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Selective field ionization in Li and Rb: Theory and experiment
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We present a direct comparison between calculated and measured ionization in Li and Rb when an initially
bound Rydberg electron is stripped from the atom by ramping an electrid @igldi5 Vicm ng]. We describe
the method used to calculate the field dependence of the ionization; the method can be used to evolve the
population from field strengths where three or morenanifolds cross to the fields where the electron is
stripped from the atom. The essential feature of the method is the repeated application of the Landau-Zener
approximation for all of the level crossings as the field is ramped. We also give a description of the dynamics
of Li and Rb in the ramping field. We observe that the Li selective field ionization is sensitive to the Stark
levels within ann manifold, while for Rb only am dependence is observed.

PACS numbes): 32.60+i, 32.80.Bx, 31.50+w

I. INTRODUCTION the resulting field distribution with the previously measured
distributions from specific initial states. There are cases
Selective field ionizatior(SFI) has been used as an ex- where the lack of a theoretical method for calculating an SFI
perimental tool to measure the character and population dfignal has prevented the direct comparison between theory
highly excited states of atoms and molecules. In SFI, theand experiment; often, relevant states cannot be easily ex-
atom is subjected to an electric field that ramps to highegited by a narrow bandwidth pulsed laser.
strengths over times that are very long compared to the clas- The purpose of this paper is to present a general method
sical period of the electron. Eventually the field strength isfor calculating the SFI signal for a simple atom and to test
large enough to rip the electron from the atom. Often th&he method through a quantitative comparison with measured
field at which the electron is removed from the atom is whengp, spectra. We are not interested in the field range below
the energy of the state is greater than the classical ionizatiofp,q strength needed to mix 3 or more adjagemanifolds:
threshoélld,. in_atomic unitsE= _ZF or equivalently F e consider the evolution in this region to be a solved prob-
=1/16n »n other units, this relationship is often expressedig, \we are interested in the evolution from the point where
asE(cm )= —6.12JF (V/cm). We will discuss an inter- gy eran manifolds are mixed to the point where the electron
esting violation of this rule below. The signal is the electron;g stripped from the atom; this problem has been solved only

current versus field strengtfor time); see Refs[1-8] for ¢ 40 "o reme cases where the evolution is purely adiabatic
early discussions of the process. The technique has been us&ddiabatic

to characterize the Rydberg population in many different In Fig. 1 we plot the energy levels ofi=0 levels of Li

situations: from the collision of slow ions with Rydberg at- - s :
oms[9] to the zero kinetic energi EKE) [10] states used to versus the strength of a static electric field for a simple re-

measure the rovibrational thresholds of complicated mol9ion neam=11 statesmis the eigenvalue of thk, operator
ecules[11]. A feature of this method is that a given initial with z in the direction of the field. The field strength range is
state will give an electron current with a well-defined distri- chosen to show how the levels from adjacenmanifolds
bution in field strength that depends on the ramp rate of thetart to cross as the field strength increases. Suppose that all
electric field. Because of the long-time scales of the rammf the population is in the highest-energy state of the
(typically 1 us) compared to atomic times, no information =11 manifold which is marked by an asterisk in Fig. 1. All
about relative phases of the excited states is obtained; for

example, if the atom is in a wave packet of two states, the -700F "~ "

SFI signal will be the incoherent sum of the currents from E

the two states. -800 =
This experimental technique is widely used to character- — \———\

ize the population of highly excited states in an atom, but a B _g00E =11

guantitative, theoretical description of the method does not = Eo—

exist except in the case that after a short ramping period the = =

evolution becomes purely diabatic or adiabatic. In some ~1000£" 11s S

cases, the lack of a general theory has not impeded the use of 1100 E

SFI, since all aspects could be investigated experimentally or —_— E—
the evolution was nearly diabatic or adiabatic. One obtains 0 5 10 15

; L . F (kV/cm)
the field distributions for specific initial states experimentally
by exciting the states with a narrow bandwidth pulsed laser FIG. 1. Energy levels ofn=0 states of Li as a function of static
and then ramping the electric field; afterwards, unknowrelectric-field strength. These are energies arounchtad1l mani-
excited-state populations can be charactarized by comparirfgld.
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of the population will remain in this state until the field is we ignore the phase accumulation in each path; thus we fol-
ramped to~9 kV/cm, where the lowest state from tlme  low populations instead of amplitudes. This is a very good
=12 manifold crosses it. The population can be split amongpproximation for SFI once the levels from-1 andn+1
different states at each field strength where levels nearlgtart to cross, since there are a very large number of paths
cross. The amount of population that is on each level can bthat lead to ionization at fiel&, with nearly randomly vary-
approximated by a formula from Landau and Zener. For seing phases on the different paths; the differing phases essen-
lective field ionization, the population continues throughtially guarantee that the interference between different paths
many avoided crossings until reaching a level that is stronglyvill average to zero. In the model of RdfL3], the phases
coupled to the continuum, at which point it leaves the atomneed to be retained because all of the phase differences were
The size of the avoided crossings is crucial for the SFlinteger multiples of a basic phase difference; this property
behavior. The average energy splitting at a crossing isloes not correspond to the actual SFI except in the case
roughly proportional to the sum of the differences of thewhere only crossings betwearandn+ 1 manifolds are im-
guantum defects from integers. The Hamiltonian for a hydroportant. Physically our approximation should make sense be-
gen atom in a static, uniform electric field separates in paracause the field distribution at which the electron is stripped
bolic coordinates; thus the levels can cross in hydrogen. ThigEom the atom is insensitive to the macroscopically small,
levels cannot cross for any other atom due to the deviatiobut on an atomic level huge, variations in ramp rate that are
from a pure Coulomb potential arising from the core elec-present in every experiment. We have also performed calcu-
trons. The deviation from a pure Coulomb potential is re-lations with and without phases, and found negligible differ-
flected in the quantum defects. We have studied two extremences in the SFI spectrum for the cases we investigated; i.e.
cases in alkali atoms: Li with quantum defectsgf=0.4,  the population starts in the region where states fiom2
m1=0.05, andu,=0.002, and Rb with quantum defects of andn+2 cross. This paper provides a method for obtaining
pno=3.14, u,=2.64, u,=1.35, andu;=0.02 (only the non all the information needed for all Landau-Zener crossings up
integer parts of the quantum defects are important, givindgo the point when the electron leaves the atom.
10=0.14, u;=—0.36, u,=0.35, andu;=0.02). As a test of the theory, we compared calculated and mea-
There has been little theoretical work investigating thesured field distributions from states ne®r 55 in Li and Rb;

idea of selective field ionization outside of the extreme casef€ experiment was constructed so that the initial state was
of purely adiabatic or diabatic evolution when the states fronvery well characterized. We chose these two atoms to illus-
n+1 andn—1 start to mix. In Refs[12,13, a model of the trate the different type of SFI spectra that result when the
crossing of many levels of two adjacentmanifolds was coupling between levels is smdlli) or large(Rb). We ex-
explored; in both papers, all of the crossings were treate§ited Li from the 23, excited state by a one-photon transi-
within the Landau-Zener approximation, with the differencetion at a specific wavelength with a pulsed, narrow-band dye
that the phase accumulation on different pdthé] was ne- laser QE<0.2 cni''). The initial 2p;, was excited by a
glected in Ref.[12] but incorporated in Ref[13]. These harrow-band pulsed dye laseAE<0.2 cm') laser from

papers essentially explore the first step of SFI, where théhe ground state (&), with the polarization perpendicular to
levels of then manifold start crossing the levels of tme  the electric field. We varied the wavelength and polarization

+1 manifold. of the laser that excites the atom from the initial state to the
Simple estimates show why there has been little theoretiRydberg states in order to access different Rydberg states. In
cal work on the general system. If one attempts to perform &0th experiments, laser power was kept low to avoid an ac
brute force numerical integration of Schiinger's equation, Stark shifting of the Rydberg states. The wavelength range
several difficulties soon become apparent. The first is that th&/as chosen to excite states in zero-fielananifolds from
electron leaves the atom, so that it is necessary to use I&=52 to 55. We also performed SFI measurements and cal-
method that will effectively let the electron escape withoutculations when excitation was performed in a static electric
reflection from unphysical boundariggither in position field between 0 and 40 V/cm. Next we performed experi-
space or in basis set spac@nce this difficulty is overcome, ments and calculations in Rb under similar conditions; we
there is the much more problematic aspect that is related tgxcited the Rb atoms from the ground state in a nonresonant
the relative slowness of the electric-field ramp. For state§wo photon process with a narrow-band dye lase
nearn=50, the field-free period is roughly 20 ps, which is a <0.2 cmi L. These variations allowed us to test the theory
factor of 50 000 smaller than the ramping time which is meain many different situations.
sured inus. Thus a prohibitively large number of time steps
in th_e.numerical in'tegration prevents a direct solution qf Il. THEORETICAL METHOD
Schralinger’s equation. Here we have explored an approxi-
mation scheme for the calculation of the field distribution of ~We first describe the simple theory for SFI when the elec-
ejected electron current. tron is in a pure Coulomb potential giving a total potential
The method we have developed was inspired by the treaf— 1/r) + Fz. The Hamiltonian separates in parabolic coordi-
ment in Refs[12,13, and extends these ideas into a formnates §=r+z and»=r —z) for a static, homogeneous elec-
that can be used to calculate the field distribution. The basitric field plus Coulomb potential. For the slow ramp rates
idea is to follow the population through a series of levelthat are used in SFI, the wave function diabatically evolves
crossings using the Landau-Zener approximation to obtaiiso that a state that has nodes in the up-potential coordi-
the population of each level after a crossing. As in RE2], nate ¢) will continue with n; nodes. The behavior of the
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wave function in the down-potential direction is slightly IR
more complicated. For zero field, the wave function has
nodes in the down-potential coordinate Once an electric 0.5 .2
field is turned on, all states become continuum states, and
have an infinite number of nodes in the down-potential di-
rection. This appears to create ambiguities for the definition
of the state. However, we can retain conceptual and physical
simplicity by noting that the electron starts in the region near -0.5
the atom and the time to tunnel through the potential barrier
is very long on experimental time scales unless the electron e N P T T R
has an energy near the top of the barrier. Thus we will define -1.0 —0.5 0.0 0.5
n, to be the number of nodes in the down-potential coordi- t
nate 7 in the region between the nucleus and the maximum giG. 2. Schematic drawing of two levels crossing. The solid
of the potential. For the slow ramp rates in SFI experimentsjines neglect the interaction between the levels, and the dotted lines
n, does not change with increasing field. The only paramyive the adiabatic energies. Both the time and energy are in arbi-
eters that change are the energy and the tunneling rate fortary units.P; and P, are the original population® is the prob-
givenn,n,. From these ideas, we find that ability to evolve diabatically through the crossing, ahe1—D is

the probability to evolve adiabatically through the crossing.

T
DP +AP
1 2

= 0.0

P DP_+AP
2 1

[

—
o

Pon,=—Tnn [F(OIP, o, 1) — —
nuny ™ " Ly [P0 Py, P,=DP;+AP, and P,=AP;+DP,. (2

where P, .  is the population in then;,n, state, and The only difficulty is in calculatingA or D and the field
Fnlnz[F(t)] is the tunneling decay rate which depends on thedependgnce of t_he_ energieg of all the Stat.es. ' _

field strengthF at timet. Two general trends to remember: _1N€ first step is in obtaining the adiabatic or diabatic tran-
states withn,<n, (n;>n,) decreasdincreasg in energy sition probabilities in terms of ge_:neral parameters. Usmg_t_he
with increasing field strength, and states with the same Landau-Zener approximation gives the diabatic probability

+n, decay faster by tunneling &s increases. The tunneling D as

rates are calculated numerically using a WKB approximation

[15]; see Refs[16,17] for discussions of analytic and semi- D=ex;{ — 27|V |2/ ‘ﬁ_ E

classical calculations of the tunneling decay. 12 dt dt
Our method for calculating the SFI distribution for non-

hydrogenic atoms generalizes the simple theory for H in twowith all parameters evaluated at the crossing; atomic units

respects. The first generalization is that the non-Coulombiare used in this equation and throughout the paper unless

potential causes couplings between the differentn, stated otherwise.

states; the possibility for population to change quantum num- The derivative of the energy with respect to time can be

bers when energy levels cross is included through th@ecast agiE/dt=FdE/dF, whereF is the ramp rate for the

Landau-Zener approximation. The second generalization igjectric field anctlE/dF is the derivative of the energy with

that once the energy of a state is larger than the classicabspect to the field strength. In the calculations, we used the

ionization threshold,—2F, it is energetically allowed to experimental ramp rate df =415 V/(cm us). The ener-

escape the atom without tunneliiigstates in closed, chan- gies are calculated using a WKB approximat[dss] by first

nels couple to open channels. This coupling is again medi(quantizing the motion in the up-potential coordinateto

ated through the non-Coulombic potential near the nucleusObtain the separation paramet@, and then forcing the
We first describe the generalization due to level crossingsphase accumulated between the n'ucleus and the maximum of

We think of all of the levels as crossing diabatically for thethe potential to berf+ 1/2)7 in the down-potential coordi-

purpose of indexing the states. This is only a bookkeeping]ate 7. The positioﬁ of the crossings amtE/dF are ob-

device, and does not reflect any choice about the descriptiot%ined numerically from the WKB quantized energy levels,

of the physics. .In Fig. 2 we give a schematic drawmg. of A\ote that all crossings can be made more diabatic by simply
two-level crossing, and the parameters that characterize the .

populations before and after the crossing. We deftpeand increasing~, which is an experimentally controllable param-
P, to be populations in states 1 andr2spectively before €€

. — — . The coupling matrix element¥,, can be calculated by
the crossing, and; and P, to be the populations after the _. r
crossing. We will useA to be the probability that state 1 using the quantum defects of the zero-field energy levels.

evolves adiabatically into state 2 after the crossing@rtg [ irst we define a reduced quantum defect w, + |, wherej

be the probability that state 1 evolves diabatically into state 1S an integer such that 0.5< ,<0.5. The effect of the non-
after the crossing; by symmetry, the probability for 2 to Coulombic potential is to shift_the energy of the state with
evolve into 1 isA and that for 2 to evolve into 2 iD=1 energy— 1/2n? by an amount- u, /n?; this gives the expec-
—A. The conservation of probability demands thet D tation value of the non-Coulombic potential for energy-
=1. Thus after the crossing the populations are normalized Coulomb waves as

) , ()
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o 1.0[ T T T ]

f f2(r)V(r)ydr=—pu,. (4) r ]

0.8~ 7

The coupling between energy normalized waves in parabolic S 060 3
coordinates uses the transformation coefficients between the ¥ C ]
functions in spherical coordinates and parabolic coordinates = 0.4F ]
to give Vg = —2|U%|UZ,|,M|; U° are given by Eqs(17), 2
(21), and (62) in Ref. [15]. The last remaining task is to 02 ]
convert the functions that are normalized per unit energy to 0 o: J Ry ]

functions that are normalized per unit volume. This is not
completely obvious because there are no bound states in the
field; as in the definition of the number of nodes in the
direction, we only use the part of space from the nucleus to FIG. 3. A comparison between the calculat@tlid line) and
the maximum of the potential in th& direction. measureddotted ling SFI signal for Li excited from the (25, state
With these restrictions, the factor to convert from energywith an energy 39.25 cit below the zero field threshold and
normalization to space normalization is obtained from thepolarization perpendicular to the electric field. The atom is origi-
energy derivative of the WKB phase between the first twonally in a static field of 35 V/icm before the field is ramped. The
classical turning points ir. The conversion factor &%  Signal is given in arbitrary units.
=m(dA/dE) ! given in Eq.(A3) of Ref.[15]; the subscript . ) )
3 indicates the value of the separation constant for the wavHON is normalized per unit energy and the closed-channel is
function in parabolic coordinates. With these factors, theSPace normalized. We can use the coupling matrices from

coupling between two states defined by the separation p&POVve, but now only space normalize the closed function to
rameters3 and 8’ is obtain an additional decay rate

50 100 150 200
F (V/em)

(=}

2

; (6)

— I'o=27N5 U% UG
VBBIZ_NBNﬁ’Z U%|U%,|,LL|. (5) ¢ 'BCBEO ‘2 Bcl IBOI'LLl

) o o where the sum over all open channgls is necessary to
This equation is a generalization of E@.2) of Ref.[18],  ptain the total decay rate.

which gives the zero field coupling potential between a staté  These are all of the pieces necessary to calculate when the
from then manifold and one from the+ 1 manifold. There  gjectron is stripped from the atom. To summarigs): At
is an interesting point of physics that arises from scalingeach time step, there is a check to see if two levels cross each
arguments. The rate of change Bfdepends on the dipole qther; if there is a crossing the populations are redistributed
moment, which is proportional ta?; the coupling matrix using the Landau-Zener approximatiof®) A decrease in
element is proportional to ﬂ} Thus the evolution of states popu|ati0n can occur by tunne”ng or by Scattering from a
rapidly becomes diabatic asincreases. This was seen in the closed channel into an open channel; the two decay rates are
experiments of Reit4]. . ) added incoherently due to the different quantum numbers in
The other generalization that needs to be incorporated ifhe final channels. These steps are repeated until the popula-
the coupling between the “closed” channglis where the  tion on the atom decreases to less than 1% of the original
electron needs to tunnel to escape and “open” chanfigls population. The calculations presented in this paper used
where the electron can classically leave the atom. The reas@jg|d steps of 0.2 V/cm; then=0 results for Li were ob-
for these two types of channels at the same energy is that thgined with less than 100 steps for a totale2 x 10* cross-
electron can partition its available energy between two difings, while them=2 results were obtained with roughly
ferent degrees of freedogand ». ForE>—2\F, the elec- 1000 steps for a total of 5x 10" crossings. The SFI signal
tron can classically leave the atom if the energy is partitionegs minus the time derivative of the total population.
such that a large enough fraction is in the down-potenial
direction. If too much is in the up-potentigldirection, the IIl. RESULTS
electron will have to tunnel to escape. For hydrogen, the
energy and motion in the two different directions are un- To gauge the effectiveness of this method, we present a
coupled, and thus the electromusttunnel if it is in a closed comparison between calculated and measured SFI distribu-
channel. For all other atoms, the motion in the two differenttions in Li and Rb. In Fig. 3, the measured and calculated
directions are coupled through the non-Coulombic potentiaSFI spectrum for Li is presented for the case when the sec-
from the core electrons, and thus the electron can scatt@nd laser excites the atom to an energy of 39.252 tm
from a closed channel to an open channel and leave withoutelow the zero-field ionization threshold and is polarized
tunneling. perpendicular to the field axis, and the atom is in a 35 V/cm
The possibility of scattering and leaving the atom adds tcstatic field at the excitation; this is a typical level of agree-
the decay rate of the state. Using time-dependent perturbaent that was achieved between the calculation and experi-
tion theory, the decay rate to go from a closed channel to ament. It is clear that all the features are accurately repro-
open channel i§ = 2| V,2, where the open-channel func- duced, and that the approximations work well for this atom.
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1.0 ] -39.0 -38.0 -37.0
- - 200 1 " 1 " 1
08F _‘ | experiment
— C ] 150 - -
g o6 3 | ——
'(%o L i e ——— B
— 04l ] 1001 e —
ZH ] E ] ==
02; . 3 50 e ——— __'__“-
C ] - |
C ] Q@
0.0C i mi] L-200
0 200 LU|3 theory 7
1504 ——— - -
FIG. 4. A separation of the differemb components of the cal- — ":::_- e '__
culated SFI signal from Fig. 3: solid linen(=0), dotted line tn 100-::‘:’:’.---:—::j::f:-:
=1), and dashed linenf=2). All m components have the same —_——
initial central energy and width. Note that the signal fo=2 dis- 504 _ L
tinguishes the separation of energy between the up- and down- | I :
potential directions. The peaks in the=2 spectrum can be clas- 0
sified using the number of nodes,, in the up-potential coordinate 39.0 38.0 37.0

and the number of nodes,, in the down potential coordinate with
the notation (;,n,,n), wheren=n;+n,+|m|+1; another nota-
tion that is sometimes used is the quantum nunkien,—n,. We FIG. 6. Experimental and theoretical contour plot of the calcu-
have labeled the last five peaks associated withnihe2 states  |5ted SFI signal for Li. Same parameters as in Fig. 5, but for per-
using n,,n, notation. Starting from the peak at 160 V/cm to the pendicular polarization. The dotted line shows (V/cm)
early peaks at 70 V/cm, the states ai@8,10,5), (31,18,52, =[E (cm %)/6.122
(25,25,53, (20,31,54, (15,37,53, (11,42,56, and (7,47,53. The
last two states are stripped first, and overlap each other near 7@ component that are initially populated. For fields of
V/em. At the initial field strength of 35 V/cm, all of these states are ~35 V/cm, the different states that are excited belong to
within 0.2 cm* of each other. differentn manifolds, and have substantially different dipole
moments; thus the variation in the division of energy be-
The SFI spectrum is a superposition of the spectra from threveen the two parabolic coordinates is much more substan-
different finalm symmetriesm=0, 1, and 2. In Fig. 4, we tial than the variation of total energy of the different states.
present the calculated SFI signal from Fig. 3 but separated Another important feature determining the Li SFI spectra
into m componentsthe solid line ism=0, the dotted line is is the large difference in quantum defects for the lopar-
m=1, and the dashed line im=2). tial waves. The quantum defects atg=0.4, u,=0.05, and
We present a contour plot of the calculated SFI signalu,=0.002. The differences in quantum defects give quite
versus energy and ramp field for excitation by a photon pardifferent behaviors for the different states in the SFI ex-
allel to the field in Fig. 5 and perpendicular to the field in periment. The results for a final polarization parallel to the
Fig. 6. In both figures, the excitation was performed in aelectric field only give final states oh=0 and 1 characters
35-V/cm static field. These figures show some of the generdbr the spatial part of the wave function, since the initial state
trends that we observed in the SFI spectra. hasm=0 and 1 spatial components. We observed somewhat
There are a number of interesting features of Figs. 3—@lifferent SFI spectra when we used the, 2 excited state as
that can be understood at a qualitative level. One importarthe initial state. This is because the composition of the final
feature is that the excitation laser has a bandwidth of roughlyn states changes due to the differemtcomponents of the
0.15 cm . Thus there are roughly 5-10 Stark states of eaclorbital angular momentum in thepg),.
These considerations are very important because the dif-
200 . . . ferentm states behave quite differently in the SFI ramping.
The coupling matrix elements depend only on the quantum

Term Energy (cm™)

E 150;_ E defect of states withH=m; thus m=0 states can couple
> 100F = throughl=0, 1, and 2 scattering, bum=2 states can only
: 50 B2 ~ E couple througH =2 scattering. Then=0 states go through

almost every crossing adiabatically; the latge0 quantum
g ' ' ' defect provides strong coupling between the different states,
-89 —A8 - —aif because these are the states that suffer most from core scat-
E (ecm™) . .
tering. As a result, the population tends to stay on a few
FIG. 5. Contour plot of the calculated SFI signal for Li excited |€Vels that are closely grouped in energy. This means that
from the 2p, state with a polarization parallel to the electric field. SOON after a state has an energy above the classical ionization
The atom is originally in a static field of 35 V/cm before the field is threshold,— 2JF, it will scatter into open channels and de-
ramped. cay rapidly. Thus then=0 states are in the SFI signal as a
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sharp peak at relatively smaH. The m=1 states evolve -37.0 -36.0 -35.0 -34.0 -33.0
largely diabatically, but with a nonnegligible adiabatic inter- 100 exlper|ime.nt e
action at each crossing. Although the purity of the population 80_'

through each crossing is roughly the same asnferQ, the ]

large variation in dipole moments causes the total energy of 604

each state to become quite different. At each crossing, there 1 - et

is a non-negligible probability to mix with states of differing 40— .. - o
dipole moments, which prevents the total energy differences U I e
between the states from becoming as large as in hydrogen. § 201

The m=2 states evolve almost completely diabatically, and 2 0'

they do not scatter into open channels once the energy is E {theory

above—2\/f. Because of the small quantum defects for L 804

=2, the states only decay once the energy ofitha, level &

(o2}
o
1

can classically decay at which point the electron leaves very
rapidly. This case was previously studied, for example, in
Ref.[5]. Thus them=2 states give a series of peaks at very
separated field strengths which reflects the original partition-
ing of energy into the up- and down-potential degrees of

freedom, and not the total energy of the state that is excited; 0 . . . , ,
this is an interesting feature which has not been observed -37.0 -36.0 -35.0 -34.0 -33.0
before, to our knowledge. Term Energy (cm™)

There are a couple of features in the contour plots of Figs.
5 and 6 that can be interpreted without recourse to extensive FIG. 7. Experimental and theoretical Rb SFI signal as a function
calculations. The first obvious feature is that the peak ass®f energy below the zero-field ionization threshold. The Rb is ex-
ciated withm=0 states emerges at smalleras the energy cited in a nonresonant, two-photon transition with the laser polar-
increases. This occurs because thevels increase with in- ized perpendicular to the electric field axis. The atom is in a static 5
creasing energy; them=0 states evolve almost purely adia- Vicm field during the excitation. The dotted line shotwgV/cm)
batically, and their energy hardly changes during the field=[E (cm™*)/6.12].
ramp. Them=0 levels are ionized as soon as the field N o ) )
strength is larger than-1/16n%, and are easier to ionize for Nant transition; the polarization of the laser is perpend!cular
larger n. Similar considerations hold for the=1 levels; o the field axis. Bothm=0 and 2 final states are excited
although individual crossings are mainly diabatic, the sheeWith a ratio of 1:3. For Rb, the quantum defects are large for
number of crossings gives an overall spreading of energilszy and thus all of the levels cross adiabatically fc[ both
without large energy shifts. m=0 and 2; the reduced quantum defects for Rb age

The SFI signal from then=2 states display a quite dif- =0_14,;1: —0.36,;2=0.35, andu3=0.02. Thus, for Rb,
ferent feature(see Fig. . The m=2 SFI consists of sharp the SFI signal is not sensitive to which Stark state in the
horizontal bands that move to largér as the energy in- manifold is excited; the SFI signal is only sensitive to the
creases. The explanation for this phenomenon is somewhahergy of the state. The Rb SFI can be made to behave more
counter intuitive. One band does not correspond to a singlgke that for Li by going to highen states, ramping the field
state. This can be seen from the part of the bands above 1%Quch faster, or by using an excitation scheme that would
V/cm; there it is clear that each band actually consists ofccesan=3 states.
short horizontal bands that step up to higkeais the energy Unlike the Li SFI signal, Rb only shows adiabatic ioniza-
increases. The explanation is that each band corresponds i@n in this energy range and ramp rate. The peak value of
an n manifold. As the energy is increased, the state that iglecreases as the energy increases because the electron is
excited in each manifold is at higher ener@ge Fig. 1, and  easier to remove as its binding energy decreases. Typically,
thus has a dipole more strongly oriented to the up-potentiahe SFI signal is contained betweenH(3)?>F >(E/2)?,
side of the atom; in other words, states with more nodes ijyhen E is measured from the zero-field threshold:E&-
the up-potential coordinatg are being excited as the energy creasesg? andF decrease.
increases. These states evolve diabatically for2, and
thus are not stripped until very high field, since the stripping

. . S . IV. LIMITATIONS OF THE CALCULATION
field must increase when more energy is in the up-potential

coordinate. The horizontal width of the minibands fer While our theoretical approach worked well for the cases
>150 V/cm stems from the laser bandwidth assumed in th@resented here, there are some easily recognizable situations
calculation. where the approximations may fail. For example, the ap-

In Fig. 7, we present a comparison between the experiproximations may fail if the ramping field does not have a
mental and calculated SFI signal for Rb in a 5-V/cm staticsimple form; a ramping field that has an oscillating compo-
field to contrast a more standard signal with the Li signal; thenent could cause trouble by having the phases on different
ionization yield is peaked ne&=1/1n*. The Rb atoms are paths become simply related to each other. We stress that we
excited from the ground state using a two-photon, nonresodo not propose that the Landau-Zener approximation of this
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paper be used when starting from weak fields. The method V. CONCLUSIONS
presented here is meant to evolve the population over a dif-
ficult period from when several manifolds mix to the point
where the electron is stripped from the atom. A full SFI
theory would use a different technig(eerhaps direct propa-
gation of the time-dependent Schinger equation to
evolve the system from weak fields to the point where th

In conclusion, we have presented a direct comparison be-
tween measured and calculated SFI distributions for Li and
Rb. The computational method is an extension of well-
known techniques. The main innovation was to use WKB
methods to obtain the parameters needed in the evolution of
She wave function to the point the electron leaves the atom.

method in this paper is accurate. We were able to interpret many features of the spectrum
As a contrast, the SFI of ZEKE states should be simply . pret many Tez 1 ne sp :
When the atom is excited in a static electric field and the

accor_np_lished using the methods described here. The réasdfites evolve diabatically, the SFI method is much more sen-
for this is that the low-angular-momentum states cannot b& '

: Sitive to the division of energy between the two parabolic
strongly populated for the molecule to have long-lived Ryd- . .
berg states. In typical ZEKE states, this is accomplished bcoordmates than to the total energy of the state. This was the

an applied or a stray electric field that mixes the differient Yase for Lim=2 states presented here; in this situation, the

: o ; ; . SFI method may be used for a characterization of a state
states of am manifold. This is precisely the starting point of  ;t i ion of the Stark levels within ammanifold. This has
these calculations. elevance for ZEKE states. The ZEKE states arise through

The last problem with the proposed method is that it treat v ) ! ug

every crossing as separate and only involving two levels he Tnlxtlntg _OIhh'ghtLangFin statets Wlthftg%:?éuallytexcnﬁd Id
There is the possibility for three level crossings once th ow-l staté, thus the spectrum o states shou

: - have most like SFI of hydrogen. Another important finding
field becomes larger thar 2/(3n°). Examining the energy . € : A .
map for fields larger than this clearly show many three- an s that the calculation of SFI distributions for mixed evolu-

four-crossings that are natpriori isolated, although clearly rigg (Sggget[]gﬁger:{ q—lﬁg attieccﬁ:]%ii:bnaqls Egt:;?p?ii(ig%lljg ?oscal-

the majority of crossings are isolated two-level crossings. ) . .

The errors due to treating all crossings as isolated will nee ulating properties . Rydperg gtoms manlpulateq by other
to be examined. It is our feeling that multiple crossings play ypes of tlme-dgpendent flelds, f_or example_, this method
very little role in the SFI signal. The reason for this is that itmlght be useful in calculations of ions scattering from Ryd-
will take nearly perfect degeneracy between three levels tgerg atoms.
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