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We derive a quantum master equation for an atom coupled to a heat bath represented by a charged particle
many-body environment. In the Born-Markov approximation, the influence of the plasma environment on the
reduced system is described by the dynamical structure factor. Expressions for the profiles of spectral lines
are obtained. Wave packets are introduced as robust states allowing for a quasiclassical description of Rydberg
electrons. Transition rates for highly excited Rydberg levels are investigated. A circular-orbit wave-packet
approach has been applied in order to describe the localization of electrons within Rydberg states. The calculated
transition rates are in a good agreement with experimental data.
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I. INTRODUCTION

Open quantum systems have been a fascinating area of
research because of their ability to describe the transition from
the microscopic to the macroscopic world. The appearance
of the classicality in a quantum system, i.e., the loss of
quantum information of a quantum system, can be described by
decoherence resulting from the interaction of an open quantum
system with its surroundings [1,2].

An interesting example for an open quantum system
interacting with a plasma environment is highly excited
atoms, so-called Rydberg states, characterized by a large main
quantum number. Rydberg states play an important role in
astrophysics to study stellar atmospheres [3,4]. In particular,
ionization processes of Rydberg states of hydrogen and helium
and their recombination processes are significant for hydrogen
and helium plasmas in a very low-density environment which
exists in stellar atmospheres with weakly ionized layers [3,5,6].
Because the interaction with the plasma, characterized by the
plasma frequency, is no longer small compared to the energy
differences of quantum eigenstates, the surrounding plasma
cannot be considered as a weak perturbation of the excited
atom. The time evolution, in particular transition rates, is
modified as shown in this work. An essential problem is the
construction of optimum, robust states.

Note that Rydberg states are energetically near to the
continuum of scattering states. The screening of a given ion by
the free electrons and neighboring ions in a plasma results in
the reduction of the ionization potential and line broadening of
eigenenergy levels of the given atom. For the Rydberg states
near the continuum edge, it may be quite difficult to rigorously
distinguish the borderline between the real continuum edge
and bound states. For example, it is known that in solar
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astrophysics, spectral lines are visible up to a main quantum
numbers of about 17 [7]. The correct treatment of the Rydberg
states which are near the continuum edge is a longstanding
problem in plasma spectroscopy; see Refs. [8,9]. Thus a
many-body approach to Rydberg states in a plasma is also
of interest for spectroscopy.

Because of their macroscopic characters and long lifetimes,
nowadays Rydberg states have become a fundamental concept
of open quantum systems in different fields of physics,
such as quantum information research [10—12] and ultracold
plasmas [13—16]. Recently, the existence of Rydberg excitons
in the copper oxide Cu,O [17] has been demonstrated,
which enables visible measurements of coherent quantum
effects [18]. Actually, using a localized semiclassical represen-
tation of bound states to study the connection between classical
mechanics and the large-quantum-number limit of quantum
mechanics has been a topic of interest since the development of
quantum mechanics [19,20]. As a mesoscopic object, the Ryd-
berg atom may be regarded as an outstanding example demon-
strating both macroscopic classical and microscopic quantum
behavior. In a series of papers by Stroud et al. [21-28],
the dynamics of a hydrogenic Rydberg atom has been dis-
cussed in detail. It has been shown that the behavior of a wave
packet constructed by energy eigenstates of the hydrogen atom
is different for the short- and the long-term evolution. This
difference is essential for the investigation of the connection
between the quantum and classical description of nature and
gives a possibility to explain the emergence of classicality in
a quantum system.

Motivated by these exciting perspectives, we study the
properties of hydrogenic Rydberg atoms and, in particular,
the transition rates of highly excited Rydberg states. Different
environments are of interest: the interaction with the radiation
field, the interaction with phonons (Rydberg excitons), and the
interaction with charged particles. We focus on the special case
where the environment is described by a plasma background;
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see Refs. [29-31]. A similar derivation for a test particle
interacting through collisions with a low-density background
gas by using the quantum master equation approach is
reported in Refs. [32,33]. The influence of the plasma on
the dynamics of the atom is determined by the dynamical
structure factor of the surrounding plasma. Robust states
are represented by optimized Gaussian wave packets. As an
example, transition rates are calculated and compared to other
theoretical approaches and experimental data.

Another example which will be considered is the profiles
of spectral lines. They are essentially determined by the
interaction of the bound states with the radiation field and
the charge carriers of the plasma. Both of them can be treated
as a thermal bath for the bound states, which are regarded as
the reduced system in the theory of open quantum systems.
Various approaches can be used to calculate the spectral
line profiles in a plasma environment, for instance, unified
theory [34], quantum mechanical scattering theory [35], and
the Green’s-function methods [36,37], which are based on the
assumption that the plasma is in equilibrium. Quantum kinetic
theory, as a nonequilibrium approach, can also be applied
to investigate the line profiles of the plasma, which will be
presented in this work.

This paper is organized as follows: in Sec. Il A, we outline
the derivation of the general quantum master equation in the
Born-Markov approximation. Then we discuss the special
case of plasma as a many-body environment in Sec. II B. In
Sec. I1 C, the general quantum master equation is investigated
in detail by introducing the basis of the energy eigenstates
of the hydrogen atom. The Pauli equation and the spectral
line profiles are derived in this section. After the introduction
of wave packets in Sec. III A and a general discussion of
the circular Rydberg states in Sec. III B, the wave-packet
description for the bound Rydberg electron is introduced.
The robustness and validity of the wave-packet description are
discussed in Sec. III C. The transition rates for the hydrogenic
Rydberg atom derived with the use of the circular-orbit wave
packet and their comparisons with classical Monte Carlo
simulations and experimental data are presented in Sec. III D.
Conclusions are drawn in Sec. IV.

II. QUANTUM MASTER EQUATION FOR RYDBERG
ATOMS IN A PLASMA

A. General quantum master equation

We are investigating the reduced system of a Rydberg atom
(A) embedded in a bath (B) consisting of charged particles c,
electrons (¢ = e) and (singly) charged ions (c = i), charge
e., mass m., particle density n., and temperature 7. The
microscopic model under consideration is a hydrogen atom
coupled to a surrounding charge-neutral plasma, )" e.n. = 0.
In the bath, in general, the formation of bound states such
as atoms is also possible. Furthermore, the interaction of the
atom is mediated by the Maxwell field which also contains,
besides the Coulomb interaction with the charged particles,
single-particle states, i.e., the photons. The total system is
then described by the Hamiltonian

H = Hy + Hp + Hiy. (D

In a plasma environment, the Hamiltonian ﬁB includes both
the kinetic energy and the Coulomb interactions of charged
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particles I:ICOHI [see Eq. (15) below] as well as the degrees of

freedom of the photonic field H phomn describing the transversal

Maxwell field of the plasma environment, i.e., I:IB = I:ICOUI +
gL

photon*
The atomic Hamiltonian reads, in the nonrelativistic case,
. p2 f)2 &2
A=+ — - ~ 2
2M  2m  4me|t

where the center-of-mass (c.m.) motion is described by the to-
tal mass M = m, + m; and the variables ﬁ,f’, and the relative
motion is described by the reduced mass m and the relative
variables t,p. The eigenstates |\, p) of the isolated hydrogen
atom are the solutions of the Schrodinger equation Ha |, p) =
E,p|V, p) with the eigenenergy E, p = P?/(2M) + E,,. The
quantum number n = {7,l/,m,m,} describes the internal state
for bound states E, < 0, and n = {p,m,} for scattering states
E, = p>/(2m) > 0. For the bound states, the wave function
YR,r) = (Rr|¥, p) = Yp(R)y,(r) contains the eigenstates
¥, (r) of the hydrogen atom. The c.m. motion Wp(R) is given
by a plane wave. In this work, we concentrate on the internal
degrees of freedom of the bound states. The c.m. motion,
which, e.g., determines the Doppler broadening of the spectral
line profile, will not be discussed here in detail. In most cases,
it will be dropped, considering the adiabatic limit.

The interaction between the atomic electron and the plasma
environment is given by the coupling of the atomic current
operator to the electromagnetic field of the bath,

ﬁim(t)=/ rjA0)A, (), 3)

with x* = {ct,r}. Introducing the creation [&T(x)] and
annihilation [/(x)] operator for the atomic electron,
the current operator of the atomic subsystem ]AK x)=
{CQA()C),JA(X)} can be explicitly written as QA()C)
—el//T(x)l/f(x) for the electron probability density and j A(x)
'eh{wf(x) 29 x) — [29 ()1 (x)} for the electric current
densuy of the electron (nonrelativistic limit). Without further
explanation, the operators in this work are given in a Heisen-
berg picture,

O(t) _ eiﬁt/hOAe—iFIz/ﬁ. 4)
The source of the electromagnetic field of the bath Ag (x) =
[Ug(x),Ag(x)] is the current density fg (x) of all charge

carriers in the plasma. In the present work, the Coulomb gauge
V - Ag(x) = 0 is used. The Fourier transform

[e.¢]
jq,B(w)Z/ d3l‘/ die'™ 1" jy(1,r) o)
Q() —00

of the electrical current in the surrounding plasma can be
decomposed into a transverse component ) . ji’]g(a)) coupled
only to the vector potential Aq_B(a)), and a longitudinal
one ) . f(‘]"’];(a))q/q which is related only to the Coulomb
potential. Because of the continuity equation, the relation
Q- jq8(®) = ¢ 5(©) = ©0q5(w) holds, where pq(w) is the
Fourier transform of the corresponding charge density operator
o(x).

The general form of the interaction (3) includes the
Coulomb interaction via the longitudinal component of the
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currents, and the coupling of the transverse component of
the currents with the radiation field. We do not investigate the
radiation interaction connected with the transverse component.
The radiative field of the plasma determines the natural
broadening, which has already been extensively discussed
in [38,39] by using the quantum master equation approach.
However, in this work we focus on the Coulomb interaction of
the hydrogen atom with its surrounding charged particles. In
this case, the distribution and the motion of the charge carriers
in the plasma produce a scalar potential which is given in terms
of the longitudinal current [40],

0un(@) _ -~ Jan(@)
Pt Z o 6)

0q,B(a)) = 0
- 0

This results in the pressure broadening of the spectral lines, as
shown in Sec. IIC 2.

The state of the total system is described by the statistical
operator p(¢). We assume that the observables A of the
subsystem A commute with the observables B of the bath
B. If only the properties of the subsystem A are relevant, we
can consider the corresponding statistical operator

pa(t) = Trg p(1) (7

performing the trace over all bath variables. Then, the average
value of any observable A of the subsystem A is calculated as
(A)' =Tr{A p(1)} = Tra{A pa(®)}.

The equation of motion for the total statistical operator 5(¢)
[39] reads

0 1 .
—pt)— —[H.p()] =
8t/?( ) ih[ p)]
with the relevant statistical operator fr(t) = pa(?)0p, Which
implies that the quantum systems A and B are uncorrelated.
The equilibrium state gg of the bath B is assumed as the grand
canonical distribution,

—&[p(t) = pra(D)], ®)

N 1 [:IB - ZC I‘LL‘NC
=z eXp[ ksT ’
A N ®
ZB — TrB exp [_w]’
kgT

with the chemical potentials w. of the species ¢. The limit
& — 07 has to be performed after the thermodynamic limit.

A closed equation of motion can be derived for the reduced
statistical operator pa () of the subsystem A by performing the
average with respect to the bath in (8). If the bath is assumed to
have short memory in the sense that the correlation in the bath
decays very quickly in comparison to the time evolution of the
reduced system (Markov approximation), and the dynamics of
the reduced system is considered only in second order with
respect to I:Iim (Born approximation), we obtain [39]

0 | BN
—Pa(t) — —[Ha,pa(D)] =

Dl pa()], 10
o T [0a(?)] (10)
with the influence term
0
Dlpa()] = 7 dr e Trg[Hin, [ Hine(T), pa(t) pB]11.
—00
(11)
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This is the quantum master equation (QME) in the Born-
Markov approximation. To go beyond the Born approximation,
a more general solution has been given in [41].

The Born approximation indicates that higher orders of the
interaction Hamiltonian in the time evolution of the opera-
tor (4) can be dropped. Consequently, the time dependence in
the Born approximation is given by the interaction picture

Ol(t, f0) = ei(ﬁAJrl:lB)(t*lo)/h OAe*i(ﬁA+HB)(t*lo)/h_ (12)

At t =1y, the interaction picture coincides with the
Schrodinger picture. Note that the time of reference #; is
often taken as zero. In the interaction picture, the QME in
the Born-Markov approximation reads

3
— Pt tg) = D'(t,10), (13)

at
i.e., only the perturbation determines the time evolution of
ﬁ;(r,to) [note that Hg commutes with pa(z)]. The influence
term in interaction representation follows as

1 1 0 eT agt 71
Dl(t,1) = —7 dre’” Trg{ Hy(t,10).[ Hy (t + T.10),
—0o0

NI A

PA(.10)pB ]} (14)
In zeroth order with respect to the perturbation, ﬁi(r,to) is
constant and thus not changing with time 7.

B. The influence term for a charged particle system

In this section, the master equation for the reduced statistical
operator (13) shall be applied to atomic bound states in a many-
particle plasma environment. However, most of the discussion
is valid for a much more general case.

For the plasma surrounding the radiating atom, the Hamil-
tonian is described by

A~ h2p2 1 €ceq
H, = ——C' ¢, + = I rErE—
Coul Z 2m, “r T3 Z €0S20[p; — pil?
cp c,d,p1p2, PPy
X3P1+qup/1+l”2801ﬁl 50-2 UZCP] dT d CPI (15)

where we used second quantization ép,éj, for free-particle
states |p) = |p,o) (wave vector and spin) of charge c. The
grand canonical equilibrium (9) also contains the particle-
number operator N. = Y ¢& AT ¢,. The macroscopic state of
the bath is fixed by the Lagrange multipliers p. and T'. 2 is
the volume of the total system. Because of charge neutrality
Z e.N. =0, both u, and u; are related. The photonic field
I-Alljloton is not relevant in our present consideration, which is
focused on the Coulomb interaction with the charged particles
of the bath.

The longitudinal part of the interaction Hamiltonian can
be extracted from the general form Hiy (3) by using the
expression (6) and performing the Fourier transform with
respect to the time for the atomic charge density operator,

*® dw
oL A(t.10) = / 3o o A@), (16)
—00
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so that

1 do

1£1tH(t tO) = ; 60(]—2520/. b e_lw(l o) @{1 A(a))@quB(t,to),
a7
with 0qp = Y., 055 and 055 =Y, €l q2.oCpiqiaor In
this work, only the contribution of the electrons in the plasma
is considered. Because of the large mass ratio, the ionic
contribution related to the microfield should be treated in a
different way; see Sec. IV. Coming back to the influence
term (14), the factorization of the interaction Hamiltonian
allows us to perform the average over the bath degrees of

freedom separately,

1
D(t,tp) = —— d e
(= [ dre zegq e

—i(wt+a)(t—ty))—iw't {[

xe Qq A(w)Qq’ A(a) )IOA(t [O)

D4 A (@)D (1,10)0 A (@)]
X (0L 51,1000 ¢ 5t + T.10))B
—[04 A(@)PA (. 10)05 A(@)
— DA(E,10)0q A(@)0g p(@)]
X (0L g 51 + T,10)0" ¢ p(1.10))8}, (18)

with (-)g = Trg{-- pB} The charge density autocorrelation
function (o' “a. s(, tQ)Q_q g(t 4 7,10))p is calculated in thermo-
dynamic equilibrium. Because of homogeneity in space and
time, itis o< 84, _q and not dependent on the time ¢ as well as £,.
We introduce the Laplace transform of the bath autocorrelation
functions, which can also be defined as the response function

l 0 ET —IwT
(g =5 | dre e ™ (!

—0Q

L 810,008 510+ 7,10)) .
19)

The response function I',(q,w) is a complex physical quantity
which is related to the dynamical structure factor of the plasma
or the dielectric function, as shown in Appendix A. It can be
decomposed into real and imaginary parts,

T, (q.0) = 3y,(q.0) +iS,(q.0), (20)

where y,(q,w) and S,(q,) are both real functions. They fulfill
the Kramers-Kronig relation and are related to the damping and
the spectral line shift, respectively [see Egs. (B9) and (B10) in
Appendix B].

With the response function (19), we find that the influence
term (14) can be rewritten as

60q4522 / /

(g, — )0} A(@).01 A ()P (t.10)]+H.c.
21

i(a)/fa))(tfto)

Dl(t,10) =

The second contribution of the right-hand side of Eq. (21)
is the Hermitian conjugate of the first contribution, so that
D(¢,1y) is a real quantity. Approximations for the response
function I, (q,w) are obtained from the approximations for the
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dielectric function such as the random-phase approximation
and improvements accounting for collisions.

C. Atomic quantum master equation

In a next step we introduce the orthonormal basis of the
hydrogen bound states in the Hilbert space of the atomic
subsystem to obtain the Pauli equation for population numbers
and the spectral line profiles.

1. Pauli equation for occupation numbers

We use the basis of hydrogenlike states [,) of the
Hamiltonian Hy. For the charge density operator

NS / d*Fe'ITPA(T)

= f d’re' 9 [e,8(f, — F) + ¢;8(F; — )]

= e,e' 9 4 ¢;¢!9Ti (22)
the time dependence in the interaction picture can be written
in matrix representation as (e, = —e;)

Qq A(t fo) = ehHA(t lo)@ A€ — L HA(t—t9)

= Y e Funl@e 0, (23)

nn'

with

T = 1Y) (Vnls (24)

= En— By (25)
Wpp = A P

Fun(q) = /d3r Y (0P, (0) (1 — e797), (26)

in adiabatic approximation m, < m;. Furthermore, the atom
is assumed to be localized at R = 0. Performing the Fourier
transformation with respect to ¢, we obtain the atomic charge
density in Fourier space,

Y eeTun Fun(@27 80 — 0n). (27)

With Eq. (27), the influence function (21) can be repre-
sented as

Dltt)=—

nn',mm’,q

{Tn 'n Tm mpA(t tO)

dga(®) =

e @y F O )1 =10) Ko Qs @y
TovmPa(t.10)Tn } + Hee,
(28)
with
2
2 492

containing informatlon about the atomic system, the plasma
bath, and the interaction between them. In matrix representa-
tion, the atomic QME (13) can be represented as (|;) is initial
state; | ¢) is final state)

Kmm’;n’n (qvw) (q)Fn n(q) F ((Lw) (29)

0
o7 Phir®0) = Wil D' 0l y), (30)

042711-4



TRANSITION RATES FOR A RYDBERG ATOM ...

with the influence function
(Wi | DXt 10) )
= - Z {eiw,',,,(f—to) Kmn;in(qswmn) ,O/I&mf(l,lo)

mn,q
@y (1 — I
+ gl @ns(t=10) K o (@ @nf) P i (2510)
_ ei(wim+a)uf)(t710) [Kmi;fn (q,wmi)

+ K:f;mi(q’wnf)] p}\,mn (t,[o)}, (31)

with the density matrix p/&,mn(l,lo) = (V| Pp(t,10)|¥,). The
corresponding atomic QME in the Schrodinger picture is ob-
tained with p} , (t,19) = 'm0 p, .. (1); see Appendix B.

We investig’ate the diagonal elements of the density matrix
by setting i = f in the above expression (30). This leads to
an equation for the population number P;(¢) = p}\,ii(l,lo) =
PALii (1),

ap(t) ‘ , L P,
o g[kn,(q,wm)f’n(t) kin(q,win) Pi(1)]

= Y 2Re[€ ") Kiin (. Omn)] P i (£:10)
n,m#i,k

+ D 2Refe! O [Kr(quwn)

m>n,q
+ Konisin (€ 01} P (110, (32)

with kup(q.@ap) =2Re Kapap(@,0a5) =€2 | Fap( @)1 (q.0a5)/
(eéq“Q%), where expression (20) is used and the indices m and
n are interchanged in the derivation. The interaction picture
shows a slow time dependence in p} , (,t)) owing to the
influence of the bath, given by Eq. (i3), and a quick time
variation due to the factor '@~ with w,,, # 0. The second
and third terms oscillate with the characteristic transition
frequencies w,,, and w;,, respectively. Subsequently, their
contributions vanish when averaging over a time interval that
is large in comparison to the inverse of the characteristic
transition frequencies because the population numbers are
approximately constant. This is the so-called rotating-wave
approximation (RWA). For the long-term evolution of the
reduced system, the nondiagonal elements in Eq. (32) can be
neglected and consequently we obtain a closed rate equation
for the population number—the Pauli equation,

IP;(t)
— = %j[km(q,wm-)m(r) — kin(q,win)PA(D]. (33)

Comparing with the standard form of the Pauli equation,
L Pi(t) = Y, [Wysi Pu(t) — i, P;(1)], we have, for the tran-
sition rates,

Z 33 |Fm(q)|2 Vr(q’wni)

2 402
€9$%

)

Wy = ani(q’a)m') =
q

! (34)

Z 33 |Fm(Q)|2 Vr(qawin)

2 402
€9*$%

Wip = Zkin(q’a)in) =
q

q

To derive the Pauli equation, we used the RWA, which neglects
quickly oscillating terms. Also the dependence on the time #,
where the interaction picture coincides with the Schrodinger
picture, disappears. The validity of the RWA in the theory of
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open quantum systems is under discussion. The dynamics is
modified if contributions of the right-hand side of Eq. (32)
are dropped. In our investigation, we found that if the RWA is
carried out prematurely, it will be inappropriate to describe the
dissipative properties of the relevant atomic system (Rydberg
states) and results in erroneous transition rates. More details
can be found in Appendix B. Additionally, the nondiagonal
elements of Eq. (30) are also derived and a principle discussion
on the validity of the RWA is given.

2. Quantum kinetic approach to spectral line profile

In open quantum system theory, one separates a reduced
subsystem out from the total quantum system, which includes
all relevant observables that one is interested in. The remaining
degrees of freedom are treated as irrelevant for the dynamical
behavior and are denoted as the observables of the bath.
However, the selection of the relevant observables that are
appropriate to describe the dynamics of the system depends
sensitively on the physical problems that we tackle.

For instance, the degrees of freedom of the emitted photons
are irrelevant for the dynamics of the population numbers of
the atomic energy eigenstates and therefore can be considered
as part of the bath in the derivation of the Pauli equation. This
consideration is also applied in the derivation of the natural
linewidth of the spectral line profile [38,39]. In contrast, these
degrees of freedom are most important for the description of
the spectral line profile in a plasma environment, where we
obtain the spectral line shapes by measuring the energy of the
emitted photons. The emitted photons are therefore relevant
degrees of freedom. To correctly describe the spectral line
shapes via the open quantum system theory, we must extend
the reduced system by including the set of the degrees of
freedom of the emitted photons. This means that the radiation
field together with the atomic system should be considered
as the reduced system to be described by the QME, and
the surrounding plasma is the bath coupled to the system by
Coulomb interaction.

Absorption as well as spontaneous and induced emission
coefficients, related by the Einstein relation, are obtained from
QED where the transverse part of the Maxwell field,

I:I[iloton = Z hwk,sﬁk,s, 35)
ks

is quantized and denoted by the photon modes |k,s). The
frequency wx = c|k| = 2w ¢/ is the dispersion relation for the

frequency as a function of the wave number A. g ; = 13;2 Sﬁk,s
is the occupation number with the polarization s = 1,2. As
mentioned above, the photon field must be treated as part of
the reduced system with the Hamiltonian ﬁs =H A+ ﬁ;ﬁom,
and the eigenstates will be denoted by the expression |7i) =
|Yn, Nu(K,s)) containing corresponding quantum numbers
for the eigenenergy E, = E, + D ks Nu(K,s) hog ¢ with the
occupation number N, (K,s) of the mode IK,s).

Emission and absorption are described by the interaction
Hamiltonian [see Eq. (3)], H™ = [d’rji - Apw = [d’rda -
Eph, after integration by parts with the atomic dipole operator
da. The decomposition of the electric field of the photon
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subsystem (two polarization vectors & ) is

Ep=i)
k,s

For a given measured photon mode |k,3) in the experiment,
only the mode with k = k and s = 5 in the Hamiltonian H™¢
contributes. This allows us to introduce an operator describing
emission and absorption,

ds = da ® (b — bp), (37)

where the polarization index is suppressed. The initial and final
states in this case are given by |i) = |¥;,N;(k)) and |f) =
|V s, Np(K)) with Np(k) = N;(K) + 8y k, respectively. This
means that for the measured photon mode kK, the occupation
number fulfills N (k) = N;(k) + 1, while for all other photon
modes, their occupation numbers remain unchanged. A shift
of the eigenenergy levels is caused by the interaction with
the plasma environment via the momentum exchange. Subse-
quently, this leads to a deviation of the measured transition
frequency wy from the characteristic transition frequencies
wy,y between the unperturbed atomic eigenstates |y,). We
define the deviation by using the eigenenergies E, via

Awpy = (En - En’)/h (38)

ﬁa)k N

— & [y — bl 1. 36
2% €5 [k, ks ] (36)

‘We use the interaction picture with I:IO I-?s + ﬂB so that
the power spectrum P(wg) = fo —€teHiort () dt, as shown
in [42] in the framework of the linear response theory, can be

rewritten as
Zc, £ (39)

P(wg) = / N
0

where the photon frequency is absorbed by the new dipole
operator dg of the reduced system (including photons) and

(ds)" = Tr(ps(t)ds) = Y p5 (g, (), (40)

if
with pé’ fl.(t) being the solution of the QME in the interaction
picture [see Eq. (44)], and the matrix elements dIs’l.f(t) =

(Yildal¥ s)e A Consequently, the spectral line shape £;
in Eq. (44) can be written as

Liy= f dt €™ pg_p;(Ddg ;1 (0). (41)
A . :

In order to obtain the solution of the QME, a similar reduced
charge density operator containing the photon information as
in Eq. (37) can be introduced for the extended reduced system,

Oqss = Og.a ® (bg — bL). (42)

Using the basis set |7i) of the unperturbed reduced system,
we obtain the matrix elements of the reduced charge density
operator Qq s(?) at time ¢,

(@'ok s0)li)

Aw,y, _ _ _ _
= e Fun(@) """ [Sy oy Ny -1 — SN, )N, )1

where the Kronecker’s § is connected to the atomic emission
and absorption with the transition frequency w,,,. Performing
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the Fourier transform with respect to the time #, we obtain the
reduced charge density operator in Fourier space,

0qs@) =Y e T Fun(q) 80 — Awyy)
=Y e, Fun(@8(@+ Awuy),  (43)
with Tnn i) (71| - 8n k), n,)—1 denoting the one-photon

absorption and ]A”;“n =
photon emission.

The QME in RWA in the interaction picture can be written
in terms of the matrix element ,oé.fi(t) = (f|ﬁs(t)|l~'):

7"} (71| - Sn,, (i), N, k)41 denoting the one-

8)05 fl( )

S = TR @RS () + T 05 i), (44)

which is shown in detail in Appendix C. The influence
function, i.e., the right side of Eq. (44), characterizes the
spectral intensity of the emitted photons by a coefficient
F??(w;) describing the shift of the eigenenergy levels and
the pressure broadening,

F?,s(wl_() = Z{an;fn(qua)nf) + an;fn(q’ - Awfn)
n,q
+ Kiin (@, Awpi) + K (Q, — Awiy)},  (45)

and a coefficient F}/[ describing the vertex correction,

ry, = Z{Kii;ff(q,Awff) + Kii;rr(q, — Awgy)
q

+Kff ”(q,Aa)l,)—{—Kﬁ ”(q’ — Awjj)}. (46)
The vertex correction has no dependence on the photon
frequency wg and contributes only beyond the dipole approx-
imation. Formally integrating the expression (44) yields
—{BS(wp)—TV,

P55 (1) = pg 7 (0) - e~ AR (47)
Inserting this formal solution into Eq. (41), the line-shape
function can be expressed as

1
L(wg i X . 48
(@Ris Wi — wif +i€— irgs(wg) + iFi\} (48)

The expression (48) coincides with the result of the unified
theory for spectral line profiles [43] if only the electron
contribution (impact approximation) is considered. Note that
the unified theory gives the result in the Born approximation
with respect to the interaction with the surrounding plasma,
which corresponds to the Born-Markov approximation for
the coupling to the plasma considered as the bath. Strong
coupling of the radiator to the perturbing environment has been
treated in the Green’s-function approach using a T-matrix ap-
proximation; see [43]. The improvement of the Born-Markov
approximation for the QME considering strong interactions
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and the ionic contribution of the plasma environment, given by
the microfield distribution, will be discussed below in Sec. IV.

III. ROBUST CIRCULAR WAVE PACKET AND
TRANSITION RATES

A. Wave packets

Within the QME approach, the statistical operator of the
reduced system py is of interest. The density matrix pa m, =
(m|paln) is represented with respect to the states |n) of the
reduced system. One possibility is using the orthonormal basis
set of energy eigenstates of the unperturbed atom according
to the interaction picture. In the case considered here, these
are the hydrogen orbitals including the scattering states. The
hydrogen orbitals are long living if the perturbation by the
surrounding plasma is weak. Accordingly, the transition rates
due to collisions with the plasma are small.

Rydberg atoms, as ubiquitous states formed due to the
recombination of electrons and positive ions in laser-produced
plasmas [14], play a significant role for understanding the evo-
lution of expanding plasmas. Their interaction effects with the
plasma particles are comparable or greater than the differences
of atomic energy eigenstates E,, for n near a fixed value ny. On
the other hand, the pressure broadening of the Rydberg states
is also comparable to the energy difference between adjacent
orbitals since it is scaled as n~> with respect to the principal
quantum number n. Furthermore, the transition rates are quite
large because of the enormous dipole moment ({n!/|r|nl +
1) ~ n?). Consequently, the pure Rydberg state is strongly af-
fected by the plasma environment and has only a short lifetime.
In this case, mixtures of pure Rydberg states should be taken
into account. Hence one can look for more robust states that are
formed as a superposition of energy eigenstates, which might
be more stable in the time evolution. For a local interaction
such as the Coulomb potential, the position r of the atomic
electron enters the interaction part of the Hamiltonian, and
localization is favored because r commutes with I-AIinl and is a
conserved quantity with respect to this part of the Hamiltonian.
Therefore, localized states are more robust with respect to
the interaction with the surrounding plasma. In this case, a
wave-packet description for Rydberg states can be introduced
to describe the evolution of the system, in particular transition
rates.

In addition, the introduction of the wave-packet description
may allow us to investigate the boundary between the quantum
and classical descriptions of systems. In fact, since the intro-
duction of quantum mechanics, many physicists attempted
to establish the connections between these descriptions of
nature by exhibiting the so-called coherent wave packet. One
of the famous examples is the well-known coherent state of
the linear harmonic oscillator [44], which may be regarded as
an excellent example to describe the macroscopic limit of a
quantum mechanical system according to the correspondence
principle. For the Coulomb problem, e.g., the hydrogen atom,
many attempts to construct localized semiclassical solutions
of the coherent-state type have been made [45-49]. Note
that the hydrogen atom is equivalent to the four-dimensional
harmonic oscillator so that coherent wave packets can be intro-
duced accordingly [47]. Recently, Makowski and Peplowski
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constructed well-localized two-dimensional wave packets for
two different potentials [50,51] where an excellent quantum-
classical correspondence is observed. We use Brown’s circular-
orbit wave packets [45,52] as a quasiclassical representation
to describe the highly excited Rydberg states of the hydrogen
atom.

B. Circular Rydberg states

In the present work, we are interested in the extreme-
circular Rydberg states where a valence electron of the atom
is highly excited to quantum states / = m = n — 1. In the case
of a hydrogen atom, we have

Ipn(r) = <r|¢n,n71,nfl)

n—1
:c,,(L) e~ sin"~1(9)e! "~V (49)

as

where ¢, = [2/(naB)]3/2[2n(2n + D!17Y2. Furthermore, in
this section, we use the abbreviation ¥, (r) for the circular
wave function v, ,_1,—1(r) and use the notation n for the
principal quantum number. It can be seen from Eq. (49) that
the hydrogen electron in this eigenstate is already excellently
localized in the radial (r) and polar (6) direction.

Besides the above-mentioned localized properties, these
extreme-circular Rydberg states also have other remarkable
properties: long radiative lifetimes, giant magnetic moments,
no linear Stark shift, and smallest quadratic Stark shifts
[53-55]. According to the dipole selection rule Al =1,
the radiative decay channels of circular Rydberg states are
strongly suppressed. As a consequence, transition between
adjacent circular states can be regarded as a two-level quantum
system which may be used to realize a two-qubit quantum
gate [56].

Different methods for creating circular Rydberg atoms have
been developed, for example, the adiabatic rapid passage
technique [57,58], the crossed-field method [59,60], and the
adiabatic radio-frequency field technique [61-63]. In addition
to the production of circular Rydberg states, special trapping
techniques are indispensable for studies and applications
of these states. For instance, as recently demonstrated by
Anderson et al. [54], a room-temperature magnetic trap for
circular Rydberg atoms has been realized. There, circular
Rydberg states with n = 57 are generated within a sample of
107 cold 8’Rb atoms via a two-step excitation process with two
laser beams. It was possible to observe the center-of-mass and
internal-state evolution of circular states. These experiments
can be employed to provide a source of long-lived circular
state atoms for precision measurements.

C. Wave packet for circular motion

We now introduce a circular-orbit wave packet of the
hydrogen atom as a coherent state constructed from the
superposition of circular-orbit eigenfunctions of the hydrogen
atom (49) with a Gaussian weighting function around a large
principal quantum number nq [52]:

8non i(n—
Groan) = 30 e ) (50)
n no
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with the Gaussian factor and the normalization factor, respec-
tively,

(n — np)? }

2
40,10

8no.n = CXP{ -

M= Yo - C20

where o,, is the standard deviation considered as a fixed
parameter for ny. Without loss of generality, we can put ¢9 = 0
because it fixes, as a phase factor, only the initial position
of the wave packet at the azimuthal angle ¢. We drop ¢g
in the following. Due to the superposition with a Gaussian
factor, we also have good localization with respect to ¢ in
the wave-packet description (50). The actual Hilbert space
‘H,.n—1.n—1 considered here is only a subspace of the entire
Hilbert space ‘H of the hydrogen atom. The generalization to
the full Hilbert space to include all bound and scattering states
could be done straightforwardly.

The time-dependent wave packet in the coordinate repre-
sentation in terms of spherical coordinates is given by

(SD

8no,n

3

with E, = Ry/n?> and Ry = 13.6eV. For an appropriate
Gaussian factor, only the terms with principal quantum number
adjacent to ny contribute. Therefore, we can use the central
quantum number n( to approximate other states in the radial
and 6 direction. In addition, for short-term time evolution, the
energy E, in the factor e/%'/" in Eq. (52) can be expanded
around n¢ up to the second order, which relates directly to the
quantum revival; see below. The probability distribution of the
wave packet can be represented as

2}’!0—2
r . _
|<r|Gn0>l |2 — Z Cio <_> e—zr/(l’l()LlB) Sln2n0 2(9)

as

(r|G,,)" e Bty (v), (52)

m,n

% e—(ul—iwrevf)(n—no)z—(m +Hiwreyt)(M—10)+i ($—wer 1) (n—m)
(53)

with a; = 1/(462), wq = |E,, |/h = 2Ry/(hn}), and wey, =
|E,,|/(2h) = 3Ry/(hn}), Where E, and E, are the first and
second derivatives of E, with respect to the main quantum
number 7 at ng, respectively. As pointed out in [64], . relates
to the classical Kepler period T, = 2mr /v, for the Kepler
1/Ry/(mené), and the
quantum revival period can be defined by wrey.

For highly excited states, |x| <« no with x =n —ng and
|yl < no with y =m —no, the sum )  can be replaced

by the integral [ _dx [*_dy. Integrating over the variables
r and 6 and performing the integral over x,y yields the
probability distribution of the wave packet,

|G (9.0)% ~ n—zeXP[_ o ]
no(®: aj + (@)’ 2[a} + (@ !)?)/ar |

(54)

trajectory with ry = n% ag and vy =
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with ¢ () = ¢ — w.it. From this probability distribution, the
time-dependent width of the wave packet for a Rydberg
electron can be extracted,

1 o2 (E, 1)?
G,ﬁ)(t) = \/[a% + (a)revt)z]/al = \/40_2 + T (595

no

For the initial time r = 0, we have a,ﬁ) = 1/(20,,). The
expression (54) also shows that on such a short-time scale,
the central position of the probability distribution is exactly
determined by the Kepler motion. The localized wave packet
for the hydrogen atom moves along the classical Keplerian
trajectory of the electron and its width broadens. With time
evolution, the localization of the wave packet is destroyed and
interference fringes of different eigenstates are displayed. On a
much longer time scale Ty = 27 /wyey, the wave packet finally
reverses itself, which is the above-mentioned quantum revival
as indicated in Eq. (54).

The dynamics of the wave packet shown above is purely
due to quantum mechanical evolution without plasma sur-
roundings. Within a plasma environment, the hydrogen atom
undergoes interactions with the plasma particles which results
in the shift of the eigenenergy levels, the broadening of plasma
spectral lines, the screening of the Coulomb potential, the
localization of the hydrogen atom (proton and bound electron),
etc. In this work, we concentrate on the localization of the
bound electron immersed in a plasma environment.

The scattering of the bound electron by free plasma
electrons results in the localization of the electron of the
hydrogen atom, i.e., the collisions with the plasma tend to
localize the Rydberg electron and narrow the wave packet. As
in the case of free particles in a surrounding environment [2],
the spreading of the wave packet competes with the lo-
calization effect induced by the plasma environment. The
optimum width of a Gaussian wave packet where both effects,
i.e., localization and quantum diffluence, nearly compensate
describes a state which is nearly stable in time and is denoted
as the robust state.

In this work, we are interested in time scales, which are
even smaller than the classical Keplerian periodicity 7,;. We
assume that on such a short-time scale, a Rydberg electron
behaves like a free electron because of the weak coupling
between the electron and the proton. Comparing with the
relaxation processes, which describe the inelastic coupling
between the internal energy eigenstates and the surrounding
environment, the quasiclassical Kepler motion of the wave
packet is assumed to be influenced by the elastic scattering of
the Rydberg electrons with its surroundings. Similarly, as in the
case of the quantum Brownian motion of a free particle [2], the
equation of motion for the reduced density matrix with respect
to variable x = r ¢ obeys

0
P = A, (x = x')?, (56)
with the localization rate,

A, = —2 /Ood —v2 (@, )—2—
R = Zarne Jy Y43 Fun@ [ 37 ks T4

e*hzqz/(SmngT)’ (57)
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TABLE L. Localization rate Ag, (57) in units of (102 cm=2s7!)
for different plasma densities and temperatures.

Quantum number n,

T®K  ny(m™) 10 20 30 40
100 10° 5722 5722 5722 5721
1012 180.3  180.1 1800  179.7
10'9 5090 4969 4813 4645
1000 10° 5722 5722 522 5722
1012 180.9  180.8 1807  180.6
10'9 5619 5549 5474 5399
10 000 10° 5722 5722 522 5722
102 180.9  180.9 1809  180.9
10'9 5696 5670 5645 5619

describing how fast interferences of an entangled system of
extension |x — x’| are suppressed; for details, see Appendix D.
According to [2], the optimal width of the wave packet is
defined by equilibrating the interplay between the spreading
of the wave packet and the localization of the wave packet,

and reads
1/4
o _Lh : (58)
o 2 meAR '

As a consequence, an optimal width o,, can be calculated

using the relation (55) for ¢+ = 0 and the relation o,f; = Urf; /¥el,
so that

Fel

Opy = =
208

(59)

For the plasma with temperature 7 = 300 K and density n, =
10° cm 3, we obtain an optimal width o,,, = 0.75 for ng = 13,
which will be shown in the next section to be appropriate to
describe the transition rate.

In Table I, we show the dependence of the localization
rates on the plasma parameters for different principal quantum
numbers. For given temperature and density, the localization
rate decreases slightly with the increasing quantum number .
At afixed temperature, the localization rate is raised drastically
when the plasma density increases. At the same time, the
localization rate shows only a weak dependence on the plasma
temperature.

The transition between descriptions of the bound electron
in hydrogen atom by the wave packet and the pure quantum
eigenstate may be determined by comparing the optimal
width (58) with the orbit radius r,, = rq = n%aB. For this,
a function b(ng,np,T),

cl
b(ng) = b(no,nyp, T) = —* — 1, (60)

no
can be introduced. For the given electron density np and
temperature 7 of the plasma, quantum mechanical descriptions
are valid for b(ng) > 0, and for the opposite case [b(ng) < 0],

the wave-packet descriptions can be used.
In Fig. 1, we show this function for different plasma den-
sities at the given temperature 7 = 300 K. With the increase
of the plasma density, the principal quantum number n at
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FIG. 1. Boundary between classical and quantum mechanical
descriptions of the hydrogen electron at T = 300 K for different
densities.

b(n.) =~ 0, characterizing the change from a pure quantum
description to a classical description, drops drastically.

We discussed the descriptions of the bound electron, in
particular the validity of the wave-packet description. We have
shown that this question is related to the localization of the
wave packet if an optimal width of the wave packet is assumed,
which also has a dependence on the mass of the localized object
as shown in Eq. (5§8). Similar considerations can be made for
the free electrons and ions in the plasma (see Sec. IV).

D. Transition rates

We are interested in a matrix representation of the QME.
We use robust states |i) = |G, ) for the initial state and | f) =
|G, ) for the final state to investigate the atomic transition rates
of the Rydberg states. For the reduced Hilbert space H,, ,—1 -1
used to construct the circular-orbit wave packet, there is
no completeness relation ) |n)(n| = 1 because noncircular
orbits are missing. Only if we project on the reduced Hilbert
space can this relation be applied. A more general discussion
about the completeness relation in the wave-packet case is
found in Refs. [65,66]. Therewith, the charge density operator
in Hilbert space H,, ,—1.,—1 is expressed as

Ou ) =D €c Toun Fun(@e’". (61)

mn

In Fourier space, the charge density operator reads

@;A(w) = Z €e fmn an(Q) 2778(0) + a)mn)~ (62)

mn

Note that the operators given in this section are all projected
on the reduced Hilbert space H,, ,—1,—1. The use of the full
Hilbert space is more complex and should be worked out in
future investigations.

In the present section, the diffusion of the wave packet with
the center quantum number nq is of essential interest. The
dynamics along the classical trajectory, shown in the previous
section, is given by ¢ (¢). To investigate the diffusion of the
wave packet with respect to the quantum number n, we come
back to the QME in which the influence function for the wave
packet in Hilbert space H,, ,—1,,—1 is obtained by inserting the
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charge density operator (62) into Eq. (21),
Doyl =— Y

nn',mm’,q

X {Tn 'n Tm mpA(t t())

e_l (@' N =l0) Kmm’;n’n ((L wmm’)

m mpA(t t())Tn n} + H.c.
(63)

The influence function in RWA can be represented in matrix
representation as

(FID'[pA(®]li)

_Zgnfs

s,h,q

Km;hh (q, wss) + K;,kh;ss (q, whh)

= K onsn(@.0sn) + Koo (@.010)} {04 (1), (64)
n

with
ih 8nys.s * 8nih
gyt = S Sl (65)

ny/Vn;

where the g function is given by Eq. (51). After decomposition
of the response function I',(q,w) = y,(q,w)/2 + i S,(q,w), we
have the dissipator for the circular wave packet,

1
=5 2 Gnh AD1+ Do+ Ds} pl (1),

s,h

(fID'[pa®]li) =

(66)

with

=Y VI Fu(@ — Fu(—@ 1:(q.0),  (67)
q

=Y {kns(q o) + ksn(q.00)}, (68)

q
Ds= Y (ka(@Qwsn) + knn(@.om)}.  (69)

n#s,h q

This dissipator, describing the decoherence of the nondiagonal
elements of the wave packet, has three different contributions.
D, originates from the vertex correction and contributes
only beyond the dipole approximation. Ds represents the
contributions of all intermediate transitions. The transition
between the contributing initial state s and final state & is
hidden in D, and from which the transition rates for the wave
packet can be defined [see also Eq. (B15) in Appendix B and
the discussion there]:

inh
Waion, =D Goh - wi, (70)
s,h

with the atomic transition rate given in Eq. (34).

In collision theory, the T matrix T =V + VGOV +
VGOVGOV + --- is used to calculate the cross sections and
the transition rates. Comparison with the Born approximation
implemented in the derivation of the QME (13) shows that
only the first term V in the T matrix is taken into account.
In order to obtain a better description of the collision effects
in plasma, higher-order terms should be evaluated. We use a
semiclassical approximation reported in Ref. [67] to describe
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FIG. 2. Transition rates of n; = 13 to near n s states induced at a

= 300 K electron plasma with density n, = 10° cm™, calculated
frorn the wave-packet description with the width o,, = 0.55 and
0y, = 0.75 compared to the results from classical Monte Carlo
simulation (MCS) [69], the calculation in the Born approximation
with and without collision effects from Ref. [29], and experimental
data [70].

the modification of the transition rate due to the collision
effects in plasma, which is given by

i
An©) =1In|1
f(n,An,8) n[ +An®(1+2.5n®/An)]

In(1+ ! B C) |Enl (71)
: n DN £ - P
An® kBT

with An = n — n’ and the binding energy E,, for the hydrogen
atom. Therefore, the modified transition rate for the wave-
packet description may be written as

oGty fhlh—51.0).  (72)

s,h

Wni»nf =

In Fig. 2, we show the transition rates calculated from the
expression (72) for two different values for the width of the
hydrogenic wave packet. Comparing with the experimental
data of helium, it can be seen that the transition rates
calculated with the wave-packet width o,,, = 0.75, evaluated
using Eq. (59) for the given plasma parameters T and np,
are in best agreement. The agreement reveals the coherent
wave-packet character of the Rydberg electron.

The comparison between the results of the classical Monte
Carlo simulation and the experimental data indicates that a
classical treatment is more appropriate to calculate the transi-
tion rates of the highly excited states. In the classical Monte
Carlo simulation, the highly excited free electron is treated
as a point in an 18-dimensional phase space which behaves
in accordance with classical laws under the influence of the
Coulomb interactions [68]. From the quantum mechanical
point of view, this treatment is equivalent to represent the
electron as an incoherent wave packet with vanishing width.
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FIG. 3. Transition rates of n; = 40 to near n, states induced by
a T = 20 K electron plasma with density n, = 10° cm™3, calculated
from the wave-packet description with the width o,, =0.5,2,3
compared to the results from classical Monte Carlo simulation [69]
(green line) and the results in the Born approximation with and
without collision effects from Ref. [67].

Another comparison for the transition rates with the initial
principal quantum number n; = 40 is shown in Fig. 3. From
the figure, the validity of the wave-packet description can also
be verified from the agreement between the results of classical
Monte Carlo simulations and the results calculated with the
wave-packet width o,,, = 2.

IV. DISCUSSION AND CONCLUSION

We derived quantum master equations for an atom inter-
acting with the charged particles of a plasma environment.
In the Born-Markov approximation, the influence function
of the plasma environment is determined by the dynamical
structure factor of the plasma. As a consequence of the atom-
plasma interaction, the electrons in highly excited Rydberg
states become localized. Localization of free electrons due to
interactions with the environment is known from the quantum
Brownian motion [2]. This may be a good approximation in
the limit of highly excited Rydberg states where the mean
free path of the electrons is small compared to the radius of
the Kepler orbit. We derived a localization rate for electrons
moving on a Kepler orbit, where the diagonal atomic form
factor appears.

Robust states are introduced as optimized wave packets.
The quantum diffluence of the wave packets is nearly compen-
sated by the localization due to collisions with the surrounding
plasma. A critical quantum number n., is found. States with
a lower quantum number are described by pure quantum
states as solution of the atomic (hydrogen) Hamiltonian.
For higher quantum numbers ny > n., the superposition of
different quantum states leads to a wave packet characterized
by an average quantum number ny. Consequently, classical
motion (Kepler ellipses) with a corresponding Kepler radius
T = n%aB and an average azimuthal angle ¢.(¢) is observed.
By construction, we are restricted to circular motion only.
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By avoiding the restriction to the Hilbert subspace of circular
orbits (/ =m =n — 1), more general Kepler orbits can be
obtained taking into account all bound states for constructing
the wave packet.

As another example for the use of the atomic master
equation, the spectral line shape for transitions at low quantum
numbers has been derived. The equivalence with a quantum
statistical approach to profiles of spectral lines [43] has been
shown. After decoupling the ion and electron subsystems of the
plasma environment, only the electron contribution to the spec-
tral line shape has been considered (impact approximation).
The standard description of the interaction with the plasma ions
is the ionic microfield. The ionic structure factor determines the
microfield distribution, and a superposition of the Stark shift
in the ionic microfield and the electron contribution in impact
approximation leads to the line profiles as derived from the
unified theory [43].

For comparison, the influence of the plasma ions on the
line profile can also be calculated in the Born approximation,
similar to the treatment of the plasma electrons using the
impact approximation. The ions localize more strongly in
comparison to the electrons as a consequence of the larger
localization rate (57) if the electron mass is replaced by
the ion mass. In other words, for electrons in plasma under
normal conditions, the quantum description is applicable,
whereas for ions, the classical description is more appropriate.
The domains within the plasma density-temperature diagram,
where the robust states of the ions are localized so that the
concept of the classical ionic microfield can be justified while
electrons should be treated quantum mechanically, have been
outlined, for instance, in Ref. [30].

In the present work, we have shown that for electrons
in Rydberg states, localization may occur owing to the
interaction with the plasma environment. Transition rates
were calculated using robust quantum states formed by wave
packets. Comparing with experiments and MCS results, the
use of robust quantum states gives a better agreement with
measured data and classical calculations than the approach
using pure hydrogen eigenenergy states. Thus, the wave-
packet description which accounts for localization is more
appropriate not only for the ions, but also for the electrons when
considering highly excited Rydberg states. We performed
exploratory calculations using the Brown circular-orbit wave
packets. The approach can be further worked out to more
general wave packets formed by the entire Hilbert space of the
atomic states.

The existence of the plasma environment also leads to a
reduction of the bound electron binding energy because of the
screening effects in the plasma. Consequently, bound states
shift into the continuum which is the so-called lowering of the
continuum edge [71]. This means there is a maximum principal
quantum number n,,(7,n) for the Rydberg states at a given
plasma temperature 7" and a given density n where separate
bound states below the continuum can be identified. The
reduction of the principal quantum number 7, below which
a pure hydrogen quantum state is robust, as shown in Fig. 1,
has to be compared to the pressure ionization of the plasma.
Using the standard expression for the lowering of the ionization
potential in Ref. [72], estimations for the maximum principal
quantum number n,x can be made. For instance, at the plasma
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densities 10° and 10'> cm™3, the maximum principal quantum
numbers are nyx ~ 200 and nn,x & 20, respectively. Near the
continuum edge, it is difficult to distinguish between the real
continuum edge and the point at which the spectroscopic series
merges into a continuum due to line broadening. It would be
of interest to investigate whether a wave-packet description
might be more suitable near the continuum edge. For this,
the definition of the wave packet (50) should be extended
to include the continuum states, similar to the case of free
electrons where a Gaussian wave packet can be formed by
plane-wave states.

A fundamental issue in the theory of open quantum systems
is that the subdivision of the total system into the reduced
system and the bath is arbitrary and can be changed. Degrees of
freedom of the bath which are strongly coupled to the reduced
system may be incorporated into the reduced system, so that the
bath contains only weakly coupled degrees of freedom which
may be treated in the Born-Markov approximation. Various
approximations, in particular the Born-Markov approximation
and the rotating-wave approximation, performed in the present
work can be improved in future work; see also Ref. [41] and
Appendix B. Furthermore, the electron in atom and the plasma
electrons must be antisymmetrized so that exchange terms
will occur. With respect to radiation processes, it is in general
not the single electron which emits radiation but the whole
reduced system which couples to the radiation field. As an
interesting application of this aspect, the treatment of radiation
from many-electron atoms, for instance the K, radiation, is
presently under investigation.

A main advantage of the QME for a hydrogen Rydberg
atom surrounded by a plasma is the use of robust states instead
of the pure hydrogen eigenenergy states. The treatment of
localization allows the transition to classical physics and the
very efficient use of classical descriptions, for instance in
molecular dynamical simulations. On the other side, QMEs
are an essential ingredient to formulate a nonequilibrium
approach for many-body systems, which can also be done
on a very fundamental level as QED. The Rydberg atoms
considered in the present work are an interesting object to
describe the transition from the quantum microworld to the
macroscopic classical world where new properties such as
trajectories emerge.
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APPENDIX A: DYNAMICAL STRUCTURE FACTOR AND
RESPONSE FUNCTION

The response function y, is the real part of the Laplace
transform of the density-density correlation function. With the
eigenstates |¢,) of the bath, (Hg — > welN)\bn) = Bnldn),
the spectral density of the density-density correlation function
follows as

1 e P8
I(q,w) = Z Z W(¢n|@—q,B|¢m><¢m|@q,B|¢n>

¢ n.m

PHYSICAL REVIEW A 93, 042711 (2016)

%277 8(w — By /h+ By /h). (A1)

The spectral density is the Fourier transform of the density
autocorrelation function,

*® dw .
—I(q,w)e'".

I (A2)
We find
2
Fr(qvw) = ﬁl(qs - 60)
ez S
iP-< —I(q, — &) ———, (A3
+iPe3 [w o (q w)w_w, (A3)
where P denotes the principal value of the integral.
Now we can use the fluctuation-dissipation theorem,
&2
yr(qva)) = h_;I(q’ - w)? (A4)

and have, for S,(q,w), which determines the Lamb shift, the
Kramers-Kronig relation

2 00 /
S (qw) =P—= —I(q, — o
(q,0) ) (q w)w_w/
OOdw/ ,
=P > 2y,(q,0) - (AS)
—0o 2T w—w

The response function can be related to the dynamical
structure factor (DSF) of the bath, which is defined via the
Fourier transform of the correlation function of the density
fluctuation [73]:

o0

1 .
W/—oo dte'" (80q,8(7)80—q,8(0))8,

(A6)

where ny is the electron density in plasma and 8048(7) =

04¢,8(T) — (0q,B(7))n is the density fluctuation of the electrons.

Because of the plasma environment in equilibrium, the

condition (0q,8(7))B = €.npidq,0 holds for all time. Then the

DSF can be rewritten as

SB (qv (1)) =

1 © .
Sp(q,0) = W/ dte'" (804,8(1)80-q,8(0))B
P: e J—00
M
=—— I(—q, E_s(w)8(q). A7
RO ( qw)+2n90 (w)8(q) (A7)

The last term in the above expression contributes only at w = 0
and q = 0. For dynamical processes, this contribution can be
neglected.

It can be obviously seen that the functions y,(q,w),
S, (q,w), 1(q,w), and Sg(q,w) are all related to the density-
density correlation function and connected to each other,
which means that we need only one of them to construct the
correlation function of the plasma environment. In this work,
we use the DSF Sg(q,w) which is directly related to the inverse
dielectric function € ~!(q,) in plasma physics by employing
the well-known fluctuation-dissipation theorem [71],

1 €0q’

Se(q,w) = Im{ lir(r)1+efl(q,w+i8)}.

TRy eho/ksT _ 1 eg &
(A8)
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The dielectric function can be treated by perturbation theory
or numerical simulations as a quantum many-body problem.
An analytical approach calculating the dielectric function in
the context of the linear response theory and the random phase
approximation can be found, e.g., in Refs. [39,71].

APPENDIX B: ROTATING-WAVE APPROXIMATION

In this Appendix, we will investigate the influence of the
RWA on the dynamics of the reduced system. The neglect of
quickly oscillating terms in Eq. (32) modifies the dynamics of
the system. This procedure depends on the choice of the basis
|,), which defines the diagonal and nondiagonal elements of
the density matrix.

In contrast to the expressions given in Sec. II C 1, here we
consider the result if performing the RWA in an earlier stage.
The starting point is the QME (13) (interaction picture) with
the influence function (28). The RWA implies that the explicit
dependence on t — t; disappears so that in Eq. (28) only the
terms with m = n’ and m" = n contribute. We find

@El)(tsIO) = - Z Kn’n;n’n(qaa)n’n){Tn’n’lb\}g(tvIO)

nn’,q
— Ty PA(t,10) Ty} + Hec. (B1)

In addition, the explicit dependence on ¢ — £, disappears for
n’ =nand m’ = m so that

bé)(t,to) = - Z Kmm;nn(qawmm)

mn,q

X {fmmﬁIA(tJO)(Smn - ﬁnmﬁ,&(tvtO)fnn} + H.c.

(B2)

The term m = n in the sum of 25(12) gives the same contribution
as in f)gl) if ' =n. To avoid this double counting, the

corresponding contributions in 75([2) should be subtracted. The
correct contribution can be expressed as

Dipy(t.to) = Y Vd Fan(@ F} (QITH (. 0rn) + T (q )]
n'#n,q

X Ty P, 10) Ton
= Z qu an(‘l)Ejnf(‘l) Vr((IaO)'ﬁz’n’ﬁ}\(t’t())f""'
n'#n,q
(B3)

In dipole approximation, this expression yields no contribu-
tion. Beyond dipole approximation, this term contributes only
to the vertex correction. Altogether, the influence function in
RWA follows as

Dhya(t.10) = Dl (2,10) + Dy (2,10). (B4)

The influence function @%])(t,to) can be transformed into a
more transparent form. With the decomposition of the response
function I',(k,w) (20), the influence function (B1) and (B2)
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can be rewritten as

A 1 A
D(ll)(t,fo) = - Z {Ekn/n(qawn’n)[{Tn/n’lé/l\(t’to)

nn',q
+ ﬁ}\(t’tO)fn/rl’} -2 fnn’p/\/lx(tvIO)ﬁl’n]

-1 Z quFn’n(q)an’(_q) Sr(q»wn/n)

nn’,q
X [T DA (t0) — PRt ,10) Ty | } (BS)

The last term in Eq. (B5) can be rewritten as the commutator
describing the reversible Hamiltonian dynamics, which in fact
represents the line shift of the eigenenergy levels of the atomic
system induced by the coupling to the background as known
from the coupling to the radiation field. The terms in the
first line of the influence function (B5) are responsible for
the transition processes of atoms. Since F,,(q)F;,(q) is a
complex quantity, the influence function ﬁ{z)(t,to) can also be
decomposed into a real part,

Doy[pa®] = Y Vg Re{Fu(@)F;, (@)
n'#n,q
X Yo (q,0) - T P (t,10) Ty, (B6)

and an imaginary part,

AS = " V2 Im{F..(@F}, (@)
n'#n.q
X Y(q,0) - Ty PA(t,0) T (B7)

We go back to the Schrodinger picture with Eq. (12),
ﬁ}\([,to) — ei(ﬁAJrﬂB)(f*fo)/h p‘A([)e*i(ﬁA+Hﬁ)(I*fo)/h_ Then the
atomic QME becomes

9oat) 1.4 - N .
— —[Ha + Higy, + Hy a0
ot ih
= D) [Aa(®)] + Dy [pa(0)], (B8)
with the shift Hamiltonian operator,
I:Is(l:i)ft = Z qu|Fn’n(q)|2Sr(qswn’n)Tn’n’, (B9)
nn’,q

which is related to the shift of the eigenenergies. The dissipator
Dy [pa(?)], which is the real part of the influence function, is
given in the Schrodinger picture by

f)(])[,@A(l‘)] = Z kn/n(qawn’n)

nn’,q

N A 1.
X |:Tnn’/3A(t)Tn’n - E{Tn’n’vﬁA(t)}+i|a (BlO)

where the curly brackets denote the anticommutator. Without
the contributions from 1552)[/3A(t)], the QME (B8) has the
Lindblad form. Generally, by performing the RWA here
we can render the QME in the Lindblad form in which
the terms describing atomic emissions and absorptions can
be separated, as shown in Ref. [38]. However, we should
point out that the neglecting of the term 15([2)[,6A(t)] yields an
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incorrect description of the dissipative system beyond dipole
approximation.

We implement the matrix representation of the QME (B8)
in the Schrodinger picture with Eq. (12); then the atomic QME
in RWA becomes

0pa,if(t)
ot

== [Kinin(Q.0in) + K} 1@ )] - paig(t)

n.q

+8ip > [Knioni (Q.0n1)+ K i (Q.000)] paun (1)
n,q

+iwifpa,ir(t)

+(1=8ip) Y [Kitr(Qu@ii)+ K i ( Qo )] paip (1.
q
(B11)
The last contribution comes from ﬁgz)(t,to), given by Eq. (B3).
On the other hand, we can also study the dissipator (B10) in

its matrix representation. The Pauli equation resulting from the
diagonal matrix elements of the the dissipator (B10) is given by

aPM (1)
Jat

=Y {kni(@.0:) PO (1) — kin(q i) PV (1)}
n.q

(B12)

This relation coincides with the Pauli equation (33) because
the contribution ﬁgz)(t,to) does not affect the behavior of the
population numbers given by the diagonal terms of the density
matrix. Note that in comparison to the derivation given in
this appendix, two additional terms occur in Eq. (32), which
contain nondiagonal matrix elements p4 ;¢ (¢). The neglecting
of these additional terms is only valid if the differences of
neighbored eigenenergies E, of the basis |y,) are large
enough so that these terms oscillate quite quickly. In the case
of Rydberg states, these terms oscillating with frequency w; ¢
are also relevant and can no longer be ignored.

The pondiagonal ma;trix elementsAof the dissipator (B8),
ie.,  Drwalpa(®)] = Duy[oa(®)] +Dey[oa(®)], can  be
represented as
0pa,if(t)

t

3— + id)if' ,OA’if(l) = (1% |DRWA[,6A(t)]|wf>

1
= _E{dl + dy + d3} paif (1),
(B13)

with the modified transition frequency @;; due to the shift
Hamiltonian in Eq. (B8). The contributions d;, d,, and d; are
defined similarly as in Eq. (67),

dy =Y ViIFi(@ — Frp(—@’ 1:(q,0), (B14)
q
dy =Y thip(@.oip) + kri(qos)},  (B1S)
q
dy =Y > {kin(@.win) + k(@ pn)).  (BI6)

n#i,fq

The mixed contribution in d; originates from the dissipator
D)[0a(#)] (B6), whereas another two contributions belong
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to the dissipator 15(1)[,6A(t)] (B10). It can be seen that the
expression (B15) relates directly to the transition rates of the
atomic eigenstates comparing with the Pauli equation (33)
for a given two-level system transition, which gives a clue to
define the transition rates for the Rydberg wave packet via the
QME, as explained in Sec. IIID.

For the sake of investigating the effect of the RWA, we
return to the atomic QME (30) which reads, in the Schrodinger
picture,

0pa,if (1)

o1 +ia),-pr,,-f(t)= (¢,|’Z§[,5A(l)]|}[ff>,

B17)

with the influence function [remember p}\,mn(t,to) =
eiwnm(t_lo)pA!mn )]

QARG
= - Z{Kmn;in(q»a)mn) pA,mf(t)

mn,q
+ K:m;fn(qﬁwmn) pA,im(t)
_ [Kmi;fn(qs(l)mi) + K,Tf;mi(q,wnf)] IOA,mn(t)}~ (BIS)

The RWA for the nondiagonal terms means we should
set m =i in the first term, m = f in the second term, and
m =i, n = f inthe third term of the influence function (B18).
By using the decomposition of the complex response function,
I (q,0) = y,(q,w)/2 + iS,(q,w), we obtain the same expres-
sion as Eq. (B13).

We found that the RWA performed in Eq. (28) by neglecting
@fz)(t,to) leads to a QME in Lindblad form. However, the

term 75%2)(1‘,&)) has a significant contribution in some special
cases, for example, the vertex correction of the spectral line
profiles. On the other hand, if the RWA is performed in the
matrix representation, the contribution of 75(12)(t,t0) can be
automatically included in the influence function. If the RWA
is carried out prematurely in Eq. (B1), it will be inappropriate
to describe the dissipative properties of the relevant atomic
system (Rydberg states) and results in erroneous transition
rates.

In principle, the RWA obtained by the removal of terms
that oscillate quickly with respect to some characteristic time
scales of the system is problematic, as pointed out by different
authors [74-78]. It depends on the choice of the basis |¥,)
for the representation of the density matrix, and in the case
of small energy differences of neighbored eigenenergies E,,
the oscillation may become not quick enough compared to the
characteristic time scales of the system. In a study of the spon-
taneous emission of a two-level system, Agarwal found that
the RWA gives an incorrect value for environmentally induced
frequency shifts with respect to the system frequency [74].
Fleischhauer studied the photodetection without the RWA,
finding that for ultrashort pulses, whose length is of the order
of the oscillation period, the mean number of photocounts with
the RWA and without the RWA is substantially different [75].
Recently, Fleming et al. investigated the validity of the RWA
in an open quantum system and argued that the quantum state
resulting from the RWA is inappropriate for calculating the
detailed properties of the state dynamics such as entanglement
dynamics [76]. In Ref. [77], Majenz et al. showed that
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the RWA leads to the lack of important qualitative features
of the population dynamics in a special three-level model.
Recently, Makela and Mottonen [78] discovered that the
RWA yields a considerable reduction of non-Markovianity
and is problematic if non-Markovian dynamics is of essential
relevance.

In this work, irreversible behavior is not produced by the
RWA, but is already inherent in the solutions of Eqgs. (13)
and (14). The source term with ¢ > 0 in Eq. (8) is obtained

J
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from phase averaging in the evolution of . (7); see Eq. (1.101)
in Ref. [39]. A positive ¢ is necessary to get ¥, > 0 [Eq. (20);
see also (A8)], which is calculated here in the Born approx-
imation. According to Eqs. (33) and (34), y, determines the
relaxation rate w of the states of the system A. Averaging over
the phases related to ¢, in the interaction picture, all oscillations
with w,,, > w  y, are damped out so that the corresponding
contributions tend to zero and can be dropped; see also
Eq. (3.40) in Ref. [39]. Consequently, the RWA is obtained.

APPENDIX C: DERIVATION OF THE QME FOR THE SPECTRAL PROFILE

As mentioned before, the charge density operator in the case of spectral line profiles is given by

Ogs@) =Y e T Fun(@8(@ — Awya) = Y e T, - Fun(@) 8(0 + Awu). (C1)

n'>n

n'<n

The first term in (C1) describes the absorption process, while the second one signifies the emission process. Inserting this
expression into the influence function (21), we obtain an influence function including both emission and absorption terms, which
can be used as the starting point to derive the spectral line profile. The terms representing the emission processes can be selected
by using the matrix element representation ( f |D[ps(1)]]7) with the change of the photon number AN = N f(l_() —N;(k)=1:

(FID'ASONE) = —A1 — Az + A3 + Ay, (C2)
with
A=Y expli(=Awun + Dont] K fnnm(@ Aoun) (Y, AN |s(O])
n>f,m<n,q
+ ) expli(Aomn — Aot K fam(@ = Do) (Y, AN|ps()]1),
n<fm>n,q
A=Y expl—i(—20un + A0ui)t] K}y (@ Awum) (¥ AN D5 ()| Ym)

n>i,m<n,q

+ Z expl—i(Awmun — Awin)t] Ky i (A AOum) (Y g, AN | s ()W)

n<i,m>n,q

As= Y expli(=20m + Ao Knis (A0 ) + K1 (4, 50in)} (Y, AN | ps () 1),
i>n.m<f,q
Av= ) expli(=Dwpm + Do)t K@ — Do) + K (@ = Do)} (Y, AN ps (DY),
i<n,m>f,q

where the indexes m and n are interchanged. These terms can be further simplified in RWA. This means that we can set m = f
inA;,,m=iin Ay,andm = f, n =i in A3 and A4. The QME in RWA becomes

ap§ 4 (1)
S = TR @R (0 + T 05 (0. )
with a coefficient F?is(a);() describing the shift of the eigenenergy levels and the pressure broadening,
F?ts(a)l}) = Z{an;fn((LAa)nf) + an:fn(qs — Aa)fn) + K,’,‘,-;,-n(q,Aa),,,-) + K:i;in(q’ — Awin)), (C4)
n,q

and a coefficient F}fi describing the vertex correction,

F}/i = Z{Kii;ff(qvAwff) + Kii;pr(@, — Dwgr) + Kipi(Q,A0i) + Kipi(q, — Awip)}, (CS5)
q

which has no dependence on wy in our approximation.
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APPENDIX D: COLLISIONAL DECOHERENCE OF A
RYDBERG ELECTRON IN PLASMA

Following the method represented in the book by Joos
et al. [2], the reduced density matrix for the Rydberg electron
can be derived under the assumptions of recoil-free collisions
and elastic scattering,

p(R,.R,) = p(R,.R.)- {1 £ Y KRy

x|<k’,n|f|k,n>|2}, (D1)
where the T matrix is given by T =V + VGV +
VGOVGOV + - - -. In the elastic scattering process, the prin-
cipal quantum number n of the Rydberg electron does not
change, which means the Rydberg electron motions along the
classical Kepler orbit. For the bound electrons, the 7 matrix in
the Born approximation can be represented as

(K',n|T |k,n) = Vg Fun(Q8(Ex — Ex), (D2)

with ¢ = k — K" and Ex = k*/(2m,). V, denotes the interac-
tion potential and F,,,,(q) is the diagonal atomic form factor.
In the Born approximation, we have

A = Z[l —e
o

_ Qo 3L/
= (27T)3/dk[1

x Vg Fp (@8 (Ex — Ex)

(KO R R (K | T [k, m) |

_ KRR

QomeT 2 ia-(R.—R'
— omet | daavi B - v L m3)
0

In the third line, the integrals over k£’ and ¢ have been carried

out and the integral over 6 is replaced by /i]liil dgq by using the
relation g> = k> 4 k> — 2kk’ cos 6. The squared § function is
evaluated by using the Fourier representation of the § function,

T/2

8% (Ex — Ex) = 8(Ex — Ey) - lim —— di ¢! Bx—Et/h

T—oo 2Th —T/2

T
th/8(k k) - hm N S
For a collection of N independent scattering events in
plasma, the above expression (D3) should be multiplied by
a factor N. For the momentum distribution P(q) of the plasma
environment, the classical Maxwell-Boltzmann distribution is
taken, where the momentum distribution P (%K) of the plasma

(D4)
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environment, assuzmed to fulfill Maxwell-Boltzmann distribu-
tion P(q) = (h'f—kﬂf/z exp[—hzqz/(ZmekB T)],is taken. We

find
NQT 2 o
= / dqqV,
T 2nkBT / q9Vq Fo(@)

e~ TPa/EmekaT) [ _ pia-Ru—R,)|

(D5)
For the scattering process described here, we have the time

evolution of the reduced density matrix (QME) by taking the
differential limit of small T,

p(Rn’R/an) -

_ NQO me /ood V2 F2( )
= 2Qrhpe\ 20kt J, “99Ya Pl

e~ Pa/BmeksT) [] _ pia:Ri=R,)].

p(R,,R;,,0)

(D6)

To avoid the divergence of the integral in (D6), the Debye
potential [71] can be used. As the next step, we can use the
long-wavelength limit to evaluate (D6), i.e., we can expand the

exponential function ¢’ ®~R.) yp to second order and obtain
the QME in the long-wavelength limit,

Nl Me /wd V2 F2(q)
x@an2\ 27ksT Jy 19 Fun@

xe_qu/(gmekﬂ)[q . (Rn _ R;)]Z (D7)

d ,
—o(R,,R 1) =
atp( wol)

As shown in Sec. IIIC, the Rydberg electron moves
along the Kepler orbit, i.e., R, = (nzaB,n/2,¢) and R;1 =
(n’ag,m/2,¢’). This assumption allows us to calculate the
term [q - (R, — R;)]2 by averaging it over all possible di-

rections (R, —R): [q - (R, —R))]*> = g% - (x — x')*/3 with
x = rqg¢. Then, we have

0 / N2

Ep(x,x 1) =—Ag, - (x —x')7, (D8)

with the localization rate defined by

Ap = VS0 /Ood V2R (q) [
B = Zomnye Jy 43 e I\ OV T2

% e—ﬁzqz/(gmeks 7). (DY)
For a free electron moving in the plasma environment, we
can recover the localization rate from the expression (D9) by
setting 2 (q) = 1, which coincides with the result reported in
Ref. [79] up to a factor 2772
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