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With the use of two-step laser excitation, it is shown that the state distributions of highly excited
barium atoms are substantially altered by inelastic collisions with barium atoms. For "pure" Ryd-
berg states the initially produced ns or nd eigenstates are rapidly mixed with nearly degenerate n'l'
states. For initially produced states that may be viewed as admixtures of Rydberg and doubly excit-
ed independent-electron eigenstates, collisions convert the distribution to one with nearly pure, al-

beit state-mixed, Rydberg character. Broadening of the absorption profiles of the highly excited
states is also observed. This effect results from quasistatic interaction between two highly excited
atoms during the excitation. Beyond a critical excited-atom density, avalanche effects lead to an ap-
parent narrowing of these profiles which subsequently broaden at still higher atom density.

I. INTRODUCTION

Over the past decade or more, many properties of Ryd-
berg atoms have been studied' both theoretically and ex-
perimentally. While much of the experimental work has
been performed using "one-electron" alkali-metal atoms,
the two-electron alkaline-earth atoms have also received
considerable attention. These two-electron systems
afford the opportunity to observe and analyze interac-
tions between singly excited Rydberg series and doubly
excited valence states. Most previous studies have been
directed toward elucidation of the intrinsic properties of
these atoms. In contrast, the work reported here was
initiated to study collisional effects on the Rydberg states
of barium, a two-electron atom with high-lying energy
levels readily accessible with available laser wavelengths.

It has been shown that the various states that result
from a nominal 5d7d electronic configuration of atomic
barium serve as perturbing states that alter the regularity
of the nd Rydberg series. For principal quantum num-
bers n above 20, the only significant perturber is the
one designated Sd7d 'Dz which perturbs the J=2 Ryd-
berg levels in the vicinity of n =26. This is illustrated in
the partial term diagram shown in Fig. 1. The perturbed
states can be written as linear combinations of the
independent-electron singlet and triplet Rydberg states
and the perturber

~

%'„)=u„~ 6snd 'D2 ) +P„~ 6snd D2 )

+y„~ Sd7d 'D, ) .

The fractional contributions of the singlet Rydberg, trip-
let Rydberg, and perturber components to these states
are given by

~
a„~,

~ P„~, and
~ y„~, respectively. A

number of interesting properties of highly excited Ba
atoms can be understood using this independent-electron
basis set. ' Table I lists the fractional population

coefficients for several states near the Sd7d perturber,
the energy region of interest in the present study. The
fact that the eigenstates have varying relative
Rydberg —valence-state compositions in the vicinity of
the perturber has important consequences with respect to
the effects of collisions on these states. In this paper we
report and discuss data that illustrate some of these
effects.

LLJz
LLJ

r////J lviilirjg

P/I/FllllllllFY//PFl/1
Ba'(6.&

uiuiuiuiriiiiir
esnd'O, esnd'O,

5d7d D-

LASER EXCITATION -410 nm

spontaneous emission
1.5 pm

n=5 (metastable)

6s6p P

.7 nm

R EXCITATION

0

FIG. 1. Partial term diagram of Ba I illustrating the effects of
the doubly excited 5d7d state on the regularity of the singlet
and triplet Rydberg series. The extent of level repulsion in

these series is exaggerated for emphasis. This doubly excited
state is also responsible for mixing of the singlet and triplet
states. The two-step laser excitation used in these experiments
is also illustrated.
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TABLE I. Fractional Rydberg and perturber contribution to some J=2 levels of Ba t. '

Nominal
configuration

6s24d
6s25d
6s26d
5d7d
6s27d
6s28d
6s29d

0.78
0.59
0.59

0.76
0.94
0.98

lD

0.20
0.40
0.28

0.05
0.01
0.002

0.013
0.018
0.125
0.365
0.189
0.048
0.019

0.20
0.34
0.28

0.08
0.019

D2

0.79
0.63
0.71

0.91
0.98

0.0
0.03
0.13
0.013
0.009
0.003

'Values taken from Ref. 6.

In a recent study" of processes that lead to ionization
of Rydberg atoms we reported data that led to the con-
clusion that state changing, primarily nl ~nl, of initially
formed Na(ns) or Na(nd), 18&n &35, was very rapid,
with nearly geometric cross sections. Since such 1 mixing
of Rydberg states is generally considered to be the result
of collisions of the Rydberg electron and another atom or
molecule, Na(3s) or Na(3p ) in our earlier work, it is not
surprising that the cross sections are comparable with the
cross sectional area of the Rydberg atoms. The energy
differences AE between s, p, and d states of both the n

and adjacent manifolds of I states are considerably small-
er than kT at these high values of n. Overlap of adjacent
manifolds also occurs for the high-lying levels of barium;
in fact, there are nearly four times as many levels as for
sodium. It is, therefore, expected that collisional state
changing will also be highly efficient. Indeed, we find this
to be the case, but, not unexpectedly, only for the Ryd-
berg component of the excited-state wavefunction. As a
consequence, we find that a collection of barium atoms
which has been laser excited to a perturbed level with a
substantial Sd7d fraction is rapidly converted, by col-
lisions with other barium atoms, to a collection with a
distribution over many nearly degenerate Rydberg states
and essentially no 517d character.

In addition to state changing we also report in this pa-
per our observation that the excitation profiles of the
highly excited states broaden dramatically with increas-
ing excited atom density, an effect that we deduce to be
the result of quasistatic interaction between highly excit-
ed atoms during the laser excitation.

In addition to our studies of heavy-body collisional
effects, we were also able to adjust experimental condi-
tions so that we could observe the rapid and nearly com-
plete conversion of Rydberg atoms to ions and electrons.
This phenomenon, which is believed to be caused by an
avalanche electron-impact ionization of Rydberg atoms,
the "seed" electrons coming from, for example, photoion-
ization by blackbody radiation, has been observed previ-
ously. ' ' When the excited atom density is in excess of
some threshold value, —10' cm under our experimen-
tal conditions, striking effects such as narrowing of ab-
sorption profiles and the absence of an allowed transition
were observed.

II. EXPERIMENTAL
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FIG. 2. Schematic diagram of the apparatus.

The experiments were performed using a new ap-
paratus, shown schematica11y in Fig. 2, employing a
well-collirnated beam of barium atoms and two grazing
incidence dye lasers pumped by a single Nd: YAG laser.
The collinear laser beams, one green and the other blue,
intersected the atomic beam producing highly excited
barium atoms, Ba*', in two steps as illustrated in Fig. 1.
Both laser beams were passed through the same linear
polarizer before intersecting the Ba beam. The excitation
region was electronically shielded to ensure field-free ab-
sorption. We observed that fields as low as —1 V/crn
produced Stark mixing.

The atom density N in the beam was va.ried over the
approximate range 10 -10' as estimated from the oven
temperature and vapor-pressure curves. We therefore
consider the uncertainty in N to be roughly an order of
magnitude, ' however, we were able to determine the ratios
of different atom densities at which we worked with con-
siderably higher precision. This was accomplished by
detecting the Ba+ resulting from two-step photoioniza-
tion. With the green laser beam adjusted to saturate the
6s 'S~6p 'P resonance transition, the frequency-tripled
output of the Nd: YAG laser was used to photoionize the
Ba(6p 'P). The ratio of the Ba+ signal to the third har-
monic power is proportional to the atom density, provid-
ing reliable ratios of atom densities at which various ex-
periments were performed. The difficulty in determining
the absolute value of N did, however, hamper our ability
to accurately determine reaction cross sections.
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Two methods for detecting highly excited atoms were
employed. At relatively low X, —10 -10' cm, field
ionization with a preset delay time, 200 ns to 2 ps, pro-
duced Ba+ which were then detected with a CuBe parti-
cle multiplier. At the higher densities field ionization
could not be used because of electrical breakdown of the
vapor. The Rydberg states of interest in these experi-
ments are, however, photoionized by room-temperature
blackbody radiation. The resulting Ba+, which were ex-
tracted normal to the plane defined by the laser beams
and the atomic beam, were detectable, allowing this
method to be used over the entire range of atom densities.
No other ions, such as Ba2+, were observed when a quad-
rupole mass filter was used; this filter was subsequently
removed to increase sensitivity.

The output of the CuBe particle multiplier was
amplified, measured, and stored in a Radio Shack TRS-80
Color Computer which was suitably modified for both
apparatus control and data acquisition. Most of the data
reported here were acquired with the green laser beam
wavelength fixed to the 553.7-nm resonance transition
while scanning the blue laser beam wavelength, A, s, thus
yielding spectra of Ba+ signal versus blue wavelength.
Care was taken to ensure that the detection system did
not saturate, a condition that causes nonlinear gain. In
such cases the absorption profile can be instrumentally
broadened, yielding misleading data. Furthermore, non-
linear gain can alter the ratios of peak heights, giving for
example, meaningless ratios for s-to-d-state production.
To avoid these spurious effects each time N or the laser
power was increased, the electronic detection system was
checked for linearity. This procedure is essential when
absorption profiles and peak height ratios are compared
at different values of X or N", the excited-atom concen-
tration. Nonlinear gain of the electronic system is also
important in experiments in which the Rydberg popula-
tion rapidly evolves to a plasma via the avalanche mecha-
nism. In this case it was necessary to decrease the overall
sensitivity by moving the ion detector about 25 cm fur-
ther from the excitation region than its usual location im-
mediately outside the cell.

The laser beain intensities were 5 and 2 kW/cm (max-
imum), respectively, for the green and blue lasers. At
these levels the green resonance transition was saturated,
but the blue transition to the highly excited states was
not. The intensity of the blue laser beam was reduced
when necessary using neutral density filters. The band-
width of the green laser beam was about 0.8 cm '. For
most of the experiments the bandwidth of the blue laser
beam was also 0.8 cm '; however, for some experiments,
particularly those requiring careful comparison of ab-
sorption profiles, the mirror in the dye laser was replaced
by a reflection grating, decreasing the bandwidth to 0.2
cm-'.

III. RESULTS AND DISCUSSION

Using prompt (200 ns) field ionization we obtain infor-
mation on the initial population of highly excited states.
Figure 3 is a field ionization (FI) spectrum, Ba+ signal
versus A.~, covering the region from n =26 to ionization.

Prompt Field ionization
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FIG. 3. Prompt field-ionization spectrum. The state designa-
tions are those commonly used (see Table I).

This spectrum illustrates salient features of highly excited
Ba. Both 6sns and 6snd Rydberg states are formed, but
perturbation of the 6snd Rydberg states by the 5d7d
valence state in the region near n =26 leads to a "hole"
or dip in the peak heights in the spectrum. This occurs
because these eigenstates are linear combinations of Ryd-
berg and Sd 7d valence perturbing state as shown in Table
I. The region of the hole in the prompt (200 nsec) spec-
trum shown in Fig. 3 is due to the combined effects of ra-
diative excitation and spontaneous decay; in particular
the lifetimes of the most perturbed states are comparable
with the 200-ns delay of the "prompt" FI pulse.

Collisions involving Rydberg atoms are preempted by
prompt FI. To investigate the effects of such collisions
we can delay the FI pulse. Of course other processes will
also affect a delayed spectrum, principally radiative decay
to a low-lying level if the delay time is comparable with
the excited-state lifetime. Nevertheless, we compare de-
layed FI spectra taken at two different values of the atom
density ¹ Figure 4 shows two spectra, each taken with a
2-ps delay of the FI pulse. The most striking difference is
the prominent peak at the 27d 'D2 wavelength in the
higher density spectrum, a peak that is absent at the
lower density. The absence of this peak at the lower den-
sity is the result of spontaneous decay of this short-lived
state, ' ~=300 ns, prior to application of the FI pulse.
Note that this state is not the most perturbed, nor is it
the shortest lived. ' These distinctions go to the state
designated 5d7d 'D2, but, because the energy of this state
is nearly coincident with that of the pure Rydberg 28s
state, the evolution of 5d7d 'D2 atoms cannot be traced
using the 0.8-cm ' bandwidth blue laser beam.

Returning to the data of Fig. 4, we see that the 2-ps de-
lay is nearly seven times the 27 'D2 lifetime so that only
about 0.1% of the initially produced excited atoms
remain when the field ionization pulse is applied. The oc-
currence of a peak at the 27d 'D2 wavelength at the
higher density clearly shows that the lifetime has been
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FIG. 4. Delayed (2-ps) field-ionization spectra acquired at
two different values of ground-state atom density N.

"lengthened, "presumably by heavy-body collisions. This
terminology, though descriptive, is not precise. In actu-
ality, heavy-body collisions cause state changing to states
that are longer lived on the average.

There are other differences between the delayed FI
spectra in Fig. 4. The singlet-to-triplet ratios for the 26d
and 28d pairs of states change dramatically with N. In

both cases the shorter lived singlet states are more prom-
inent in the higher density spectrum, again because of
lifetime-lengthening collisions.

Although our experiments were not undertaken to
measure excited-state lifetimes, we may estimate the life-
times using our low-density prompt and delayed field ion-
ization spectra. Comparison of these estimates with pre-
viously measured values may then be used as a reliability
check of our apparatus. Table II lists some of our values
along with those determined in two other experiments, '
both of which were carefully designed for lifetime mea-
surements. The table shows that our estimates are in
reasonable agreement with both sets of data.

While delayed field ionization spectra taken at different
atom densities can give information on some of the effects
of heavy-body collisions, other effects cannot be traced
using this method. Furthermore, electrical breakdown of
the vapor prohibits use of FI at barium densities in excess
of about 10' cm . Photoionization by blackbody radia-
tion (BBPI) can, however, be employed at high densities,
and can show effects which FI does not. BBPI is only
useful when the ionization rate R„I is high enough that
ionization is not precluded by radiative decay.

For a given temperature T, R„I may be estimated from
the relationship '

R„t tc(E„t ) l[——exp(E»IkT) l], —

where E„I is the ionization energy of the Rydberg state, k
is the Boltzmann constant, and ~ is a constant. Although
an accurate value of R„I depends on core effects, a useful
estimate can be obtained from the values for sodium.
Normalizing to the measured value of R,sz for sodium
at 500 K we obtain the series of curves shown in Fig. 5.
Since the radiative rates of the states of interest vary, the
relative peak heights in any spectrum acquired using
BBPI to produce ions will depend on these lifetimes as
well as R„I. At low densities, effects due to heavy-body
ionizing collisions are expected to be minimal. Since the
charge collection time for each laser pulse is greater than
either the radiative lifetimes or the reciprocals of R„I, we

may obtain the total ion signal per pulse Q by integration:

Q= f RN"'(t)dt, (3)
0

where N'*(t ), the excited-atom density, is given by

TABLE II. Comparison of measured lifetimes (in ps) of some J=2 levels of Ba I.

Nominal
electron

configuration Gallagher et al. '
3D 'D

Aymar et al.
D2 'D2

This work
D 'D~

6s25d
6s26d
6s27d
6s28d

1.32
2.00
3.33
2.57

2.00
0.35
0.29
0.89

1.68
1.91
2.69
3.23

1.59
0.49
0.30
0.90

2.00'
2.36
2.55

2.09
0.66
0.46
0.91

'Reference 7.
Reference 13.

'The value reported in Ref. 7 was assumed. The lifetimes calculated from our data are based on this as-

sumed value for 6s26d 'D, lifetime.
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FIG. 5. Blackbody photoionization rate R„I vs principal
quantum number n, as calculated from Eq. (2). The absolute

—Iscale was normalized to the measured value of 5700 s for
Na(18d ) at 500 K (Ref. 8).

= —AN" (r ) RN" (—t ) .
dt

(4)

In the above equation A is the spontaneous decay rate
and, for simplicity, we have suppressed the nl subscripts
with the understanding that these rates and densities ap-
ply to each state.

Integrating and designating N" (r =0) by No'

Q =No'R [I/( A +R )] .

Since A &&R and I/A =r, the radiative lifetime of the
state

E~

D

C$
C

!!&) ~ ~au~L~u.

Q =N(')'Rr . (6)

Since R is slowly varying over the range 25 & n & 30, Eq.
(6) shows that the peaks corresponding to the longest-
lived states will be enhanced when compared to the
prompt FI spectrum.

%e can examine the effects of heavy-body collisions on
the lifetimes of the excited-state populations by compar-
ing BBPI spectra acquired at different values of N. Fig-
ure 6 shows three such spectra. Also included is a syn-
thetic spectrum based on Eq. (6); the relative values of
No' were taken from Fig. 3, BBPI rates from Eq. (2) and
values of ~ from the literature. ' This synthetic spec-
trum represents that expected for the collision-free case,
i.e., when the atom density is low enough so that heavy-
body collisions, either lifetime lengthening or ionizing, do
not contribute significantly to the ion yield.

Despite some differences, the similarity of the synthetic
spectrum to that acquired at the lowest N suggests that
ionization at this value of N is due primarily to BBPI.
An obvious difference between these two spectra is the
relative heights of the peaks corresponding to the 26d D1

and 26d 3D states. It is interesting that if our estimated
ratio of lifetimes (see Table II) were substituted, agree-
ment between the two spectra would improve.

Comparison of the prompt FI spectrum in Fig. 3 with
the collision-free BBPI spectrum in Fig. 6 shows that the
pure Rydberg (unperturbed) d-state peaks are somewhat
suppressed relative to the s-state peaks when BBPI is

LiJUJ uLJ" (

FIG. 6. (a) Synthetic spectrum calculated from Eq. (6). This
spectrum represents that expected from blackbody photoioniza-
tion (BBPI) in the absence of heavy-body collisions. (b) —(d)
BBPI spectra taken at different values of N; approximately 10",
10 ' and 10' cm, respectively. The peaks for s-state excita-
tions are shaded to facilitate comparison of the spectra, the
unshaded peaks correspond to d-state excitations with the
braces indicating singlet-triplet pairs. The blue laser beam
bandwidth was 0.8 cm '. For more detailed identifications
compare with Figs. 3 and 4.
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TABLE III. Lifetimes in ps of some Bar excited states that
are conventionally designated 6sns 'S0 and 6snd ' D2 ~

24
25
26
27
28
29

lS a
0

6.6
7.6
8.8

10.0
11.4
12.9

ID b
2

1.51
1.59
0.49
0.30
0.90
1.56

3D b
2

2.21
1.68
1.91
2.69
3.23

'These are approximate values determined by extrapolating the
experimental value for 6s13s 'S0 using the established n*'
dependence of the lifetime; n

* is the effective quantum number

(see Ref. 15)~

Reference 13.

used for detection. The major reason is that the radiative
lifetimes of s states are longer than those of the pure d
states of comparable principal quantum number. ' '
Table III lists the lifetimes of some BaI states pertinent
to this point. As the density of ground-state barium
atoms is increased, the peak heights of these shorter lived
d states overtake those of the s states, the ratio tending
toward that in the prompt FI spectrum, Fig. 3. In the
high-density BBPI spectra, however, the lengthened life-
times lead in the limit to Q=NO' because in this case
A &&R. Also, the peak corresponding to the highly per-
turbed, and hence short-lived, 27d 'D state, while quite
small in the collision-free spectrum, becomes increasingly
prominent with increasing N. A similar effect is probably
occurring for the most highly perturbed state, the one
designated 5d7d D with lifetime 0.2 ps, but the near
coincidence of energy, and therefore A,z, with the 28s
state makes the effect unobservable with the 0.8 cm
bandwidth blue laser beam.

Although these data suggest that the state-changing
collisions that cause lifetime lengthening are between the
highly excited barium atoms Ba" and ground state,
6p 'P or 5d 'D barium atoms (the last three of which we
designate as Ba) additional experiments were undertaken
to investigate the possible effects of Ba'*-Ba" collisions.
First, we fixed the atom density N at a value comparable
with that in Fig. 6(c) and varied the blue laser power den-
sity from maximum to 0.1 maximum and finally to 0.02
maximum, acquiring BBPI spectra at each laser power
density. The three spectra, one of which is shown in Fig.
7(a), were identical, that is, the s-to-d ratios were the
same, as were the absorption profiles. Parenthetically we
note that the narrow bandwidth blue laser beam (0.2
cm ') was used and therefore the 28s and 5d7d 'D2

states are resolved.
Since the excited atom density was varied by a factor of

50 in these constant N experiments, we infer that
Ba'*-Ba" collisions do not produce lifetime lengthen-
ing. We next reduced N by a factor of 50 while keeping
the laser power density of the blue beam at maximum.
This effectively reduces both N" and N by a factor of
50. The resulting BBPI spectrum, shown in Fig. 7(b), ex-
hibits increased s-to-d ratios, indicative of a tendency to-

26d3D

28s

27d3D

29s 28d'D

r

CO

C
Ql

+
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5d7d'D 28d3D
27d'D

27d3D 28d 1 D

28s 29s

5d7d'D
27d lD

28d3D

J~ i R

30s,

ward collision-free conditions. This clearly establishes Ba
as the major state-changing (lifetime-lengthening) col-
lision partner.

The observed state mixing is consistent with an
effective cross section comparable with the Rydberg
geometric cross section, as has been observed in Rb*'-Rb
systems. ' At n =25, the geometric cross section is
3.4)& 10 "cm, and the average Ba velocity at 1000 K is
3.9)(10 cms '; these values yield a state-mixing rate
constant k;„=1.3)&10 cm s '. Table III shows that
the nd radiative lifetimes range from 0.3 to 3 ps, while
the ns lifetimes are appreciably longer. Both intuition
and a simple rate-equation analysis lead to the conclusion
that k;„N values of 10 s ' will alter the s-to-d ratios
from their collision-free values, and k;„N-10 s ' will

produce substantial ratio changes. These first-order rate
constants correspond to N values of 10" and 10' cm

These data show that collisions with ground-state (or
low-lying excited state) barium atoms do indeed
"lengthen" the lifetimes of the excited atoms, especially d
states. We suggest that these effects are due to n/ mixing
of the Rydberg components of the excited states, thus
converting the initially produced excited states into states
having substantial contributions from the statistically
favored higher / states. For a one-electron atom, the ra-
diative lifetime for a state with a specific value of l scales

FIG. 7. (a) BBPI spectrum taken with N-10' cm . Three
spectra taken at this value of N, each at different values of blue
laser beam intensity, were identical (see text). (b) Same as (a) ex-
cept N was lowered by a factor of 50. The higher ratio of s-to-d
peaks in this spectrum shows that collisions with ground-state
(or low-lying excited-state) barium atoms are responsible for
state changing, which effectively increases the lifetime of the
excited-state population. The blue laser beam bandwidth was
0.2 cm ', narrower than that used to acquire the data displayed
in Fig. 6 by a factor of 4, thus permitting partial resolution of
the 28s and Sd7d 'D peaks.
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as n, but the lifetimes of states with statistical distribu-
tions of I states scale as n . Thus as the density of
ground-state barium atoms is increased, the lifetime of
the excited-state population is increased, leading to a
higher Ba+ yield from BBPI.

In addition to the effect on the excited-state lifetime,
collisional state mixing also decreases the overall contri-
bution of perturber character to the resulting distribution
of excited states. If the perturber fraction remained
roughly constant, no effect on the lifetime of the excited-
state distribution would be observed since the short-lived
valence component effectively determines the lifetimes.
This is consistent with the expectation that the state-
mixing cross section for Rydberg states is considerably
larger than that for the much more localized valence
states.

We may show that the perturber character of the ad-
mixture decreases by considering the wave function for
an arbitrary excited atom in the distribution. We rewrite
the eigenfunction of a laser excited tI state in simplified
form as

I +f &= 2 Xz".110."1 &+z'I P& .
n I

(8)

This final-state wave function may also be written in
terms of the exact energy eigenstates,

I P, ),
1)2) I p„), of the complete barium-atom Hamiltoni-

an

e, & =z„'„
I
y„', &+z

where 1$"„d) and
I p) are Rydberg and perturber in-

dependent electron wave functions,
I Z„d I

is

(
I &. I

'+
I &. I

'»nd
I
Z

I

' 1s
I r. I

'.
The effect of a time-dependent perturbation, a col-

lision, on the initially produced state leads to a final-state
wave function (for an arbitrary atom)

0.1 of the original level. N was kept constant. As the
laser power was decreased, the linewidths decreased from
about 0.6 cm ' to about 0.2 crn '. Two typical spectra
are shown in Fig. 8.

In a second set of experiments, N'* was kept constant,
as measured by the BBPI signal, by increasing the blue
power while decreasing N. The linewidths remained con-
stant. Thus, the broadening is independent of N, but does
depend on laser power for fixed N. These observations
clearly show that the observed broadening is not caused
by Ba**-Ba collisions. The most plausible explanation
for the broadening mechanism is that put forward by
Raimond et al. in their studies of highly excited Cs.
They suggest that the dominant broadening mechanism is
not collisional, but rather results from a quasistatic
Rydberg-Rydberg interaction via the transition-dipole
coupling matrix elements. This interaction splits the iso-
lated Rydberg states into rnanifolds of closely spaced
states, thus producing a broadened absorption profile. In
fact, the slight red shading of these profiles in the upper
spectrum of Fig. 8 may result from the attractive nature
of the van der Waals interaction. Application of this
model to our data leads to the conclusion that N**
values of 2)&10" and 2)&10' crn at n =40 and n =25,
respectively, will produce the 0.6-cm ' broadenings ob-
served at the highest densities employed in making the
linewidth observations reported here.

As the excited-atom density is increased to values
higher than that employed to obtain the data shown in
Figs. 3, 4, and 6, rapid evolution to a plasma occurs.
This results in an ion signal so large that the detection
system cannot be adjusted to avoid nonlinear and satura-
tion effects. We therefore reduced the overall sensitivity
by moving the particle multiplier about 25 cm away from
the excitation region. Figure 9 shows Ba+ versus A,z

I

+f ) ~1101&+~2142&+

Initially, however, the laser excitation produced a pure
barium eigenstate, say,

I P, ), so that
I 4, ) =

I P, ) and

37d'D
N = 1012 ~m

—3 38dlD '

I

+f ) '41(znd
I Pnd &+z'

I P&)

+~21&2&+ ~. 14. & . (10)

If it is assumed that only states within a few cm ' of
11'; ) are efficiently mixed by collisions, then 1$, ) is the

only state in
I +f ) that has any perturber character and

Z = A, Z &Z~. For example, the eigenstate designated
28d D2 (see Table I) is not collisionally mixed with
26d 'D2 because of the large, 20 crn ', energy defect.
Thus state mixing of the Rydberg component of the
wavefunction leads to states with reduced perturber and
increased, albeit mixed, Rydberg contribution.

Examination of Fig. 6 shows that as N is increased the
absorption profiles broaden. In order to assign the source
of this broadening we performed additional experiments
using the narrow band (0.2 cm ') blue dye laser. States
in the vicinity of n =40 were prepared with N" —10"
crn and N -10' cm . The linewidths were measured,
and the blue laser power was decreased progressively to
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Laser power density = 5 kw/cm

aser power density = 0.5 kw/cm

FIG. 8. BBPI spectra, both taken with N-10' cm . The
power density of the blue laser beam used to acquire the lower
spectrum was 0.1 that used to acquire the upper spectrum.
These spectra demonstrate the dependence of the linewidths on
N**, the Rydberg atom density.
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32d D2 heavy-body ionizing collisions or BBPI.
Because the lower spectrum in Fig. 9 was acquired

with slightly higher excited-atom density, the threshold
value of X0" is also reached for s-state peaks, as well as
peaks in the hole, and even the 28d D state which was
absent in the upper spectrum. Additionally, the d-state
peaks in the lower spectrum are broader than the corre-
sponding peaks in the upper spectrum, a result of the
threshold now being exceeded further into the wings.
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FIG. 9. Ion spectra acquired in the electron avalanche re-
gime with N-10' cm (upper) and N-5)& 10' cm (lower)
using the reduced sensitivity setup.

spectra acquired at two different values of excited-atom
density using this setup. The upper spectrum, the one ac-
quired at the lower of the two densities, is noteworthy by
the absence of any peaks in the hole or any peaks at
wavelengths corresponding to s states. Furthermore, the
d-state peaks are quite narrow in comparison to those in
the lower (higher density) spectrum. In fact, we have ob-
served that the excited-atom density can be reduced to a
point at which the profiles are only one channel wide.

We interpret these observations as indicating a thresh-
old value of X0 ' for evolution to a plasma, above which
an avalanche of electron-impact ionization of the Ryd-
berg atoms leads to complete ionization, an effect that
has been observed previously. ' ' The Rydberg com-
ponent of the excited-atom density does not exceed this
threshold value for the perturbed states and the s states
under the conditions used to acquire the upper spectrum
of Fig. 9. The reduced sensitivity prohibits detection of
any ions resulting from either heavy-body collisions or
BBPI for excitation of these states. Thus they are absent
in the spectrum. Furthermore, as the profiles of the e-
state peaks are scanned in A.z, X0* is below the threshold
value in the wings and no ions are detected until line
center is approached. Near line center a cascade of
e-Ba * ionizing collisions leads to total ionization, and
the signal is readily detectable with the reduced sensitivi-
ty. The seed electrons for this process can come from

IV. SUMMARY

The work presented here shows that state changing in
collisions of barium Rydberg atoms with ground-state or
low-lying excited-state barium atoms is highly efficient.
Because of this high efficiency, perturbed states, those
that may be regarded as linear combinations of Rydberg-
and valence-state-independent electron wave functions
are rapidly converted by collisions to nearly pure, but nl-
mixed, Rydberg states.

Broadened absorption profiles were also observed, but
this effect is not the result of Ba*'-Ba collisions. Rather,
it results from a quasistatic Ba'*-Ba'* dipole interaction
during the excitation process.

Although state mixing is dominated by Ba'*-Ba col-
lisions, this does not mean that the dynamic part of the
Ba"-Ba*' dipole interaction cannot cause state mixing,
but only that this contribution is small. Similarly, the
state-mixing collisions must contribute to line broaden-
ing, but to a negligible extent under the conditions of
these experiments.

At excited-atom densities higher than those used to
study state-changing collisions, initiation of the now
well-known evolution of the excited-atom population to-
ward a plasma was observed. This avalanche mechanism
led to unusual effects in the spectra such as missing peaks
and artificially narrowed absorption profiles.

Finally we note that the collisional alteration of the ini-
tial state-selected population by changing the Rydberg-
to-perturber ratio may be used to contrast the reactivities
of these two very different types of states. By changing
the barium atom density in a laser-excited atomic beam
we can change this ratio so that the effects of collision
with another species will depend on the barium-atom
density. Experiments of this type are planned.
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