Vi
abatic state, respectively, opens the possibility of influences
from the dynamical phase not only in the network of states, 0.4t ) . . .
but also in the fully diabatic development of the initial 0 200 400 600 800
12511112 state. Electric Field (V/cm)

In Fig. 6 the red/blue probabilities are again shown and |G, 8. The probabilityP;apaic Of traversing all the avoided
compared with the MLZ model. At first sight a fairly good crossings completely diabatically for the parabolic sfa&22 0 2
agreement is still present, which is surprising since the phasfer four different electric field ramps: 100 V/cmb, 421 Vicmjus,
is expected to play a significant role in the population dy-1000 V/cmjus, and 10 000 V/cmis. The thin lines give the cor-
namics. There are, however, important differences at theesponding results from the MLZ model.

Probabil
(=]
~J

=
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P~ 1. Formula(17) is expected to be less accurate for eigen-whereK is a constant, i.e\ ~ ! is approximately proportional
states in the middle of the manifold because of coherencesp y for intermediate values of the field strength. This is in
as discussed above. complete agreement with the result of Fig. 8.

Figure 8 shows the probability of remaining in the initial
extreme Stark stat5 220 2 as a function of time for dif-
ferent electric field ramps. It shows that a ramp of the order
of 10000 V/cmjus is needed in order to make this state In the present paper we have carried out large basis close
traverse the crossings plainly diabatically. For the lower ly-coupling calculations as well as multichannel Landau-Zener
ing states in the manifold the adiabatic component will becalculations on the ionization mechanism of a hi=(25)
even more significant. Surprisingly the curves representingtom when exposed to an electric field. All in all a high
different field ramps are more or less linear as a function otlegree of agreement between the results of a direct propaga-
the electric field. And the slope seems to depend on onéon of the time-dependent Schiinger equation and the
single parameter only, i.e., the slew rate of the ramp. ThisMLZ model is achieved, in contrast to what one very often
may be understood from the MLZ model. Define the slopeobserves in collision physid49]. The calculations confirm

IV. CONCLUSION

between the crossings at field strengihs, andF; by that initial m=2 states behave neither diabatic nor adiabatic
but ionize along a complex path resulting in a broad SFI

A= P(F))—P(Fi-1) (19) spectrum. A detailed state-to-state comparison between the

Fi—-F_1 guantal and the MLZ dynamics have shown certain discrep-

) ) _ ancies. This suggests that corresponding detailed experimen-
Assume that p; (i=12,...) is small, ie., p= tal interpretation must be performed with care, and most
—2md/a; . Harmin showed that the Clebsch-Gordan Coef'preferably in parallel with quantal calculations. Our calcula-
ficients in  the coupling can be written a$24]  tions have also documented that the ramp speed of the elec-
(nngnym|nimy=+2in(—1)'P,,((n;—ny)/n), whereP,, is trical field has to be very fast if a full diabatic ionization
the normalized associated Legendre polynorild]. From  shall occur. Further work based on a numerical grid solution
this we find thatd is a very slowly decreasing function of of the Schrdinger equation, to accurately evolve the system
(nj—nj)? for [nj—nj|<n’ (marked variables always refer from the classical field ionization limit up to where the atom
to the states which the population coupleg e consider is fully ionized, is in progress.
only transitions to states in the manifold above. These are
anyhow the most important for the adiqbatic behavior. Then ACKNOWLEDGMENTS
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