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HIGHLY EXCITED ATOMS: CREATION & ANNIHILATION
Lecture #3

OUTLINE FOR LECTURE #3

1. Rydberg staies vs. highly excited states

2. Perturbation of a Rydberg series

3. Consequences of perturbation of a Rydberg series

4. Collisions involving atoms having Rydberg and non-Rydberg staies

LECTURE #3 - HIGHLY EXCITED ATOMS: CHEATION & ANNIHILATION
RYDBERG STATES AND NON-RYDBERG STATES

So far we have discussed interactions of highly excited sodium atoms with other
atoms and with radiation. Sodium has very regular Rydberg series, that is, the

energies are given by

-R..

Fnt = (n-52)?

and 8, is very nearly constant for each 2.

Because Na has a single electron (the 3s electron) outside a Ne-like core,
promotion of this 3s electron results in these regular Rydberg series.
To excite -a second electron in Na requires a great deal of energy, ~30 eV,
because we must promote a 2p electron from the closed 2p shell. This is relaed
1o the fact that the first excited states of the rare gas atoms are very high-lying,
~16 eV for Ne. This is because an excited Ne is chemically similar to Na which
has an ionization potential of 5.14 ¢V. Therefore, the first excited state of Ne
must be ~5 eV from the Ne*. Since ground state Ne has an ionization potential
of 21 eV tha first excited state must lie ~16 eV above the ground state. The
result is that doubly excited states of Na have energy well above the first
ionization potential of Na and rapidly autoionize in an Auger-like process

Na*** — Nat + ¢ + kinetic energy
where the *%* signifies excilation above the 5.14 eV ionization energy of Na.
For a 2-electron atom such as Ba with its (15)? ...(4d)!"%(6s)? configuration
{[Xe}(65)2], the two 6s electrons may be simultancously excited and the energy
of the resulting state less than the 5.21 eV ionization energy of Ba.
It is possible therefore to have two types of independent electron configurations

with nearly the same energy
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5d7d

6snd

We may also say that 8§, changes near the “interloper” doubly excited state

which is also referred to as a valence state.

This independent electron picture ignores the interaction between the electrons.
The presence of the interloper state will cause the true energy levels to deviate
from the predictions of a Rydberg-like formula. We say that the Rydberg
series is perturbed by the interloper state which, for this reason, is ofien
referred 10 as a perturber state.

When we "tum on” the e¢-¢ interaction and treat it as a perturbation of the
independent electron states we if course get new eigenstates and energy
eigenvalues. Since the unperturbed states form a complete set however we may
expand the new eigenfunctions on this complete set of unperturbed states.

In what follows we will solve this problem exactly under the assumption that
only two of the independent electron states interact, the perturber state and one
of the Rydberg states. This will simplify the problem and let us sce the physics.

LECTURE #3 - HIGHLY EXCITED ATOMS; CHEATION & ANNHILATION
PERTURBATION OF A RYDBERG SERIES: BARIUM

Consider two nearly degenerate non-interacting levels for which we now tum
on the e-c interaction. For barium, the atom of interest here, the independent
electron configurations are 682 and 5d7d. We denote their wavefunctions by
g (for Rydberg) and ¢ (for perturber) respectively. They are cigenfunctions
of the independent ¢lectron hamiltonian operator, H, so that

Hyop = Exdy and H,gp= Epb,

Now consider the interaction, V, caused by the interaction between the
electrons. The true hamiltonian is

H=H, +V
The true wavefunctions ‘¥, and ‘¥, of the levels may be written. as linear

combinations of the ¢'s. If we assume that there are no adjacent levels so that
only the two ¢'s above are included in the linear combination we have

Y=o, +f¢, where HY=EY
We expect two new E's and two new ¥'s. We have

(Ho + Ve(odn + Pop] = E[ade + Pov]

which, using the above conditions becomes

aEgdy + BEgd, + aVey + PV, = aEg, + PES,
Note that V is an operator, the E's are real numbers and the a's and [}'s may be
complex.

Take the inner product of this equation, first with ¢; and then with ¢,. We get

two equations:
[E-Egla=Vea+ Ve & [E-EJf=Vya+ Vyf

where Vap= Ve = [ ¢;V¢pd1: =[ Q;V@Rdl
sl space all epace.
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This may be written more compactly in Dirac notation

Ve = Ver = <¢ulVige> = <¢plVidn>
We wish to solve for E, a and [ subject to the normalization condition
lod? + 1Bi2=1
The pair of equations has a nontrivial solution only if the detenminant of the
coefficients vanishes:

I E-Ep—Vae —Vge
-Vm E~Ep—Ver

from which we get

2
E, =EE+E2+2VBB+VRi,J[T.:«+Ep+:'u+Vw] - Er+ Vm.(ﬁﬂ.vw)flvuf

Note that there are two energies corresponding to the + and — sign of the
discriminant. The last equation is exact and shows that the "new" levels are
more widely spaced than the unperturbed levels. They "repel" because of the t.

If we wum off the interaction, that is V » 0, we get E,=Egand E_= Epas we

should. E, “fis™ into the Rydberg scries because it is unaffected by the
presence of the doubly excited state. But, as long as V # 0 then neither E, nor
E._ fit into the Rydberg series. This i§ equivalent to saying that 8, changes as we

go through the region of the interloper state.
For each solution for the encrgy, B, and E_, there will be a different set of o

and B, i. e. &, and B, and a_and f_.

The true wavefunctions are
¥,=o9+Poand'¥ =0 b+ Be
with eigenfunctions E, and E_.
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Now consider the laser excitation scheme:
purc Rydberg siate (f = 0)

mixed stase (a, f#0)

6o? 'S,
The transition matrix element from the intermediate 6s6p 'P, state to the

high-lying level is of the form

Y i Pl it + Pld>)

where p is the electric dipole operator.

But, YW aiameiian! Plip> = 0
so that, if all other things are equal, the perturbed state population is reduced by
lag? from that of the transition to a pure Rydberg state (for which o= 1 and f§ =
0).
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FRACTION OF 5d7d (DOUBLY EXCITED) STATE FOR SEVERAL

STATES OF BARIUM
STATE DESIGNATION® PERTURBER FRACTION (%) [h2)
134D, 0.05
5d7d 35, 0.50
144 'D, 0.25
14d 3D, 0.10
5d7d 3F, 0.40
16d D, 0.00
5374 7P, 0.58
18515, 035
184 3D, 0.20
5d7d 1P, 075
264 'D, 0.125
264 D, 0.13
5d7d 'D, 0.365
27d 'Dz 0.189
27d3D, 0.009

* These LS-coupling designations are merely names for the eigenstates of the truc hamiltonian
operator. For example, the state designated Sd7d D, (near 27d) has only 36.5% perturber
character. The state designated 27d 'D; (seemingly a pure Rydberg designation) has 18.9%

perturbercharacter.
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The effects of the 5d7d states can be seen in a prompt Fi spectrum of Ba.

Ba PROMPT FIELD IONIZATION

20d D,
254 'p,

ION SIGNAL

23s J
L/ W

— A

Note that the highly perturbed 5d7d D, and 27d 'D, states are not produced as

efficiently by the laser excitation are the nearly pure Rydberg states.

Perturbed states also have shorter lifetimes than pure Rydberg states. This is
because there is rcasonably good overlap between the compact perturber
portion of the wavefunction and the wavefunctions of lower-lying states. The
shorter lifetimes of the perturber states permit them to radiatively decay before
the “prompt" application of the field ionization, which is actually delayed ~200
nsec for the spectrum shown above. Nevertheless, the low yield is due, for the
most part, 10 a zero contribution to the matrix element connecting the 6p P,

state to the perturbed states by the perturber component of the true
wavefunction, i. e.

<dglP! adp +Pbp> = < lpl ad,> because <Py lpl 65> = 0.
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LIFETIMES OF PERTURBED STATES

Effects of the 5d7d 3Pg perturber on the lifetimes of the neighboring states that

are designated by the LS-coupling notation, ns 1Sy, Taken from M. Aymar et.
al. [J. Phys. B, 15,877 (1982)).
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Ln-In plot of experimental and theoretical lifetime values for J=0 states against
the effective quantum number n* =n — §. The straight line corresponds to T =

(n*)3fy with y = 1190. +: experimental values; dots: theoretical values.
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COLLISIONS BETWEEN Ba** and Na(3s)
We may use the fact that barium has otherwise regular Rydberg series that are
interrupted by the highly perturbed states as indicated in the lifetime plot shown
above to contrast the reactive properties of Rydberg states with non-Rydberg
states, in this case mixed Rydberg-vaicnce stales.
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PENNING IONIZATION
Because the ionization potential of Na (5.14 eV) is lower than that of Ba (5.21
eV) it is possible to store enough energy in a Ba atom to ionize a ground state
Na atom. This type of process is called Penning ionization. For Ba**-Na
collisions there is a “threshold energy state” for this reaction to be energetically
possible without conversion of kinetic energy of the Ba and Na atoms to internal
energy to drive the reaciion. For this case the threshold state is near n=16d of

. Ba. ‘
In equation form - Ba** + Na(3s) —~ Nat + Ba+e

10
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EXPERIMENTAL CONSIDERATIONS
For these experiments we must be able to distinguish between Ba* (formed by

any process) and Na*. We thus add the capability of mass analysis.

$ TOMASS ANALYSIS
(& ANDIONDETECTION
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TYPICAL DATA
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The lower spectrum is a field ionization spectrum of Ba**. It serves to locate
the wavelengths at which the Ba excitations occur and to indicate the relative
populations of the laser-excited states. It was acquired with the time-of-flight
(TOF) setting for Ba*. The upper spectrum, acquired with the TOF setting for
Nat, shows that the highly perturbed 5d7d 3P, state is completely ineffective as
a reactant for Penning ionization, A closer look at the energy level diagram

shows that this is very surprising.
Ba ENERGY LEVELS

41800
h bed level Nu IONIZATION )
Notice that the perturbed leve LIMIT
is within ~7 cm! of the ion- —19 ’/ sl s
ization energy of Na. —18 7 g
- 17 bt [ 3 . §41400 o,
- — 16 P 15 - 9
—15 5d47d 3y 40 g
—d 441000
np = 104




LEGTURE #3 - HIGHLY EXCITED ATOMS: CREATION & ANNHILATION

Recall that the average kinetic energy at 300 - 400 K is ~300 cm~! 50 that there
is sufficient kinetic energy to supply the meager 7 cm! that is required. The

absence of Na* at the perturbed state is even more surprising when one .

considers that the pure Rydberg 164 1D, state, for which Penning ionization is

30 em-! deficient (endothermic), scems 1o be quite effective as a reactant,
suggesting that, indeed, kinetic encrgy transfer is driving the reaction. In fact,

we even see product Na* at the wavelength of the 15d 'D, state for which the

reaction is ~150 cm~! endothermic. It is true that the lifetime of the perturbed
state is shorter than those of the pure Rydberg states, but only by a factor of ~3
at these relatively low quantum numbers.

Spectra taken at longer wavelengihs do not show any product Na* at 14d and
below. The onset of Penning ionization is therefore rather sharp as the
threshold state is approached from below. The cross section is also observed to
rapidly decrease as the energy exceeds threshold (becomes exothermic).

These experiments were however not performed in the cryogenic apparatus.
What are the effects of blackbody radiation? Can blackbody radiation transfer
the reactant from a low (unreactive) state 10 a higher (reactive) one? While we
have not yet performed any collision experiments in the cryogenic appasaius,
we can crudely examine the effects of blackbody radiation on the Penning
process because of the threshold internal energy required to cause the reaction.

How do we do this? Since we can't cool the cell, we examine the effects of
heating the cell.

13
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The spectra shown below are analogous to those shown previously, but in this
case we warmed the cell that defines the collision region. The temperatures
indicated, 400 K and 800 K, are the thermocouple readings, not necessarily the
actual blackbody temperatures, Nevertheless we will use them as an

* approximation to the blackbody temperatures.
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Two differences in the Na* spectra are apparent.

1. The ratio of the Na* peak heights at the wavelengths of the Ba 15d and 16d

states has increased [15d/164d] in the 800 K spectrum.
2. As before, there is no Na* signal at the location of the 5d7d 3P, state in the

400 K spectrum, but there is a small signal in the 800 K spectrum.
1
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The cause of the first effect is equivocal. We might argue that blackbody
radiation can excite the Ba(15d and 16d) to higher, and therefore more reactive,
states, but it is also possible that the higher temperature increases the average
atomic kinetic energy, especially for the Na beam which is not as well

collimated as the Ba beam. This added kinetic energy could then drive the
endothermic reaction from the 15d and 164 states. '

While it is difficult to separate the effects of blackbody induced state changing
from those of increased kinetic energy for the pure Rydberg 15d and 16d states,
the situation at the perturbed 5d7d 3P, state is more certain. Recall that this

state is only ~7 cm~! below the threshold energy for ionization of the Na atoms.
Further, the lower temperature spectrum shows that this state is essentially
unreactive. We can however transfer this state to a pure Rydberg state by
blackbody induced transfer.

The matrix element that is needed to compute A4 the Einstein coefficient that is

needed to compute the blackbody induced transfer rate, K P is of the form
<Vip¥e> = <adips + Psaralplor>

where we have used the fact that the Rydberg character of the perturbed 5d7d
P, state is 18s. The ¢y final state is a pure Rydberg np-siate {recall the

Laporte rule). Therefore, the second integral is very nearly zero, but
blackbody radiation can excite the perturbed level to nearby p-states via the

<0 ,4Ipld,,> contribution to the Einstein coefficient.

15
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The results of the calculations are shown graphically.

INTIAL STATE: BaSd7d ¥ )

- Ba ENERGY LEVELS

Lo | ] 8 P
,/{’/ i Lt 441600 =

¥ . =h S =

B 7 U 41400 >

| 7 F-v =-u f - g
Z - _

g F Z ¥ =I5 mﬂ#n 441200 E

L Z i = 9

E 1000 : :%// [ —MW 41000
% Rp 10
™ N

$ 7z 7 —

B % 1% 1% wp  20p

FINAL STATES

Examination of the transfer out of the unreactive perturbed state and into the
reactive Rydberg states illustrates the use of rate equations. We will therefore
take this opportunity to examine this transfer using the following notation:

Np(t) = the time dependence of the density of atoms in the perturbed level.

Ng(t) = the time dependence of the density of atoms in all Rydberg states to which transfer from
the perturbed level can occur. These are Rydberg p-states.

Kt =total blackbody transfer rate out of the perturbed state

K y_nix = the 2-mixing rate constant

N = the total atom density

Ty = average lifetimes of all the Rydberg p-states that result from the ransfer

1p = lifetimes of the perturbed swate (140 nsec)

R=Ky + 1/ tp+ky iy Ny

We make the following assumplions:

1. All accessible Rydberg states are reactive (even the lower lying 17p state).

2. Tp >> T [T = 16 psec & 1, = 140 nsec = 0.14 psec]

3. 1, is the average lifetime of all p-states to which transfer can occur.

4, There is no transfer back to the perturbed state,

16
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The equations are:

a) __—_-‘N‘:(') = — blackbody transfer rate — radiative decay — £-mixing from the perturbed stalcs

and

b) -——‘m;(t) = + blackbody ransfes rate — radiative decay + £-mixing from the perturbed states

or
2 Do) o - KrNp() ~ L Npl) -~ s Nel)
b) Q‘g‘—’nmu,m—g;-m{o + [k 1.maNTINB(®)

Equation a) is easily solved:

Np(t) = Npg expl~ (Kt + # + K2miaNTH)
=¢ Rt where R =K+ :‘1’; +kp.miaNT)

Inserting this solution into b) we have
ﬁ(%(ﬂ + #Nn(l) = (K7 + KamsNT Nroe Rt

The solution to this equation gives the desired quantity, the ratio of the density
of pure Rydberg p-states 1o the inttlal densily of the perturbed state:

Ne(t) _ el -Rt] — expf- L]

Y = K7+ kamabir] if_ﬁ{expl Rij - expl- 11}

T

Typical parameters are:
K = 6.5 x 10% sec!
KguNp= 104 sec!  [fromow2x 104 AZ v = § x 10¢ casec and Np= 101 cm?)
1g = 16 psec (p-suates are Jonger-lived than d-states of the same n)
1p = 140 nsec; therefore [1/ 1p] = 7.1 X 106 sec!

so R=7.1 %106 sec!
17
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We therefore have

’1:%;-’- =107 x 10°2 {expl-7.10) ~ expi~0.06251] } ;. where tis now in psec
At 400 K the only change is in the pre-exponential factor which is —6 % 1073,

Now at a speed of ~10° covsec an atom will strike the walls ~1 cm away in
about 10 psec so that we need not consider times longer than this effective
reaction time. The function above is zero initially and asympiotically, but we
are interested oaly in the ratio for 0 < t < 10 psec.

1.0
800 K
%:;—’ == 1.07[expl- 7.11) - exp{- 0.06251)] 2 i
= = 0.60[cxp{~ 7.1) —exp{~ 00625)] 2 0.5 400 X
tisin Rl £
pecc and Neo in %
0 ™r 115 15 15 tr1
0 2 4 6 10
t (psec)

We see that at 800 K ~1% of the initial population of the 5d7d P, perturbed
state is transferred 10 pure Rydberg p-states and that these Rydberg states last
for the duration of effective reaction time.

18
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We have so far ignored the fact that perturbed states are totally ineffective as
reactants for Penning ionization. After all, these states do have a high fracticnal
Rydberg component, lai? = 0.4 for the 5d7d *P, perturbed state,
In an effort to explain this observation we consider a model in which the
Penning ionization results from charge exchange between the Ba* core and the
ground state Na atom in the presence of the field of the Rydberg electron. In
this model the electric field of the Rydberg eleciron alters the energy levels of
the quasimolecular ion-atom system to make the charge exchange a resonant
process. Such processes are known to have higher cross sections than
nonresonant ones.

PENNING IONIZATION WITH A PURE RYDBERG REACTANT
STATE

In contrast to the pure Rydberg state depicted above, perturbed states have a
greater concentration of the electronic charge close to the Bat* (Xe-like) core
so that perturbation of the quasimolecular levels can occur only at much shorter
range than for pure Rydberg states. If this model is valid then the cross section
for Penning ionization by pure Rydberg states should be considerably larger
than Penning ionization by a perturbed state simply because of the spatial extent
of the atoms. By spatial extent we mean the extent of the electron probability
distribution as shown on the next page. - < wc that the cross seclion must
however not be greater than the geometric cross section.)

LECTURE #3 - HIGHLY EXCITED ATOMS: CREATION & ANNHILATION
EXCITED STATE ELECTRON DISTRIBUTIONS FOR BARIUM

A -

Singlyexcitedconfiguration
6s20d

Lincar combination of singly
and doubly excited configurations
6s20d & 7d9d
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Rydberg-valence state (7d9d and 6520d). The darkest regions are regions of the highest
electron probabilities. The 7d9d configuration was chosen rather than the 5d7d for the
purpose of illustration. That is, the 5d7d distribution is too compact 1o show up well on
the diagram.

FHlectron distributions courtesy of C. E. Burkhardt, University of Missouri - St. Louis
20
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SYMMETRIC CHARGE TRANSFER

ASYMMETRIC CHARGE TRANSFER

_l__ -

In symmetric charge transfer, that is X* + X — X + X*, the electron may
readily tunnel from one ionic core to the other leading to a probability of 1/2 of
finding it on either. We may view the Rydberg electron as providing a field
that shifts the energy levels for X+ + Y charge transfer "into resonance”.

21
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The graph below shows how the cross section behaves for several different
values of the difference of the ionization potentials.

CROSS SECTION VS. KINETIC ENERGY l
FOR CHARGE TRANSFER

IAE,! > IAE,|

TR T T

o (arbitrary units)

KINETIC ENERGY
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In our discussions we have tried to emphasize the following points:

1. Rydberg atoms have extreme properties which make it possible to study
ordinary atoms using Rydberg atoms as "amplifiers” of these properties.

2. Care must be taken when using Rydberg atoms to probe atomic properties
because the extreme properties that are so useful can be a two-edged sword. In
particular, the state-selectivity provided by laser excitation can be rapidly

destroyed by the huge J-rhixing cross sections or the extreme sensitivity to
blackbody radiation.

3. The use of highly excited barium atoms gives us an opportunity fto contrast
the propertics of pure Rydberg states with those of highly perturbed levels, the
latter being very different in nature from the Rydberg states.

Along the way however we have aitempted to review (or at least outline) the
physical principles necessary for understanding.
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