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Collisional angular-momentum mixing of Na Rydberg states with Xe
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The collisional angular-momentum mixing of the Nand Rydberg states into states of
higher angular momentum with Xe as the collisional partner has been studied in zero field

and in the presence of a small electric field. The collisional I-mixing cross section in zero

field has been measured for 9&n &23 using a vapor-cell-fluorescence method and a

crossed-beam technique with a selective-field-ionization (SFI) scheme as the state detector.

Using the
I
mt I

selectivity of the SFI, we have also investigated the final-
I mt I

-state distri-

bution of the collisionally populated states of I & 2. Our measurements suggest that the col-

lisionally populated states have predominantly low
~

mt
~

valises (
~
mt

~

&2). «applica-
tion of a low electric field (-50 V/cm) substantially reduces the collisional population of
the low-

I mt I
states, thus reducing the total cross section as well.

I. INTRODUCTION

Collisional l mixing of highly excited Rydberg
states has recently attracted considerable interest
both experimentally as well as theoretically. ' ' In
particular, exhaustive studies of the l-mixing cross
section of the Nad and f states, i.e., the collisional
redistribution of an initially excited n, l state to near-

ly degenerate states of higher l but same n have been
reported. These experiments were carried out in a
field-free environment. It is, however, well known
that the highly excited Rydberg atoms can be easily
distorted by rdatively small electric fields, which are
present in many situations where such collision pro-
cesses are important (plasma physics, astrophysics,
etc.). It is therefore of some interest to study the ef-
fect of a small electric field on the l-mixing process
involving the Rydberg atom and the perturber, and
preliminary reports of such studies have appeared. "

Previous measurements of the noble-gas-induced
collisional redistribution of the Nand states into
states of higher angular momentum l have revealed
that these cross sections are quite large (peak values
of 4000 A ).' For all the noble gases used as col-
lisional partner —He, Ne, and Ar—the collisional-
mixing cross section e~;„ increases rapidly as n (the
principal quantum number) increases from 5 to 10
and then slowly decreases at higher n. Here we re-

port measurements that were made on the nd state
of Na with Xe as a collision partner. Using an
atomic beam with selective-field-ionization (SFI)
detection and a vapor cell with time-resolved
fluorescence detection method, we have measured
the Xe-induced l-mixing cross section 0.I;„. Furth-
errnore, the use of the SFI technique has the poten-
tial of revealing additional information about the

collisional redistribution process. In particular, the
well-known selectivity of the field-ionization process
on the binding energy of the state' and its ~mt

~

can
be used to study the ~mt

~

and I distribution of the
collisionally distributed ly2 states of the atoms. '

Our measurements indicate that the collisional redis-
tribution process results in approximately equal pop-
ulations of low- (0& /rni

/
&2) and high-/mt

/

states. In addition, the low-
~

mt
~

states are clearly
equally distributed over the lg2 states. Similar
measurements in the presence of a small electric
field indicate that the electric field alters the cross
section oI;„as well as the final-state distribution,
particularly of the low-

~
mi

~

states.
The choice of Xe as a collisional partner for the

electric field experiments was dictated by the fact
that many of our measurements were done in a Na
beam apparatus, using SFI as the state detector.
The large o~;„with Xe (about eight times larger
than Ar) provided us with large collisional-mixing
rates, at relatively low Xe pressure (~10 Torr).
As the first part of the experiment, the l-mixing
cross section o~;„was determined for n ranging
from 9 to 23, in a zero-field environment. For
n &15 we used a cell-type apparatus, described in

Ref. 1, with a time-resolved fluorescence technique

to determine the absolute cross section. In addition

to mapping out the range of n over which the max-

imurn change in oI;„occurs, the cell measurements
provide a means of normahzing to an absolute cross
section the relative cross sections obtained at high n

values using a beam apparatus and SFI. For n & 15
a crossed atomic beam approach employing SFI was

used to obtain relative cross sections which were
then assigned absolute values by normalizing at
n=15 to the cell data. Using the beam apparatus
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and SFI detection we then explored the final-state
distributions and the effects of small electric fields.

II. EXPERIMENT

A. Cell experiment

The basic approach for measuring the collisional
redistribution rates using the time-resolved fluores-
cence technique is shown in Fig. 1. The Na atoms
are excited from the 3s &/2 ground state to the nd ex-
cited states by two successive dye-laser pulses
resonant with the 3s-3p3/2 and 3p3/2 nd transitions,
respectively. The time-resolved fluorescence from
the Na nd~3p transition exhibits a rapid decay fol-
lowed by slower decay. ' The fast decay rate k+ is
given by k+ ——k, +Ad, where Ad is the pressure-
independent radiative decay rate of the d state, ' and
k„ the collisional-mixing rate, represents the loss of
population in the d states due to collisions which
transfer atoms into nearby states of l& 2, e.g., f,g, h

states. The pressure-independent slow decay rate
k, as manifested by the slower decay, represents
the average lifetime of the I & 2 states, since the pop-
ulation can be transferred from l & 2 states back to
the d state. The time-dependent nd —+3p fluores-
cence (at a fixed perturber pressure) can therefore be
fit to a sum of two exponentially decaying rates.
The fast exponential rate can be related to the l-

mixing cross section by

Olmix=kr~nvr s

where n is the perturber number density,

V, =(SkT/m. p)'/

is the average relative speed, k is Boltzrnann's con-
stant, T is the absolute temperature, and p is the re-
duced mass.

Two grating-tuned dye lasers of Hansch design
are pumped by the harmonics of a Quanta Ray
Nd:YAG laser operating at 10 Hz. The 5-ns-long
dye-laser pulses with 20 GHz linewidth full width at
half maximum (FWHM) have typical energies of
-50 JMJ per pulse. The first dye-laser beam pumps
the 3s-3p3~2 Q, =5890 Ai transition of Na, while the
second dye-laser beam pumps the 3p3/2 nd transi-
tion. A 5-ns delay in the second dye-laser beam en-

sures that the 3p state is populated when it arrives in
the cell. The two laser beams cross at an angle of
—1' in a Pyrex cell which contains the Na and is
heated to about 150 C. The xenon pressure inside
the cell is read by an MKS baratron capacitance
manometer. The nd ~3p fluorescence signal is
detected by a photomultiplier tube (PMT) in the
direction perpendicular to the laser beam. Cutoff
filters placed between the cell and the PMT greatly
reduce the 3p —+3s background fluorescence, while

leaving the nd~3p fluorescence light practically
unattenuated. An EMI PMT gated to open 300 ns
after the laser pulses is used to measure the time-
resolved signal which is averaged with a Princeton
Applied Research (PAR) box-car averager and
recorded by a Digital Equipment Corporation
PDP-11/40 computer for subsequent analysis. This
procedure is used to determine crI;„ for d state with
low n (9 & n & 15).

B. Beam experiment

ncl

150 ~ 3p Fluorescence

3p

890 A

3s

FIG. 1. Schematic of the collisional angular-
momentum mixing of the Nand states in a vapor-cell ap-
paratus. A selected nd state is pumped by two dye-laser
pulses. The collisional redistribution to the higher-I states
is detected by monitoring the population in the nd state by

detecting the nd ~3p fluorescence.

Measurement of states with n & 15 are done using
the crossed-beam approach. A schematic of our ex-
perimental set up is shown in Fig. 2. Sodium atoms
in a beam apparatus are excited by two laser beams
at right angles to the atomic beam. SFI, which has
already proven to be a sensitive and efficient method
of detecting Rydberg atoms, is used as a detector of
the Na Rydberg states. This enables us to follow the
evolution of atoms from the initial states (d states)
to other states as a result of collisions with Xe.

Since SFI plays such an important role in these
experiments, let us digress for a moment to review
the field ionization of Na by pulsed electric fields
with rise times of -0.3 ps. ' To do so it is first
convenient to define three field regimes. Low fields
are those for which the Stark effect is less than the
fine structure or spin-orbit splitting. Intermediate
fields are such that the Stark effect is larger than the
fine-structure interactions but smaller than the term
separation bn, . High fields are those for which the
Stark effect is larger than the An separation. As the
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FIG. 2. Experimental setup for collision l mixing in a
crossed-beam apparatus. The two dye-laser pulses which

pump the nd state cross the Na beam emanating from an
effusive Na oven at right angles between the field plates.
A 0.3-ps-rise-time field-ionizing pulse ionizes the atoms
and pushes the ions through a mesh into an electron
mutliplier. A dc field (if required) is applied to the lower
plate and the upper plate is normally grounded. The de-

lay between the laser and the FI pulse is controlled by a
PDP-11/03 computer which also records the ion signal
via the gated box-car averager (PAR 160) operated in a
linear mode.

field ionization pulse is applied, an Na atom excited
in a low-field state with good quantum numbers

L,S,J,mj passes adiabatically with respect to m~ to
an intermediate field regime where I.,S,mI, m, are
the good quantum numbers. The atom then passes
adiabatically with respect to m~ through the high-
field regime to the ionizing field (the spin is unim-

portanti, and ionization occurs at the threshold field

Er required classically for ionization. For lmi
l

=0
states

E =1/(16n, ),
where n„ the effective quantum number in the field,
is defined by the binding energy 8' relative to the
zero-field ionization limit in the field;

8'= —1/(2n, ) .

Owing to a centrifugal barrier for lmi l
&0 states,

ET is slight higher for them and increases with

lmil. "
Using this model of field ionization let us consid-

er an experiment in which we populate all the lmj l

levels of an nd5&2 level and immediately thereafter
ionize them with an electric field. We expect to see
three sharp steps in the ionization current, at the
threshold fields for ionization of the three lm&

states, as we raise the amplitude of the ionizing
pulse. These are shown schematically in Fig. 3 ~ For
n & 18 the lmi l

=2 state no longer pass from inter-
mediate to high field adiabatically but begin to exhi-
bit partially diabatic ionization leading to multiple
thresholds at fields higher than the sharp step la-

m = 1/2
I

m(=O
ll
'

1
0

l
I

I
m =3/2

Mjlm, i
=1

I

m. =5/2

I Impel
=2

2 I

IONIZING FIELD

Partially
Adiabatic
Im(l = 2
Thresho Ids

LL
lm(i = 2
Diabatic
Thresholds

FIG. 3. Sketch of the threshold ionization behavior of
the Na nd and higher angular-momentum states (see text).

beled
I
mi

I

=2 in Fig 3.
Since the collisional process leads to the popula-

tion of states with the same n (as the d state) but
with l&2, it is important to understand where the
field-ionization thresholds of these states lie. While
the exact 1 dependence of the threshold field for
these manifold states (l& 2 states) is complicated, it
has been shown that for a given

l
mi l, the threshold

for the field ionization decreases as l increases' if
the passage from the low to high field occurs adia-
batically. This is illustrated in Fig. 3, where the
range of the field-ionization thresholds for the d
states is sketched. For instance, the region just
below the lmi l

=0 threshold for the d state, indicat-
ed by the "0"bracket in the diagram, corresponds to
the electric field range over which l & 2 states with

l
mi

l

=0 ionize. Note that the highest-I states ionize
at the lowest field and the lowest-I state (l=2) at the
highest field. Similarly, l&2 states with lmi l

=1
and 2 field ionize in the range indicated by the "1"
and "2"brackets in the diagram.

Thus far we have considered only the adiabatic
ionization of the Iow lmi

l

-states. The lmi
l

&2
state ionize by following a diabatic passage with
respect to lmi l

from intermediate to high field and
are expected to ionize at fields roughly twice the adi-
abatic thresholds. ' ' It is, of course, impossible to
directly excite such states with two lasers. To check
this prediction, however, the expected thresholds for
diabatic field ionization may be calculated from a
hydrogenic model and are in good agreement with a
previous observation of field ionization of the final-
state distribution following collisions of Nand states
with Xe. In this work we do not attempt to resolve
the details of the observed diabatic ionization signals
but simply label such signals as resulting from
lmi

l
& 2 states. Finally, it is important to note that

in the range of n studied here, the
l
mt

l

=2 states
change from totally adiabatic ionization to partially
diabatic ionization at 18d. ' The diabatic ionization
leads to multiple

l
mi

l

=2 thresholds in the region
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between the Im1 I
=2 threshold and the diabatic ion-

ization threshold of Fig. 3.
In our present experiment atoms are initially ex-

cited to the d state in low fields (a small field of 3
V/cm to define the quantization axis is always
present in our experiment), where Imj I

is a good
quantum number. The two dye-laser beams are po-
larized parallel to the electric field quantization axis.
This choice of laser polarization leads to the hm =0
selection rule and precludes excitation of the

~mj I
= —, substate. Therefore in the absence of any

collisions only the Im1 I

=0 and 1 thresholds appear
in the field-ionization (FI) spectrum, as shown by
Fig. 4(a).

In the present experiment we extensively use the
plot of the ion current as the FI pulse amplitude is
increased (see, for example, Fig. 4) to infer the popu-

lation of the various final n, l,
I m~ I

states, by using
the FI threshold properties of these states. To avoid
repeating this crucial connection between the ion
current plot and the state distribution, we simply
refer to the ion-current plot as the final-state distri-
bution throughout this paper. However, it should be
borne in mind that the plots such as Fig. 4 are in
fact field-ionization plots from which we infer
final-state distributions. The collisional redistribu-
tion of the initially excited states into states of I & 2,
resulting from the introduction of the Xe into the
Na beam, is shown in Fig. 4 for n=18. Figure 4
shows the plot of ion current as the ionizing-field-
pulse amplitude is increased for several delay times
'T between excitation and field ionization. In Fig.
4(a), ~=1 ps, and the amount of collisional redistri-
bution is small. The abrupt increase in the ion

1.0
I

(a)

1.0
I

0.0
3.0

T
3.2 3.4

E(kV/cm)

I

3.6
I

3.8
0,0

3.0
I

3.2
I

34
E(kV/cm)

3.6
I

3.8

Z

CO

z0
I-
N
Z0

0.0 '

3.0 3.2 3.4
E (k V/cm)

3.6 3.8

FIG. 4. Plot of the ion current as the field-ionization voltage is increased at a fixed Xe number density. The two
3 1thresholds at 3.4 and 3.5 V/cm correspond to the Na 18dqq2,

I m, I

= —, and —states. The amount of collisional redistribu-

tion increases from plots (a) to (c) as the time delay between the FI pulse and the laser pulses is increased from 1 to 3 ps.
All the plots have the same relative scale. Note that the base line increases as v. is increased from 1 to 3 ps, reflecting the
increase in the blackbody-radiation —induced transition rate from the initially excited 15d5~2 state to the nearby states (see
Ref. 14).
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current, i.e., the steplike features in the ion current
at two distinct fields, shows the population present
in the 18d, ~mt

~

=0 and 1 states, respectively, at
~=1 ps after the laser-pulse excitation. The col-
lisional redistribution becomes evident in Fig. 4(b)
where 7=2 ps. Two important changes now em-

erge: (a) the height of two sharp step features is re-
duced, and (b) a collision signal with no sharp
threshold, beginning at a field just below the

~mt ~

=0 threshold of the d state appears every-

where. Figure 4(c) shows a further increase in the
collision signal and reduction of the sharp steps as ~
is increased to 3 ps. From Fig. 4 it is evident that
the reduction in the sharp threshold signal reflects
the number of Na atoms lost from the d state, either

by radiative decay or through the collisional redistri-
bution process and that the appearance of the con-
tinuously increasing ionization signal superimposed
on the sharp features represents the collisionally

populated l & 2 states.
Using the fact that field ionization of the d states

shows up as two sharp steps in the ion current, we
can monitor the population decay of the d state by
measuring the decay of this steplike feature. Experi-
mentally, the dray of the

~
mI

~

=0 component of
the d state, measured as w, is increased (at fixed Xe
pressure), first with the ionizing-field-pulse arnpli-
tude set just above the threshold and then set just
below the threshold. The difference in these two de-

cay signals then gives the temporal decay of the d-
state population. The time-resolved decay of the
~mt

~

=0 component of the d state is similar to the
time-resolved fluorescence of the nd~3p transi-
tion. ' The decay can fit to a sum of a fast and a
slow exponential decay rate. The fast decay rate

k+ ——k, +-A~, where A~ and k„are the radiative and
collisional decay rates of the d state, respectively.

An atomic beam of Na atoms passes between a
plate and a grid, separated by 1.12 cm. Two dye-
laser beams, tuned to the Na 3s-3p3/2 and 3p3/2 nd
transitions across the Na beam between the plate
and the grid at right angles. At a variable time ~
subsequent to the laser pulses a high-voltage pulse of
0.3 ps rise time is applied to the lower plate, field
ionizing the Rydberg states and accelerating the ions
that are formed through the grid into an electron
multiplier (as shown in Fig. 2). Xenon gas is intro-
duced into the interaction region via a hypodermic
syringe needle. The xenon pressure drop across the
needle is —10, and the pressure on the high-
pressure end is regulated by a needle valve and mon-
itored by an MKS capacitance manometer. The
time delay ~ between the laser pulses and the ionizer
pulse is generated by a delay module which is con-
trolled by a PDP-11/03 computer. A typical run,
shown in Fig. 5, consists of varying ~ in the range of

10—
8—

4Z0
l-

0
2

1
0

r(ps)

~ ~
~ ~

10

FIG. 5. Measured decay of lsd (~m
~

=0) state of Na
as a function of time. The Xe number density is kept
fixed during this run. Each point shown above represents
the ion signal from the 18d state averaged over 100 laser
shots. The data was automatically recorded by a PDP-
11/03 computer.

I
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FIG. 6. Plot of the ion current as the field-ionization
pulse amplitude is increased. The top curve was recorded
with no xenon while the bottom curve resulted when xe-
non was introduced in the beam apparatus. Both signals
were recorded 2 ps after the d states were excited by the
laser pulses.

1—10 ps in increments of 50—500 ns at a fixed xe-
non pressure. Each point in a typical run consists of
an average over 100—200 laser shots. The averaging
is done by the computer which reads the ionizaton
signal after every laser shot via a gated box-car
averager (PAR model 162) operated in a linear
mode.

The final-state distribution of the collisionally ex-
cited l&2 states at a fixed v and Xe pressure is
recorded by averaging the ionization signal using a
gated box-car integrator as the ionization field is in-
creased. If the gate into the box car is set wide (0.5
ps) to accept all the ionization signal, as shown in
Fig. 6, the ion current at any field value E then
represents a sum of all ions in the states that are
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field ionized at a field &E. The number of ions
field ionized in a field interval AE around E is then

given by (dI j/dE)AE, where I is the ion signal.
The ionization signal can also be time resolved, by

virtue of the fact that the ionization pulse increases
in time (rise time=0. 3 ps) and ionizes those states
earlier that field ionize at lower fields. If the ioniza-
tion signal is recorded with a very narrow gate (-50
ns) by a box car, then we can record the field-
ionization signal coming from only those atoms
which ionize at the peak of the field-ionization
pulse. A plot of time-resolved signal of 18d state as
the field is increased is shown in Fig. 7. The two
partially resolved peaks at the lower field [Fig. 7(b)]
are due to the ion signal from the ~mt

~

=0 and 1

component of the 18d state, whereas the third peak
at higher-field results from collisionally populated
diabatic states of I )2.

Z

V)

z0
0
UJ

0
V)
UJ

3.0 4.0

m( =0

mq
= 1

5.0
E (k V/cm )

6.0

(b)

III. RESULTS

A. Cross sections in zero field

The total l-mixing cross sections are obtained by
fitting the fluorescence and the field-ionization data
as a sum of two exponentials. As described above,
the fast decay rate k+ ——k, +Ad, obtained by vary-
ing the time delay ~ and recording either the fluores-
cence or the integrated ionization current (see Fig.
5). When the fast decay rate k+, measured at
several Xe pressures is plotted versus Xe pressure,
the slope of this graph provides the collisional-
mixing rate and the intercept, the radiative decay
rate Ad of the d states. ' A typical plot of the fast
collisional decay rate as a function of relative Xe
pressure is shown in Fig. 8 for n =23.

As mentioned previously, the l-mixing cross sec-
tions O.I;„ for 9 & n & 15 were measured using
fluorescence in a cell-type apparatus, and for
15 & n & 23, we used an atomic beam apparatus with
the SFI method. While the cell apparatus provided
us with absolute values of cross section, the beam-

type apparatus afforded us only the relative cross
section as the Xe number density was not absolutely
calibrated. Our measurement at n =15, with the cell
and the beam apparatus, however, provides us a
method of calibrating the relative cross sections ob-
tained in the beam apparatus.

The 1-mixing cross section O.I;„is shown plotted
as a function of the principal quantum number n in
Fig. 9 and is tabulated in Table I. The cross section
increases from n=9 to n=18, rapidly at first, and
then slowly reaches a maximum value at n=18.
Beyond n = 18, the cross section may exhibit a slow
decrease. This n dependence of cr~;„ is similar to
that seen with He, Ne, and Ar, except that the cross

Z
(3
CO

0
C5
UJ)
0
V)
UJ
CL

1
UJ

I-

3.0

sections due to Xe are an order of magnitude larger
than those for Ar. Whereas the cross section for He,
Ne, and Ar peaked at n = 10—12, the peak for xenon
is at a significantly higher n (n =18—19). The large
I-mixing cross sections observed here and the peak-
ing of the cross section at n=18 are not entirely
surprising in the light of the models that have ex-

I ) I

4.0 5.0 6.0
E(kV/cm)

FIG. 7. Time-resolved ionizaton spectrum of Na
atoms. A fixed narrow —15 ns gate to the box-car
averager time resolves the ionization signal, as the FI
pulse amplitude is increased. In essence only the signal
coming from the atoms which ionize at the peak of the
ionization (rise time 0.3 ps) are recorded. In (a) the two
partially resolved peaks correspond to the ~mi

~

=0 and 1

component of the 18d states. No other features are
present since no xenon is present to redistribute the atoms
to other I or

~

mi
~

states. The presence of Xe in {b) re-

sults in another feature at a higher field which corre-
sponds to the collisional redistribution to higher I and

~mi
~

)2 which ionize diabatically at higher fields. In
recording these two plots a dc field of 13 V/cm and a
Stark field of -40 V/cm switched on 100 ns after the
laser pulses were used. Similar plots were also recorded
without any field.
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15—
I

+

1.0—
IK

O

Z 0.5—

0.1
0

I I

5 10
PRESSURE {arbitrary units)

9
11
13
15
16
17

21
23

8.65(3.0)
14.4(5.0)
32.4(8.0)
42.0(12.0)
42.4(6.0)
46.2(6.0)
46.4(6.0)
41.8(6.0)
39.0(6.0)

TABLE I. Measured 1-mixing cross section 01;„of
Nand states ~ith xenon. The numbers in parentheses
represent the statistical uncertainty in our data.

Pf uI;„(10 A2)

FIG. 8. Typical plot of the fast decay rate k+ as a
function of Xe pressure (arbitrary units). The slope of
th1s curve provides thc rclat1vc cross section for thc 23d
state.

plained previous measurements of the oh~;„duc to
other noble gases ' and from the results of a similar
measurement made on the nf states of Rb. These
models treat the Rydberg-atom —noble-gas-perturbcr
interaction as collisions between the perturber and
the quasifree Rydberg electron and the
perturber —Ns+-core collision. For the I-mixing

process with noble gases, the latter interaction can
be neglected. The important parameter that de-
scribes the Na —noble-gas I-mixing process is the
e —noble-gas scattering length I.. The e -Xe
scattering length of I.=6.Sao is the largest for any

I I I I I I I I I I I I I I I
T T

Ii~ -„

CV

E
1.0—
0.8—

x 0 6
E

a
0.4—

0.2—

I I I I I I I I I I I

0 10 12 14 16 18 20 22

FIG. 9. Semilogarithmic plot of Xe I-mixing cross sec-
tion versus n, the principal quantum number of the d
state. The error bars represent the statistical uncertainty
in our data. The upper and lower solid curves correspond
to the maximum and minimum bound of the cross section
calculated by dc Prunelc and Pascale (see text).

noble gas (compared to e -Ar scattering length of
1.7ao). The cross section clearly scales as the
scattering length of the e —noble-gas atom.

de Prunclc and Pascsle have recently calculated
the I-mixing cross section of the Nad state with
various noble gases including xenon, using the semi-
classical method. The cross sections obtained
from their calculations are also plotted in Fig, 9 as a
solid curve, along with our results. The upper and
lower dashed curves corrcspond to thc maximum
and minimum bound of the cross section, respective-
ly. This calculation is based on the assumption that
the electron-perturber interaction is short ranged
compared to the size of thc Rydberg atom. The
upper and lower bounds of the calculated cross sec-
tion result from particular orientations of the col-
lision frame with respect to s fixed Rydberg-atom
frame. ' In the absence of any collisional symmetry
{as is the case in our experiment), the cross section is
obtained by averaging over all collision angles. The
overall agreement between the calculated and the ex-
perimentaHy observed cross section is quite good.

B. Final-state distriution in zero fieM

A typical final-state distribution plot of the Ryd-
berg states after collisions with Xe is shown in Fig.
6. A similar plot with no collisions is also shown in
the same figure. In the absence of collisions the to-
tal ion signal remains constant as the field is in-
creased beyond the imp i

=1 threshold of the lad
state. However, in the presence of Xc, Fig. 6 shows
that ion current keeps on increasing steadily beyond
the lm~ I

=l threshold of the d state, until at a
high-f1cld value, the total 1on signal is about
80—100% of that for the case with no collisions.
This indicates that the loss in population in the d
states, as evidenced by the reduction of -50% in
the step size of the d-step ion signal is balanced by
thc 1ncrcasc in population of states with I+ 2. In
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fact, approximately 30'Fo of the /&2 population is
adiabatic (

~
m~

~

& 2) and -70% is diabatic
(

~
mq

~
& 2). This can be seen by comparing the size

of the collision signal below the m» ——0 threshold
and above the

~
mr

~

=1 threshold of the lgd state.
Similar final-state distribution for other states leads
us to conclude that collisionally populated /&2
states are as likely to be in low-

~
m~

~

states
(~ml

~
&2) as they are in numerous high-

~
m~

~

(
~

m~
~

&2) states. The appearance of collisionally

populated /&2 diabatic states is also seen in the
tine-resolved final-state distribution of 18d state, as
shown in Fig. 7(b). The third peak on the high-field
end in Fig. 7(b), which is missing when no xenon is
present [Fig. 7(a)] shows the presence of the diabatic
states. Previous investigations have suggested that
there is no 5/ selection rule for the collisional /-

mixing process. This is in agreement with the no-

tion that the /-mixing process is caused by a short-

range interaction between the electron and the per-
turber. Our observations here suggests that most
collisions end up with

~
mI

~
(I & 2) changing by 0—2

and very few with 5
~

m~
~

&2. We note that this
observation of the final-state distribution with low-

~ml
~

values is to be contrasted with the complete
mixture of all possible ~rn~

~
states (I & 2) inferred at

high rare-gas pressures (or at a long time after the
exciting laser pulse at intermediate pressures) in pre-
vious cell measurements of the /-mixing cross sec-
tions. ' These previous measurements indicate that
the observed radiative lifetime of the collisionally
populated states at high pressures (or long r) are in

very good agreement with the calculated average
lifetime ~,g of a// /&2 states of the same n for hy-
drogen. ' Multiple collisions between the Na and
rare-gas atoms (at high rare-gas pressure or long r)
may therefore result in a complete mixture of all
I & 2 and ~mt ~

states of same n The si.ngle collision
condition in our present beam experiment and the
observation of final states with predominantly low

suggest that a single colhsion changes
mostly by 0—2, whereas no such selection is ob-
served for 5/. Since previous measurements of Na
/-mixing with other rare gases shows a complete

~mI
~

redistribution (for I & 2) at long r, a change of
~

mq
~

mostly by 0—2 in a single collision suggests
that several collisions (-5 for n = 15) with rare-gas
atoms may be required for a complete statistical
redistribution of all final states of / & 2.

several nd states. The cross section crI;„ in the pres-
ence of the electric field was measured analogous to
the zero-field case described earlier. To ensure that
the laser pulses only excited the d states of Na, an
electric field pulse was applied to the plates 50 ns

after the laser excitation pulses. If instead a dc field
were employed, it would tend to mix the d character
into higher / states with the result that more than
one / state would be excited. For n=16 and 23, the
cross section oI;„was only measured at fields of
100 and 12 V/cm, respectively (see Table II). The
cross-section variation with increasing electric field
was examined in some detail for the 18d state. As
shown in Fig. 10, the cross section drops slowly to
-60% of its zero-field value as the field is increased
to 50 V/cm and does not change at 100 V/cm.
While the cross section of the 16d state also de-

creased to -50% of its zero-field value at a field of
100 V/cm, no change in the cross section was ob-

served for n =23 at fields of 12 V/cm.

D. Final-state distribution in electric field

TABLE Il. Relative I-mixing cross section 0~;„for the
Na nd states in the presence of a small electric field.

Electric field
(V/cm)

0
100

Relative cross section

1.00
0.60(0. 10)

n=18

Although a small electric field (50 V/cm for
v=18) decreases the cross section by -50%, its ef-
fect on the final state of the collisionally redistribut-
ed atoms is more noticeable. Figures 11 and 12
show a typical final-state distribution plot obtained
by recording the ionization signal as the ionizer field
is swept from low to high fields, at a fixed w and Xe
pressure. The effect of the electric field, as is evi-
dent from Figs. 11 and 12, is to reduce the number
of atoms ending in the low-~ml

~

states (
~
mI

~
(2)

of the manifold (/& 2). A rough estimate shows that
this reduction is of the order of 3—5.

To explain this modification in the collision pro-
cess, as a result of a small field, we consider two im-
portant changes that occur in the atomic system.
The first change is the energy-level shift or the Stark
shift of the Rydberg atom, which affects both the

C. Cross sections in electric field

To investigate the effect of small electric fields on
the /-mixing process, we measured the /-mixing col-
lision cross section as well as the final-state distribu-
tion of the collisionally redistributed Na atoms for

lf =23

0
30
50

100

12

1.00
0.85(0. 10)
0.64(0. 10)
0.63(0. 10)

1.00
1.00(0.10)



27 COLLISIONAL ANGULAR-MOMENTUM MIXING OF Na RYDBERG. . . 803

~O

80~D
)

I-

60—
LLI

tc (f)
tfJ
Q
CC

I I

E LECTRIC FIELD (V/em)

FIG. 10. Relative I-mixing cross section for the 18d
state as the Stark (electric) field is increased.
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initially excited d states and states of the same n but
I & 2. The second change is the strong spatial modi-
fication of the wave function. ' To understand why
such a spatial modification may result in a lower
cross section or a modified final-state distribution,
recall that the fields at which these changes take
place, e.g., V= SO V/cm for 18d, corresponds to the
d states turning into linear Stark states {Fig. 13).
This implies that the electronic wave function is lo-
calized on the +z {ifthe core is at the origin) or the
—z side of the atom depending on the sign of the
Stark shift (positive or negative). Here we have as-
sumed that the electric field is along z. Stark states
of Ig 2, which have a maximum Stark shift, positive
or negative are also strongly localized either on the
+z or —z side of the atom, respectively. Similarly,
states which lie in between are localized near the
center, i.e., z=O. Since the I-mixing collision pro-
cess is mediated by a very short-range interaction
between the electron and the Xe atom, it is evident
that spatial overlap between the initial and final
state is important.

The Stark shift of the initial and final energy lev-

els of the Rydberg atom and the consequent change
in the energy spacing can also give rise to the change
in I-mixing cross section. Previous measurements of
uI;„have indicated that the cross section for the
collision mixing of the f states of Na into states of

FIG. 12. Typical ion plot showing the reduction of the
low-

~
mI I

states of I& 2 when a smaH electric field is ap-
phed at a fixed Xe pressure. The plots were recorded as
indicated in the figure. The Stark field of 10 Vfcm was
applied for the indicated plot. The dashed line corre-
sponds to no xenon being present (with no Stark field) and
takes into account any blackbody-radiation —induced
background. A similar dashed plot recorded in the
present of a Stark field (not shown here) is similar except
it is offset to the same extent as the solid traces are on the
low-field end.

higher I is about equal to that for the d states.
Since AE =E~ —E„I is 10 times larger than
AE —E g E f it is tempting to conclude that the
energy separation between the initial and final states
is not important for the I-mixing process. However,
as is well known, the cross section for ns~np col-
lisional transfer is —10 times smaller than the I-
mixing process, because of the larger energy separa-
tion AE=E —E„z. Recently, Hickman' has cal-
culated the cross section for the collision process
ns ~np as a function of the energy separation
hE =E —E„&. This calculation is based on a
model wave function using the approximate radial
wave functions

Fnl(r) =Nntr exp[ r/(& 5t—)], —

CZ

Cri

Q

N
Z
Q

3.0 4.0 5.0 6.0
E (k V/cm)

FIG. 11. Integrated ion current recorded 2.5 ps after
the laser pulse. The top plot was recorded in the absence
of Xe while the lower plot was recorded with Xe.

-338
E

-339

I I ) I I t

0.00 0.02 0.04 0.06 0.08 0.10
ELECTRIC FIELD (kV/cm)

FIG. 13. Energy-level diagram of the Na18d (dashed
lines) and neighboring states of higher I (solid lines) as a
function of the electric field. Note that m=0 for all
states.
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where N„I is a normalizing constant and 5I is the
quantum defect of the n, l state. It is also assumed
in this calculation that the electron rare-gas interac-
tion can be approximated by

V(R —r ) =2mL5(R —r ),
where R and r are the coordinates of the collision
partner and the Rydberg electron, and L the
electron —collision-partner scattering length (in
atomic units). The calculations performed for n in
the range 10&n &20, show that if

n hE -1 a.u. ,
hV,

the transition cross section will be at least 90% of
its value for ~=0, i.e., if the initial and final states
were truly degenerate. ' If we assume a similar re-
sult for the l-mixing cross section as a function of
the energy spacing in zero field we see that

n bE -1 a.u.
hv,

at n=18, implying that the states nd and nl are ef-
fectively degenerate.

To investigate the effect of the Stark shift on the
I-mixing cross section, using the results of the model
calculations outlined above, we neglect any altera-
tion in the spatial overlap between the initial and the
final state due to the electric field. Figure 13 shows
the change in the energy-level spacing between the
18d—18l states, as the electric field is increased
from 0 to 100 V/cm. At zero field

hE =E)sd —Ei8f-0.5 cm
—j.

and the levels 18d and 181 may be considered effec-

tively degenerate for the collisional-mixing process.
At fields of 50 V/cm, we see from Fig. 13 that the
degeneracy approximation for the l mixing of the nd
states is only approximately valid. The condition

n hE
hV,

holds only for the lower four or five states of the
Stark manifold. For the highest state in the Stark
manifold d -2—3 a.u. , and consequently, these
states are not effectively degenerate. The functional
dependence of the partial I-mixing cross section
o(nd~nl) on the degeneracy parameter d depends
on the choice of the wave function. For the col-
lision process np ~ns, Hickman's calculations'
show that if d-2 —3, the cross section drops to
-70% of its value at d=0. Although these calcula-
tions were not performed for the d-state mixing, it
seems reasonable that some of the decrease in the
cross section observed with the application of elec-
tric field may be attributed to change in the level
splitting. Only detailed calculations taking into ac-
count both the energy-level effect and the spatial
distortion of the wave functions can quantitatively
account for the decrease in the collision cross sec-
tions and the final-state distribution of the collision-
ally populated states.
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