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Relaxation of photon echoes in weakly ionized noble-gas plasmas
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Photon echoes generated from visible transitions in the noble gases helium, neon, and argon are observed

and the collisional relaxation rates are measured. The photon echoes are excited on transitions initiating

from metastable states which are populated by electron impact in an rf discharge. The photon-echo intensity

is measured as a function of time after the discharge is turned off and as a function of gas pressure. The
reduction of the echo intensity in these two experiments is attributed to relaxation of the metastable

population in the afterglow and dephasing collisions, respectively. The dependence of the photon-echo

damping time on transition wavelength and perturber gas is interpreted by means of a simple van der Waals

model for the excited-atom and perturber-gas interaction.

INTRODUCTION

Photon echoes have been observed in a number
of solids and gases since their initial observation
in ruby by Abella et al. ' ' These previous studies
have primarily used the photon echo to measure
the persistence of optical coherence in the media
after pulsed resonant excitation. The photon echo
has, however, also provided atomic structure in-
formation such as hyperfine splittings and g fac-
tors. " "

.The present work applies the photon-
echo method to study the collision dynamics of a
weakly ionized plasma and thus introduces a new
class of materials which can be probed using this
technique.

In this paper the results of photon-echo experi-
ments done on the noble gases helium, neon, and
argon, in a weak rf discharge are presented. Re-
laxation of the echo signal as a function of time
after the discharge is shut off is shown to arise
from depopulation of the metastable states, and
relaxation as a function of gas pressure is at-
tributed to dephasing collisions in the plasma.
This paper, and a previous preliminary letter, '4

are the first reports of observations of photon
echoes in the noble gases.

The photon-echo relaxation times are compared
with previous line broadening"'" and absorption
experiments" "which measure related decay pro-
cesses in plasmas. The photon-echo probe can
supplement these traditional spectroscopic diag-
nostic techniques which are more applicable at
higher pressures where pressure broadening and
resonant absorption processes are large. The
echo technique, in contrast, is most useful at
pressures less than one Torr, where pressure
broadening is small compared to the Doppler
width, and the medium is optically thin.

The collisional damping of photon echoes gen-
erated on vibrational transitions in molecular
gases has been studied in a number of experiments.

Patel and Slusher' made the first measurements
in SF, using a pulsed CO, laser. Subsequent ex-
periments were done by Brewer and Shoemaker4
in "CH,F and NH, D, Alimpiev and Karlov' in BCL3
and SF„Heer and Nordstrom' in SF„and Berman
et a/. ' in "CH,F. Berman et al. ' have demonstra-
ted that the damping of photon echoes generated on
vibrational transitions is primarily caused by
velocity changing collisions.

Echoes generated on electronic transitions, in
contrast, ar e primarily damped by dephasing
collisions. ' These damping rates have been mea-
sured in iodine' and sodium, ' but no theoretical
predictions of the observed rates have been pre-
sented.

Therefore, part of the motivation for these ex-
periments was to measure photon-echo relaxation
excited on electronic states in a number of differ-
ent elements in order to search for systematics
in the decay times. Using the weak plasma en-
vironment, we investigate a variety of transitions
from metastable states in the noble gases; their
wavelengths range from the near ultraviolet to the
deep red. The predominant species in the noble-
gas plasma is the ground-state noble-gas atom,
i.e. , photon echoes observed in helium are damped
by collisions with helium ground-state atoms,
those in neon by neon ground-state atoms, etc.
Thus the dependence of the observed rates on per-
turber gas can also be infer. red.

The photon-echo relaxation times are compared
with dipole-moment damping times calculated
using a simple line-broadening theory. The calcu-
lated dipole damping times for transitions in the
noble gases predict the general trends of the pho-
ton-echo decay times as a function of transition
wavelength and perturber polarizability. The same
theory is used to predict photon-echo damping
times in sodium-argon mixtures, which were re-
cently measured by Flusberg et al. '

In the experiments reported here the echoes are
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venient method of photon-echopolarization rotation
by a magnetic field. " This technique eliminates the
need for precise synchronization of optical shutters
with the pulsed laser and considerably simplifies
the experiment.

Section I reviews the properties of the echo sig-
nal relevant to the present experiment. Section
II describes the experimental apparatus. Section
III contains the results of metastable lifetime
measurements and comparison with other experi-
ments. Section IV presents optical coherence
relaxation experiments, and Sec. V compares
the photon echo data with line-broadening experi-
ments and theory.

I. REVIEW OF PHOTON-ECHO PROPERTIES

The properties of the echo signal which are im-

portantt

in the present experiments are summar-
ized below. For additional details the reader is
referred ta a number of monographs which present
theoretical treatments of the details of photon
echo emission. ' "'"

A photon-echo signal is generated in a sample
by applying two collinear pulses resonant with a
dipole transition and separated by a time interval
7. The sample emits the photon echo signal at a
time t =27. after the first pulse. This signal is
characterized by a highly collimated emission of
light propagating collinear to the excitation pulses
with a pulse width which is usually equal to that
of the exciting pulses.

The first excitation pulse creates a nonstationary
superposition state in the atoms of the gas sample.
The expectation value of the dipole-moment opera-
tor is finite for this state and it oscillates in time
at the resonance frequency. The dipole moments
at different locations in the sample initially oscil-
late coherently and are summed to determine the
overall li,ght intensity emitted by the sample im-
mediately after the first pulse. The light emitted
by the sample immediately after the first laser
excitation is a coherent pulse similar to the echo
signal as described above and is usually referred
to as the free-induction signal. " The atomic di-
pole moments quickly lose their initial phase co-
herence because of Doppler broadening, thus
damping this induction signal. This process is
normally called free-induction decay.

The second excitation pulse, at t=7, changes the
phase of the atomic superposition states and re-
turns, at t=27, the dephased dipole moments to
their initial, t=0, coherent phase relationship.
The echo signal is thus the light emitted by the
rephased coherent atomic dipole moments and is
an "echo" of the free-induction signal emitted
after the first pulse.

Typically, one observes the echo signal intensity
which is proportional to the square of the coherent
sum of the expectation value of the atomic dipole
moments evaluated at t =2m,

where p; stands for the dipole operator, and we
are summing over all atoms at their various loca-
tions in the sample. Since the dipole-moment am-
plitudes are summed coherently, the echo inten-
sity is proporti;onal to the square of the number
density of emitting atoms.

Collinear excitation is necessary in a gas be-
cause of an additional dephasing of the photon echo
due to the Doppler motion of the atoms. " This
dephasing factor damps the echo-signal intensity
rapidly and depends critically on the angle between
the excitation pulse propagation vectors. " To ob-
serve the echo signal in a gas one is, in practice,
restricted to collinear excitation.

If both excitation pulses are plane polarized in
the same direction, the echo is normally emitted
polarized-paralled to this direction. However, a
magnetic field parallel to the propagation vector
of the incident pulses will generally rotate the
polarization direction of the echo-signal. "

In general, the photon echo polarization is paral-
lel to the direction of the electric dipole moment
evaluated at t =27.. The expectation value of the
dipole moment at t =27 is most easily determined
from the density matrix for an atom subjected to
two resonant pulses while in a magnetic field.
Details of this magnetic rotation effect have been
discussed in a previous paper. "

The rotation of the echo polarization arises
from the precession of the atomic magnetic mo-
ments about the applied field direction. As a re-
sult of this precession, the electric dipole rotates
from its zero magnetic field direction and the
photon-echo signal is emitted polarized at an angle
with respect to the excitation pulse polarization.
We use this effect to simplify detection of the pho-
ton echoes as described in Sec. II.

Photon-echo emission depends on the existence
of a coherent atomic dipole moment in the gas
sample at t =2y. Random thermal collisions damp
the coherent dipole moment created by the laser
pulses, thus decreasing the photon-echo signal.
This damping is generally represented as a simple
exponential function of time. ' This approximation
is equivalent to assuming that all off-diagonal ele-
ments of the atomic density matrix, which connect
the upper and lower states of the transition, decay
at the same rate. " We employ this approximation
in the treatment of the experimental data reported
here and discuss its validity in Sec. V. Tge relaxa-
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tion time of the echo signal will be referred to as
T, and will be called the optical-coherence damping
time.
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II. EXPERIMENTAL DESIGN

Figure 1 contains a schematic of the experiment-
al apparatus. The two laser excitation pulses are
obtained from a Ã, laser pumped dye laser. Part
of the dye laser output is delayed for 15-60 nsec
in one of two White-cell delay lines. ' The original
and delayed dye laser pulses are made collinear
at a second beam splitter. The laser light 'is lin-
early polarized by a Gian-Thompson prism im-
mediately before the sample cell. After the cell
a second polarizer is aligned with its pass axis
orthogonal to the first polarizer, thus blocking the
laser pulses from the detector. The echo is ob-
served using the polarization-rotation effect des-
cribed in Sec. I.

The nitrogen laser is a "fast pulse" National
Research Group model .5-5-150. Its pulse width
is 5 nsec and peak power is 500 kW. The laser
was modified to be triggerable by replacing the
free running spark gap with a hydrogen thyraton
(EGG HY1102).

The dye laser is a grazing incidence grating
design. after Littman et al." Two gratings, one
at grazing incidence and the other in Littrow
mount; are employed, and the linewidth and power
are estimated to be similar to those measured by
Littman'et aP'. a few GHz and about 1 kW, re-
spectively. The dye-laser pulse width is about
2 nsec. This dye-laser design replaces a Hansch-
type dye laser" with intracavity telescope and
etalon which was used in earlier photon-echo
studies. " The grazing incidence laser has per-
formed quite well and is much easier to align.

As shown in Fig. 1, the experimental design in-
corporates two delay lines which can be adjusted
separately. A particular delay line is selected
by opening or closing either of two diaphragms in
the beam line. The photon-echo intensity can thus
be measured at different delays without adjustment
of any optical components. This experimental de-
sign facilitates measurement of the optical coher-
ence decay rate as discussed further in Sec. IV.
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FIG. I. Schematic diagram of the experimental appa-
ratus where b indicates beam splitters, d is a diaphragm,
P and A are polarizer and analyzer, C is a Helmholtz
coil, NG stands for noble gas, and PM is a photomulti-
plier.
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FIG. 2. Energy-level diagram of some of the relevant
levels in helium, neon, and argon. The transitions which
were used to generate echo signals are indicated by
arrows with the wavelength listed in A. Paschen nota-
tion is used to specify the various levels in neon and
argon as in Hef. 25. The levels 2 S in helium and 1$5
in neon and argon are metastable.

The discharge cell is cylindrical with a 2-cm
diameter and 5-cm length. The cell is connected
to a vacuum system through which a noble gas can
be flowed. A MKS capacitance manometer (type
222) determines the gas pressure to +2%. A few-
watt 50-MHz rf oscillator powers the noble-gas
discharge. The rf power is coupled into the cell
by copper tape electrodes on the outside of the
cell. The cell temperature does not change when
the discharge is on, and thus we assume that all
experiments were performed at room temperature
(300 'K).

The rf discharge can be turned off in less than a
microsecond by applying a fast rise-time rectan-
gular pulse to the screen of the oscillator tube.
This technique is used to study relaxation of the
photon echo as a function of time after the dis-
charge has been stopped, as described in Sec. III.

The cell is located between two Helmholtz coils
which produce a magnetic field parallel to the pro-
pagation direction of the laser pulses. The crossed
polarizers block the laser pulses from the photo-
multiplier, but the echo polarization rotates due
to the magnetic field, and thus the echo signal is
detected. The value of the magnetic field which
provides the maximum rotated echo signal depends
on the Lande g factors of the states involved, "but
is typically between 5 and 10 G. At higher fields,
Faraday rotation of the excitation pulses reduces
the signal to noise ratio. "

The photomultiplier (RCA 1P28A or 7265) signal
is fed into a linear gate (Chronetics 116) which
passes only the echo signal, eliminating noise
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due to scattered laser light. The linear gate also
stretches the echo signal, and this stretched out-
put is pulse-height analyzed. Typical data points
are the averages of 600-1000 laser shots.

The uncertainty of the photon-echo relaxation
times, using the polarization rotation technique,
is estimated to be roughly +20/p. Most of this
uncertainty comes from pulse-to-pulse jitter of
the dye laser output and from a limitation on the
measurable range of the photon-echo intensities
because of background light from the laser and
discharge. The scattered light background could
be significantly reduced by incorporating Kerr's
or Pockel's cell shutters as in previous experi-
ments, ' although this would considerably compli-
cate the experiment.

Figure 2 contains term diagrams for helium,
neon, and argon" showing the transitions involved
in the photon-echo emission. The states in neon
and argon are labeled using the Paschen notation. "
The metastable states 2'5' and 1$„are about 12-
20 eV above the ground state. These states are
forbidden to radiate to the ground state in a dipole
process by angular momentum selection rules.
All the experiments used transitions from the
metastable states in the visible spectrum. Typical
radiative lifetimes of the excited states in neon
and argon were 20-30 nsec." In helium the 3'P
state has a lifetime of 100 nsec."

The metastable states are populated by electron
impact in the discharge. The lifetimes of the meta-
stable states are limited by collisions with ground-
state atoms, with free ions or electrons, and with
the walls. " " Weak rf plasmas typically have
such a low fractional ionization (-10 }, that colli-
sions of metastables with charged species are
negligible, and the most probable collision is
with a ground-state noble-gas atom. " This as-
sumption is consistent with the experimental re-
sults presented below. The number density of
metastable atoms" is typically around 10'-10"
cm '.

III. RELAXATION OF THE PHOTON ECHO IN THE
DISCHARGE AFTERGLOW

If the rf discharge is shut off quickly the number
density of metastable atoms decays in time due to
collisions with ground-state noble-gas atoms or
the walls. The time and spatial dependence of the
metastable number density N*(r, t) is given by a
simple diffusion equation

in the cell." " The first term on the right-hand
side of Eq. (2) represents the process of diffusion
of the metastable atoms through the ground-state
noble-gas atoms and subsequent relaxation at the
walls of the container. D is the diffusion constant
for this process and is inversely proportionaE to
the pressure in the discharge cell. The collision
term p, represents losses due to two- and three-
body collisions and is thus directly proportional to '

integer powers of the pressure.
Equation (2) is valid when the mean free path of

the atoms. in the gas is much smaller than the
characteristic dimensions of the container. This
approximation is quite justified at the pressures
(10 ' Torr) and container dimensions (a few cm)
used in this experiment.

The solution to Eq. (2) is a sum of the form"

Each term is a distinct diffusion mode with f~(r)
the spatial distribution of the metastable number
density for this mode. The functions f~(r) are de-
termined by enforcing the boundary conditions,
which are that the metastable number density be
zero at the container walls.

For cylindrical containers the functions f„(r) are
products of trigonometric and Bessel functions.
The higher diffusion modes (k& 1) have very fast
relaxation times, and the dominant decay mode
after a short period of time is the lowest mode
(k= 1)." For this mode one finds that

1', = (D /A') + v, ,

where A' is the diffusion length for the sample
cell and is given by

where I, is the length and g is the radius of the
cell.

The loss of metastable population will affect the
photon-echo intensity since the echo is proportion-
al to the square of the metastable number density.
The time of the photon-echo experiment is about
30 nsec, which is much shorter than the typical
50-p, sec decay time of &*. Thus to a good approxi-
mation N* does not change over the time of the
echo experiment. If we vary the time at which we

probe with the echo excitation pulses after the dis-
charge is off, the echo intensity emitted from a
point r in the sample will be given by

[N*(r, t)] =DV'N*(r, t ) —v~*(r, t),
et

(2) I~~ [N*(r, t)]' ~ [N,*(r)]'exp(-2I",t),

where D is a diffusiog constant, p, a collision
rate, and r specifies a particular volume element

where f is the time after the discharge has been
turned off and No(r) is the initial metastable num-

ber density. Thus the photon-echo signal will de-
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FEG. 3. Graph of the intensity (in arbitrary units) of
the photon-echo signal emitted by helium at 8889 A vs
the time after the discharge has been shut off. The
lines are least-squares fits to the experimental data.

cay at twice the metastable damping rate.
Figure 3 shows results of experiments in helium

done at two different pressures. The abscissa is
the time 5 at which the echo was excited after
cessation of the discharge. The ordinate is the
intensity of the echo in arbitrary units. The data
in Fig. 3 indicate that the metastable atoms appear
to decay as a single exponential in time and that
the decay rate decreases with increasing pressure.
Thus the dominant term in Eq. (4) is the diffusion
term. Results of resonant absorption experiments
done at higher pressures indicate that the two-
and three-body collision loss rates at -0.20 Torr
are indeed negligible. " "

Table I summarizes results of experiments done
in helium, neon, and argon. The decay rates were
calculated by least-squares fitting single-expon-
ential decay functions to the experimental data.
The diffusion constants were calculated using
Eq. (4) and neglecting the collision term. Table I
also contains the results of previous experiments,
generally performed at higher pressures, where
the metastable decay rate was measured by reso-
nance absorption from the metastable state. " "

The total error in the diffusion constants is esti-
mated to be +20%. This includes estimates of the
statistical error due to pulse-to-pulse jitter in the
dye laser and possible systematic errors caused
by background gas impurities in the sample cell.
The diffusion constants measured in these experi-
ments are consistent with the previous measure-
ments ""

Thus the photon-echo signal can be used to mea-
sure metastable. state lifetimes and diffusion con-
stants in a plasma. The photon-echo experiments
have the advantage of high signal-to-noise ratio
at low number densities and low optical thickness.

IV. RELAXATION OF THE PHOTON ECHO DUE TO
DEPHASING COLLISIONS

If we assume that the overall effect of dephasing
collisions is an exponential damping in time of the
echo signal, then the echo intensity will depend on
the metastable number density and the time between
laser pulses according to

I.~(X*)'exp(-4~ jz,), (~)
where ~ is the metastable number density inte-
grated over the excitation region, and 7. is the de-
lay between the laser pulses. " N* is assumed to
be constant over the time of the echo experiment.

7", usually refers to the relaxation rate of the
off-diagonal elements of the density matrix. "
Since the echo is proportional to the square of
these terms evaluated at t = 2m, we include a factor
of four in Eq. (7).

If binary collisions between the excited meta-
stable and ground-state noble-gas atoms are the
predominant decay mechanism, then T, will be
inversely proportional to the noble-gas pressure.
In past experiments 7', has been measured by
holding N* constant and measuring I, as a function
of a background gas pressure I'.' In the discharge
this is not possible since the metastable density

is itself a sensitive function of the noble-gas

TABLE I. Metastable lifetimes and calculated diffusion constants.

State

Measured
lifetime 1/~&

(psec)

Diffusion constant
at 1 Tolr
D(cm2/s)

Other Expt.
D(cm2/s)

He 23S

Ne 185

50+ 10
(0.160 Torr)

83+ 20
(0.156 Torr)

248 + 50
(0.80 Torr)

390+ 80

204+ 40

45+ 9

470 + 25

170"+ 10

52'
48
40

A. V. Phelps (Ref. 18).
Dixon and Grant (H,ef. 17).' From Table 5.11 of J. L. Delcroix et al. Nef. 19).
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FIG. 4. Graph of the ratio of echo intensity in arbi-
trary units vs pressure for the 7607-A line of argon.

TABLE,G. Measurements of T2 from photon-echo and
line-broadening experiments and results of the theoret-
ical calculation.

Photon, echo Line broadening
T2 Exper iment Theory

X(A) (nsec-Terr) (nsec-Torr) (nsec-Terr)

Helium 3889 6.0+ 1.5 10.7

Neon
6143 21.0 + 5
5945 ~ ~ ~

~ ~ ~

19.0+ 2
28
28

pressure I'. %e indicate this by writing the meta-
stable number density as N*(P).

This problem is overcome by performing the
echo experiment at two different time delays 7y
and v, at the same pressure. The ratio of the
observed signals is

'
N*(P) exp(-4~, /T, ) -4n7.
N*(P) exp(-47, /T, ) T,

where hT 7.
y T2 The

rations

is thus independent
of N*(P). This ratio is measured at a series of
different pressures, and fitting an exponential
curve to the plot of R versus pressure determines
T2'

The experimental design for measuring T, was
discussed briefly in Sec. II. Two adjustable delay
lines produce pulses at the desired values of Ty

and z„and either delay is selected by opening or
closing two diaphragms. Data are taken at both
delays sequentially at a certain pressure; the
pressure is then changed and the experiment re-

where n is the number density of ground-state
atoms in the plasma. "This cross section is essen-
tially the effective size of the metastable atom with
respect to collisions which transfer a significant
amount of momentum. Qn the other hand, g, can
be used to calculate the effective size of the atom
with respect to changing the phase of the atomic
dipole moment. This cross section is

c, =(nVT, ) '. (10)

For example, in neon o, =3.6x 10 "cm' and g,
=1.9x 10 "cm'. In general, 0, is larger than
0„ for the noble-gas transitions studied here
a, /v, ranges from -3 to 20.

The data in Table II indicate that the shorter
wavelength transitions have faster damping rates,
and that ground-state argon atoms are a particu-
larly effective damping agent. These conclusions
are consistent with measurements of the relaxa-
tion of the atomic dipole moment in line-broaden-
ing experiments performed in the noble gases. "

A comparison of line-broadening and photon-
echo experiments will be presented in Sec. V.

peated. The finite lifetime of the excited states
due to spontaneous decay and collision relaxation
restricts the delays to be s60 nsec.

Figure 4 shows some typical data from the 7067-
A (1$,-2P,} line in argon. R appears to decay
exponentially with the pressure. The experimental
data in Fig. 4 are the results of two experiments
with different hv, and 8 decays faster as Az is in-
creased as predicted by Eq. (8).

Table II contains a summary of experiments in
helium, neon, and argon on a number of transitions.
7', is expressed in units of nsec Torr and, if it is
divided by the pressure, gives the damping time
at that pressure. In general, 7.', is independent
of ~v to within the estimated experimental error.
The value of 7, measured in helium is consistent
with previous measurements which assumed N*(P)
to depend linearly on P. '4

It is interesting to note that the photon-echo
signal supplies information about two very different
effective cross sections of the metastable atom.
The diffusion constant D can be used to calculate
a kinetic cross section

4200 2.5+ 0.5

7067 22.0 + 5
6965 19.0 ~ 5

Argon
19.7 + 0.6
16.0~ 2.5'

16
16

7.6

V. COMPARISON OF LINE-BROADENING AND
PHOTON-ECHO EXPERIMENTS

A. Relation of line-broadening constants to T2

Kuhn (Ref. 15).
"Stacey and Vaughan Q,ef. 16).
'Hindmarsh and Thomas Q,ef. 16).

Pressure broadening of electronic transitions,
where velocity changing and quenching collisions
can often be neglected, is caused by dephasing
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TABLE III. Photon-echo relaxation in Na.

Transition
T2 (nsec- Torr)

Theory Expt.

i/2 i/2

3Pi /2 6S1/2

3' /2 4D3/

3P( /2 5D3/2

3P~/2 6D3/2

3' /2 7D3/

4.8

7.0

2.7

17.0+ 1.3
4.8+ 0.3

2.8+ 0.3

6.0+ 0.3

3.5+ 0.3

2.4~ 0.2

1.8+ 0.9

~Flusberg et al. (Ref. 9).

observed using the particularly simple and con-
collisions which damp the atomic dipole moment
amplitude. "" Most theoretical treatments of
line broadening employ the binary collision and
impact approximations which assume that the time
length of a binary collision is much shorter than
the time between collisions or any other atomic
time scales in the problem (except the optical
frequency). " This approximation is quite accurate
within a few wave numbers of line center at pres-
sures at or beneath 10 Torr. Given this assumption
the dipole moment can be shown to decay exponen-
tially because of collisions. ""

By fitting a single-exponential function to the
echo data we have implicitly assumed that all off-
diagonal elements of the density matrix decay at
the same rate. Thus within the limits of accuracy
of this assumption, the dipole-moment decay rate
should equal 1/T, since the dipole moment is also
proportional to these off-diagonal elements of the
density matrix.

The exponential decay of the dipole moment gives
rise to the familiar Lorentz line shape which is
the intensity profile of the light —not including
Doppler or radiative broadening. " The relation
between the full width at half-maximum (FWHM)
of a pressure-broadened line, and the decay rate
of the dipole moment is given by

V;(R) =C',/R (12)

where i refers to either the upper (u) or lower (l)
state and A is the internuclear separation. The
upper and lower states have different interatomic
potential curves which are determi. ned by their
respective values of the van, der Waals constant

For noble-gas perturbers an approximate ex-
pression for C,' is

values of 7', measured in photon-echo experiments.
Line-broadening experiments have been per-

formed previously on a few transitions in the
noble gases, "" and the results for some lines
in argon and neon are listed in Table II. Though
no quantitative measurement of the 6143-A (1S,
-2P, ) line-broadening constant in neon appears to
have been made, experiments indicate that transi-
tions from this fine-structure multiplet to the 15,
metastable level are broadened equally. " Thus
we expect that the 5945-A (1S,-2P, ) line-broaden-
ing constant will be equal to or slightly greater
than its value for the 6143-A line.

The results in Table III indicate that the values
of g, measured in the photon echo experiments
are equal to the dipole-moment decay rate mea-
sured in line-broadening experiments to within
the error of both types of experiments.

B. Use of line-broadening theory to estimate T2

The comparison of line-broadening and photon-
echo experiments in Table II suggests that line-
broadening theories can be used successfully to
predict photon-echo relaxation rates in gases.
We present below a particularly simple line-
broadening calculation which represents the ex-
cited atom and perturber interaction as a'van der
Waals potential. We first outline the theoretical
model and then compare the theoretical predictions
with photon-echo relaxation data. This theoretical
treatment is discussed in greater detail by Hind-
marsh and Farr in their recent review article. "

In this model the interaction between the radiating
atom and the perturber is assumed to be an R '
or van der Waals interaction

In practice hv~M is determined by fitting a Voigt
profile to the observed line shape which normally
is Doppler, radiative, and pressure broadened.
The radiative contribution is determined by ex-
trapolating the measured line shape8 to zero pres-
sure. The pressure-broadening contribution is
determined from the variation of the observed line
shape with pressure. "

Equation (11) can be used to compare the experi-
mental line-broadening constant (b, v~M) with

C,' =—e'(r'), n„,

where e is the charge of the electron, (r'), is the
average value of the excited electron's orbital
radius squared, and n„ is the static dipole polar-
izability of the perturber. (This equation is dis-
cussed further in the Appendix. )

After a collision the atom is assumed to be left
in the same superposition state but with a phase
shift of its oscillating dipole moment. The phase
shift for a particular collision is calculated using
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the formula

1
[V„(R)—V((R)]dt. (14)

If the trajectories of the particles are not altered
by the collision, then the integral in Eq. (14) can
be -performed analytically for a given impact pa-
rameter and average relative velocity. Each
phase shift is weighted by the probability for a
collision at that impact parameter, and then this
result is averaged. The averaged results gives
a rate of exponential damping of the dipole mo-
ment

(15)

where C, =t","-C,', V is the average relative veloc-
ity, and & is the number density of perturber
atoms. " The second line in Eq. (15) indicates
explicitly the dependence of I' on the atomic states
involved in the transition.

The results of the calculation are presented in
the fifth column of Table II. In general, the theory
predicts the observed decay times within a factor
of two. The theory overestimates 7, but shows
the general trend of the experimental data. Ac-
cording to this model the shorter wavelength
transitions damp more quickly due to the larger
difference between the van der Waals constants
for the upper and lower states. Also, according
to this model, argon is a very effective perturber
because of its high dipole polarizability despite
its low average thermal velocity.

As a further test of this theoretical model the
lifetimes of the dipole moments were calculated
for various transitions in sodium perturbed by ar-
gon. Flusbergetal. ' have recently observed photon
echoes in Na-argon mixtures and have measured
T, for a number of transitions. The results of
theory and experiment are listed in Table III. The
calculation appears to describe accurately the de-
pendence of T, on principal quantum number and
orbital angular momentum of the atomic states,
though it is consistently large by a factor of 1.5.
Previous line-broadening measurements also have
indicated that the sodium-argon interaction is well
described by a van der Waals potential. "

The accuracy of this theory is limited by a num-
ber of assumptions which are employed to simplify
the calculations. Two approximations are the 1.in-
ear-path approximation and not including the effect
of repulsive forces at small impact parameter.
Both of these approximations will be worse for
the lighter noble gases, helium and neon. " This

theory also ignores the anisotropy of the true van
der Waals potential and neglects treating spatial
degeneracy in the levels of the radiating atom.
Schuller and Behmenburg" state, however, that
explicitly treating these properties of the poten-
tial and radiating atom does not alter the theoreti-
cal results significantly in most cases. Collision
induced transitions are also ignored, but since
these take place at impact parameters where the
van der Waals interaction has already totally de-
phased the dipole moment, ' this approximation is
most likely not the cause of the discrepancy with

experiment.
The simple theory predicts the general trend of

the experimental data; the results are surpris-
ingly accurate for such a simple model. Such a
theory is useful for understanding the qualitative
behavior of the photon-echo decay times as a
function of atomic transition and perturber species
and, in certain cases, may supply useful quantita-
tive predictions of the observed decay times.

C. Limitations of the singlewxponential decay approximation

If one treats in detail the spatial degeneracy of
the levels involved in the photon-echo emission then
the final expression for the echo signal'is corn-
posed of a sum of terms each relaxing at a differ-
ent rate.""Each term represents contributions
to the echo amplitude from different multipole
moments excited by the laser pulses. If the prob-
ability of a collision is independent of direction,
then each multipole moment decays independently
and in general at a different rate. '4 Thus in some
cases the decay rate of the photon echo should not
necessarily equal the dipole-moment decay rate
measured in line-broadening experiments.

The presence of a magnetic field in these ex-
periments complicates a rigorous theoretical
treatment of spatial degeneracy. Since the g fac-
tors of the ground and excited states are usually
different, even small magnetic fields mix the
~ultipole moments created by the incident pulses,
thus complicating a theoretical treatment of the
relaxation process. " The author is not aware of
any theoretical treatments of photon-echo relaxa-
tion under these conditions.

Since multiexponential decay was not noticed in
these experiments, the next step should be a theo-
retical calculation of the expected differences
between the various multipole-moment decay rates.
Such a calculation could probably use as its basis
the treatment of multipole relaxation and transfer
rates developed by Carrington et al."
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APPENDIX

In order to calculate the damping times listed in
Tables II and III the van der Waals constant in Eq.
(12) must be evaluated for both levels in the radia-
ting atom. If the spacing of energy levels in the
perturber is larger than the energy-level difference
in the radiating atom, then C,' can be approximated

as

C,' -=e'(r'), o, , ,(A1)

where e is the charge of the electron, (r'), is the
average value of the electron orbital radius
squared, and e„ is the static dipole polarizability
of the perturber atom ground state. "

The quantity (r'), can be approximated using the
expression

(r')& = —,
' g(n*)'[5(n*)'+1 —3l(i +1)], (A2)

where n* is the effective quantum number, l.is
the orbital quantum number, and a, the Bohr
radius. "

The static dipole polarizabilities of the noble-
gas ground states were taken from Table III in
the paper by Dehmer et al."

The value of C,' calculated using the formulas
listed above agree well with estimates of the value
of C,' obtained from low-energy atom-atom scatter-
ing data. "
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