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The lifetime of a molecule consisting of two Rydberg atoms with respect to electron release is determined from
computer simulation of two classical electrons in the field of Coulomb centers. From this, the cross section of
the Penning process of collision of two Rydberg atoms with an electron release is obtained. The rate constant
for ionization of Rydberg atoms is evaluated for the Rydberg plasma within the Thomson model. On the basis
of these processes, the kinetics is analyzed for the decay of a Rydberg plasma. Comparison with experimental
data shows that these decay processes are responsible for the first stage of the decay of a magnetized and
nonmagnetized Rydberg plasma located in a magnetic superconducting trap, whereas other processes become
important at a subsequent stage of the plasma evolution.
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1. INTRODUCTION

We consider a Rydberg plasma [1-3] that is initially
an ensemble of highly excited atoms in almost identi-
cal states. In real experiments [4], these atoms are
captured by a special trap and are located there until
they decay. The decay of the Rydberg plasma proceeds
according to the scheme

24* 5 A4+ AT + e,
e+ A" — e+ A*.

e+ A* 52+ AT,
(1)

The goal of this paper is to determine the rate of the
first process, the Penning process. We use computer
simulation for two classical electrons located in the field
of two motionless Coulomb centers.

Knowing the lifetime of this system or the width of
its autoionization state allows analyzing the kinetics of
the decay of a Rydberg plasma. In these evaluations,
we are guided by parameters of the experiment in [4],
where excited 3 Rb atoms in the state with the princi-
pal quantum number n = 130 are collected into a super-
conducting magnetic trap of the volume V = 0.1 cm?.
The number density of excited atoms is N, = 10% cm ™3
and the atom temperature is 4 I{. These parameters are
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typical for such experiments. A strong magnetic field
of the trap, B = 2.97, strongly affects the kinetics
of electrons, because the Larmor electron radius under
these conditions is small, 7y = 0.08um, and electrons
are magnetized. This determines the special properties
of the Rydberg plasma kinetics in a magnetic trap.

2. PENNING PROCESS INVOLVING TWO
HIGHLY EXCITED ATOMS

We determine the parameters of the first process
in (1) on the basis of computer simulation. We con-
sider two electrons in the field of two Coulomb centers
with a separation R between them (see Fig. 1). As the
initial conditions, we take the distance r; of the first

Fig. 1. Positions of electrons and cores for the interac-
tion of two Rydberg atoms
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electron from the first Coulomb center to be equal to
the distance ro of the second electron from the second
Coulomb center,

ry =ro.

We take the total energy of this classical system (which
is conserved in the course of evolution) to be

(& e (&
U(ry,re,R) = —— - — - ——
(1/2 ) r1 ] ‘I'1+R|
e? e? e?
et =+ ———=-2J, (2
‘I‘Q—R| R ‘1‘1—1'2‘ ( )

where .J is the ionization potential of each atom.
Throughout the paper, we use atomic units,

and let J = +2/2 denote the ionization potential in
the atomic units; therefore, n = 1/v is the principal
quantum number of the electron if it is an integer.

With the initial conditions in (2), we study the evo-
lution of this system at fixed nuclei by solving the New-
ton equations for electrons,

d21'1 _ 8U(I‘1,1‘27 R)

dt? T 81'1 '

. 3
dzrg _ _8U(I‘1,I‘27R) ( )
dt? N 81'2 ’

In the course of evolution, the electrons move in the
fields of cores and interact with cores and with each
other. As a result of energy exchange, one electron can
be released, and then Penning process (1) develops. We
assume that this process occurs if the distance of one
electron from the center of this system exceeds 3R, i.e.,

I'1+R/223R

or
ro — R/2 Z 3R.

The time 7 when this distance is attained is said to be
the lifetime of this system. We collect the statistics for
these lifetimes. In this evaluation, we find the lifetimes
for a given distance R between the nuclei for 875 initial
conditions. Arranging the values of these lifetimes in
decreasing order, we find the survival probability P at
each time, i.e., the relative number of cases for which
7 < t, as is demonstrated in Fig. 2 for R = 1.61ag/>,
where aq is the Bohr radius. The survival probability
P(t) is approximated by the dependence exp(—t/7p).
Table 1 contains the average lifetimes 7p of the system
of two excited classical atoms for different distances be-
tween them together with the error due to this method
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Fig.2. Histogram for the time dependence of the sur-
vival probability for a system of two Rydberg atoms
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Fig.3. The autoionization level width for a system of
two Rydberg atoms as a function of the distance R
between them. Dots are the results of computer sim-
ulation, the curve approximates these results by the
dependence I'(R) = 0.18 exp’l"gm2

of finding the result. We note that the error increases
as the distance between the nuclei decreases because of
an increase in the relative time for an electron to reach
the distance 3R when it is assumed to be free. Figure 3
shows that the dependence of the autoionization level

width
1

7r(R)
is approximated by an exponential.

On the basis of these lifetimes 7p for a system of
two Rydberg atoms or the widths of the autoionization
level I' = 1/7p for this system, we find the cross sec-
tion of a collision of two Rydberg atoms that leads to
their decay. Assuming the trajectory of their collision

[(R) =
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Table 1.
two interacting Rydberg atoms depending on the dis-

The lifetime of an autoionization state of

tance between them

R~?10.25|0.50 | 0.75 | 1.00 | 1.25 | 1.50 | 1.61

™3 | 6.1 | 87 | 15 37 77 | 120 | 430

to be a straight line, we express the probability of this
process as

r RAR
Wip)=1—exp |- [ T(R)———_ 1|,
(») p|- [ (R) s

where p is the impact parameter of the collision, v is
the collision velocity, and R is the current distance be-
tween the nuclei. From this, we find the cross section
of the Penning process involving two Rydberg atoms as

op = /W(p)27rpdp.
0

We consider the case of a sharp dependence T'(R). The
above cross section is then given by [5]

@\/g =e C, (4)

where C' = 0.576 is the Euler constant and
a=dInT(R)/dR?

2
Op = TPp;

at Rzpo

Figure 4 gives the dependence of the cross section of
this process on the collision velocity.

We also find the rate constant of the Penning pro-
cess involving two Rydberg atoms as

where E is the relative energy and p = m/2 is the re-
duced mass of colliding atoms, with m being the mass
of an individual atom, and brackets denote the aver-
age over the atom velocities. Assuming the Maxwell
distribution of atoms over velocities and taking a weak
dependence of the cross section op on the collision ve-
locity into account, we can represent this rate constant

as
/16T 12T
kp = —UP(UP)a vp = 2.24 —_ (5)
™m m

where T is the temperature of a Rydberg gas expressed
in energy units. In particular, for the experimental con-
ditions in [4], the rate constant of the Penning process is

kp=29-10"* cm3/s.

op,cm?

6-10° 8-10° 1-10*

Collision velocity, cm/s

2.-10°  4-10°

Fig.4. The cross section of the Penning process involv-
ing two Rydberg atoms versus the collision velocity

3. SPECTRUM OF RELASED ELECTRONS IN
PENNING PROCESS

Free electrons resulting from Penning process (1)
are important for the subsequent kinetics of the en-
semble of Rydberg atoms in a Rydberg plasma. Hence,
along with the width of the autoionization level for two
interacting Rydberg atoms in the Penning process and
the cross section of this process, the spectrum of re-
leased electrons influences the subsequent evolution of
the Rydberg plasma. We therefore analyze the spec-
trum of released electrons for a fixed distance between
two interacting Rydberg atoms.

Because of the nature of this process, the distri-
bution function f(g) of released electrons can be ex-
pected to be a monotonic function of the electron en-
ergy €. Figure 5 gives histograms for spectra of released
electrons for different fixed distances between Rydberg
atoms. Approximating these spectra by a simple de-
pendence

fole) ~ we P,
where w is a normalization constant. We give the values
of the parameters f and w at some distance between
Rydberg atoms in Table 2. In addition, we determine
the accuracy of the above approximation for the statis-
tics used from the correlation function

/ [F() — fo(e) de

A= =
O/fQ(a) de
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Fig.5. Spectrum of released electrons at the distances R = 1.00/42 (a) and 1.61/42 (b) between Rydberg atoms

Table 2.
electrons as a result of the decay of an autoionization

Parameters of the spectrum of released

state of two interacting Rydberg atoms depending on
the distance between them

Ry? | 0.25|0.50 | 0.75 | 1.00 | 1.25 | 1.50 | 1.61
By2/2 1 0.57 | 0.73 | 0.70 | 0.60 | 0.50 | 0.71 | 0.62
A, % | 1.70 | 0.12 | 4.50 | 1.30 | 4.00 | 3.90 | 3.20

4. COLLISIONS OF ELECTRONS AND
RYDBERG ATOMS

When free electrons are formed in a Rydberg gas,
they interact with Rydberg atoms effectively. Colli-
sions between electrons and Rydberg atoms lead to ion-
ization of Rydberg atoms or partial quenching of their
excitation. Therefore, collisions involving electrons and
Rydberg atoms may be important for kinetics of the
decay of a Rydberg gas.

In analyzing these processes, we use the Thomson
formula for the ionization cross section [6], which allows
expressing the rate constant as

400 5 4
kion:‘/f(g)dE iK(
Vme ¢
J
22 et
3\/§mi/2J3/27

where J is the ionization potential of the Rydberg
atom, ¢ is the electron energy, m, is the electron mass,

1

J

kEmaz = YmaeOmae =

f(e) = weP¢
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is the distribution function of the released electrons
over energies, and the values vy,4, and 0,4, correspond
to the collision energy ¢ = 3.J at which k;,, reaches the
maximum. In evaluating the factor C in formula (6),
we take the electron distribution function f(e) at the
distance R = 1.61/9” between Rydberg atoms, which
makes the main contribution to cross section (4) of the
Penning process. This gives C ~ 0.04. We note that
the accuracy of the Thomson formula is restricted, and
we also assume that electrons do not thermalize when
they ionize the Rydberg atom.

Returning to the conditions of the experiment in [4],
we use formula (6) to find the ionization rate constant
of a Rydberg atom by electron impact as

Eion = 2.5-107% cm?/s. (7)

Evidently, this rate constant for ionization of Rydberg
atoms by free electrons exceeds the rate constant of the
Penning process,

kp=29-10"* cm?/s.

But if electrons are magnetized, we obtain an oppo-
site relation between the rate constants of the electron
impact and Penning process.

5. KINETICS OF THE RYDBERG PLASMA
DECAY

We now analyze the evolution of a Rydberg plasma
on the basis of the above rate constants for the pro-
cesses in this system. Using processes (1), we have the
following halance equations for the number densities of
excited atoms N, and electrons N,:
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dN,

d = _kPNE - kionNeN*a

i (8)
d—t" =kpN2 + kionNeN,.

If Ny is the initial density of atoms, the number den-
sity of electrons formed at the end of the decay of the
Rydberg gas is also Ny, and

N, + N, = Ng

in the course of evolution. From this, for the number
density of excited atoms, we have

dN.
a - (ke

- kion)]\]’*2 - kionNON*~ (9)
We note that in collisions with electrons, a change of
an excited atom occurs. Assuming that a significant
change of the atom excitation occurs at the last stage
of the decay when ionization of excited atoms proceeds
very rapidly, we ignore this change.

The energy of the electron subsystem is conserved
in the course of evolution of a Rydberg gas. At the be-
ginning, this energy is related to atom excitations. In
the end of the evolution of the Rydberg gas, when the
thermodynamic equilibrium is established, this energy
is found in free electrons, and therefore the number
density of electrons N, and atoms N, in the ground
state at the end is determined by the Saha formula

N2
N = K@), (102)
3

<J0 + §Te> N, = No(Jo = J), (10Db)

where T, is the electron temperature in thermody-
namic equilibrium, J is the ionization potential of a
Rydberg atom, .Jy is the ionization potential of an
atom in the ground state, and K (T¢) is the equilib-
rium constant for the Saha distribution. We note that
in the thermodynamic equilibrium in an ideal plasma,
which we consider here, the number density of excited
atoms can be neglected in comparison with the total
number density of electrons and atoms in the ground
state [6,7]. Because Jo > J, we have T, < .Jy, and
hence K(T.) > Ny. From this, it follows that N, ~ Ny,
which allows us to transform expressions (10a) and
(10b) to the form

K(T)
N, = , 11
Ae + §Te
N, = N, JQ . (11b)
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This confirms the above assumption that

Ne NN()., Na <<N0

at the end of the evolution process for a Rydberg gas.
Thus, when a gas of Rydberg atoms reaches the equi-
librium, almost all the initially excited atoms become
ionized.

6. ANALYSIS OF THE EXPERIMENTAL
RESULTS FOR THE DECAY OF AN
ENSEMBLE OF RYDBERG ATOMS

We use the above expressions for the analysis of the
experimental results in [4], where the parameters are
n = 130 (the principal quantum number of a highly ex-
cited state), the initial number density of excited atoms
is Ng = 10% cm 3, the total number of excited atoms is
equal to 10°, and the atom temperature is T = 4 K. Un-
der these conditions, the rate constants of processes (1)
follow from formulas (5) and (6) as

kp=29-10"" cm®/s, kipn =2.5-107% cm?/s.

Below, we consider two limit regimes of the evo-
lution of an ensemble of excited atoms. In the first
regime, when a magnetic field is turned on, electrons
are magnetized, and therefore the second and third pro-
cesses in scheme (1) are absent. We can then take
kion = 0 in balance equation (9), and its solution is
given by

No

= 12
1+ Nokpt (12)

*
In Fig. 6, this dependence is compared with the exper-
imental one for a strong magnetic field.

We note that the dependence in (12) differs from
the experimental one when the number density of Ry-
dberg atoms decreases by several orders of magnitude.
On the basis of the spectrum of final states of the Pen-
ning process, we can evaluate a change in the decay
rate due to quenching processes because ionization of
one atom in collisions of two Rydberg atoms is accom-
panied by quenching of the other colliding atom. But
when this effect becomes essential, the decay of Ryd-
berg atoms according to the experimental results is de-
termined by another channel. We introduce this chan-
nel phenomenologically in balance equation (8), which
now becomes

dN,.

dt

where the parameter 7 is responsible for the decay of
Rydberg atoms in the second decay stage at large times,

Ny

—kpNZ - (13)
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Fig.6. Time dependences of the number density of

Rydberg atoms at the experimental parameters in [4]
according to experimental results and theoretical analy-
sis. Black circles — experimental data, solid curves —
theoretical data; the absence of a strong magnetic
field — open circles and curve 2, the presence of a
strong magnetic field — filled circles and curve 1

and experimental conditions are such that 7 &~ 10 ms.
According to Eq. (13), this decay process may result
from radiation of Rydberg atoms, from collisions with
ions, and possibly with magnetized electrons if the de-
cay products do not partake in a subsequent decay of
Rydberg atoms.

We now consider the other limit case of decay of
Rydberg atoms where the magnetic field is absent and
the ionization of Rydberg atoms by electron impact
dominates. Then the electron number density growth
is determined by the second balance equation, which
we analyze taking into account that kp < kjon,. We
find that in the first stage, when the electron number
density is small, their decay is determined by the Pen-
ning process, and in accordance with formula (12), the
electron number density is then given by

Ngkpt

—_—ovr 14
¢ 14 Nokpt (14)

Therefore, in the case where kp < k;op, the Penning
process gives seed electrons, and then their number
density grows in accordance with the second equation
in (8),

dN,
dt

= kionNoN,. (15)

This equation describes the decay of Rydberg atoms
starting from the electron number densities

kp
kion .

N, ~ N,

This corresponds to a sharp variation in the electron
number density in time, which is given in Fig. 6 for the
experimental conditions. Although a typical time is in
qualitative agreement with the experiment, the exper-
imental decay curve is smoother, which testifies to a
more complicated process occurring in reality.

7. CONCLUSIONS

The above analysis allows one to evaluate the
rate constant of the Penning process involving two
Rydberg atoms and to estimate the rate constant of
the ionization of Rydberg atoms by electron impact if
these electrons result from the Penning process. We
obtain a qualitative agreement for typical times of
decay of a Rydberg plasma due to the Penning process
and ionization of highly excited atoms by electron
impact. Comparison with experimental results shows
that along with these two processes of the Rydberg
plasma decay, additional processes are important at
the late stage of the decay process.

This study is supported in part by the RFBR (grant
Ne 04-03-32736).
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