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Abstract

The Stark structure and time evolution of highly excited ®*Rb Ry-
dberg states in a pulsed electric field have been studied experimentally
as well as theoretically. The Rydberg states in 8Rb with the prin-
cipal quantum number n ranging from 110 to 140 have been excited
with the two step laser excitation scheme and field ionization spectra
under the pulsed electric field were observed with the ionized electron
detection. From the systematic measurements it was found that the
in general there exist two peaks in the field ionization spectrum: the
lower peak is rather broad and the field value of the peak does not
depend on the excitation position in the manifold. The value of the
higher peak field, on the other hand, increases with increasing bluer
states in the manifold when the pulsed electric field is increased in the
same direction with the initially applied static field. However when
the pulsed field is increased in the reversed direction to the static field,
the peak field value decreases with increasing bluer state excitations,
showing the opposite behavior to the case in the same field-driving
direction.

In order to reveal the origin of these two peak-field values in the
ionization process, theoretical calculations of the Stark structure and
ionization rates in an electric field have been performed with a com-
putational method based on the Hamiltonian diagonalization. From
these calculations it was found that the excitation position dependence
of the higher peaks observed in the field ionization is in good agreement
with the predictions from the tunneling process. On the other hand
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the lower peak behavior is roughly explained from the autoionization-
like process together with the effect of the blackbody-induced radiative
transitions to the neighboring states from the originally excited states.

In due course of the above investigations, time evolution of the
multi-level Rydberg system in a pulsed electric field was also studied
to confirm the usefulness and applicabilities of the present method of
theoretical calculations. Specifically the transition probabilities in the
first avoided crossing at which the 113p3 state crosses the bluest state
in the 110 manifold was measured and compared with the theoretical
predictions obtained from a newly developed formalism on the time
evolution of multi-level Rydberg system. The experimental results
are in good agreement with the predictions. The opposite behavior in
the excitation-position dependence of the higher jonization peak-field
between the same and the reversed driving directions of the pulsed
electric field was also found to be well explained with the present
theoretical treatment in the time evolution, thus showing that the
present theoretical treatment is quite satisfactory even in such highly
excited Rydberg atoms.
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1 Introduction

Highly excited Rydberg states [1] have many interesting properties and
provide ideal and versatile situations in various fields of physics. In partic-
ular, the Rydberg atoms couple strongly to the electromagnetic field, thus
they have played important roles in cavity quantum electrodynamics (cavity
QED) [2] and its related applications in the fields of fundamental physics.
Specifically the realization of the single atom maser is one of the most im-
portant contributions of the Rydberg atoms to these fields. The quantum
computing and related quantum measurement experiments being actively de-
veloped recently are also some of the mostly attractive and exciting fields in
the application of the Rydberg atoms.

The Rydberg atoms have been also suggested to be useful and actu-
ally used for a quite sensitive single-photon detector [3, 4, 5]. Figger et al.
demonstrated that the Rydberg atoms can be used as a sensitive detector
of 100 GHz microwave blackbody radiations [4]. We have developed and are
carrying out a large-scale dark matter axion search experiment CARRACK,
where the highly excited Rydberg atoms are used to detect microwave pho-
tons produced by the conversion of axions into photons in a strong magnetic
field via the Primakoff process|[6, 7, 8, 9, 10].

In these experiments covering a wide range of fundamental physics fields,
Rydberg states have been mostly detected by the selective field ionization
method, in which atoms are subjected to an externally applied electric field
in a static or a pulsed form; due to the strong coupling to the electric field,
the atoms are easily ionized in a weak electric field, especially for the highly
excited states.

Extensive experimental and theoretical investigations have been performed
for the detailed understanding of the structure of Rydberg states and the
characteristics of field ionizations: specifically the Stark energy level struc-
ture in a static field, including polarizabilities and dynamical properties in a
pulsed electric field are some of the mostly interested subjects so far.

The energy level structure of Rydberg states in an electric field was first
studied in detail by Zimmerman et al.[11]. They calculated the Stark en-
ergy structure of alkali atoms with the principal quantum number n = 15
by diagonalizing the Hamiltonian matrix. They also carried out experiments
in which the laser excitation spectra and field ionization characteristics were
investigated. The theoretical results of the energy level structure agree well
with the experimental ones and thus the agreement shows validity and use-
fulness of their calculation method. Also from their experimental study they
remarked for the first time that an autoionization-like process of the field
ionization is important especially for the blue states in the non-hydrogenic
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Figure 1: Two Stark levels with an avoided crossing of wy. If the field is
driven through the avoided crossing in a long time compared to 1/wp, the
passage is adiabatic(solid arrow), while if it is driven rapidly, the passage is
non-adiabatic(broken arrow).

atoms in addition to the usual tunneling process[12].

Harmin, on the other hand, developed an analytical method to calcu-
late the Stark structure and photoabsorption cross sections and applied the
method to some alkali atoms around n ~ 15 [13, 14].

Time evolution of the Rydberg states in a pulsed electric field is also
one of the attractive subjects, since they provide an interesting and ideal,
yet accessible case for the quantum system evolution with many potential-
energy curves that cross one another [15]. From the experimental side, on
the other hand, it is essential for understanding the detailed behavior of the
field ionization processes and thus for providing the efficient way to detect
the Rydberg states selectively.

When considering the time evolution in a time varying electric field, it is
inevitably important to take into account the avoided crossings between many
Stark states: Increasing the electric field, the energy levels shift and cross
(avoided crossing) each other as illustrated in Fig. 1 for the two level crossing.
On the crossing point, they traverse adiabatically or non-adiabatically, de-
pending on the slew rate. If the traversal is completely adiabatic, the initial
state passes along the solid line. If the crossing is completely non-adiabatic,
it passes along the broken line. Since in the real situation both transitions
occur with certain probabilities depending on the slew rate in each crossing,
the populated levels are generally distributed between these two extreme
paths in the actual case with many Stark levels.
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In a two-level system the avoided crossing can be approximately treated
with the Landau-Zener-Stiickelberg (LZS) process theoretically. Many groups
have obtained good agreement between the observed crossing behavior and
the LZS formula. Rubbmark et al., for example, studied the dynamics of
traversing avoided crossings between n = 18 and n = 19 manifolds in Li
as a function of the slew rate [16]. They extended the LZS method to be
applicable to the case of an arbitrary waveform of the applied electric pulse
for the two level crossing, and they compared and discussed the resulting
theoretical behavior with the experimental data.

Harmin examined the coherent time evolution of a Rydberg Stark system
on a grid of LZS avoided-crossings under a linear ramped electric field in
which infinite number of manifold levels are treated as linear in time, parallel
and equally spaced. The time evolution of an initially populated state is then
governed by the two-level LZS transitions at avoided crossings and adiabatic
evolution between them [15]. In such a system it was suggested that the
coherent process arising from the constructive enhancement in the population
of some particular levels plays an important role in the development of the
field ionization process.

In the last stage of increasing the electric field, the atoms are finally
ionized. Two ionization processes have been known to occur in general: 1)
the tunneling process and 2) the autoionization-like process, which is due to
the interaction of a bound blue state in the core region with continuum red
states belonging to some upper n manifold. The process 2) occurs only in
non-hydrogenic atoms. As n increases, the process 2) is expected to be less
important compared to the process 1) because the interactions in the core
becomes weaker with increasing n.

The above results on the Stark properties of Rydberg states were mostly
obtained from the study of Rydberg states with n lower than ~ 50, and no
detailed studies on the still higher excited Rydberg states with n > 80 have
been reported so far. This situation is partly due to the increasing difficulty in
the selective detection of a particular Rydberg state among many close-lying
states on the experimental side. On the theoretical side,; on the other hand,
larger number of Stark states have to be taken into account at higher n, and
thus theoretical treatment is increasingly complicated and time consuming.

In order to circumvent the above situation, systematic investigations on
the Stark properties of the highly excited Rydberg states of 3Rb with n
ranging up to ~ 140 were initiated both experimentally and theoretically:
specifically we applied various forms of an electric field pulse to the electrodes,
and studied the resulting field ionization behavior and the time evolution
characteristics of the Rydberg states. Also we developed theoretical methods
to calculate the Stark structure and to trace the time evolution in the multi-
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level Stark system.

Along this line of investigations, we have developed an experimental
method with which a low angular-momentum state is selectively ionized and
detected from other angular momentum states by applying a pulsed electric
field [17]. Our method opens an efficient way to selectively ionize highly ex-
cited states, and thus enables us to apply the highly excited Rydberg states
to fundamental research area.

In this paper, detailed experimental studies of the time evolution of the
highly excited Rydberg states and of the following field ionization process are
reported with theoretical analyses. Specifically we measured the threshold
electric field value for the ionization of the highly excited Rydberg states of
8Rb with n ranging from 110 to 140 in a pulsed field regime. Adiabatic
and non-adiabatic transition probabilities at the first avoided crossing of a
np state with the adjacent manifold were also measured as a function of
the slew rate of the applied electric field. From these experimental studies,
it was found that, in general, there exist two peaks in the ionization field:
the lower peak is rather broad and the fleld value of the peak does not
depend on the excitation position in the manifold. The value of the higher
peak field, on the other hand, increases with increasing bluer states (that is,
blue states approaching nearer to the bluest states) in the manifold when
the pulsed electric field is increased in the same direction with the initially
applied static field. However when the pulsed field is increased in the reversed
direction to the static field, the peak field decreases with increasing bluer
state excitations, showing the opposite behavior to the case in the same
field-driving direction.

In order to reveal the origin of these two peak fields in the ionization
processes, theoretical calculations of the Stark structure and ionization rates
in an electric field have been performed with a computational method based
on the Hamiltonian diagonalization. Here the calculations of the radial ma-
trix elements were done with the quantum defect theory under the Coulomb
approximation. From these calculations it was found that the excitation posi-
tion dependence of the higher peak observed in the field ionization is in good
agreement with the predictions from the tunneling process. On the other
hand the lower peak behavior is roughly explained from the autoionization-
like process together with the effect of the blackbody-induced radiative tran-
sitions to the neighboring states from the originally excited states.

In due course of the above investigations, time evolution of the multi-level
Rydberg system in a pulsed electric field was also studied to confirm the use-
fulness and applicabilities of the present method of theoretical calculations.
Specifically the transition probabilities in the first avoided crossings of ®¥*Rb
between the 113p state and the bluest states in the 110 manifold were mea-
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sured and compared with the theoretical predictions obtained from a newly
developed formalism on the time evolution of the multi-level Rydberg system.
The experimental results are in good agreement with the predictions.

Also the multi-level formalism of the time evolution was applied to the
case of the zero-field crossing: except the low angular momentum states with
£ < 3, the levels with the same n are'all degenerated approximately at zero
field in alkali atoms. When the applied pulsed-field is reversed from the initial
direction during the ionization process, the manifold levels are once driven to
zero fleld and then again to the higher field region. The predicted ionization
behavior in such a situation is also in good agreement with experimental
results.

Following the brief review of the Rydberg atoms, theoretical formulations
on the Stark structure calculations and on the trace of the time evolution
are presented in Sec. 3. Experimental procedure and the results are shown in
Secs. 4 and 5 together with the comparison with the theoretical predictions.
Section 6 is devoted to the discussions on the results and then the conclusions
of the present investigation are described in Sec. 7.

2 Rydberg Atoms

Rydberg atoms are the highly excited atoms near to the ionization limit
with a large principal quantum number n. The binding energy is given by
the Rydberg formula,

Wae = R/(n = 6)° = R /n", (1)

where R is the Rydberg constant, 13.6eV, d; is the quantum defect of the
states with angular momentum ¢ and n* = n — §, is the effective princi-
pal quantum number. For low £ states, the penetration and polarization of
the ionic core by the valence electron lead to large quantum defects and to
strong departures from the hydrogenic behavior. As £ increases, an orbit
of the valence electron becomes more circular and the atom becomes more
hydrogenic.

The Rydberg atoms have following characteristics: 1)small energy differ-
ences between n and n + 1 levels, 2)large E1 transition rates between n and
n + 1 levels and 3)long lifetimes.

The energy difference between the adjacent Rydberg states is given by
AW, = W11 — W, =~ R/n** and lies in the microwave range. In the case of
n ~ 100, for example, the transition frequency is around 7 GHz.

The Rydberg atom strongly couples to the electromagnetic field in the
microwave range. The transition rate in vacuum between n and n + 1 states
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< siven b
18 given by o 5 s
Ty (sec™) & 100" (AW, (eV))*. (2)

In the case of n ~ 100, the rate is estimated to be 3 x 10% sec™!.

The radiative lifetime induced by the blackbody radiation is given by

I
788 = 2.03 x 10"7(n*)2§%),—§‘ (3)

The lifetime at room temperature for the state with n ~ 100 is estimated to
be 2 msec.

Now we consider the Rydberg states of a hydrogenic atom at first. The
most straightforward way to treat the Stark effect in the hydrogenic atom is
to use parabolic coordinates, in which the problem remains separable even
with an electric field. In the electric field F, the potential term is given by

V() = —% + P (@)

In parabolic coordinates the Shrodinger equation for an electron in the po-
tential of Eq. (4) is written as,

(e, ) = \/%E(S)H(n)y (5)

PEEQ) (mP-1 4 W F\_..
dez _"< 42 _?"7+Z§>~(§)—0: (6)

d’H (n) m*—-1 Zy, W F
dn? 4n? n 2 4
where Z; and Z, are the separation constants and both are related by Z; +

Zy = 1. With the first order perturbation, the energy of the Rydberg state
in the electric field is expressed as,

1 3
Wininem = ——= + =Fn(n; — n N 8
where n; and ns are the parabolic quantum numbers and related to the
principal quantum number n and the magnetic quantum number m by

n=mny +ng+|m|+ 1. (9)

Equation (8) shows that the states with n in zero field split into (n — 1 —
|m]) levels in an electric field. The set of (n — 1 — |m|) degenerated states is
called “manifold”. The states with higher energy in manifold, ¢.e. the states
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Figure 2: Stark energy shift and the ionization threshold in a hydrogenic atom
with n=11-16, m=0. The thin lines show the energy levels in an electric field.
Closed circles show the ionization fields by the tunneling process Fz,. The
bold line shows the classical ionization limit F.

with n; — ny ~ n, are called “blue” states, and those with n; — ng ~ —n are

called “red” states.
The quantum number n; and ny are related to the separation parameters,

7 = % (m + ‘-”fgii) , (10)
Z == <n2 + [—”L;ll) . | (11)

We use the difference of the separation parameters Z; — Z5 to express the
energy level in manifold. For the bluest, the central and the reddest states
with ny — ny ~ +n, 0 and —n, the value of Z; — Z5 has ~ +1, 0 and —1,
respectively. The Stark structure of a hydrogenic atom is shown in Fig. 2.

As the field strength increases, the bluest state with n and the reddest
state with (n + 1) cross. The crossing occurs at the field strength,

1 100
The binding energy of a valence electron decreases as n™2 and thus the
Rydberg states are strongly affected by the external electric field owing to the
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large dipole moment. The potential V(r) has a saddle point at z = 1/v/F,
at which the potential value is

Vinax = —2VF. (13)
If the electron is bound by an energy W, a field given by
W2
F=— 1
- (14)

is adequate for the ionization to occur classically. This field value is usually
termed the classical field for ionization. When ignoring the energy shift in
the electric field, W is given by —1/2n2, then we obtain the familiar result,

1 100Y*
¢ = o = 3.2 x (T) V/cm. (15)
This classical picture is useful to roughly estimate the field value to ionize
a state. The bold solid line in Fig. 2 shows the classical ionization threshold
F..

The classical picture, however, has serious defects. First, Eq. (15) ignores
the Stark shift, and second, the classical approach ignores the spatial distri-
bution of the wavefunction. In parabolic coordinates, the motion in the &
direction is bound in any value of the field. Thus for ionization to occur the
electron must escape to infinity in the n direction. Classically, the ionization
only occurs for the energy above the peak of the potential,

V)= ————-— -5 -~ 1. (16)

Ignoring the short range 772 term, a good approximation for low |m|, we find
that the required field for ionization is
W2
Fpy = —.
2" 4z,

The separation parameter Z, is around 1/n for a blue state, Z ~ 1/2 for
a central state, and Z; ~ 1 for a red state, thus, among these states in
manifold, the reddest one will most easily be ionized. For the extreme red
state, we find the threshold field strength,

(17)

1
FZle - 51;1', (18)
and for the extreme blue one, the ionization field strength is given by
1
Fzpn (19)
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Figure 3: Stark structure of 3Rb with n=15, |m;| = 1/2 calculated with the
present theoretical treatment.

The ionization threshold Fy, calculated with Eq. (17) are shown by closed
circles in Fig. 2.

Atoms other than H have characteristics essentially similar to those of
H atom in an electric field, but there are important differences due to the

presence of the finite-sized ionic core.

Figure 3 shows the energy diagram of 8*Rb with n = 15 and |m;| = 1/2
in an electric field. It is noted that the degeneracy of low ¢ states, the s,
p and d states, is resolved in zero field, and the p state locates above the
manifold and the s and d states below the manifold in ®Rb. The second
effect of the presence of the finite-sized ionic core (i.e. the presence of the
nonzero quantum defects) is that n; is not a good quantum number and blue
and red states are coupled with each other by the overlap at the core. When
the field strength reaches 1/3n°, blue and red states with adjacent n do not
cross as they do in H, but exhibit an avoided crossing.

The avoided crossings affect the time evolution of the system in a pulsed
ionization field. If the crossing is traversed fast compared to the inverse of the
separation energy between the states, 1/wq, the traversal is non-adiabatic.
The probability of the non-adiabatic transition in an isolated two level system
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is given by the Landau-Zener-Stiickelberg formula,

P = exp(——27r%?). (20)
Here S, is defined by ,
— “o
dF dF

where dW;/dF and dW,/dF are the Stark shifts for each level and S is the
time differential of the electric field, S = dF/dt. The adiabatic and non-
adiabatic transitions are discussed later in detail in Sec. 3.3.2.

Another effect of the finite-sized ionic core is the coupling between a blue
state which would be stable in H and red states which are unbound. This
coupling modifies the ionization lifetime in an electric field. Due to this
coupling, a blue state has a finite probability to be ionized at a field less
than the value expected from the tunneling process. The ionization rate of
this process is later discussed more in detail in Sec. 3.4.2.

3 Theory

3.1 Overview

In order to understand more quantitatively the Stark structure and dy-
namical behavior of highly excited Rydberg states under a pulsed electric
field, a numerical method to be applicable to such highly excited states was
developed based on the direct diagonalization of Hamiltonians. Firstly the
Stark energy level structure was calculated with a basis set including the fine
structure interactions. This treatment is necessary especially in the present
investigations because the fine structure effect cannot be neglected in heavier
atoms like Rb which is the atom we have studied here.

With the obtained energy eigenvalues and the eigenstates in the applied
electric field, radiative lifetimes and ionization rates in the electric field can be
calculated. We have calculated the ionization rates and hence the lifetimes
of the Rydberg states in an electric field in the two processes, that is, in
the tunneling and the autoionization-like processes. In the calculations on
the tunneling process, we adopted a semi-empirical calculation developed by
Damburg and Kolosov [18] from its simplicity, yet with enough accuracy for
the present purpose. More accurate calculations based on "the density of
states” method by Luc-Koenig and Bachelier [19] are also discussed in some
detail.
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On the other hand, detailed calculations on the ionization rate due to the
autoionization-like process were performed by taking into account also the
effect of the fine structure interactions with the wavefunctions obtained from
the Hamiltonian diagonalization.

Time evolution of a multi-level Rydberg system in a time varying electric
field was also calculated based on a newly obtained formalism. This compu-
tational method was applied to the first avoided crossing of the 113ps /2 state
with the bluest states in the 110 manifold. Energy eigenvalues and their
eigenstates in electric fields provide the interaction strength and the energy
gap at the avoided crossings, thus this kind of analysis gives quantitative test
for the applicabilities of the present theoretical calculations.

3.2 Calculation of energy levels in an electric field based
on Hamiltonian diagonalization

The Hamiltonian of an alkali atom in an electric field F' is given by,

1 1
H= —p —=+Vi;+A+Fz
2m T

= H0+FZ, (22)

where V, is the difference between the potential of the alkali atom and the
Coulomb potential and A is the fine structure interaction. The term A is
especially important for heavy alkali atoms. These terms, Vy and A, are only
nonzero near 7 = (. For the non-hydrogenic atom, the parabolic representa-
tion does not provide an attractive basis for the Stark problem as is the case
of a hydrogenic atom. This is because, due to the presence of V; and A, the
Hamiltonian matrix in zero field is not diagonal in the parabolic basis. On
the other hand, it is diagonal in the |nfjm;) basis. For thls reason we have
chosen to work with the |nfjm;) basis.

It is important to realize that the perturbative treatment of the Stark en-
ergy with the power-series expansion in a field is fundamentally inadequate
because the expansion does not converge. A straightforward and effective
method of calculating the energy in an electric field is the direct diagonal-
ization of the Hamiltonian matrix. Specifically the matrix elements of Hg,
including V; and A, are diagonalized in the |n€jm;) basis with quantum de-
fect theory. The diagonal matrix elements are given by the Rydberg formula,

(ntjms| Holntjmy) = — (23)
(= Onez)
Ra]k

GA <2‘”
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Table 1: 8Rb quantum defect parameters [20].

Series (50 (52 54 55 58

nsiz  3.13109(2) 0.204(8) 1.8

np1/2 2.65456(15) 0.388(60) -7.904 116.437  -405.907
nps;,  2.64145(20)  0.33(18) -0.97495  14.6001  -44.7265

nps52  1.347157(80) -0.59553(18) -1.50517  -2.4206 19.736

where R,y is the Rydberg constant for the alkali atom, d,¢; is the q\iantum
defect of an nfj state and n* is the effective quantum number. The value of
dnej is given by

4]

2 54 56 58
+ +
(n— 60)2 (n— 50)4 (n— dp)

S P )

Onej = 0g +

where Jg, 02... are experimentally determined parameters for the alkali
atoms. The parameters Jg, ds... in Eq. (25) for ®Rb are tabulated in Ta-
ble1[20]. The virtue of the quantum defect theory is that we need not know
the details of the radial dependence of V; and A, which are not known exactly.
Off-diagonal matrix elements are expressed by the |néjm;) basis:

(n*€jm;|Fz|n™¢ j'm’)
= Fé(mj,m;)6(L, & £ 1)(n"rin"l £ 1)

1 . 1 .
Z <€7—am€)msl]7mj><ela_)m£>mslj)mj)

me=mjtms 2 2

(0, mg|3]0 £ 1,my), (26)

where the first two factors in the sum are Clebsch-Gordan coefficients and
2 = z/|z|. The angular part of the matrix elements are derived by using
algebra of spherical harmonics,

22 —m?
20+ )2 - 1)

<€, mdé[@ ad 1,mg> =

(€ + 1) — m2
(20 +3)(20 + 1)

(27)

(€me|2l6 +1,mp) = \

The computational task is to evaluate the radial dipole matrix elements.
They are calculated under the Coulomb approximation following the method
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by Davydikin and Zon [21],

(n*lr|n™¢ £ 1)
n* {SIierA [A(l —o) T

AZ
T 1—¢?
+AZ {EE_JA(_:E) + - JA(—SE)} N (28)
nt o= Vo, (29)
- 4
7=t (30)
B _(E+1/2p
€ = 4|1 m(ﬁ*)Q ) (31)
A = n'—n" (32)
x = €A, (33)
Ja(S) = —1-/” (A6 — Ssin6)d0 34)
A = 7 o sin . (

Equation (28) is an analytic expression for the dipole matrix elements cor-
responding to transitions between Rydberg states with |A| < n*,n*. We
note here that the approximation used in Eq. (28) is more accurate when n*
becomes larger and thus it gives quite good results for the Rydberg states
with n > 100. Accuracy of the calculation of the radial elements is discussed
later in Sec.6.3.

The last task is diagonalizing the Hamiltonian matrix to obtain the eigen-
values and eigenstates in each electric field. Figures 4 - 6 show the calculated
energy level structure of the Rydberg states of ®Rb around n = 110 manifold
of |m;| =1/2, 3/2 and 5/2 in the electric field. In this calculation, the terms
included in the basis set of the diagonalization are 105 < n < 115 for each
|m;|. This basis set is adequate within the calculated range of the field, up
to 0.3V/cm. This point is discussed further in Sec. 6.3.
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Figure 4: Calculated Stark energy structure of #Rb for n = 110, |m;| = 1/2.
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Figure 6: Calculated Stark energy structure of ®*Rb for n = 110, |m;| = 5/2.

3.3 Time evolution of highly excited atoms in an elec-
tric field

We develop the formalism in which time evolution involving many levels
and many avoided crossings can be treated.

We then calculate the adiabatic and non-adiabatic transition probabilities
from a p state to the states in the adjacent manifold with this formalism.
Since the probabilities of the adiabatic and non-adiabatic transitions depend
exponentially on the level separation at the avoided crossing, the comparison
of the theoretical calculation with the experimental results is a sensitive test
to see the applicabilities of the present theoretical calculations. The tracing
of the time evolution in the multi-level formalism is also.applied to the level
crossing at zero field.

3.3.1 Framework of time evolution involving many levels

To study the adiabatic and non-adiabatic transitions, we first consider
the simple case where only two levels cross and the time dependence of their
energy levels are arbitrary functions of time ¢. This simple case has already
been studied by Rubmmark et al. [16]. We consider a two-level system gov-
erned by a Hamiltonian Hy which depends explicitly on t. We denote the
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eigenvalues of Hy by Q;(t) and Qy(t) and the eigenstates by |1) and |2).
The eigenstates are assumed to be independent of f. Next we consider the
effect of a perturbation V', which breaks the symmetry of Hy and has no
dependence on t. The Hamiltonian in this case is given in the {]1),]2)} basis

i < wi(t)  jlwole™® ) ) (35)

slwole™  wa(t)
where wp, w; (t) and wy (t) are written by,

Iw le™® = (1]v]2),

wi(t) = D)+ AV,
walt) = Qut) +(2V]2). (36)

The separation at the center of the avoided crossing is |wp|. The time depen-
dent Shrodinger equation,

d
i |U() = H@) (37)
is then solved by taking,

[T (1)) = C1(t) exp ( / dt'wy (¢ ) |1) + Co(t) exp <—z tdt’wz(t’)> [2).

t;

(38)
Substituting Eq. (38) into Eq. (37) results in
. . t
iGi(t) = Leexp (z dt'(wr () — w2(t')) Ca(d), (39)
ti
. . t
iGolt) = Leexp (z [ at(ntt) - wl(t’)> X0) (40)
t;
At the initial time ¢ = £;, the system is assumed to be in the upper eigenstate,
|0:) = Bus|1) + Bai2), (41)
where ,31z and fBs; are determined from the initial condition at ¢ = ¢, and
B = C1(t;) and fa; = Ca(t;). We are interested in the probability that the
final state is in the lower eigenstate |ay) at ¢ = iy,
lag) = aufl1) + 0n]2). (42)

The transition probability is explicitly given by

P = [ag|W(tp)? (43)
= |oisCilty) + anpCalty)]. (44)
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Now the formalism is extended to the case with many number of relevant
energy states in a time varying electric field, direction of which is arbitrary.
Under a pulsed electric field, the Hamiltonian is given by

1
H = 5-77-1—192 —1/r+Vi+ A+ F,(t)z + F,(t)y + F.(t)z
= Hy+ Fu(t)z + F,(t)y + F.(t)z. (45)

The matrix elements of x and y are calculated as follows.

(n, €, melz + iy|n', € + 1,me + 1)
= (n, L, me|& +ign', £+ 1, me + 1)(n, £|r|n, £+ 1)
L[t mer 2 rmt)
N (20 +3)(2¢ + 1)
(n,Z, mgl.’E - Zyln',f +1,me — 1>
_ (l—mp+2)(L —me+1) ,
<7’L,£, mﬁlx + zy'nl,g - 1,77’1/2 + 1>
_ (£ — mg)(€ —me — 1) ,

(n, L, me|lz —iyln', £ —1,mp — 1)

(n,8|rin’, £ + 1), (46)

(0 +mg) (£ +me —1) ,
= " y@-T (n,blrin’, € = 1). (49)

With these matrix elements, the matrix element (n*{jm;|Fyq|n*€'j'm}) is
expressed as

(n*Lgmy| Foqn™'l j'm’)
= Fyé(myj,m})0(6, £ £1)(n"E)rn™l’ £ 1)

1 . 1 1 . ~t ot
Z <‘€a ‘(_2:7 My, mS,j’ m]><£ ’ 57 My, msl.77 m]> <£m€IQ,'€ mle)? (50)

me=m;tms

where ¢ = z,y,z and § = ¢/|g|. Thus, all the matrix elements are known in
the |nljm;) basis. We are interested in the transition from an eigenstate in
the field F; to an eigenstate in the field Fy. We write the initial eigenstate as
[n, Zy,m;; (Fy)) and the final eigenstate as |7, Z1,7;; (Fy)). These eigenstates
are obtained by the diagonalization of the Hamiltonian matrix at ¢ = ¢; and
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ts, respectively,

n, Zrmi () = X uyermd (F)ln, 64, ms), (51)
n,j,m;

- B o~ 7, Z1,m; .

In,Zl,mj;(Ff)) - Z un,é,;,m;(Ff)lnigd’mj)' (52)
n,j,m;

In such a case, it is natural to use the eigenstates |n, Z1,m;; (F;)) as the basis
set. The Hamiltonian is diagonalized at ¢ = ¢; in the field F' = (0,0, F,(%;)),
(', Zy,my; (Fy)|H () |n, Z1, my; (Fy))

= Wazm;0(n,n')0(21, Z1)0(my, m}). (53)
At time ¢ in the field F(¢) = (F.(t), Fy(t), F»(t)), the Hamiltonian matrix
elements are given by

(n', Z{, mi; (F)|H (8)In, Zy, my; (F))
= Wn,Zl,mj(E)(s(n’nl)(S(Zl’Z{)(s(mj)m;)

+ Y AR, Z],my; (F)lgln, Zi,my; (F)), (54)
q=2,y,z
where AF,(t) is given by
AFq(t) = Fq(t) “ Fq(ti)7 (55)
and (n', Z{, mf; (Fy)|gln, Z1,my; (F3)) for ¢ = z,y, 2 is given by
(s 24l (Flain, Zamss (R)) = 5255w (R ()
mdgms w3
(0, 2, 5, milgln, £, §,m;). (56)

Now that all the matrix elements are obtained, we solve the Shrodinger
equation,

d
i) = HORo), (57)
I\I/(t» =] Z Cn’ Z’ m (t exp( Z.an/,zi,m; (t))]n', Z{, m;), (58)
I Z/ I

¢n,21,mj (t) = " dt Wh Z1,m (Fz)

-+ z dt AF )(TL, Zl,ijQIn, Zlymj>7 (59)
q=I,Y,2
iC’n,ZI,mj (t) = Z Cn’,Zg,m;» (t) eXp{i(an,Zl mj (t) - ¢n',Z’1,m3. (t))}
n’,Z{,m;¢n,Zl,mj

’ Z AFQ(t)<n7 ZlamleIn,> Z{7m3> (60)

=T Y2
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In Egs. (58) and (60), we sum up only over the states near the avoided crossing
of interest, neglecting other states. This results in much smaller dimension of
the ordinary differential equations than that with the original basis set and
thus saves computing time profoundly. The ordinary differential equations
of Eq. (60) are solved by numerical integrations.

The transition probability from an eigenstate |n, Z1,m;; (Fy)) at t = t;
to an eigenstate [fi, Z1,7;; (Ff)) at t = t; is obtained in the [n€jm;) basis,

= |(&, 21, ;| (t))? (61)
= | 33w (B (F)
n' L”J’m n,Zy1,m;

.Cn)ZI Ry (tf) exp(~i¢n,z1,mg‘ (tf)) ‘2' (62)

P ~
n,Z1,m;

The characteristics of our method is as follows: the matrix elements are
calculated exactly by the diagonalization method, and thus the energies and
couplings between the states are also exact. Since the dimension of the
ordinary differential equations are much smaller, the integration is easier,
yet accurate enough.

3.3.2 Avoided crossing in the Stark states of 3°Rb

Now we apply the theoretical framework developed in the previous section
to the avoided crossing of ¥Rb between the 113p;/» state and the n = 110
manifold.

The Stark level structure around the avoided crossing of ¥Rb with |m;| =
1/2 is presented in Fig. 7. The 113p;/; state and the bluest and also the
second bluest states cross each other at F' = 67.2mV/cm. The calculated
adiabatic and non-adiabatic transition probabilities from the 113ps/; states
at F' = 64.0mV /cm to the final states at F' = 77.0mV /cm are presented in
Fig. 25 in Sec. 5.4 as a function of slew rate S;. The non-adiabatic transition
begins to occur when the slew rate becomes higher than 100mV/{cmys).
Comparison of the calculated results and the experimental data is discussed
later in Sec. 5.4.

3.3.3 Level crossing of manifold near zero field

To investigate the level crossing near zero field, first we consider a hydro-
genic atom for simplicity. The Hamiltonian of manifold with the principal
quantum number n is expressed in the [nfjm;) basis,

(nljmy | H()[nlj'm)) = Wand(€,£)6(j,5")8(ms,m?)
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Figure 7: Stark energy structure at the first avoided crossing between the
113ps/2 and 110 manifold states (Jm;| = 1/2).

+ Z Fq(nfjmj[q]né'j'm;). (63)
g=z,y,z

The matrix elements, z, ¥y and z are all commutable, thus there exists a basis
|@) such that

(a]z|B) = Efad(e, B), (64)
(alylB) = nad(a,B), (65)
(a]z|B) = (ad(a, B). (66)

With this basis, the Hamiltonian is also diagonalized,
(alH(1)|B) = 6(a, B) (Wi + Fu(t)ia + Fy(t)no + F1(t)la) - (67)

All states are orthogonal, and their energies are linear functions of F,. When
the field direction is reversed to the opposite direction, the bluest state there-
for becomes the reddest state, the reddest becomes the bluest and so forth.
Also the position of manifold is changed from +(Z; — Z5) to —(Z; — Z;) when
the field direction is reversed. Figure 8 illustrates the change of an energy
level at manifold when the field is reversed from F; to F¥.

" Now we consider the manifold of 8Rb. The quantum defects of s, p and
d states of 8Rb are large and these states are separated from the manifold.
The states in manifold have only small components of s, p and d state and
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Energy

manifold

Electric field

Figure 8: Schematic diagram of the time evolution of a state excited in a
negative electric field when the pulsed electric field is driven once to zero
field and then to the positive direction.

they mainly consist of higher angular momentum states. For these states,
the fine structure interaction is negligible. When the small quantum defect
of the f state is ignored, the manifold levels are degenerated at zero field,
and the hydrogen approximation is good for the states in manifold.

3.4 Field ionization of highly excited atoms
3.4.1 Ionization by the tunneling process

In this section we calculate the ionization rate by the tunneling process
under the hydrogen approximation.

The ionization field values F, and Fz, were obtained in Sec. 2 by assuming
that the Rydberg atoms are ionized immediately when the electron energy
reaches the saddle point of the potential barrier. In reality, atoms are ion-
ized with certain probabilities even in a lower field. Damburg and Kolosov
obtained an asymptotic expression of the ionization rate by means of the
perturbation theory [23],

r (4R)2n2+m+1e—2R/3

nényl(ng + m)!

3SF 5
. <1 - n—4—~(34n§ + 34nym + 461y + Tm? + 23m + —;)) , (68)
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Figure 9: Calculated ionization lifetimes of n = 120, m = 0 states for various
Zy — Zs.

where R = (—2E,)3/2F~! and Ej is the energy calculated by the perturbation
expansion to the order of F?. This expression gives very good result at
small ny, 7.e. a blue state, but it can be used only in a weak filed F «
[8n%(2ny + m + 1)]7'. In order to calculate the ionization rate in a larger
field, they analyzed the numerical solutions of the Stark problem for the
hydrogenic atom and obtained the semi-empirical expression of T,

r (4R>2n2+m+16—2R/3

néngl(ng + m)!

B F ) 9 53
exp ( ———(34n] + 34nym + 46nz + 7m” + 23m + =) |, (69)

where R = (—2E)*2F~! and the energy Ejy is calculated up to the order
of F* [18]. We note that T" has n~3 dependence. Figure 9 shows the cal-
culated ionization lifetimes of manifold n = 120 with Eq. (69). The lifetime
decreases quite abruptly with the increase of the field strength, implying that
this ionization process has a sharp threshold field F,. Figure 10 shows the
thresholds Fy, of (n,m) = (120,0), (120,1), (108,0) and (100,0) as functions
of the difference of the separation parameters Z; — Z;. Here the field Fy,
was defined to the field at which the lifetime 7 becomes 10 us. The obtained
lifetimes do not show any appreciable m dependence. As expected from the
classical calculation of Fz,, blue states have higher thresholds than red ones.
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Figure 10: Ionization field value Fjj, expected from the tunneling process.

Values of three ionization fields F,, Fy, and Fy, for the n = 108, my = 0
manifold are shown in Fig. 11. The important point here is that Fy, is higher
than Fyz,, and the difference becomes larger for the bluer state.

More exact calculation of the ionization rate with the tunneling process is
obtained by using the wavefunction of a state near the core: exact solutions of
Shodinger equation in parabolic coordinates can be obtained by a numerical
integration method. With these exact solutions, Lec-Koenig and Bachelier
calculated the ionization lifetime by the tunneling process [19]. Here we out~
line their method. For small & and 7, the wave function in a field F is given

by .
Y = \/0<W>m<£n)'m1/2—63(—‘3%@, | (70)

where /C(W)™ is the normalization factor and called “density of states”.
For chosen values of F', |m| and ny, the density of states is a function of the
energy W and shows a resonance structure. In the vicinity of a resonance
energy W, the density of states is expressed by

oy, = oW —— 18

m W W)E L T2/4 (71)

The lifetime is given by 7 = 1/T".
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Figure 11: Stark energy shift and the ionization threshold in a hydrogenic
atom with n = 108, my = 0. The thin lines show the energy levels in
an electric field. The three ionization fields Fz,, Fy, and F. (see text for
the meaning) are shown by the bold dashed line and the two bold lines,
respectively.
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Figure 12: Ionization lifetime by the tunneling process for n=12-14, m=1.
The electric field is assumed to be F' =5 x 107% [a.u] = 25.7kV/cm. The
solid lines represent the lifetimes given by the density of states calculation.
The dashed lines represent the lifetimes given by the semi-empirical formula

Eq. (69).

Following their method, we calculated the lifetimes of Rydberg states
at n = 12, 13 and 14(|m| = 1), where the electric field was taken to be
5 x 1078 [a.u.] =25.7kV/cm. The results are shown in Fig. 12, in which the
lifetimes given by Eq. (69) are also presented. The semi-empirical formula
Eq. (69) gives shorter lifetime than the exact result from the density of states,
especially for the red states. In the case of n=14, Z; — Zy ~ 0, the lifetimes
obtained from the two methods differ more than two order of magnitude.
For the range of interest here for 7 ~ 0.1 — 100 us, however, the difference is
in a factor of 2 ~ 3. We will discuss the effect of the differnce in Sec.6.1.

3.4.2 Ionization by the autoionization-like process

In non-hydrogenic atoms, a blue state has probability to interact with
red continuum states coming from the higher n manifolds. This interaction
causes the ionization of the blue state. This ionization rate of a state [nZ;m;)
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is given by Fermi’s Golden Rule,

Vg = 2m Z ](nZlijX/;i[eZ{m;)IQ (72)
Zam’j
= 2wy | > (nZym;|nljmy) (nlim;|Valelims) (eljm;leZim;)|?,(73)
7, gt -

where the summation extends over all possible values of Z]. Here we have
taken advantage of the symmetry of V,

(ngm;|Valel's'ms) = 64, 5)6(€, £)6(my, my) (nljm;|Valebjmy).  (74)

We recall that the diagonal matrix element of the core interaction Vj is given
bY7 ’

(nbjm;|Valntim;) = —2, (75)

where 4 is the magnitude of the difference between the quantum defect § and
its nearest integer. The range of ¢ is —1/2 < § < +1/2. This expression is
generalized to

. . —'5nl'
(ndjm;|Van'tim;) = Wslﬁ’ (76)
since the energy normalization of a discrete wavefunction is given by
/dT(,OZ,(pn =n"3§(n,n). (77)

We note here that the element (nfjm;|Vy|n'¢jm;) has nonzero value only
when ¢ < 3, or for the s1/9, p1/2,3/2, d3/2,5/2 and fs)2,7/2 states. Since the
energy normalization of a continuum wavefunction is expressed by

[drgige = se=¢), (78)

the matrix element involving a continuum state is obtained by

— sin(8n;)

7 (79)

(ndjm;|Valeljm;) =

Elements of the unitary transformation (nZ;m;|néjm;) are obtained from

the diagonalization procedure. Recall again that V, is nonzero only at r ~ 0,

where the shape of the wavefunction does not much depend on the external
electric field.

It is noted that the unitary transformation between parabolic and spheri-

cal coordinates can be analytically obtained in the hydrogen case. For heavy
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alkali atoms such as Rb, however, the fine structure interaction is too large
to be neglected, so that m, is not a good quantum number, and thus we
have to use |nfjm;) states as basis states. In the hydrogen case, all states
in manifold are degenerated and all the energy eigenstates of the manifold
have s, p and d components even in a small field, while, in 3Rb, s, p and
d states are not degenerated at manifold, and the eigenstates of the mani-
fold have only small components of low angular-momentum states. Indeed it
is shown in the actual numerical calculation that the dominant part of the
sum in Eq. (73) comes from (n f5/2,7/2m;|Val€ fs/2,72m;). To reflect the real
situation more exactly, we use the calculated elements of the transformation
from the diagonalization method.

The matrix elements (¢Z;my|efjm;) are also obtained by taking into ac-
count the difference between the normalization of the unitary transformation
for a bound state and that for a continuum one. For a bound state of the
hydrogenic atom, the normalization of the unitary transformation is given
by

> (nlmg|nnyme)(nnymenbme) =1 (n =0,1,2,---,n—|m|—1), (80)

ni

and for a continuum state,
+1
/ d(Zy — Zs){ebmyle Zime) (eZymalelme) = 1. (81)
-1

We replace the summation of Eq. (80) by the integration of (Z; — Z;) and
obtain the relation,

(nnyme|nlme) = \/—g(enlmddmﬁ. (82)

This relation is extended further to

(nZym;|nlim;) = \/%<€Zlmj‘€€jmj>. (83)

Substituting the numerically calculated values of (nZym;n€jm;) into
Eq. (73), we obtain 4. The maximum value of Z] is the value for which
Fz, = W?/4Zy = W?/4(1 — Z,), i.e. the state just reaches the classical
ionization value Fz,. It is noted here that 4 has n™* dependence.

In Fig. 13, the calculated lifetimes 74 = v;* of blue states of ®Rb (Z; —
Zy = 0.95) with n=100, 120, 130 and 140 and |m;| = 1/2, 3/2 and 5/2
are presented as functions of field strength. As the electric field increases
from zero, the lifetime decreases rapidly. This rapid decrease of the lifetime
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by the autoionization-like process.
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Figure 14: Electric field value Fyo at which the lifetime of #*Rb with n=120
reaches 7 = 10 usec.

begins at 2.5V /cm for n=100, at 1.1V /cm for n=120 and at 0.6 V/cm for
n=140. The steep decrease of the lifetime begins at a weaker field for larger n,
depending on |m;|. The lifetime reaches a saturated value with increasing the
field strength. The saturated lifetime is in the region of 5 - 20 us, depending
on the states. It becomes longer for larger n and |m;|. We denote the field
strength as “F;” at which the lifetime of the manifold becomes 7 us. In
Fig. 14 plotted are the field values Fiy as a function of the energy level of the
manifold of ®*Rb with n = 120 for |m;| = 1/2, 3/2 and 5/2. The dependence
on |m;| can be seen only in the extreme blue and red states. The field values
F, of the states of ®*Rb with [m;| = 1/2 are presented as a function of
Zy — Zy in Fig. 15 for n = 120(top), n = 108(center) and n = 120(bottom).
The ionization field strength by the tunneling process Fy, is also presented.

The extreme red and blue states have longer lifetimes because they mainly
consist of higher angular-momentum components ¢ > 4. Lifetimes of blue
states are shorter than those of red ones because blue states have larger
components of lower angular-momentum states than red ones. For n = 120,
the ionization lifetime by the autoionization-like process is longer than 1.0 us
in any field. Asn increases, Fy, and Fig become closer. The ionization by the
tunneling process becomes dominant in the ionization process with increasing
n.
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4 Apparatus and experimental procedure

4.1 Overview

In this section, apparatus and procedure in the present experiment are
described in detail. The overall setup in the present experiment is shown in
Fig. 16. Thermal atomic beam of Rb is introduced into the laser interaction
area which is included in the field ionization electrodes. The electrons lib-
erated from the field ionization are guided to a channel electron multiplier
through two sheets of grid mesh placed on one electrode plate. The whole
system is placed in a vacuum chamber. Special care was taken to reduce the
stray electric field in the laser interaction and field ionization regions.

4.2 Selective field ionization region

The ionization electrodes consist of two parallel plates of 52mm length
and 40 mm width. Two sheets of fine copper grid mesh are incorporated into
the area of 21x 22mm? of one of the electrode plates to pass through and
detect the electrons. The distance between the electrodes is 24 mm. The
diameter of the mesh wire was 0.1 mm so that the transmission through the
two mesh becomes 90%.
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Figure 17: Pulse shape of applied voltage.

4.3 Applied pulse for the field ionization

The pulse voltage applied to the SFI electrodes is shown in Fig.17. The
voltage rises slowly from the offset value v, to vs during ¢s, and then rises
abruptly to vy during ¢;. We call these components “slow” and “fast’ compo-
nent, respectively. The peak field is kept for a time ¢, “holding time”, then
the voltage goes down to the offset value v,. The Rydberg atoms are initially
excited in a field produced by the applied offset voltage v,. The voltage v,
is also used to compensate the stray field. The Rydberg atoms are mainly
ionized at the fast component during 5, but a state with a longer lifetime
than t; has some probability to be ionized during the holding time ;.

The applied electric field strength is given by

Fy = v/l (84)

where [ (24 mm) is the distance between the electrodes. Then the slew rate
Sy is given by
Sy = Fy/t;. (85)

The pulse sequence is produced with a waveform generator NI5411 (National
Instruments) and amplified by fast amplifiers. The output resolution and
the maximum update rate of the waveform generator are 12bit (bipolar) and
40 MHz, respectively. The waveform generator has a FIFO memory and a
16 MB memory module, which enable us to store very long arbitrary wave-
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Figure 18: Excitation diagram of 85Rb.

forms on the board and to obtain reliable waveform generation at the max-
imum update rate. It is possible to vary the slew rates of the fast and slow
components independently and to set the offset voltage v, and the slow com-
ponent v, to be positive or negative. The slew rate of the fast component is
varied to see the effect of a pulsed field shape on the field ionization charac-
teristics, while that of the slow component is used to drive the excited Stark
state to a particular field value adiabatically or non-adiabatically. The slew
rate can be increased up to 50V /(cmus). The offset voltage is applied to
vary the static field at the excitation region of the Rydberg states. Various
shape of the field can be applied to the Rydberg atoms.

4.4 Laser setup

Two step excitation was adapted to excite ¥®Rb atoms from the 5sy/s
ground state to the Rydberg nfj state through second excited state 5ps/2, as
shown in Fig. 18.

A diode laser of Sharp LT025MDO0 (780nm) was used for the first step
excitation. The temperature(-17 °C) and the current(135mA) are controlled
to stabilize the wavelength. A dye laser of Coherent 899-21 of coumarin 102
excited by a Kr ion laser was used for the second step excitation. The line
widths of the diode laser and of the dye laser are ~ 30 MHz and ~ 500kHz,
respectively. The power of the diode laser was 30 mW at 780 nm, and that of
the dye laser was 200mW at 479nm with 3 W of the Kr ion laser excitation.

The optical setup is shown in Fig. 19. Two laser beams were mixed by
a beam-splitter outside the experimental chamber. The following technique
was used to lock the wavelength of the diode laser to the first step excitation
wavelength. A small fraction of the laser beam from the beam sampler is
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Figure 19: Schematic diagram of the optical setup.

injected perpendicularly (i.e. Doppler free) to a thermal atomic beam of
Rb in a separate chamber. The ground state atoms were excited to the
5ps/2 state, and the fluorescence emitted during the deexcitation process to
the ground state was detected with a photomutiplier and this signal was
used to control the diode current with a lock-in-amplifier so as to keep the
fluorescence maximum.

The wavelength of the dye laser was stable enough to be used for our
experiment for more than several minutes, without any external control. In
order to obtain the longer stability further, the dye laser was controlled with
the ionization signal counts of the excited Rydberg states, which is described
in more detail in Sec. 4.6.

4.5 Data acquisition

The electron signals from the channel electron multiplier were amplified
by a pre-amplifier A250 (Amptek) and a main amplifier AN302/NL (ORTEC)
and then fed to a discriminator KN241 (Kaizu). The field ionization signals
were then counted through the timing I/O channel in the data acquisition
board PCI-6031E (National Instruments), with which the maximum counting
rate was 20 MHz. The data were analyzed on-line with the LabVIEW data



200 Stark structure and field ionization characteristics of highly excited Rydberg atoms

Tonization signal

I111s
109d J '
‘§ 108manifold |
S
Ills b
111p |
a Frequency
{ Energy
)
&
&=

Stark energy diagram

Figure 20: Typical excitation spectrum and corresponding energy levels in
the Stark map.

acquisition system on a computer. The whole data were analyzed off-line as
well as on-line with LabVIEW programs.

4.6 Experimental procedure

The experiment was carried out with the following procedure.

1)initial setting: The dye laser frequency is set to near the transition of
interest, for example, to the 5ps/,-110 manifold transition with the internal
wavelength meter and the controller of the dye laser.

2)laser frequency scanning: The laser frequency is scanned externally
by driving the scan-control voltage from a computer. The step size of the
scanning is 1 ~ 5MHz. During the scanning, the field ionization voltage vy
is kept constant. The ionization signals are counted as the laser frequency
is changed. Figure 20 is an example of ionization signal in a wide range of
scanning. The Stark energy diagram is also shown with corresponding energy
levels.

3)peak holding: When the peak of the signal for the state of interest is
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observed, then the scan-control voltage is fixed at the peak position.

4)data taking for ionization spectrum: The field ionization signals are
measured by varying the amplitude of the pulse vy with the same slew rate
Sy = Fy/ts, the same offset v, and the same slow-component vs. In this
process, the ionization counts are measured by changing the ionization field
value Fy = vy /l.

5) re-scanning and peak holding: After several ionization spectra are
taken, the laser frequency is scanned again. The frequency scanning is car-
ried out in a narrow range around the previous setup frequency. The scan-
control voltage is set again to make the signals maximum. This procedure is
automatically repeated for some cycles. After that, the parameters, applied
field pulse shape, the excited state of interest and so forth, are changed and
the procedure is repeated. All these process are controlled by a LabVIEW
program system.

5 Experimental results and comparison with
theoretical predictions

5.1 Excitation and detection of Rydberg states

Typical excitation spectra of 8Rb are shown in Fig.21. Without any -
electric field in the excitation region, the p states and also the manifold states
are not excited due to the selection rule for the dipole transitions. Therefore
the external field by the offset voltage v, was applied to the excitation region
in order to efficiently excite these states. The strength of the applied field was
70 and 19mV/cm for the 110 and 116-117 manifold excitations, respectively.
The slew rate of the slow component S, was set to zero. The maximum
pulse field was set to 10V/cm with the slew rate Sy = 14.4V/(cmpus) and
the holding time ¢, was 10 us.

5.2 Field ionization spectra in a pulsed electric field

Typical ionization spectra are shown in Fig. 22. The left side figures show
the spectra for the 113ps/, states. The offset electric field by v, was set to
-30mV /cm. The right side figures show the spectra for the central part of
the 120 manifold with Z; — Z5 ~ 0.2. The offset electric field by v, was
set to +80mV/cm. In both cases, the repetition rate of the applied electric
field pulse was 3.3kHz. Here the slew rate of the fast component S; was
14.4V/(cmpys), and the holding time ¢5 was 10 us. The slew rate of the slow
component S; was set to zero.
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Figure 21: Excitation spectra of ®Rb around n = 110 manifold (left) and
n =116-117 manifold (right). The atoms were excited in the applied field
F=70mV/cm in the case of n = 110 manifold and F=19mV/cm in the case
of n =116-117 manifold in order to excite appreciably many atoms to the
states which cannot reach at zero field due to the selection rule of the dipole
transition.

The right side of Fig. 22 shows clearly that the field ionization for the
manifold states occurs at two separate fields: one is at 1.7 V/cm and the other
is 3.7V /cm. We call the lower peak field ”the first field” and the higher one
"the second field”.

5.3 Characteristics of the pulsed field ionization pro-
cess

We measured the ionization field values of the states in 120 manifold of
85Rb as a function of the excitation position of the manifold. The field values
were measured for the two cases: The Rydberg states were excited at 1) a
positive field (F' = +80mV/cm) and 2) a negative field (F' = —80mV /cm),
where the positive field refers to the case at which the ionized electrons
correctly drift to the channeltron detector. The atoms excited in the negative
fleld, thus, experienced a pulsed electric field in the reversed direction to the
applied static field with the offset voltage. Therefore the atoms were driven
first to zero field and then to the ionization region.

The observed ionization field values of states with n = 120 are plotted as
a function of the excitation position in the manifold Z; — Z; in Fig.23. In
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Figure 22: Ionization spectra of the 113p;/, state(left) and the 120 manifold
states(right). The upper side spectra show the observed raw data, while the
lower side spectra were obtained by taking derivatives of the raw data.
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Fig. 23 are also presented the calculated ionization field intensities Fz,, Fip
and FlO- .

The upper part of Fig. 23 shows the results of the atoms excited in the
positive field direction, while the lower part shows the results of the atoms
excited in the negative field direction. In the latter case, the calculated fields
were plotted against —(Z; — Z2), that is, the value for the position of manifold
+(Z1 — Zy) were plotted at the corresponding values —(Z; — Zs).

Here the important features are noticed; 1) the first field does not de-
pend on the excited position of the manifold, 2)the second field increases
from ~3V/cm to ~6V/cm when the excited position is moved more to
the bluest side in the positive field case at F' = +80mV/cm. On the con-
trary, the second peak field behaves in the opposite direction to the case of
positive field when the atoms are excited in the negative field direction at
F = —-80mV/cm.

The calculated field value Fyq from the autoionization-like process roughly
agrees with the observed first-field. The existence of the second field over the
first field implies that the lifetime at the first peak field is longer than the
pulse rising time ¢y = 0.8 us. This fact is also consistent with the calculated
ionization lifetime by the autolonization-like precess.

When atoms with n = 120 are excited in the positive field direction at
F = 4+80mV/cm, as shown the upper part of Fig. 23, the observed field
values for the second peak is in good agreement with theoretical predictions
from the tunneling process. The fact that there exists no ionization events
above the second field implies that the ionization lifetime at the second field
is shorter than the pulse rising time ¢; = 0.8 us. This is also consistent with
the calculated results. Form the comparison of these results we can conclude
that the second field comes from the ionization by the tunneling process.

Also when atoms are excited to the negative direction at F' = —80mV /cm,
as presented the lower part of Fig. 23, the field values for the second peak are
in good agreement with the theoretical predictions if we consider the excited
position of the manifold +(Z; — Z;) is reversed to —(Zy — Z;). This ob-
servation is consistent with the theoretical predictions that when the atoms
are driven to the reversed direction, i.e., once to zero field and then to the
increasing opposite field direction for ionization, each state in the manifold
is driven to the corresponding state symmetric to the center of the manifold.
This is due to the orthogonal properties of the wavefunctions under the hy-
drogen approximations. Thus the experimental results for both the driving
direction are consistent with the theoretical predictions from the tunneling
process.



Y. Kishimoto 205

{0 —

Electric field [V/cm]

ol i [
-1.0 -0.5 0.0 0.5 1.0
Difference of separation parameters
Z -Z
12

W

Electric field [V/em]

0 L— N R S SN
-1.0 -0.5 0.0 0.5 1.0
Difference of separation parameter
Z-Z ‘
172

Figure 23: Ionization fields of 8Rb with n=120 are shown as a function of the
excited position Z; — Zy: the atoms are excited in the positive (the upper)
and the negative(the lower) direction (see text in detail). The calculated
results are also shown. When the atoms are excited in the negative field
direction(the lower), the calculated results are plotted against —(Z; — Z3).
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5.4 Adiabatic and non-adiabatic transitions at the first
avoided crossing ‘

The experiment on the adiabatic and non-adiabatic transition of the
initially excited 113p state through the first avoided crossing between the
113ps/» state and the bluest state in the 110 manifold was carried out as in
the following. The 113p;/, state of 3Rb were excited to by two step excita-
tion at the field /' = —30 mV/cm, where the 113p3/, state was well isolated
from the manifold. The field was then increased up to ' = —83 mV/cm,
where the 113ps/, state merged into the manifold. The applied field was
adjusted by the offset voltage v, and the slow component voltage v,. Soon
after the field reached F' = —83 mV /cm, pulsed ionization field was applied
with a slew rate of the fast component, Sy = 14.4 V/(cmys).

Figure 24 shows two ionization spectra measured in such procedure with
the values of the slew rate in slow-component, S;=0.93 mV/(cmps) and 80
mV /(cmpys), respectively. It is noted here that the direction of the initial
static field is opposite to the direction of the applied ionization field, that is,
_corresponding to the negative driving as mentioned earlier.

These two ionization spectra show quite different behavior: In the case of
the slow slew-rate Ss = 0.93 mV/(cmpus), there exist two peaks similar to the
case of n = 120 manifold. The first-peak field-value coincides with the value
expected from the autoionization-like process and the second one to the value
expected from the tunneling process. On the other hand, the spectrum in
the case of the fast slew-rate S; = 80 mV/(cmus), there exists only one peak
field. These observations are considered to be due to the different transition
processes occurred in each case; indeed the second peak corresponds to the
adiabatic transition from the isolated 113ps/; state to the bluest state in the
manifold, while the first peak corresponds to the non-adiabatic transition to
the states merged in the manifold as shown in Fig. 7.

The ratios of the counting rates of each peaks to the total sum of both
peaks are shown in Fig. 25 as a function of the slew-rate of the slow com-
ponent. The ratio for the second peak begins to decrease rapidly around
Ss=50-100mV /(cmus), while that for the first peak increases at around the
same slew-rate position. Corresponding results on the transition probabili-
ties from the theoretical calculations are also shown in the same figure. The
calculated results are in good agreement with the experimental data, thus
showing that the calculated Stark energy structure reproduces well the gap
energy between the crossing levels and also that the calculated time evolution
along the path of the applied electric field is quite satisfactory for reproducing
the transitions at the crossing. It is noted here that the present calculations
take into account the multi-level effect and multi-crossing properly near the
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Figure 24: Ionization spectra of the 113ps/; states of ¥Rb with the slew rate
of the slow component S; = 80mV /(cmpus) (left) and Ss = 0.93mV /(cmpus)
(right). Upper: raw data observed. Lower: derivatives of the raw data. The
slow component field was driven from F' = —30mV/cm to F' = —83mV /cm.
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Figure 25: Experimental and theoretical adiabatic and non-adiabatic tran-
sition probabilities in the first avoided crossing of 8*Rb between the 113p;/
and the 110 manifold: The open circles and closed ones show the observed
adiabatic and non-adiabatic transition probabilities, respectively. The bold
solid line and the bold dashed one show the adiabatic and non-adiabatic tran-
sition probabilities calculated with the multi-level time evolution formalism.
The thin long-dashed line and the thin solid one show those calculated with
the two-level time evolution formalism. '
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first avoided crossing and that the agreement with the experiment is espe-
cially good for this treatment compared to the calculation in which only the
first crossing is taken into account.

6 Discussion

6.1 Ionization field of highly excited Rydberg atoms

First we discuss on the ionization process. We measured the electric
field strength for ionization of the highly excited Rydberg states in 85Rb and
observed two peaks in the ionization field in our investigated field range, up
to 18 V/cm. For the 120 manifold, the first field is about 1.7 V/cm, and the
second is in the range from 3V /cm to 6 V/cm. The sharp rise of ionization
signal counts at the first field means that the lifetime decreases rapidly around
this field and that the lifetime becomes shorter than the pulse holding time
trn = 10us. The presence of the second field means that the lifetime at the
first field is longer than the pulse rising time ¢; = 0.8 us. Thus the ionization
lifetime at the first field is approximately in the range from 0.8 us to 10 us.
We found no signal-counts increase over the second field value, so that the
lifetime at the second field is considered to be shorter than the rising time
ts.

We also measured the ionization field values as a function of the excitation
position in the manifold and plotted the data in Fig. 23 together with the
calculated results by the tunneling process Fy, and by the autoionization-like
process Fjg. The second ionization field agrees well with the predictions of
the tunneling process. The first peak, on the other hand, is roughly consistent
with the prediction of the autoionization-like process. However the observed
field values are almost constant with varying position of excitation, which
is not in agreement with the predictions of the autoionization process. Also
in this peak field there exists appreciable contributions from the blackbody-
induced transition to other states from the initially excited state as discussed
in the previous work[17]. More detailed discussion on this points will be
presented elsewhere.

Underlying field ionization process in this situation can be stated as in
the following; as the field increases from zero, atoms begin to be ionized
when the field reaches the first ionizing field. The lifetime in this stage is
longer than the pulse rising time ¢y =0.8 us, and therefore some of the atoms
are not ionized and can survive during ¢;. Then with increasing the field,
the field reaches the second ionization field Fy,, where the lifetime by the
tunneling process is an extremely rapid function of the applied field so that
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all the atoms are ionized at this field.

The theoretical calculations predict that the ionization lifetime by the
tunneling process increases in proportion to n®, whereas that by the auto-
ionization-like process to n*. Therefore the ionization by the tunneling pro-
cess becomes more dominant than that by the autoionization-like process for
higher n.

Finally we discuss the accuracy of the lifetime calculations by the tunnel-
ing process. We have used the semi-empirical formula Eq. (69) to calculate
the ionization lifetime of the tunneling process and not used the exact cal-
culation from the density of states Eq.(71). The former predicts shorter
lifetime than the latter. The difference of the predicted lifetime seems to be
very large especially for the levels approaching the reddest states ("redder
states”) in a higher field. However this difference does not bring much differ-
ence in the ionization field actually as in the following reasoning; as we can
see in Fig. 9, the lifetime by Eq. (69) is a very rapid function of the field. At
the lifetime around 10 us relevant here, the difference of the predicted life-
times is expected to be within one order of magnitude from Fig. 12. For the
state with n = 120, m = 0 and Z; — Z5 = —0.5, the derivative of the lifetime
around 1ps is dr/dF =1 x 1077 s/(mV /em). Therefore even if the predicted
lifetime by Eq. (69) differs by one order of magnitude from the exact value
by Eq. (71), the resulting field difference in Fy, is around 100mV /cm.

6.2 Time evolution of the multi-level Rydberg system
in a pulsed electric filed

We measured the non-adiabatic and adiabatic transition probabilities at
the avoided crossings between the 113ps/; state and the blue states in the 110
manifold as a function of the slew rate S;. In this region there exist many
Stark levels which avoided-cross each other so that the above first avoided
crossing cannot be treated as a single well-separated avoided crossing. This
situation is therefore a suitable case for testing the applicabilities of the
developed theoretical tracing method for the time evolution of the multi-
level Rydberg system in a pulsed electric field.

Moreover the transition probabilities in the avoided crossing depend ex-
ponentially on the separation energy between the crossing levels in addition
to the crossing field. Therefore this measurement provides a very sensitive
test for the underlying calculations of various relevant parameters based on
the matrix diagonalization procedure. The calculated adiabatic as well as
non-adiabatic transition probabilities are in good agreement with theoretical
predictions, thus indicating that our theoretical treatment is quite satisfac-
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tory even in such a higher-lying Rydberg system.

Good agreement of the calculated result with the experimental one sug-
gests further that it could be applied to more complicated cases in the time
evolution. Suppose, for example, the case that the static electric field applied
is a varying function of the position during the excitation and the following
ionization process. The position-dependent field component of z or y direc-
tion in addition to the z component brings the mixing of m; in the Stark
levels during the flight of the atoms, so that we have to take into account
the coherent interactions between the different m; states. It is then expected
that the ionization lifetime by the autoionization-like process may be altered
and therefore the field ionization characteristics may also be modified. Since
our framework includes phase of wavefunctions properly, we can study the
coherent time evolution in such a case without simplification of the system.

The multi-level formalism in the time evolution was also applied to the
zero field crossing. Ignoring the fine structure interaction A and finite-sized
core effect Vy, the states in the manifold are all degenerated as in the case
of the hydrogen atom. The states are all orthogonal in any field, and their
energies are linear functions of the field. Therefore when the pulsed electric
field is reversed from the initial static direction during the ionization process,
all the energy states cross at zero field once and then take paths in such a way
that the bluest state goes to the reddest state, the second bluest becomes
the second reddest, and so forth. The expected trajectory changes with
the reversed field direction were actually confirmed by measuring the second
ionization field as a function of the excitation position Z; — Z,.

6.3 Accuracy and source of error in the diagonalization
procedure

We calculated the Stark structure of ®®*Rb in an electric field by the di-
agonalization method with the quantum defect theory under the Coulomb
approximation. The prediction of ionization lifetime in the autoionization-
like process and the tracing of the multi-level time evolution are based on
the results by this diagonalization method. We here discuss on the accuracy
and the errors in the process of the diagonalization calculation itself.

The diagonal element of the Hamiltonian is evaluated from the quantum
defects dnj¢. Thus the quantum defects provide the complete specification
of the structure and the behavior of a Rydberg state. The uncertainties in
them inevitably lead to errors in the Stark structure. Assuming a quantum



212 Stark structure and field ionization characteristics of highly excited Rydberg atoms

2.010* — : 1

1.510" [~

S

\ NG~

N

o ta
< <o
—_ —
(=] o
3

—

Radial dipole matrix element
<1 105mzr|n‘pm> [au]
=
> 3
—

108 110 112 114 116
Effective quantum number

5.010°

n

Figure 26: Variation of the radial dipole matrix element (110s12|7|n*p1/2) as
a function of the effective quantum number n*.

defect has a uncertainty A(J), the term energy has the error,

AW) _ 2A()
W n-6

Errors in the quantum defect values bring possible uncertainties to the results
of the Stark structure in two ways: 1) through errors in zero field eigenstates
and 2) through errors in the off-diagonal matrix elements. The first error
is not serious for large n, because the quantum defects of Rb are known
within A(§) < 2 x 107* from Table1 and thus A(W) = 1 MHz at n=110.

Next we consider the second uncertainty, that is, the off-diagonal matrix
elements. Figure 26 shows the calculated radial dipole matrix element of
8Rb between the 110s;, state and the n*p state (110s/2|r[n*p1/3). The
value of the matrix element varies most rapidly near n* = 109.2, where the
matrix element value is 7.6 x 103 [a.u] and the rate of variation is d{|r|) /dn* =
d(|r|)/dA(§) = 2.0 x 10*. The uncertainty of the quantum defect A(§) =
2x10™*, thus, leads to the error of the dipole matrix elements A({|r]))/{|r|) =
5.3 x 1074,

We also consider the error of calculation of radial matrix elements. In Ta-~
ble 2, we give the calculated radial matrix elements by Eq. (28) and previous
results [24]. Our results agree with the previous calculations within 2 x 1072
for n=40 and 4.5 x 10™* for n = 100. We note here again that the Coulomb
approximation is more exact for higher n.

We finally discuss the error due to the truncated basis set. Our treat-
ment becomes less accurate as the electric field increases because the errors

(86)
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Table 2: Radial matrix elements calculated by this work and other works

Transition  (n*{£|r|n*'¢’) (n*l|rin*'e") (n*lrin™t’)
n*f-n*'¢ this work (Regemoter et al. [24]) ( Edmonds and Kelly [25])
39.8p-40p  +2.2889 x 103 +2.288 x 103 +2.288 x 103
39.5p-40p  +1.7676 x 103 +1.767 x 103 +1.767 x 10°
38.5p-40p —2.2163 x 102 —2.214 x 102 ~2.215 x 103
99.8p-100p -+1.4311 x 104 +1.431 x 10* +8.621 x 10*
99.5p-100p +1.1055 x 104 +1.105 x 10* +1.105 x 104
98.5p-100p —1.4211 x 103 —1.421 x 103 +1.422 x 103
97.5p-100p +5.6658 x 102 45.665 x 102 4+8.621 x 102

Table 3: Calculated energy of the bluest and the second bluest states of 8Rb
in the 109 manifold

terms in basis set 109-111 108-112 107-113 105-115 103-117

energy [a.u.)
(the bluest) —4.109684 —4.109248 —4.109448 —4.109448 —4.109449

energy [a.u.]
(the second bluest) —4.108837 —4.109119 —4.109288 —4.109288 —4.109290

generally grow with the size of the perturbation. Table3 shows that energy
values of two sample states of ®*Rb in n = 109 manifold for |m;| = 1/2 con-
verge rapidly with increasing the dimension of the basis set. Since the values
converge within 10kHz over the calculated range of the field up to 0.3V/cm,
the basis set of 105 < n < 115 was adapted in the present calculations.

7 Conclusion

We have investigated the properties of highly excited Rydberg states in
8Rb. Specifically the Stark structure and time evolution of highly excited
85Rb Rydberg states in a pulsed electric field have been studied experimen-
tally as well as theoretically. The Rydberg states in 8Rb with the principal
quantum number n ranging from 110 to 140 have been excited with the two
step laser excitation scheme and field ionization spectra under the pulsed
electric field were observed with the ionized electron detection. From the
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systematic measurements it was found that in general there exist two peaks
in the ionization fields: the lower peak is rather broad and the field value of
the peak does not depend on the excitation position in the manifold. The
value of the higher peak field, on the other hand, increases with increasing
bluer states in the manifold when the pulsed electric field is increased in
the same direction with the initially applied static field. However when the
pulsed field is increased in the reversed direction to the static field, the peak
field decreases with increasing bluer state excitations, showing the opposite
behavior to the case in the same field-driving direction.

In order to reveal the origin of these two peak fields in the ionization
processes, theoretical calculations of the Stark structure and ionization rates
of ®Rb in the electric field have been performed with a computational method
based on the Hamiltonian diagonalization. Relevant matrix elements were
obtained with the quantum defect theory under the Coulomb approximation.

From these calculations it was found that the excitation position depen-
dence of the higher peaks observed in the field ionization is in good agreement
with the predictions from the tunneling process. On the other hand the lower
peak behavior is roughly explained from the autoionization-like process to-
gether with the effect of the blackbody-induced radiative transitions to the
neighboring states from the originally excited states.

In due course of the above investigations, time evolution of the multi-level
Rydberg system in a pulsed electric field was also studied to confirm the use-
fulness and applicabilities of the present method of theoretical calculations.
Specifically the transition probabilities in the first avoided crossings of **Rb
between the 113ps/, state and the bluest state in 110 manifold was measured
and compared with the theoretical predictions obtained from a newly de-
veloped formalism on the time evolution of the multi-level Rydberg system.
The experimental results are in good agreement with the predictions. The
opposite behavior in the excitation-position dependence of the higher ion-
ization peak-field between the driving directions of the pulsed electric field
was also found to be well explained with the present theoretical treatment in
the time evolution, thus showing the present theoretical treatment is quite
satisfactory even in such highly excited Rydberg atoms.

With this method, we can calculate not only the energy levels but also
the fundamental physics quantities in an electric filed. By using the quantum
defect theory under the Coulomb approximation, all the matrix elements ana-
lytically obtained are easy to evaluate and yet accurate enough for the highly
excited states with n > 100. Further applications of the present theoretical
treatment are expected to regions, for example, where the time evolution of a
multi-level Rydberg system in a position-dependent static three-dimensional
electric field is traced along with an applied pulsed electric field for ionization.
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