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Ionization in Rydberg-atom —SF6 collisions at high n
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Absolute rate constants for ionization of Rb(ns, nd) atoms in collisions with SF6 have been mea-
sured for values of n in the range 38—106. In addition, the kinematics of such reactions have been
investigated using Xe(nf) atoms. The data confirm that collisions of Rydberg atoms with targets
that attach free low-energy electrons are well described by the "essentially-free"-electron model.
Analysis of the data shows that the cross section o.(u) for electron attachment to SF6 at very low
electron energies ( & 10 meV) is inversely proportional to the electron velocity u and, if u is expressed
in cm sec ', is given by o.(u) =(4.2+1.0) )& 10 /v cm .

Ionization of atoms in Rydberg states through col-
lisions with SF6 has been studied by a number of work-
ers. ' These investigations show that, as confirmed in
the present work, collisional ionization results predom-
inantly from the electron transfer reaction

X'*+SF, X++SF,—

in which the excited Rydberg electron attaches to the tar-
get SF6 molecule. One motivation for these studies is to
test the validity of the so-called "essentially-free"-electron
model. In this model it is assumed that the separation
between the Rydberg electron and its associated ionic core
is so large that both do not simultaneously interact with a
collision partner. The collision is then analyzed by con-
sidering only the interaction between the Rydberg electron
and the target. A prediction of this model is that the rate
constant for reaction (1) will be equal to that for attach-
ment, by SF6, of free electrons having the same velocity
distribution as the Rydberg electron. Since the average ki-
netic energy of a Rydberg electron is only a few milli-
electron-volts, the model suggests that the study of Ryd-
berg collisions can provide information on electron in-
teractions in a very-low-energy regime that is virtually
inaccessible using alternative techniques.

In the present work we have extended previous studies
of reaction (1) to Rydberg states with much larger values
of principal quantum number n up to 106. At this value
of n the average kinetic energy of the Rydberg electron is
only —1.2 meV. The essentially-free-electron model
should be particularly applicable at high n because the
average separation between the Rydberg electron and its
associated ionic core is large. Furthermore, because at-
tachment will occur at large separations, interactions be-
tween the product ions should be minimal. This lack of
interaction is confirmed in the present work by kinematic
studies which show that, at high n, the product X+ ions
follow essentially the same trajectories as the initial Ryd-
berg atoms. The measured rate constants are in agree-
ment with those expected on the basis of the essentially-
free-electron model and free-electron attachment cross
sections obtained using swarm ' and the threshold pho-
toelectron spectroscopy by electron attachment9' (TPSA)
techniques. The data demonstrate that, for targets having
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FIG. 1. Schematic diagram of the apparatus used to study
Rb( ns, nd)-SF6 collisions.

large rate constants for attachment of free low-energy
electrons, Rydberg-atom collision studies can be used to
obtain information on electron attachment at very low
electron energies.

Rate constants for reaction (1) were measured using
Rb(ns) and Rb(nd) Rydberg atoms. The apparatus is
shown schematically in Fig. 1. A collimated beam of ru-
bidium atoms is produced by effusion from an oven
operating at -200'C. The atoms are excited in zero elec-
tric field to a selected ns or nd state by two-photon excita-
tion using the modulated output of a Coherent Radiation
model 699-21 frequency-stabHized, single-mode ring dye
laser. The dye employed is Rh6G. The laser and atom
beams intersect at right angles, resulting in an effective
Doppler width &50 MHz. This permits highly state-
selective excitation as is illustrated in Fig. 2, which shows
the Rydberg-atom production observed as the laser is
scanned over the frequency range corresponding to excita-
tion of 47 D3/25/2 and 49 Si/2 states. A number of
well-defined peaks are evident whose origin can be under-
stood by reference to the schematic partial term diagram
shown in the inset. Natural rubidium has two isotopes,

Rb and Rb, each of which has a nonzero nuclear spin
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zation (SFI). To accomplish this a pulsed electric field,
which rises from zero to its maximum value in -500
nsec, is applied across the interaction region. ' ' The
electrons liberated by ionization are detected by a particle
multiplier whose output is fed to a time to digital convert-
er (TDC). The TDC is started at the beginning of the ion-
izing voltage ramp and is stopped by the first electron
pulse subsequently registered by the detector. The output
of the TDC is fed to an I.SI ll/23 computer, which
operates as a multichannel analyzer. For the present
count rates, typically -100—500 Hz, the data stored in
the computer give the probability of a field ionization
event per unit time during the ionizing ramp. Measure-
ment of the time dependence of the ionizing field
strength' then permits the field dependence of the ioniza-
tion signal to be determined. Since atoms in different
Rydberg states ionize at different field strengths, analysis
of SFI data yields the distribution of excited states present
in the interaction region at the time the ionizing field is
applied.

The SFI signal also provides a direct measure of the to-
tal number N(t) of excited atoms present in the interac-
tion region at time t after the laser pulse. The rate con-
stant k for Rydberg-atom destruction is determined from
measurements of the time dependence of N(t), which for
the present experimental conditions is given by

Ji, ,

I 2
FREQUENCY OEVIATION (GHz)

I

4
N(t) =N(0)e

where

FIG. 2. Frequency dependence of Rydberg-atom production
as the laser is scanned over the frequency interval corresponding
to excitation of 47 D3q2 5~~ and 49 S1~2 states. The inset shows
a partial term diagram for Rb.

and a large ground-state hyperfine splitting (3.036 GHz
for Rb, 6.835 CxHz for Rb). ' The peaks labeled A re-
sult from transitions from the four resultant ground-state
hyperfine levels to the 49 Si~2 level. The peaks labeled 8
result from excitation to the 47 D3~3 and 47 D3/2 levels
and, as is evident from the higher-resolution scan, transi-
tions to these two fine-structure levels can be resolved.
The present data were taken using n D5&2 and n S~~2
Rydberg states of Rb. Values of n were determined by
measuring the frequency separations between the S and D
states and relating these to the accurately known n depen-
dence of this quantity. ' ' Data such as shown in Fig. 2
also demonstrate that excitation is occurring in very- close
to zero electric field because the presence of even a very
small field leads to readily observable shifts and splitting
of the nD levels.

In the present experiments the laser output is modulat-
ed using a fast Pockels cell to provide light pulses of 3
@sec width at a repetition frequency of -20 kHz. Excita-
tion takes place, in the presence of target gas, near the
center of an interaction region defined by two planar,
parallel fine mesh grids. Following the laser pulse, col-
lisions are allowed to occur for a selected time interval t
The total number of excited atoms remaining in the in-
teraction region is then determined by selective field ioni-

+pk
1

Veff

and N(0) is the number of excited atoms present at the
end of the excitation pulse, r,tt is the effective radiative
lifetime, and p is the target gas density, measured using an
ion gauge calibrated against a capacitance manometer.
Values of b were measured for several target gas densities.
As expected, b was linearly dependent on target gas densi-
ty and values of k were obtained directly from the slope
of the b-p plot.

Analysis of the SFI profiles shows that collisions also
result in state changing via reactions of the type

Rb(ns, nd)+SF6~Rb(n'l')+SF6 . (3)

However, state-changing collisions do not lead to col-
lisional destruction because the product atoms still contri-
bute to the measured excited-state population N(t). Col-
lisional data were recorded at early times, typically 1—10
@sec after laser excitation, and at low target gas densities,
typically (10" cm . This ensured that during the
course of a measurement almost all atoms remained in the
parent ns or nd state.

Earlier measurements in this laboratory showed that de-
struction of Rydberg atoms in collisions with SF6 results
predominantly from collisional ionization. '5'7 This was
further confirmed in the present work by measuring rate
constants for collisional ionization from direct observa-
tions of the time development of the' product Rb+-ion sig-
nal using a technique similar to that described elsewhere. '

The rate constants so obtained are in good agreement with
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TABLE I. Measured rate constants k. Also included for each n are the average kinetic energy F of
the Rydberg electron and the Rydberg electron attachment cross section o, as defined in Eq. (5).

Parent state

38D
41D
41Da
44D
47D
49S
50D
54D
54D'
56S
59D
61D
61S
70D
72D
76D
81D
84D
96D

106D

k (10 cm sec ')

4.8% 1.0
4.4+ 1.1

3.9+ 1.0
4.4+1.1

4.6%0.9
5.1+1.1
4.3%0.9
4.4+1.1

3.7+0.9
3.8+0.8
4.0+1.0
4.0+1.0
3.9+1.0
3.9+1.0
4.3+1.1
4.2+ 1.0
3.1+0.8
3.9+1.0
4.3+0.9
4.4+1.1

o., (10 ' cm)

8.0+ 1.6
8.1+2.0
7.1+1.8
8.5+2. 1

9.5+1.9
10.8+2.2
9.6k 1.9

10.6+2.7
9.0+2.2
9.2+1.8

10.6+2.7
10.9+2.7
10.2+2.6
12.2+3.0
13.9+3.5
14.4+3.6
11.1+2.8
14.8+3.7
18.5+3.7
21.1+5.2

F (meV)

10.1
8.7
8.7
7.5
6.5
6.5
5.8
4.9
4.9
4.9
4.1

3.8
4.1

2.9
2.7
2.4
2.1

2.0
1.5
1.2

'Obtained by measuring the time development of the Rb+-ion signal.

those determined using SFI. Thus it is possible to equate
the rate constants measured for collisional depletion of the
total excited-state population with those for collisional
ionization.

The measured rate constants are listed in Table I and
are plotted in Fig. 3 together with the results of earlier
studies in this laboratory using Xe(nf) Rydberg atoms. '

Also included are rate constants for Rydberg electron at-
tachment calculated on the basis of the essentially-free-
electron model using the expression

k = I uo(v)f (u)du, (4)

where f (u) is the Rydberg electron velocity distribution
and o(u) is the attachment cross section for free electrons.
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FIG. 3. Rate constants for collisional ionization in Rydberg-
atom —SF6 collisions. Rate constants derived using Eq. (4) and
both the theoretical expression of Klots (Ref. 18) and the free-
electron TPSA data (Ref. 9) are also included.

The rate constants calculated using the theoretical form
for o(v) derived by Klots' assume an SF6 polarizability a
of 6.52 A .' The second set of calculated rate constants
were derived using an empirical expression for o(u) de-
rived from measurements using the TPSA technique.

The present data are in excellent agreement with the re-
sults of earlier studies' in this laboratory at lower n using
Xe(nf) atoms. As Fig. 3 illustrates, the rate constant for
collisional ionization is essentially independent of n and
does not have a strong I dependence. The rate constant is
thus independent of the Rydberg electron velocity distri-
bution, implying that the cross section for Rydberg elec-
tron attachment to SF6 is inversely proportional to the
electron velocity.

Rate constants for Rydberg electron attachment derived
using the theoretical expression of Klots are in excellent
agreement with the present data. Rate constants derived
using the recent TPSA free-electron data display the same
n dependence as the present results but differ somewhat in
absolute magnitude. However, the overall agreement be-
tween the present measurements and results predicted on
the basis of free-electron data indicates that a Rydberg
electron interacts with a target molecule much as does a
free electron of equal kinetic energy. This parallel is fur-
ther demonstrated by the fact that collisions with both
free and Rydberg electrons result iri the formation of the
same negative ion species. The negative ions produced in
the present work were identified using time-of-flight spec-
troscopy, for which purpose a small pulsed electric field
was, applied across the interaction region to drive the neg-
ative ions to the particle multiplier. As in free-electron
studies, the predominant negative-ion species observed
was SF6 . Free-electron production was not observed, in-
dicating that collisional ionization proceeds via negative-
ion formation.
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To provide further comparison with free-electron data,
cross sections cr, for Rydberg electron attachment were
derived from the measured rate constants using the simple
expression

Ire =k~vrms ~
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where U, is the root-mean-square velocity of the Ryd-
berg electron. The values of cr, so obtained are included
in Table I and are plotted in Fig. 4. The data are posi-
tioned on the electron-energy axis according to the aver-
age kinetic energy of the Rydberg electron, which is equal
to its binding energy. Also included in Fig. 4 are values
of o, derived from earlier measurements with Xe(nf)
Rydberg atoms, free-electron attachment cross sections
obtained using the swarm and TPSA (Ref. 9) techniques,
and the theoretical result of Klots. The agreement be-
tween free-electron and Rydberg data is again evident.

The collisional ionization data point to the correctness
of the essentially-free-electron model. One assumption in
the free-electron model, however, is that post-attachment
interactions between the product positive and negative
ions are so small as to be unimportant. To test this as-
sumption, and to determine whether it might account for
the discrepancy between the present data and the free-
electron TPSA results, a number of kinematic studies
were undertaken using Xe(nf) Rydberg atoms and the ap-
paratus shown in Fig. 5. Xe( Po) metastable atoms con-
tained in a collimated, thermal-energy beam are excited
using the focused output of a nitrogen-laser-pumped dye
laser to a selected nf state. Excitation occurs, in zero
electric field and in the presence of SFs, between two pla-
nar, parallel fine mesh grids. After a known interaction
time (-2—5 @sec) the product Xe+ ions are expelled
from the interaction region'by a small, pulsed electric
field of 2 psec duration that is insufficient to ionize the
remaining Rydberg atoms. The ions then drift through a
field-free region prior to detection by a position-sensitive
detector (PSD). The total ion, flight time to the detector is
-45 psec.
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FIG. 5. Schematic diagram of the apparatus used to investi-
gate the kinematics of Xe( nf )-SF6 collisions.
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Xe+-ion spatial distributions at the detector are shown
in Fig. 6 for several initial Rydberg states. Also included
is the spatial distribution of Xe+ ions produced by direct
photoionization of the Xe( Po) atoms. Photoionization
does not significantly change the trajectory of the ionized
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FIG. 6. Spatial distribution of Xe+ ions at the PSD. The lo-
cations of the laser and metastable atom beams are indicated
and the counts are plotted on a logarithmic scale.
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atom. Thus the spatial distribution of Xe+ photoions at
the PSD will reflect the initial velocity distribution of
photoexcited Rydberg atoms. Although the photoions are
originally produced in a small volume, the velocity distri-
bution of the atoms in the beam and the relatively long
flight times to the detector lead to a substantial spread in
arrival positions along the direction of t'he beam.

The spatial distribution of Xe+ ions formed in
Xe(60f)-SF6 collisions is similar to that for Xe pho-
toions. The collisionally produced Xe+ ions therefore
must have a velocity distribution which is similar to that
of the initial Rydberg atoms, demonstrating that there are
no significant electrostatic interactions between the prod-
uct Xe+ and SF6 ions. This is expected because, at high
n, the product ions will be formed at large separations.
Given the long-range nature of Coulomb forces, other
possible interactions must also be negligible. As n is de-
creased, however, the spatial distribution of the product
Xe+ ions broadens in the direction perpendicular to the
beam axis. This shows that at low n, where the product

ions are formed in closer proximity, electrostatic interac-
tions do in fact change the trajectories of the product ions.
Nevertheless, the data show that for values of n )40 there
is negligible interaction between the product ions, as as-
sumed in the essentially-free-electron model.

In conclusion, the present data demonstrate that, for
high n, , Rydberg-atom collisions with targets that attach
free low-energy electrons are well described by the
essentially-free-electron model. Analysis of the data
shows that the cross section for electron attachment to
SF6 at low energies ( & 10 meV) is inversely proportional
to the electron velocity v and, if v is expressed cm sec
is given by

( )
4.2+1.0
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