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Ion formation in sodium vapor ( —10" cm ') containing Rydberg atoms (18&n &35) was inves-

tigated. Both atomic ions and diatomic molecular ions resulting from collisions between highly ex-

cited sodium, Na, and Na(3s) were observed. However, the predominant production mechanism
was found to be photoionization of Na by blackbody radiation, the rate of which was measured at
500 K and found to be =5.7X10' sec ' for n =18, in good agreement with theory. The Na+ signal
from blackbody photoionization is observed to be independent of n, which we interpret as implying

rapid and nearly complete self-l-mixing, mixing by collisions with Na(3s) atoms, for both s and d
states. It is probable, however, that the s states are mixed to the adjacent, n —1, manifold of /

states. It was also found that the heavy-body collision cross sections for Na+ and Na2+ formation,
while roughly three orders of magnitude lower than our estimate of the self-/-mixing cross section,

0
are appreciable, of order 100 A .

I. INTRODUCTION

Although a great deal of effort has been devoted to the
study of interactions involving highly excited (Rydberg)
atoms, the details of certain types of reactive processes,
such as those leading to ion formation, have been largely
ignored. ' In order to fill this void we have initiated a
series of experiments designed to study Rydberg-atom
reactivity. Preliminary results of our experiments involv-
ing sodium Rydberg atoms, Na*', have been reported. 2

In those experiments we observed the following ionization
processes:

Na" +Na~Na+ +Na+ e,
Na" +Na~Na2+ +e,
Na'*+ Na**~Na++ Na+ e . (3)

It was found, however, that at low atom densities the
predominant ion-formation mechanism was photoioniza-
tion of Rydberg atoms by blackbody radiation,

Na" +fuuaii~Na++ e . (4)

In this earlier work we observed a very strong depen-
dence of the associative ionization cross section, reaction
(2), on principal quantum number n. We also estimated
the absolute cross sections for both reactions (1) and (2) by
comparing the observed Na2+ signal to that for Naz+ for-
mation in Na(3p)-Na(3p) collisions. However, the rela-
tively wide range of cross sections for Na(3p)-Na(3p) as-
sociative ionization in the literature led us to report a con-
comitantly wide range for the Na"-Na processes.

In this paper we report the results of experiments in
which more detailed data were obtained. We concentrated
on the low-density regime in order to minimize the effects
of superradiance and Na"-Na" interactions. These new

data show, contrary to one of the conclusions in our pre-
liminary report, that, in the range 18 & n & 35, l mixing in
Na"-Na collisions is very rapid, competing favorably
with radiative decay of the laser-produced Na(nd) or
Na( ns) Fur.thermore, since the blackbody-radiation-
induced transfer rate to neighboring n levels has been
shown to be quite high, further destruction of the initial
state selectivity can occur. Since the measured rates for
heavy-body collisional processes that lead to Na+ and
Na2+ formation are much lower than the rates for these
state-changing processes, the reactant Rydberg atoms that
produce the observed ions in Na"-Na(3s) collisions have
a distribution of states clustered about the laser-produced
state. Thus, the cross sections that we report for these
processes must be understood to be associated with such a
distribution of states of the reactant Rydberg atoms.

II. EXPERIMENTAL PROCEDURE

A schematic diagram of the apparatus is shown in Fig.
1. Sodium vapor was produced in an oven operated at
-500 K and located beneath a cylindrical stainless-steel
collision cell; the density of ground-state sodium atoms,
X, was determined by a method previously developed in
this laboratory. Two antiparallel laser beams, one yellow
and one blue, entered the cell along its axis and produced
Na( ns) or Na( nd) atoms by two-step excitation,
3s~3p~n/ Both laser.s, the wavelengths of which we
designate A, q and A.z, were pumped by the frequency dou-
bled and tripled outputs of the same Nd:YAG laser
(where YAG denotes yttrium-aluminum-garnet).

Ions formed in the cell were extracted with a set of elec-
trostatic focusing lenses, mass analyzed by a quadrupole
mass filter, and detected with a CuBe particle multiplier.
A tungsten filament (not shown in the figure) could be
lowered to a position near one of the laser-beam apertures;
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III. RESULTS AND DISCUSSION
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FIG. 1. Schematic diagram of the apparatus.

this filament could be directly heated to provide electrons
which, when focused into the collision cell, produced ions,
thus permitting the use of conventional mass spec-
trometry to detect "contaminants" in the collision cell. In
this way it was determined that the Na2 concentration in
the vapor was roughly that calculated on the basis of
equilibrium thermodynamics, about 0.75% at 500 K.
This low concentration virtually insures that Na' -Naq
collisions are not contributing to the observed ion signals.
Under normal operation data were, of course, acquired
with the filament retracted, permitting both laser beams
to enter the cell.

The output signal of the CuBe detector was fed into a
gated integrator, and, after a preset number of pulses,
-50—500, the accumulated charge was digitized and
stored in a computer. The wavelength settings of the dye
lasers and mass settings of the quadrupole mass filter
were adjusted and varied with the computer. Several dif-
ferent modes of data acquisition were employed.

In one mode of operation A, r was fixed at a D-line
wavelength and production of a particular ion studied as a
function of Ati. In another mode relative abundances of
the ionic products were studied at different values of E by
fixing the laser wavelengths and scanning the mass spec-
trometer. In yet another mode of operation the collision
cell and electrostatic lenses were replaced by an enclosure
consisting of parallel plates, one of which was stainless-
steel mesh through which ions could pass before being
detected with a calibrated single-stage microchannel plate.
This arrangement permitted collection of all ions formed
in the interaction region and was used in our measurement
of the blackbody photoionization rate. In addition, appli-
cation of an appropriate voltage to one of the plates could
be used to field ionize the Rydberg atoms, thus permitting
determination of the number of initially formed Rydberg
atoms. It was found that at n =18 the Rydberg atom
concentration was roughly 1/200 that of Na(3s). This
measurement is consistent with the fraction calculated
from the 3@~nd absorption cross section.
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FIG. 2. Na+ signal as a function of blue laser wavelength A,~.
The yellow laser wavelength A, q was fixed at that of the sodium
D2 line. The Na(3s) density was 10" crn

At values of N that are low enough to preclude Na"-
Na** interactions, atomic ions may be produced by col-
lisional ionization, reaction (I), and by photoionization by
blackbody radiation, reaction (4). At the lowest values of
N, however, photoionization dominates. For example, in
our preliminary report it was shown that at N =4)& 10"
cm only about 17% of the Na+ yield was due to col-
lisional ionization, the remainder resulting from photoion-
ization by blackbody radiation. At still lower densities re-
action (1) contributes a much smaller fraction so that at
N =10" cm ' virtually the entire Na+ signal may be
presumed to arise from photoionization. We therefore
first discuss Na+ formation by blackbody photoionization
together with the consequences and implications of our
data.

Figure 2 shows the Na+ signal as a function of A,z with
A, „set at the Dz wavelength; the Na(3s) density was 10"
cm 3. As n increases the separation between adjacent res-
onances becomes sufficiently small so that the bandwidth
of the blue laser, —1 A, is too broad to permit resolution
of individual peaks. Ultimately A,ti reaches the threshold
for photoionization of Na(3p), at which point the ion-
detection system is barely saturated. Perhaps the most
striking feature of the data in Fig. 2 is the near constancy
of the Na+ signal levels over most of the range of princi-
pal quantum numbers. Since at this atom density virtual-
ly all of the Na+ signal results from photoionization by
blackbody radiation, the signal from this process is essen-
tially independent of n in this range. This leads to the
important conclusion that Na"-Na(3s) I mixing, self-l-
mixing, is so rapid that it partially destroys the state selec-
tivity provided by laser production of Rydberg atoms.
Below we outline the analysis that leads to this con-
clusion, a conclusion that is consistent with the heavy-
body collisional data to be discussed later in this paper.

We wish to examine the n dependence of Q„t, total
number of ions from blackbody photoionization, which is
given by

'0
Q„,=f KR„,N„"(t)V(t)dt, (5)

where K is the collection efficiency of the ion-detection
system, R„i is the blackbody photoionization rate, E„*'(t)
is the Rydberg-atom density as a function of time, V(t) is
the volume that they occupy, and to is the effective
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residence time of the reactant Rydberg atoms in the
volume from which ions are collected. V(t) is taken to be
time dependent to account for the possibility of diffusion.
Notice that the quantity N„(t)V(t} is the total number
of Rydberg atoms present at a given time, that is, the
Rydberg-atom population. If it is assumed that the
Rydberg-atom population is given by a single exponential,
that the photoionization rate is low compared to the radi-
ative rate, and that to - ao, then Eq. (5) reduces to

Qnt =KRniNon «n (6)

8mvp(v}= 1
C

hv
exp —1

~ ~

where k is the Boltzmann constant. Since photoioniza-
tion cross sections usually peak at threshold and fall off
rapidly with increasing v, Eq. (7) may be simplified. If
E„l is the ionization energy of a Rydberg state and is less
than kT then the cross section is appreciable only in the
low-energy "tail" of the Planck distribution where the en-

ergy density is slowly varying. Under these conditions
RnI becomes'

where No„' is the initial concentration of Rydberg atoms,
V is V(0) the volume of the "laser cylinder, " and r„ is the
effective lifetime. The validity of the above assumptions
will be discussed below.

Now R„~, No„', and v„all depend on principal quantum
number, and, as noted above, the data indicate that these
dependences conspire in such a way that photoionization
yields are independent of n in the approximate range
18 & n & 30. R„I, the blackbody photoionization rate, has
been the subject of recent investigations, both experimen-
tal and theoretical. ' It may be expressed as

c
R„i——— tr„t (v)p(v)d v,

4 0

where o„l(v} is the blackbody photoionization cross sec-
tion as a function of frequency of ionizing radiation, p(v)
is the blackbody radiation energy density in
photons/cm'Hz and c is the speed of light. p(v) is given
by the Planck formula

Figure 3 shows the dependence of R„t on principal quan-
tum number for T =513 K. For 20&n &30 the log-log
plot shows that

—1.4
RgI ~ 7l

which we take to be the n dependence of R„t in Eq. (6).
The initial concentration of Rydberg atoms, No„', also

depends on the value of the principal quantum number
for a given value of N Th. is dependence is that of the
3p —+nl oscillator strength, which is proportional to n

Of course No„' also depends on the spectral power output
of the blue laser, but, since this was measured and found
to vary by less than 10% in the range 18 &n &35, this
dependence may be ignored in this calculation.

The final quantity in Eq. (6) that depends on n is r„,
the characteristic lifetime of the Rydberg-atom popula-
tion. If the initially produced laser-excited ns or nd state
is the only one that comprises the Rydberg-atom popula-
tion then ~„-n Su.ch a dependence, when combined
with the n ' dependence of R„t and n dependence of
No„' would lead to an n ' dependence of the Na+ sig-
nal. But this is in contrast to the observed constancy of
this signal with n The .independence of the Na+ signal
on n therefore implies that r„-n ', which is very close
to the n4 s dependence of the lifetime of a given n state
(for the hydrogen atom} averaged over all angular
momentum states. ' Thus, we conclude that, under the
assumptions stated above, at N =10" cm I mixing in
Na"-Na collisions is occurring at a rate comparable to
radiative decay of the initially prepared level, and that the
state selectivity provided by laser excitation is partially
destroyed.

The simplicity of the above analysis depends on the ap-
proximations that to- oe and that N„"(t) is given by a
single exponential. This last approximation will be valid

+
+ +

for 20sns30
slope = -l.41

c Sm
nl +

exp

R„t=const X (E„&) exp

The integral in Eq. (9) is proportional to the total oscil-
lator strength to the continuum which may be calculated
from the bound-state oscillator strengths using the "par-
tial sum rules" in Ref. 9, p. 256. %'e have extended Table
14 in Ref. 9, which gives hydrogen oscillator strengths, to
principal quantum numbers as high as 30. We find that
the total continuum oscillator strengths do not depend
strongly on n so that the area under tr„t(v) does not de-
pend strongly on n. Therefore, we may write
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FIG. 3. Graph of Eq. (10), R„~ vs n. The least-squares fit to
a straight line in the region 20&n &30 sho~s that R„~-n
~ith correlation coefficient 0.997. The ordinate scale was nor-
mahzed to the calculation in Ref. 7.
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if the /-mixing cross section is very small so that radiative
transitions to the 3p state dominate. It will also be valid
if the /-mixing cross section is very large in which case ra-
diative decay to 3p terminates quickly, after which
X„"(t) is essentially the single-exponential characteristic
of an /-mixed population. ' The cross section for self-/-
mixing' ' of Rb(20f) has been measured to be —105 A
suggesting that similarly large values are reasonable for
sodium so that the second case is appropriate.

In order to assess the approximation to —oo we may ex-
amine two limiting cases. First, if it is assumed that the
initially excited volume is very small compared to the
volume from which ions are collected, photoions from
Rydberg atoms that migrate out of the collection volume
prior to photoionization will not be detected. Since the
average migration time is comparable to v„ the assump-
tion that to-oo may not be justified, especially if the
Rydberg atoms are destroyed upon impact with the cell
walls. In this case to g~~„and, applying this criterion to
the definite integral in Eq. (5), we see that there is no con-
tribution to the n dependence of Q„i from /i/„"(r). We
are left, therefore, with the product of the dependences of
Xo„' and E.„I, -n ' . Since the data show that there is
no n dependence of Q„i we conclude that either the
to oo a-pproximation is valid so that v„-n '~, or that the
assumed n dependences of No„' and R„i are incorrect.
Since the production rate is known to be proportional to
the 3p~ns and 3p~nd oscillator strengths (-n ) and
the calculation of R„i is reliable we conclude that the
to —oo approximation is valid. This conclusion is further
supported by the fact that the n dependence of ~„ that is
required for Q„i to be independent of n, n ', is very near-
ly the same as physically interpretable n dependence,
namely the n ' characteristic of a mixed population of /

states. ' In other words we believe that it is significant
that we obtain a physically meaningful n dependence.

The above discussion does not unequivocally prove the
validity of the approximation that to- ao. Furthermore,
the reason for any such validity is not intuitively obvious.
Additional insight might be gained by examining the
second of the two limiting cases. In this limit the volume
from which ions are efficiently collected in our apparatus
is assumed small compared to the initial excitation
volume. For this case, migration of Rydberg atoms out of
the collection volume is compensated by migration of
Rydberg atoms produced outside this volume into it.
Here again it is difficult to assess validity by intuition,
however, we did observe that Q„i saturated at very low
ion extractor voltage, less than 5 V, suggesting that this
case may be realistic. If so then the approximation
to- ~ is appropriate.

Although the evidence is not unequivocal, we, based on
the above analysis and discussion, conclude that self-I-
mixing is indeed rapid and that the state selectivity pro-
vided by laser excitation is partially destroyed. Because
both the s and d-state Na+ signals are independent of n
in the range studied, this conclusion pertains to both nd
and ns states. Previous experiments' ' at lower principal
quantum numbers have shown that initially produced nd
states are mixed to all n/ states, /&2, by foreign per-
turbers, but, because of the relatively large energy differ-

ences between s states and other angular momentum
states of the same n manifold, initially produced ns states
were not appreciably mixed. At higher n, however, the
energy differences hE between s, p, and d states of both
the n and n —1 manifolds are considerably smaller than
kT and Hugon er a/. ' ' found that state-changing cross
sections for both Rb(ns) and Rb(nd) collisions with xe-
non are large, greater than 10 A .

Our experiments at principal quantum numbers greater
than 18 lead to the conclusion that both ns and nd states
of sodium are efficiently / mixed. This is consistent with
previous results for foreign perturbers, although our re-
sults pertain to self-/-mixing; self-/-mixing for alkali-
metal-atom Rydberg states is known to be even more effi-
cient than / mixing by xenon atoms. ' In fact, Hugon
et a/. ' showed that state-changing cross sections for col-
lisions of both Rb( ns) and Rb(nd) with ground-state rubi-
diuin atoms are essentially the geometric cross section of
the Rydberg atom even for relatively high values of b,E.
For example, they measured 10 A for Rb(9s) and AE is
greater than 100 cm ' to the nearest state. These state-
changing processes could include / mixing within the n

manifold of states as well as / mixing to neighboring man-
ifolds. Recently' it was shown that Na(ns) and Na(np)
are efficiently converted to Na( n —1,/ (2) by collisions
with xenon atoms. Of course, such a state-changing pro-
cess would be indistinguishable in our experiments from /

mixing within the n manifold because of the small (unity)
change in n.

Although the n dependence of the lifetime of the mixed
population is deduced to be very close to that of a statisti-
cal distribution of / states, complete / mixing is not neces-
sary. Examination of the rate equations shows that the
rate of transfer to high / states is favored because of their
higher degeneracies and longer lifetimes. Thus, while the
mixing may not be complete, the importance of the high /

states, especially of course the circular states, leads to an
effective lifetime that, in our experiment, would be indis-
tinguishable from that associated with a statistical distri-
bution.

In addition to collisional processes n changing can
occur by superradiance or by interaction with blackbody
radiation. The transfer rates for both of these effects are,
however, maximum to nearby levelsi (lower levels for
the case of superradiance) so that although the state selec-
tivity can be further destroyed, Rydberg atoms are still
present. These transfer rates to nearby levels can be quite
high, of the same order of magnitude as the radiative
rates. Furthermore, since the initially produced angular
momentum states are mixed we may expect that essential-
ly all / states of n —1 and n + 1 will also be populated by
the processes. Since these blackbody-induced transfer
rates are comparable to the radiative rates we anticipate
that "state selectivity" for %=10" cm and T=500 K
refers to a roughly statistical population of all / states of
principal quantum numbers n —1 and n+1 as well as n.
Transfer to these neighboring n states would not severely
affect the apparent lifetime of the Rydberg-atom popula-
tion because only small changes in principal quantum
number are involved. This distribution of states could be
further altered if superradiance occurs, but our data sug-
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gest that this is not important under the conditions of
these experiments.

Since l mixing competes with radiative decay we may
estimate the order of magnitude of the cross section by
equating the rate to that for radiative decay, —10 sec
for n =20. Thus

n1 1

N*„' V
(13)

where No„' V is the total number of Rydberg atoms initial-
ly produced Thus, R„i. may be calculated in terms of ~„.
Our data for Na(18d) are typical: Q„I=4X10
Ionsypulse and N,*„*V=2.5X 10'. ThIs gIves

R Is I
——0. 16/~Is (14)

with r„ in seconds. If vis is taken to be the 181lifetime, "
-5 psec, R,s q=3.2X10 sec ', about five times larger

kIX=10 sec

where ki is the rate coefficient for Na"-Na I mixing and
N =10" cm '. This leads to an estimate of ki ——10 6

cm /sec which corresponds to an /-mixing cross section of
—10 " cm, the geometric cross section. This value,
while huge by the standards of collisions involving ordi-

nary atoms, is consistent with measurements of self-I-
mixing cross sections of rubidium and cesium Rydberg
atoms. ' ' While we have estimated the self-I-mixing
cross section to be —10 A it is not necessary, or indeed
even likely, that the cross sections for mixing of ns and
nd states are the same. In fact, since it is probable that at
least the ns states are "mixed" to I states of the neighbor-
ing manifold, our use of the term self-I-mixing is under-
stood to include this process.

Although the I-mixing cross sections for ns and nd
states are large we cannot, from our data, compute their
ratio. Since the laser light is linearly polarized the initial
populations of the nd and ns states should be in the ratio
of the b,mj =0 oscillator strengths. Using the radial ma-
trix elements for sodium given by Lingard and Nielsen'
the asymptotic value of this ratio is approximately 5.
This is only coincidentally the same as the ratio of the de-
generacies, as may be seen by noting that the analogous
ratio of oscillator strengths for hydrogen is about 20.
Since the observed ratios of the peak heights are -5:1we
conclude that they reflect only the initial number of Ryd-
berg atoms produced, and not the ratio of the I-mixing
cross sections. This also provides verification that the 1-

mixing rates for both ns and nd states are much greater
than the blackbody photoionization rates.

In order to independently check this conclusion we used
the experimental setup described in Sec. II in which total
ions could be collected to measure the photoionization
rate. This provides an absolute measurement of Q„i in
Eq. (6) so that E, the ion collection efficiency, is unity for
all n We also obt. ained spectra identical to that shown in
Fig. 2, Na+ versus A.ii, showing that the observed constan-
cy of the Na+ signal as a function of n cannot be an ar-
tifact introduced by an n-dependent ion-collection effi-
ciency.

For I%' =1 the blackbody photoionization rate is

than the calculated value. If, however, vis is taken to be
the I-averaged hydrogenic lifetime, -28 @sec, then
RIB I-5.7)&10 sec ', very close to the calculated value
(see Fig. 3). These data therefore support our previous
conclusion that the effective lifetime of the Rydberg-atom
population more nearly coincides with the I-averaged life-
time than the state-specific lifetime, indicating that sub-
stantial I mixing occurs.

One of the initial goals of this work was to determine
state-specific microscopic cross sections for Na"/Na(3s)
collisions that lead to ion formation, reactions (1}and (2}.
In view of our finding that self-I-mixing occurs with an
enormous cross section, —10 A, it is clear that at values
of N sufficiently high to observe ion formation in heavy-
body collisions, state selectivity provided by laser produc-
tion of Na(nd) or Na(ns) will have been destroyed. While
this 1 mixing redistributes the excited-state population
among all angular momentum states of the laser-produced
principal quantum number, other effects, such as superra-
diance or blackbody-radiation-induced transfer can effi-
ciently populate neighboring n states. These neighboring
n states will also have a wide distribution of I states.
Thus, while heavy-body cross-section measurements will
be presented in this section, it must be understood that
these cross sections are state specific only to the extent
that they have been measured using reactant Rydberg
atoms that were initially state selected, but which have
undergone redistribution as discussed in the preceding sec-
tion. Although the collision cross section is usually de-
fined as an intrinsic property of a particular (state-
specific) set of reactants with a given relative velocity or
velocity distribution, the "cross sections" measured in this
work are functions of other (experimental) parameters as
well, in particular the atom density N and the tempera-
ture T. The atom density determines the extent of I mix-
ing and the temperature of course determines the nature
of the blackbody radiation. It is interesting that, while
blackbody-radiation-induced transfer may be virtually el-
iminated by cooling the reaction region, "there is little
that can be done to avoid self-I-mixing. This is so because
atom densities sufficiently low to preclude self-1-mixing
are also low enough to preclude ion formation in heavy-
body collisions.

Although virtually the entire Na+ signal is due to pho-
toionization, collisional ionization contributing very little
to the total, the (much smaller) Nai+ signal observed at
the Rydberg-state resonances arises exclusively froin
Na"-Na(3s} associative ionization. Figure 4 shows the
Nai+ signal as a function of As with A, i fixed at Di. The
small "background" at nonresonant values of A,s is pro-
duced by Na(3p)-Na(3p) associative ionization the yel-
low laser intensity was adjusted to minimize ion forma-
tion by multiphoton ionization of Naq present in the va-
por. ' In our preliminary report we noted the very strong
n dependence of the cross section for Na' -Na(3s) associ-
ative ionization. Sharp decreases in associative ionization
with increasing principal quantum numbers have also
been observed in experiments with argon and stronti-
um."

In our preliminary report we also estimated this cross
section by comparing the Na2+ signal with that observed
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used in the computation of the blackbody photoionization
rate from the data.

Using the relationship between rate constant and cross
section we may write

Qz0(nl;X, T) =
(u)N '

FIG. 4. Na3+ signal as a function of blue laser wavelength
The yellow laser wavelength A, ~ was fixed at that of the

sodium D2 line. The Na(3s) density was IO" cm

where (u ) is the average atomic speed and we have expli-
citly indicated the N and T dependences of e as discussed
at the beginning of this section.

From our data and Eq. (17) we find that

cr(18d;10" cm, 513 K)-150 A (18)

for Na(3p)-Na(3p) associative ionization. This method
was dependent upon an assumed value for the Na(3p)-
Na(3p) associative ionization cross section, but our esti-
mate necessarily reflected the relatively wide range of
values in the literature. However, since the contribution
of collisionally produced Na+ to the total Na+ signal
may be ignored at low values of N, we may compute the
cross section for Na"-Na(3s) associative ionization at a
given n by comparing the Na2+ signal to that for Na+,
using the blackbody photoionization rate measured in
these experiments.

The Na2+ signal from associative ionization is given by

Q2 Kilo„*k~X——V'r„, (15)

where k, is the rate constant for associative ionization, V
is the interaction volume and the other quantities are as
previously defined. Under the assumption that all Na+
arise from photoionization by blackbody radiation the
Na signal is given by Eq. (6). Dividing Eq. (6) by Eq.
(15), rearranging and making the approximation that
V'= V we have

(16)

where for consistency in the present context we have re-
placed Q„i in Eq. (6) with Qi. The V'= V approximation
represents an assumption that the volume from which
iona may be collie:ted is very nearly equal to the volume of
the "laser cylinder. " %'bile migration may cause the in-
teraction volume V' to vary with lifetime, the cross sec-
tion reported below is that for a specific (initially
prepared) state, namely 18d. The lifetime of this state is
sufficiently short that the V = V approximation is justi-
fied. Although the validity of this approximation de-
creases somewhat with increasing n, the effect is well
within the uncertainty of the heavy-body cross section es-
timates.

In Eq. (16) it is understood that the nl associated with
both the photoionization rate and the rate constant desig-
nates the initially prepared Rydberg state. Notice that
this expression does not include the ion-collection efficien-
cy, the initial number of Rydberg atoms produced or the
interaction volume. It includes the lifetime of the
Rydberg-atom population only to the extent that it was

This value, while high by standards of collisions involving
ordinary (non-Rydberg) atoms, is orders of magnitude
lower than the estimated self-mixing rate. This justifies
our assertion that it would be very difficult to measure
state-specific ion-formation cross sections. Furthermore,
this value of cr indicates that Na"-Na(3s) collisions that
lead to Nai+ formation are those having impact parame-
ters less than -10 A. This is reasonable since associative
ionization is due to relatively short-range interactions be-
tween the Rydberg-atom core and the ground-state
atom.

Figure 4 shows the exceptionally strong n dependence
of the associative ionization cross section. This cross sec-
tion varies roughly as n although correction for the
lifetime of the Rydberg atom population makes this
dependence even stronger, -n 5. Part of this n depen-
dence can be attributed to the nde-pendence of the
average value of the radial electronic coordinate. In order
for associative ionization to occur the Rydberg electron
must carry off enough kinetic energy to stabilize the Na2+
product. Therefore there must be communication be-
tween the Na+-Na(3s) collision complex and this electron
via a force, for example the quadrupole force. Of course,
the distance between the Rydberg electron and this dia-
tomic core determines the strength of the force. If the
Rydberg electron is remote, then interactions will be
weak, making it difficult to eject the Rydberg electron
with enough kinetic energy to stabilize the Na2 . Furth-
ermore, the strong n dependence, together with our con-
clusion that I mixing is essentially complete prior to asso-
ciative ionization, suggests that the more heavily weighted
higher angular momentum states are less reactive than are
lower states. This is so because higher angular momen-
tum states prohibit significant probing of the collision
core by the Rydberg electron. We conclude, therefore,
that electrons in high n states, and high / states will have
minimum communication with the Na -Na(3s) core,
causing high-n —high-/ Rydberg atoms to be virtually un-
reactive.

Since the cross section for collisional ionization is
roughly four times that for associative ionization at
n =18, we estimate that the cross section for collisional
iomzation is of the order of 600 A . However, because at
these values of X almost all of the Na+ signal arises from
photoionization by blackbody radiation, it is difficult to
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extract detailed information about collisional ionization,
especially the n dependence. While 600 A is a large cross
section it too is considerably smaller than the estimated
self-I-mixing cross section so that the term cross section
has the same connotation as that reported for associative
ionization. This estimated value of the colhsional ioniza-
tion cross section suggests that impact parameters of the
order of 15 A are sufficient for ionizing collisions. Such a
long-range interaction is not unreasonable in view of the
relatively large orbital distances for an electron having
n =18.
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