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Abstract. Within the energy approach (S-matrix formalism) it is presented a new approach to col-
lisional ionization of the Rydberg atoms in the quantum defect approximation. The Rydberg systems
theory is a basis for creation of new class of the atomic sensors.
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EHEPTETUYHUI MIIXIJ IO OIMUACY IOHI3AIIIT 3A PAXYHOK 3ITKHEHB
PIABEPTIBCBKUX ATOMIB: HABJIVM2KEHHSA KBAHTOBOI'O JEDEKTY

T. M. 3eaenuosa, IO. M. Jlonamkin, JI. B. Hixoaa, T. b. Tkau, C. C. Cepedenro

Anotanisa. B Mexxax eHepreTMYHOTO migxomy (S-MaTpudHUi (GopMajii3M) 3aIIpOIIOHOBAHUI HO-
B miaxig 10 onucy ioHi3auii pindepriBCbKMX aTOMiB 3a paXyHOK 3iTKHEHb y HaOJMKEHHi KBaH-
ToBOro AedekTy. Teopist pinOepriBCbKUX CUCTEM € 0a3010 JJisi CTBOPEHHS BiAMOBiIHUX aTOMHUX
CEHCOPiB HOBOTO KJIACY.

Kirouosi cyioBa: neTekTyBaHHS pigOepriBChbKUX aTOMiB, i0HI3allisg 3a paXyHOK 3iTKHEHb, €Hep-
TETUYHUH THaXin

DHEPTETUYECKMI MOJIX0/1 K OITUMCAHUIO CTOJNKHOBUTEJIBLHON NOHU3AIIUU
PUJIBEPIOBCKHUX ATOMOB: ITPUBJINKEHUE KBAHTOBOI'O JED®EKTA

T. H. 3eaenuosa, 1O. M. Jlonamxun, JI. B. Huxoaa, T. b. Tkau, C. C. Cepedenro

Annotamusa. Ha ocHoBe sHepreTrdeckoro rnoaxoaa (S-MaTpUYHBIA (hOpMaJM3M) MPEIIOXKEeH
HOBBI TTOAXOM K OMMCAHUIO CTOJIKHOBUTEJIBHOW MOHU3ALIMY PUAOEPTOBCKUX aTOMOB B MPUOIM-
>KEHUW KBAHTOBOTO nedekTa. Teopusi puadbeproBCKMX aTOMOB SIBISIETCSI OCHOBOM TSI CO3MaHUS
ATOMHBIX CEHCOPOB HOBOTO KJlacca.

KiioueBble cJioBa: JCTCKTUPOBAHMC pI/I,E[6CprOBCKI/IX aTOMOB, CTOJIKHOBHUTCJIbHAA MOHMU3allnU,
SHCpFCTI/I‘ICCKI/Iﬁ I10OXO0n
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1. Introduction

The modern quantum theory of atomic systems
can be considered as a fundamental basis for treat-
ing a wide cycle of phenomena, including the ex-
citation, photoionization, radiation and autoion-
ization decay etc. [1-21]. In the last years a great
success has been achieved in the applied atomic
physics, laser physics, atomic sensors electron-
ics. One could mention very perspective papers
devoting to engineering so called Rydberg atoms
with different mechanisms of ionization processes
[5-9]. New schemes of the different atomic sensor
devices are proposed. One could mention here so
called atomic watches etc [1]. Naturally, for more
than 80 years, the theory of collisional ionization
was developing and considering mainly the ground
states and lowest excited states in usual neutral at-
oms, beginning from the hydrogen one. But a great
progress in experimental laser physics and appear-
ance of the so called tunable lasers allow to get the
highly excited Rydberg states of atoms. In fact this
is a beginning of a new epoch in the atomic phys-
ics regarding the Rydberg atoms [1-9]. The experi-
ments with Rydberg atoms had very soon resulted
in the discovery of an important ionization mecha-
nism, provided by unique features of the Rydberg
atoms. Relatively new topic of the modern theory
is connected with consistent treating the electron-
collisional ionization of the Rydberg atoms [1].
From the theoretical point of view, the low en-
ergy electron collisions could essentially affect on
the Rydberg states in atoms. Its role was estimated
theoretically and observed in the tunable lasers ex-
periments (look for example, [1-3]). The account
for fast redistribution of the atomic levels’ popula-
tion, excitation and further and ionization caused
by the collisions is of a great importance for suc-
cessfully handling atoms in their Rydberg states. In
the last years there is appearing a sufficiently great
number of papers devoted to the collisional ioniza-
tion of the Rydberg atoms within the on-relativistic
and relativistic approaches (look refs. [1-20]). Usu-
ally the standard methods of atomic physics, in-
cluding the Hartree-Fock, Dirac-Fock, different
model potential schemes, R-matrix and energy ap-
proaches etc [1-4] were used in order to define the
electron-collisional ionization characteristics of
neutral and even Rydberg atoms. In our opinion the
significant advantage of the simple model potential
and quantum defect approached (non-relativistic
schemes) in comparison with other methods and,
particularly, other model potentials is the possibility
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of presenting analytically, in terms of the hypergeo-
metric functions, the quantitative characteristics
for arbitrarily high orders, related to both bound—
bound and bound—free transitions. From the other
side, the heavy Rydberg atomic systems and cor-
responding collisional phenomena should be con-
sidered within strictly relativistic theory. Here we
present new combined quantum defect method and
energy approach to definition of the electron-col-
lisional excitation and ionization characteristics of
the Rydberg atoms. The important feature of new
theory is implementation of the quantum defect
approximation to the S-matrix energy formalism.
This provides sufficiently correct and simultane-
ously simplified numerical procedure to definition
of the corresponding collisional ionization proper-
ties. Naturally, the similar information is of a great
importance for carrying out the new schemes of dif-
ferent atomic sensor devices

2. Collisional ionization of the Rydberg atoms:
Energy approach

As starting basis for formulation of a new ap-
proach to collisional ionization of the Rydberg at-
oms we use an energy approach [4,11-14], which
is based on the S-matrix formalism and relativistic
many-body perturbation theory. As in refs. [13,14],
for definiteness, we consider the highly excited Ry-
dberg states 1s?2s*2p°nl (n>>3) of the Ne-like ion,
which can be treated as two-quasi-particle (2QP)
states. It is usually accepted, as the bare potential,
a potential including the electric nuclear potential
V, and some parameterized potential V, that imi-
tates the interaction of closed-shell electrons with
quasi-particles. The parameters of the model bare
potential are chosen so as to generate accurate ei-
gen-energies of all one-quasi-particle (1QP) states,
i.e. 2s2p°, 2s22p° states of the F-like ion and 2s*2p®nl
states of Na-like ions, with the same nucleus. Usu-
ally the experimental one-quasi-particle energies
are used for determination of parameters of the
model potential (look refs. [4,10,11]). Naturally
(look below) the quantum defect approximation is
very effective here as it provides the hydrogen-like
approximation for the corresponding wave func-
tions.

Further we briefly discuss the energy approach
in scattering theory [11,12] and give main formu-
las. We briefly outline the main idea using, as an
example, the collisional de-excitation of the Ry-
dberg Ne-like ion: ((2),)"'3j [IM], €, )—>(D & ).
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Here @ is the state of the ion with closed shells
(ground state of the Ne-like ion); J; is the total
angular moment of the initial target state; indices
iv, ie are related to the initial states of vacancy and
electron; indices ¢, and ¢ are the incident and
scattered energies, respectively to the incident and
scattered electrons. It is convenient to use the sec-
ond quantization representation. In particular, the
initial state of the system “atom plus free electron”
can be written as

+ + J: .M,
|1 >= ain z aieaivq)acmw,m”, * (1)
My Mg
Here C" s the Clebsh-Gordan coefficient.

Final state is: |F >=a, ®,, where @, is the state
of an ion with closed electron shells (ground state
of Ne-like ion), |I> represents three-quasiparticle
(3QP) state , and |F> represents the one-quasipar-
ticle (1QP) state. For the state (1) the scattered part
of energy shift Im AE appears first in the PT second
order in the form of integral over the scattered elec-
tron energy €_:

Idg.ch(Siv’gie’Sinﬂgsc) /(8sc - 8[v - gie - g[n - lo) > (2)
with
ImAE=nG(e - 3)

Here G is a definite squired combination of the
two-electron matrix elements (2). The value c=-2
ImAE represents the collisional cross-section if the
incident electron eigen-function is normalized by
the unit flow condition and the scattered electron
eigen-function is normalized by the energy & func-
tion. The collisional strength QQ(/ — F) is connect-
ed with the collisional cross section o by expression
(c.f. [4,14]):

Swss

A

ol > F)=
=Q( - F)-n/{(2J, + g, [(aZ) e, +2]}. (4)
Here and below the Coulomb units are used; 1
C.u. »27,054Z2 eV, for energy; 1 C.u.~0,529-10-%/Z

cm, for length; 1 C.u. ~2,419-10°'7/72 sec for time.
The collisional de-excitation cross section is:

(K > 0)=2m Y [(2j,. +1)x

JinsJse

. . . . IK 2
X{Z<O|Jin’.].yc|Jie’Jiv’Ji>Bie,iv} . (5)
jie,jiv
Here B, isa real matrix of eigen-vectors coef-

ficients, which is obtained after diagonalization of
the secular energy matrix. The amplitude like com-
bination in (8) has the following form:

< 0 | jin’jsc | jie’jiv"]i >=
=2, +D2J, + DD (=) x
A

x{8, , /(2J,+ 10O, (sc,ie;iv,in) +

A
In (6) values Q" and Q are defined in ref.
[4]. For the collisional excitations from ground

state (inverse process) one must consider a, @, as
the initial state and

|F>=a, Y daja,® clrl (7

0" my,,myg,

+{Jm ] }QA (iesimiv,s)}. (6)

mp,,mg,

as a final state. The cross-section is as follows:

o(0 > [F)=2m(2J, +1) ). (2. +1)-
JinsJse
{2 Biop < 1 JsJic 10> (8)
Jredp

The different normalization conditions are used
for the incident and for the scattered electron wave
functions. Upon the normalization multipliers one
gets symmetrical expressions for the excitation and
de-excitation, saving the weight multiplier (2Jf+1)
in (11). The expression for the cross-section of the
collisional excited-excited /K-IF transition can be
found in [13]. To calculate the corresponding pa-
rameters, one should use the relativistic expressions
for quantum defect approximation wave functions.
As it was indicated, the heavy Rydberg atomic sys-
tems should be considered within strictly relativistic

theory.

3. Quantum defect approximation for Rydberg
atoms

As an energy approach provides an effective
scheme for calculation the collisional ionization
cross-sections [11-13], the important question here
is implementation of the relativistic quantum defect
approximation to the cited scheme. The general ex-
pression for the wave function can be presented in a
standard form as follows:

NCF

Y(IPIM) = c,®(y,PIM), )

which should be received from the self-consistent
solutions of the Dirac type quantum-defect equa-
tions. Configuration mixing coefficients ¢_are usu-
ally obtained through diagonalization of the Dirac-
Coulomb Hamiltonian, which is chosen by us in
the following form [4]:
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H, =%, [co,p, + (B~ D)e? = V(rinf)] +

+ I exp(io)rij)(l—oclocz)/rij , (10)

where a,,B are the Dirac matrices. The poten-
tial in H . contains the electrical potential of a
nucleus, the electron self-consistent potential
and the potential of exchange inter-electron in-
teraction. In the quantum defect approximation
the one-particle wave functions are found from
solution of the relativistic Dirac equation, which
can be written in the central field in a two-com-
ponent form:

aa—f+(l+x)§—(s+m—v)G=O,

oG G

(- L+ (e—m-v)F=0. (11
> +( X)r+(8 m v) 0 (11)

Here we put the fine structure constant o =1 .
The moment number

X:{—(lﬂ),

1, j<l1

j>1

Topreventtheintegrationstepbecomingtoosmall
it is convenient to turn to new functions isolating
the main power dependence: f =Fr' ™, g=Gr.
The Dirac equation for F and G components are
transformed as:

f'=—(x+|x|)f/r—ocZVg—(ocZEnX +2/(xZ)g, (12)
g'== (X—|X|)g/V—OLZVf+OLZEan.

Here the Coulomb units (C.u.) are used; E, is
one-electron energy without the rest energy.

In the quantum defect approximation to de-
scribe a spectrum of the Rydberg atom it is usually
used the simple formula:

1 1

E =— =

alk zne.zﬂ 2(n _ 81
where n— effective quantum number, 6, — quan-
tum defect, which is dependent upon the orbital
quantum number. Usually to reach a high accuracy
in definition of the quantum defect it is used an ex-
pansion (the known Ritzs formula):

neN, (13)

2 2

M
5, =8 + ZSjEi .

i=1
From the physical point of view, for the bound
states a quantum defect defines an effect of the non-
Coulomb part of the atomic potential. For the scat-
tering states a role of the quantum defect belongs to
the asymptotic phase shift t. According to the Siton

(14)
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theorem , a link between phase shift and quantum
defect is given by [1]:

15)

Further it is non-difficult to present the Dirac
equations (11) or (12) in the quantum defect ap-
proximation. Really, in this case the potential V =-
1/r for r>r,>0 (r,is a radius of the atomic core, for
example in the F-,Ne-,Na-like ions). Naturally for
the bound states the corresponding components,
for example, F(r )>0 under r—oc. For large values
of r the corresponding functions are satisfying to the
asymptotics as follows:

T=0,T.

f(E,L,¥) = u(mlr)sin(nm)—v(m,l,r)e™ , (16a)
g(E,l,r) > —u(m.l.r)sin(mm) +
+v(m,1,r)e™ ", (16b)

where u,v are respectively exponentially increasing
and decreasing functions. Naturally to get asymp-
totically exponentially decreasing function a mul-
tiplier # in (16) must reach to zero, i.e. it is correct
a condition:

sin(t+7mm) =sin(t+ 7w /—-1/2E )=0. (17)

Finally for the bound state, the correctly nor-
malized solution is as follows:

F L E g (l"): COS(TCSI )Sl (Ealk’r)+
+sin(n, )¢, (E.7)s (18)

where £ =F and the functions s, , ¢, represent the
normalized (on energy) regular and non-regular
Coulomb functions. Further using the quantum
defect approximation functions in the energy ap-
proach scheme to calculating the electron-colli-
sional ionization of the Rydberg atoms is the same
as in the initial version of the method [4] (see also

[21]).

4. Conclusions

So, we have presented a new combined quantum
defect method and energy approach to definition
of the electron-collisional excitation and ioniza-
tion characteristics of the Rydberg atoms. The im-
portant feature of new theory is implementation of
the quantum defect approximation to the S-matrix
energy formalism. This provides sufficiently correct
and simultaneously simplified numerical procedure
to definition of the corresponding collisional ion-
ization properties and thus it is represented signifi-
cantly more advantagable in comparison with the
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standard Hartree-Fock approximation approach
and even Dirac-Fock method when the latter is
used in the Rydberg atoms calculations. This cir-
cumstance is to be very important because of a
great necessity the corresponding data about the
electron-collisional parameters of the Rydberg at-
oms under creation and construction of new classes
of the Rydberg-atomic sensors. In conclusion the
authors would like to thank Professors V.D.Rusov,
A.V.Glushkov, V.N.Vysotsky and V.N. Pavlovich for
useful comments.
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