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The collisional angular-momentum mixing of n = 5-15 Na d states with the [ > 2 states of the same n has
been studied using He, Ne, and Ar as collision partners. At rare-gas pressures of ~ 1 Torr, the [ > 2 states are
thoroughly mixed and the mixture decays at the average radiative lifetime of all the | > 2 states of the same n.
Using ~ 1 Torr of neon to collisionally mix the [ > 2 states, the average lifetime for [ > 2 was measured for
each n and compared to the theoretical prediction for hydrogen, with which it is in excellent agreement. The
cross section for I mixing by each of the ,gases is found to increase sharply from n =5 to 10 and decrease
above n = 10. The magnitudes of the I‘mixing cross sections are found to correlate with the low-energy

scattering lengths of the collision partners.

I. INTRODUCTION

Previously, we reported the observation of col-
lisional angular momentum mixing of highly ex-
cited d states of Na.! These observations can be
summarized as follows. At high pressures of Ar,
He, and Ne (from 0.1 to 1 Torr), Na d states in the
range n=5-10 were found to be mixed with the
nearly degenerate higher [ states of the same =
(the s states, which are energetically removed
from other states, did not exhibit this effect). The
resulting mixture of I states radiatively decayed
with the average radiative lifetime 7, of all the
states of the mixture, i.e., states of the same »
and /=2. Explicitly, we have
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Teez Was observed to be independent of the rare-gas
pressure over two orders of magnitude. Further-
more, when corrected for the missing s and p
states, T,,, was found to increase as ~n**%, the
predicted behavior of the average lifetime of all
the I states of the same »-for hydrogen.?

At intermediate rare-gas pressures, we ob-
served a two-component decay, the fast component
being the decay of the d state by collisions and ra-
diation, and the slow component the decay of the
mixture of /=2 states by radiation. By measuring
the fast decay rate as a function of rare-gas pres-
sure we determined o;, the cross section for the
collisional mixing process, and found that from
n=>5 to 10 the cross section increased proportion-
ally to the geometrical cross section of the highly
excited Na atom, i.e., as n*. The measurements
were not sufficiently accurate to tell if the cross
section depended on the identity of the collision
partner. )

Both the intrinsic interest in the ! mixing pro-
cess and an improved experimental capability af-
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forded by a more powerful N, laser have led us to
refine and extend our initial measurements of col-
lisional angular momentum mixing in Na. It is of
interest to determine if the »* dependence of the
cross section would continue for »>10. Since the
valence electron of an atom in a Rydberg state is
in a large loosely bound orbit and has very low
kinetic energy (0.1 eV at »=10), it has been sug-
gested that collision processes of atoms in Rydberg
states can be related to low-energy electron scat-
tering. For example, Fermi® has explained spec-
tral shifts of alkali lines in the presence of rare
gases in this way, and recently West et al.* have
interpreted the collisional ionization of highly ex-
cited Xe by SF, using a theory of Matsuzawa,®
which relates the ionization cross section to low-
energy electron scattering. By improving our
previous data, we hoped to be able to identify any
correlation between collisional /! mixing and low-
energy electron-scattering parameters.

II. EXPERIMENTAL

The basic approach is illustrated in Fig. 1. Two
dye lasers are used to successively pump Na atoms
from the 3s state to the 3p state and then from 3p
state to the nd state, and we observe the time-re-
solved nd-3p fluorescence from the highly excited
atoms. In the absence of any perturbing gas, the
fluorescence decays with the d state radiative life-
time 7,. Values for 7., are obtained by measuring
the radiative decay rate at high pressures (0.1-1
Torr) of rare gas. The /-mixing cross sections
are obtained by measuring the rate of the faster
of the two exponential decay components as a func-
tion of perturbing-gas pressures.

The apparatus is shown schematically in Fig. 2.
The N, laser is built using a transmission-line de-
sign. Typical operating parameters for the laser
are: 4-nsec pulse width [full width at half-maxi-
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FIG. 1. Essence of the experiment for an Na zd state.
Na atoms are pumped to the znd state using two photons
indicated by the straight arrows. The initially populated
nd state decays by radiation and collisions which populate
higher I states. We observe the nd-3p fluorescence to
monitor the population of the nd state.

mum (FWHM)], 1.5-mJ pulse energy, 20-Hz
repetition rate, and 15-kV charging voltage. These
values are for a laser using a thyratron switch.
With a spark-gap switch, the pulse energy is
(25-30)% higher, but it is difficult to use a spark
gap at repetition rates above 10 Hz. The dye lasers
are transversely pumped lasers of the Hansch de-
sign.® Each laser cavity consists of a dye cell, a
20% reflecting mirror, a 20X beam expanding tele-
scope, and a 625-lines/mm grating used in the
sixth order. Typical dye-laser energies and line-
widths are 40 uJ per pulse and 0.15 A (FWHM).

As indicated in Fig. 2 the path of the blue laser
beam pumping the 3p-nd transition is longer so
that it reaches the cell 4 nsec after the orange
laser beam pumping the 3s-3p transition to ensure
that the 3p state is populated when the blue laser
beam arrives. The two dye laser beams cross at
an angle of about 1° in the cell and pass completely
through the cell to a heam dump.

The cell is a Pyrex cylinder 2.2 cm in diameter,
10 cm long, which is connected to a glass vacuum
system by a magnetically activated ground-glass
seal. The base pressure of the vacuum system is
5% 1078 Torr. The temperature of the cell is mon-
itored by a thermocouple attached to the Na reser-
voir (a cold finger on the cell). We operated the
cell at a temperature of 150-160 °C for these mea-
surements, which corresponds to sodium pressures
of 8 X107® to 2 X10™® Torr. The results were inde-
pendent of temperature over this range. We used
research-grade gases and measured the collision-
gas pressures with a MKS baratron pressure
gauge.

As shown in Fig. 2 we observed the fluorescence
in the direction perpendicular to the laser beams.
We used the appropriate Wrattan filters to block
the resonance light and pass the nd-3p light. For
measurements of the lower states (#=8) where the
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FIG. 2. Schematic diagram of the apparatus.

decays are very fast, we used an RCA 1P28 photo-
multiplier tube. For =8, we used an EMI 9558A
photomultiplier which could be gated on 200 nsec
after the laser pulse to eliminate scattered-light
problems. We used a PAR 162 boxcar integrator
for signal averaging and recorded the data on an
x-y recorder. A typical trace took ~200 sec or
4000 laser pulses.

III. TWO-STATE MODEL

By analyzing the data taken in the intermediate-
pressure regime, we can extract information about
the collisional /-mixing rates. Since the fluores-
cent decays in this pressure regime are not simple
one-exponential decays, we must adopt a model of
the collisional /-mixing process which provides us
with a functional form to which we can fit the data.
Figure 3 shows the time decay of the Na 10d state
in the presence of 0.027 Torr of Ne. In this inter-
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FIG. 3. Semilogarithmic plot of the initial portion of
observed decay of the Na 10d state in the presence of
0.027-Torr Ne (@). This transition covers the entire
fast decay but only the beginning of the slow decay. The
solid line is the computer fit of two exponentials to the
data. The decay times of the fast and slow component
from the computer fit are 0.19 and 3.9 usec, respective-
ly.
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FIG. 4. Semilogarithmic plot of the later portion of
the decay of the Na 10d state in the presence of 0.027-
Torr Ne (®). This figure shows the slow decay, only
the beginning of which is shown by Fig. 3. Treating this
as a single exponential yields a decay time of 3.6 usec.

mediate-pressure regime, a two-exponential fit,
shown by the solid line, matches the data well with-
in the statistical fluctuation of the measurement.
Figure 4 shows the long-time behavior (the time
scale has changed by a factor of 10) of this same
decay.

We have adopted a two-state model since the data
does not appear to justify a more complex ap-
proach. The two states of our model are the d
state and a reservoir state 7, consisting of all
states for which /=3. These two states are chosen
because we initially populate only the d state with
the laser and only observe fluorescence from it.
We also have no direct way of monitoring popula- °
tion in any specific state of the I=3 states.

Let us define A, and A,, the radiative rates of
the d and 7 states, as

Ad=1/Td’ @)
1 «2+1

-9 = T,

1
A= —=
r

where 7;, T,, and T, are the radiative lifetimes of
the d, 7, and ! states. Note that A, is the average

radiative-decay rate of states for which /=3. Then

if D and R are the populations of the d and 7 states,
and %, and %,'are the rates for collisions transfer-

ring atoms from the d state to the » state and vice

versa, then the physical processes shown in Fig.

5 can be expressed as

D=-AD -k ,D+kyR, R=-A,R-F,R+k,D.
3)
These equations have solutions

D=Ae*t+ Be™t, R=Ce™t+Fe™t, 4)
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where
k=K +[K? - 4(k, A + kA, +AA)]?) (5)

and K=k, +k,+A, +A,. We can relate &, and &, by
considering the high-pressure limit, where the ex-
perimentally observed single-exponential decay in-
dicates that the I states are completely mixed,

i.e., the number of atoms in each [, m, state is
equal. Then 6, the ratio of the population of the
two states, is simply given by their degeneracies
g d a‘nd g r

6=gd/gr, (6)

where g,=5 and g,=#%-9. Inthe high-pressure
regime, a condition of quasiequilibrium exists so
that

k,D=Rk;R, ()
and thus
k;=0Fk, . 8)

The physical significance of the two decay rates k&,
and %_ can best be understood by examining the
high-pressure limit, when &, is large compared to
the other rates involved. In this case K? is much
larger than any of the terms in the parenthesis of
Eq. (5) and we may use a binomial expansion to re-
write Eq. (5) as

k.=(kgAy+k, A+ A A)/K 9
and
k=K —(k A+ k,A+AA)K. (10)

From Eq. (8) it is apparent that K= (1+06)k,+A;+A,.
Equations (9) and (10) may be further simplified by
dropping the negligible term A;A,, using the ap-
proximate value of K = (1+ 8)%k, wherever K appears
in a denominator, and again using a*binomial ex-
pansion yielding

k.= (6A,+A,)/(1+5) (11)
and
L= (14 8)k,+A,/(1+8)+0A,/(1+8). (12)

Evaluating the right-hand side of Eq. (9) using Egs.

FIG. 5. Two-state model showing the radiative decay
rates A; and A, and the collision rates k2, and &,..
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(2) and (8), we see that k_=1/7,;;, the average ra-
diative-decay rate of the /= states. Note that %_
is pressure independent. In the limit of high n,

6 -0 and Eq. (10) reduces to the familiar quench-
ing relation

Bo=k,+A,, (13)

i.e., the fast decay rate %k, equals the sum of the
d-state radiative-decay rate and the collisional
mixing rate.

0, is determined by fitting the pressure-depen-
dent values of k, to Eq. (12). Using the relation
k,=no v, we can write &, explicitly in terms of the
density as follows:

k.= +08)npo,+A,/(1+6)+84,/(1+06). (14)

Here, 7 is the number density of the foreign gas
and 7= (8kT/mu)'/? is the average collision veloci-
ty, where % is the Boltzmann constant and T is the
temperature in degrees-Kelvin.

IV. RESULTS

We extended the previous measurements of 7.,
(Ref. 4) up to.n=15. The measurements were made
by adding neon at pressures from 0.1 to 1 Torr,

a high enough pressure regime to ensure complete
collisional mixing of the 7 states. In addition, these
pressures of Ne are high enough to ensure that the
excited Na atoms will not diffuse out of the obser-
vation volume before decaying. Over this pressure
range we observed no systematic variation in 7.
The measured values of T, are given in Table I
along with the values of 7, showing the dramatic
difference between T, and 7.,. The values for 7,
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FIG. 6. Log-log plot of the observed values of T (&)
for the Na I =2 states and the values of 7,, (®) calculated
from 7. The calculated hydrogenic values of 7,, (W)
for » =5 and 6 are also shown.

TABLE I. Values of Na d lifetimes 7;, average Na
lifetimes for I =2 7., and extrapolated hydrogenic
lifetimes 7, for all I. Values for 7, were all taken
using Ne as the collision partner.

Trla Teffb Tav

n (usec) (usec) (usec)
5 0;120(14) 0.203(12) 0.097(9)
6 0.206(24) 0.391(24) 0.209(17)
7 0.324(32) 0.796(58) 0.43(4)
8 0.502(39) 1.39(3) 0.69(10)
9 0.720(67) 2.54(17) 1.45(12)
10 0.971(35) 3.68(27) 2.21(11)
11 1.30 6.1(7) 3.60(27)
12 1.67 9.2(8) 5.4(9)
13 2.12 12.3(20) 7.5(14)
14 2.64 15.4(20) 9.7(14)
15 3.24 20.1(33) 13.0(16)

37 =5-10 taken from Ref. 8, n=11-15 extrapolated
using Eq. (2) of Ref. 8,
PFor n=5-10, see Ref. 1.

for n=11 are extrapolated using Eq. (2) of Ref. 8.
Measurements of lifetimes for »>10 gave values
consistently shorter than the extrapolations of Ref.
8 (for n=15 the difference was ~10%). We at-
tribute the difference to the fact that the ex-
cited Na atoms leave the observation volume

(a cylinder ~1 cm in diameter, 2 cm long) at a rate
which is not insignificant compared to the radiative
decay rate. In general, such effects are negligible
in these experiments. The only serious limitation
they impose is that it is impossible to make good
measurements of the 7, (the slow decay compo-
nent) at very low (<0.01 Torr) pressures of rare
gas.

We can compare these values with the theoretical
prediction for hydrogen that the average lifetime
T,, of all 7 states of the same # increases as n*®.
We must correct for the fact that the s and p states
are not collisionally mixed and that the d-state
lifetimes are not the same.>*? Since the radiative
lifetimes of hydrogen s, p, and d states all in-
crease as #®, as do the sodium d states, we can
derive the appropriate correction from the com-
parison of the hydrogen s, p, and d lifetimes and
the Na d lifetime for one value of n. For n=6 the
hydrogen s, p, and d lifetimes are 570, 41, and
126 nsec (Ref. 2) and the Na d lifetime is 206 nsec.®
Using our measured values of 7, and correcting
for the s, p, and d states, we can explicitly ex-
press a “hydrogenic” average lifetime T,, for all
the substates of the same # as

(15)

2
Tav=n2<n -4 + 0’361gs + 5'02gp + 0.63gd) ,
Tete Ty Tq Ty

where g, £,, and g, are the multiplicities of the
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s, p, and d states. The terms in large parenthesis
represent, respectively, the statistically weighted
lifetimes of the states for I=2, the missing s
state, the missing p states, and the differences in
the Na and H d lifetimes. Equation (15) may be
simplified to

To=n2 (0 - 4)/7 ¢+ 18.6/7,]7 . (16)

The values for 7,, generated using Eq. (14) are
given in Table I and are plotted in Fig. 6 with 7,
Our values of T,, increase as n*-**(°)  in ex-
cellent agreement with the prediction for hydrogen.
Furthermore, the magnitude of the observed values
of 7, is in excellent agreement with the n=5 and 6
values of 7,, for hydrogen 88 and 196 nsec given
by Bethe and Salpeter.*

As indicated in Secs. I and II, the cross sections
for ! mixing can be determined by measuring the
pressure dependence of the decay rate %, of the
fast-decay component in the intermediate-pressure
regime. Thus to determine the /-mixing collision
cross sections, we focused our attention on the
initial part of the decay in taking the data. We typ-
ically observed all of the fast decay but only the
beginning of the slow decay. Although this proce-
dure yields arelatively poor value for the slow de-
cay rate %, it is the most accurate way of mea-
suring k,. The observed decays were fit by com-
puter to two exponentials to extract values of &, as
a function of rare-gas pressure.

In Fig. 3 we show the data for the initial fast de-
cay of the Na 10d state and the two-exponential fit
to the data. The fit gives the values of 0.19 usec

ky (108 s1)

|
0 0.001 0.002 0.003
p (torr Ar)

0 | |

FIG. 7. Plotof 2, the decay rate of the fast compo—
nent vs argon pressure for the 14d state.

TABLE II. Cross sections for collisional ! mixing of
highly excited d states of Na for He, Ne, and Ar colli-
sion partners. All cross sections are in (103 A?%).

n He Ne Ar
5 0.29(12)2
6 0.38(7) 0.15(4) 0.51(20)2
7 0.81(10) 0.36(7) 1.50(25)2
8 1.05(20) 0.44(10) 2.5(10)2
9 1.04(20) 0.39(15) 2.4(11)2

10 2.2(8) % 0.77(12) 3.7(18)2

11 1.85(20) 0.60(6) 5.3(5)

12 1.69(30) 0.45(6) 5.4(7)

13 1.65(30) 0.35(4) 3.8(5)

14 1.33(20) 0.27(4) 4.0(3)

15 1.38(20) 0.27(4) ..3.7(5)

2See Ref. 1.

for the initial fast component (faster than the 10d-
state radiative lifetime) and 3.9 pusec for the slow
component, approximately equal tothen =10 7 of
3.7 usec. Since only a small part of the slow com-
ponent is observed, the fit is relatively insensitive

" to the value of the slower decay rate (fitting the

slow tail shown on the longer time scale of Fig. 4
to one exponential gives a decay time of 3.6 usec).
No particular effort was made to make accurate
measurements of the slow decay rate k_ for several
reasons. First, as shown by Sec. II, the I-mixing
collision rate %, (and hence the cross section) is
essentially independent of 2_.. In addition, in the
computer fits to the data, as shown in Fig. 3, the
value of %, is insensitive to the value of 2.. Thus,

there is really no point in making careful measure-
ments of k. once it has been established that the
data can be fit by two decaying exponentials. Fi-
nally, it is not possible to make good measure-
ments of %4_ for high » states with Ar or He in the
intermediate pressure regime (~0.002 Torr) be-
cause the excited Na atoms diffuse out of the ob-
servation region with a characteristic time com-
parable to 7, for n=15.

When the values of &, are plotted versus foreign
gas pressure as shown in Fig. 7, the o; can be de-
rived from the slope of the resulting graph using
Eq. (14). The cross sections determined in this
way are listed in Table II, where we have included
values from Ref. 1 for completeness. o, for He,
Ne, and Ar are presented graphically in Fig. 8.

At the highest foreign gas pressures used for I-
mixing studies, no effects due to quenching were
observed. As shown in Fig. 8, the relative uncer-
tainties are largest in the lower # states, where
the lifetimes of the mixed state are not markedly -
different from the lifetime of the d state, making
accurate determinations of %2, more difficult.
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FIG. 8. Semilogarithmic plots of the He (@), Ne (A),
and Ar (W) ! -mixing cross sections vs Na n state.

V. DISCUSSION

We had originally observed that the Na s states
did not show collisional effects at argon pressures
of up to 1 Torr and that s states thus could not be
part of the collisional mixing. Since s-d and p-d
energy gaps are both more than ten times as large
as the d-f energy gaps, we assumed that the p
states were also excluded from the collisional 7
mixing. This interpretation is strengthened by the
excellent quantitative agreement of our values of
T, (calculated assuming no collisional mixing of
the p states) with the hydrogenic predictions. This
gives us added confidence that in fact only the =2
states are collisionally mixed (at least at the rare-
gas pressures we used).

The most obvious feature of our cross section
observations is that the /-mixing cross sections
increase rapidly as n increases from 5 to 10 but
actually decrease as » increases from 10 to 15.
The n dependence of the cross section can be in-
terpreted in the following way. The ! mixing is
produced by the strong short-range interactions of
the valence electron and the rare-gas atom. In the
lower 7 states the probability of finding the valence
electron at any point in its orbit is sufficiently high
that the passage of the rare-gas atom through any
part of the orbit will induce a transition from the
d state to a higher [ state. Consequently, the cross
section for the process reflects the geometric size
of the excited Na atom’s orbit and increases as #*,
As n increases the volume of the excited Na atom
increases as n°%, and the probability of finding the
valence electron at any point decreases according-
ly. From n=10 to 15 the electron density is suf-
ficiently reduced that the passage of the rare-gas
atom through the valence electron’s orbit does not
automatically induce a transition. The decreased
electron density is partially offset by the increased
volume with the result that the cross sections de-
crease slowly as # increases from =10 to 15. It
is in this range of » that the /-mixing cross section
is most sensitive to the collision partner.

The increased precision of these measurements
has shown clearly that the ! mixing cross sections
increase from Ne to He to Ar. The scattering
lengths of Ne, He, and Ar (in atomic units) are
given by O’Malley® to be 0.24a,, 1.194,, and

' =1.170a,. The fact that the  mixing cross sections

increase in the same order as the magnitude of the
scattering lengths leads us to view I mixing as a
low-energy electron-scattering process. This
view has been encouraged by the recent work of
Olson.'® He has calculated /-mixing cross sections
for He, Ne, and Ar based on their scattering
lengths and polarizabilities, and his calculated
cross sections are in good agreement with our
experimental results.

Extending and refining the previous I mixing ob-
servations have yielded significant new insights in-
to collisional angular-momentum mixing. We hope
that these insights will stimulate further theoreti-
cal and experimental interest in the problem.
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