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We report the results of an experimental study of the effects of velocity-changing collisions on two-photon
and stepwise-absorption line shapes. Excitation spectra for the 3S„,—+3P, /, ~4D3/2 transitions of sodium
atoms undergoing collisions with foreign gas perturbers are obtained. These spectra are obtained with two
cw dye lasers. One laser, the pump laser, is tuned 1.6 GHz below the 3S&/2~3P&/, transition frequency and
excites a nonthermal longitudinal velocity distribution of excited 3P», atoms in the vapor. Absorption of the
second (probe) laser is used to monitor the steady-state excited-state distribution which is a result of
collisions with rare gas atoms. The spectra are obtained for various pressures of He, Ne, and Kr gases and
are fit to a theoretical model which utilizes either the phenomenological Keilson-Storer or the classical hard-
sphere collision kernel. The theoretical model includes the effects of collisionally aided excitation of the

3P», state as well as effects due to fine-structure state-changing collisions. Although both kernels are found
to predict line shapes which are in reasonable agreement with the experimental results, the hard-sphere
kernel is found superior as it gives a better description of the effects of large-angle scattering for heavy
perturbers. Neither kernel provides a fully adequate description over the entire line profile. The
experimental data is used to extract effective hard-sphere collision cross sections for collisions between
sodium 3P, /, atoms and helium, neon, and krypton perturbers.

I. INTRODUCTION

Using tunable narrow-band lasers, one can se-
lectively excite a narrow nonthermal longitudinal
velocity distribution in an atomic or molecular
vapor. Collisions between these atoms or mole-
cules and other atoms in the gas cause this dis-
tribution to thermalize. A study of the manner in
which the collisions modify the distribution leads
to an increased understanding of the collisions.
In this payer we report the results of a systema-
tic study of the effects of collisions on line shapes
obtained in sodium using two-photon spectroscopy
with a resonant intermediate state. These mea-
surements, which are made with two cw dye la-
sers, yield values for the equivalent hard-sphere
elastic-scattering cross sections for collisions
between sodium atoms in the 3P«2 state and rare
gas perturbers. Comparisons of the experimen-
tal line shapes are made with a theory which
utilizes either a classical hard-sphere collision
kernel or the Keilson-Storer collision kernel. The
theory accounts for the presence of fine-struc-
ture state-changing collisions as well as velocity-
changing collisions. The validity of these colli-
sion models is discussed in light of the experi-
mental data.

Measurements of the effects of velocity-chang-
ing collisions on laser spectroscopic line shapes
have been made for some time. ' In a typical ex-

periment, one monitors the steady-state velocity
distribution of atomic levels subjected to non-
thermal excitation by a narrow-band laser. The
degree of velocity thermalization achieved in
these states as a result of collisions is determined
by the number of collisions occurring within the
lifetime of the states and the strength of the colli-
sions. Most previous experiments have been
analyzed under the assumptions that the colli-
sions are either of a "weak" or "strong" nature.
In the case of "weak" collisions, the collisions
which occur during an atom's lifetime have only
a small effect on the atomic velocity, ' whereas,
in the "strong" collision limit, those atoms which
have experienced collisions are assumed to have
a thermal distribution. Recently the problem of
collisions intermediate to the two limits has re-
ceived increased attention. ' In this case, atoms
which experience collisions reach a thermal velo-
city distribution only if they have several colli-
sions within their lifetime. Because of the short
lifetime of the excited atoms in our experiment
(16nsec), the excited sodium atoms never reach a
thermal distribution so that the measured steady-
state velocity distribution shows a "persistence of
velocity. "

The manner in which the atoms change veloci-
ties as a result of collisions is directly depen-
dent on the strength and form of the interaction
between the active atom and the perturber atom.
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Hence, measurements of the thermalization pro-
cess yield information about the interaction po-
tentials. At the present time we have analyzed
our experimental results to obtain the equivalent
hard-sphere cross sections for sodium in colli-
sion with helium, neon, or krypton rare gas
atoms. This choice of perturber atoms allows
us to observe the effect of different active atom to
perturber atom mass ratios.

Our measurements are made by selectively
exciting a particular velocity distribution of so-
dium atoms to the 3P&/q excited state. This exci-
tation is accomplished by tuning a cw dye laser
to the wing of the Doppler-broadened 3S«2 —3Pf/2
transition. A second laser is then scanned to
produce 3P» 2-4D3/2 transitions. The resulting
line shape directly reflects the longitudinal velo-
city distribution of the 3P&/2 state.

In the absence of velocity-changing collisions,
one might expect only those atoms which have
longitudinal velocities such that they are Doppler
shifted into resonance with the laser frequency
would be excited. However, the presence of
phase-interrupting collisions results in an excita-
tion of all the velocity groups. In this nonreson-
ant excitation, the energy defect or excess between
the atomic transition energy and the laser photon
energy is provided or removed by a collision.
This nonresonant collisionally assisted excitation
results in population of velocity groups other than
those desired and must be accounted for properly
in the final analysis of the line shape.

State-changing collisions such as those which
produce transitions between the 3P&» and 3P3/2
fine-structure states are also found to play an
important role. Our analysis is therefore made
'to account for the effects of such collisions.

In the following section we briefly discuss our
experimental setup and the underlying principles
involved in obtaining a description of the collision-
induced modification of spectroscopic line shapes.
In Sec. III we compare two kernels (Keilson-
Storer and classical hard sphere) that can be
used to describe velocity-changing collisions.
Our experimental results and a comparison with
theory using these collision kernels are then dis-
cussed in Sec. IV.

II. BASIC PRINCIPLES AND EXPERIMENTAL SETUP

The effect of collisions on the line shapes asso-
ciated with three-level systems has been treated
recently and the following discussion will be
based largely on those results. Our experimen-
tal situation is, in fact, somewhat more compli-
cated than the simple three-level case due to the
presence of additional levels. While these addi-

tional levels are not coupled by the laser radia-
tion fields to the other states, collisions can cause
transitions between these levels and the states of
interest. Furthermore, the theory given in Ref.
7 is valid only in the limit of low intensities.
Our actual experiment utilized intensities which
often exceed the saturation intensity of a transi-
tion and require a more accurate theory to com-
pletely describe it. A detailed discussion of this
more complete theory is given elsewhere. In
what follows, we give only an outline of the basic
principles of the experiment and present the
major theoretical results.

Our experimental data are obtained using the
experimental setup shown in Fig. 1. We use two
cw single-mode dye lasers; one (the pump) is set
at a fixed angular frequency 0 which is tuned to
the wing of the Doppler-broadened 38&/2-3'/2
transition, and the other (the probe), of frequency
~', is scanned to complete transitions to the 4D3/2
state. Transitions to 4D5/2 are weak in compari-
son with those to 4D3/2 because of dipole selec-
tion rules which forbid 3P&» -4D, /, , transitions,
and are neglected. The unfocused beams from
the two lasers propagate in opposite directions
through a cell at 200'C containing sodium vapor.
Typical laser intensities are 0.5 W/cm, and each
beam is linearly polarized in the same direction.
The sodium vapor density is held between 10'—
10" cm ' so that resonant reabsorption of atomic
fluorescence was not significant and sodium-
sodium collisions could be neglected. We moni-
tor the population of the 4D3/2 state by measuring
the intensity of fluorescence at -330 nm which
occurs when the 4D3/2 state decays via the 4P
state back to the ground state. Our results give
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FIG. 1. Schematic diagram of the experimental setup.
Although not shown, the light from laser 1 was chopped
and the output of the photomultiplier (PMT) was pro-
cessed with a lock-in amplifier.
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FIG. 2. Schematic representation of the observed line
shape in terms of three components. Component (a) is
the "two-photon" line; components 5) and (c) are the col-
lisionally induced components, as discussed in the text.

the 38«2- 3I'f /2 4D3(2 two-photon excitation
spectrum.

The line shape can be roughly viewed as com-
posed of three parts which are illustrated schema-
tically in Fig. 2. Although the three components
are not completely independent, one can roughly
describe them as arising in the following manner.
The narrow component marked g would be pre-
sent even in the absence of collisions and is com-
posed of two-quantum and stepwise transitions of
those atoms which have not undergone velocity-
changing collisions in the 3P«2 intermediate
state. We shall refer to tMs component as the
"two-photon" line. The characteristics of this
line have been experimentally and theoretically
studied in great detail. The line is essentially
Doppler free owing to the velocity selectivity of
the excitation and the use of oppositely propaga-
ting beams. The component labeled b arises
from those atoms which, once excited into the
3+f / 2 state, experience velocity-changing colli-
sions. The collisions modify the initial narrow
velocity distribution which was excited by the
laser at frequency 0 and cause the distribution
to broaden and shift toward equilibrium, ' this
thermalization is mirrored in component b of the
probe absorption. In our experiments 0 is not
set at the atomic resonance frequency and hence
the initial longitudinal velocity distribution is not
centered at z, =0 but at a fairly high &,= &o'

cm/sec. The final component, labeled c, is due
to collisionally aided excitation of the 3Pq/2 ex-
cited state. This excitation is essentially non-
velocity-selective and therefore is completely
Doppler broadened; the probe absorption from
this state has nearly the shape of the equilibrium
Voigt profile. It differs from the velocity-chang-
ing collision component, b, as it would be present
even in the absence of velocity-changing coKi-
sions, e.g., if the perturber atoms were much
less massive than the sodium atoms. It may be
viewed as arising from phase-changing collisions

589'~ (FIXED)

3sq~
2

FIG. 3. The energy levels of the sodium atom relevant
for our experiment. Not shown is the 1.77-GHz hyper-
fine splitting of the 3$ ground state.

which effectively broaden the atomic resonance
of each atom. The exact shape of the excitation
spectrum depends on the relative amplitudes of
the three components. The components b and c
each increase relative to g as the perturber pres-
sure is increased. The ratio of b to c amplitudes
depends on 0, Component b decreases rapidly
when 0 is adjusted away from the atomic reson-
ance because the number of atoms which have the
correct velocity so as to be Doppler shifted into
resonance decreases exponentially. Hence at de-
tunings much greater than the Doppler width,
component c will dominate, while at small de-
tunings component b will dominate. We have re-
cently made a detailed study of the collisional re-
distribution by phase-changing collisions for the
case where 0 is tuned far from the resonance so
that component b is negligible. '

The level scheme which is appropriate for our
experiments is shown in Fig. 3. We generally
follow the notation of Refs. 7 and 8 so that state 1
is the 3S&» ground state, state 3 is the 4'/2
final state, and state 2 is the 3P«2 intermediate
state. We also allow for state-changing colli-
sions between the 3P«, and 3P3&2 (state 4) fine-
structure states. The laser field at 0' is as-
sumed to couple only the 2 —3 transition, while
that at 0 is assumed to act on only the 1 2
transition.

A complete theory for the excitation line shape
is given in Ref. 8 assuming the probe field to be
weak, We shall attempt to fit our data using this
theory and hard-sphere collision models. For
such models, collisions produce relatively large
velocity changes for the active atoms [i.e., velo-
city changes 4u such that Q(&u/c) eall homogen-
eous widths J. ln this limit the line shape is
given by

I(A') = IT@(Q') + Isq, (Q'),
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where

IT42(Q') =, „2 Im Q A)Z(2'z),
3(X'X)'

I „(0')— Im d
y,k' (x-r, )

Ztr) = e "-ef e *'(r-x) 'dx

[Z(r) is the plasma dispersion function Z(2) for
Im(2) &0 and is -Z(z) for Im(r} &0], where X(X')
is the Rabi frequency of the transition 1-2
(2-3},zz is the most probable sodium velocity,
k=&/c k'=&'/c, and ""=lk' "I ~ T"e other
quantities are defined as

&(=0+0 y

xg=b-c,
2zls / kzz I

2.
4
= -zzl, /ku,

%5 = S'gg2f ku y

where

+in13 in 23a= ku ku

c = —,
' (b - a - [(b —a) + 4X /k 'k "u ] ~ '],

(~, —r ),
j=1,42 jPj

ng2 = yap+ i&

nz2= ~22+2(~+ ~'),

g23 = y23+ i&'~

2), = w, + '&, (x,)'= 2'42 2Y$2X /I' S,
rz+ I2(.)+0 5r'.

[r2+ I'2(2)][r2+ I'2(V) + I.5r']
!1 — y2

ri(v) re+re(v)}'
The detunings are defined as &=Q-(d, ~'=0'
—co', where the angular frequencies ~ and ~' are
the transition frequencies of the ground-to-inter-
mediate and intermediate-to-final states, res-
pectively. The decay rates y,.z are the phenomeno-
logical decay constants of the density matrix ele-
ments p, z and include the effects of phase-chang-
ing collisions. The rate y2 is the total natural
decay rate out of the intermediate state, y2 is the
natural decay rate from level 3 to I, I', (v) is the
rate of velocity-changing collisions for atoms in
level i, and y' is the SP«2 to SP3&2 fine-structure
state-changing collision rate. Note that the

theory allows for power broadening of the 1-2
transition. The population distribution nz(v) of
the intermediate state appearing in Eq. (3) is de-
termined by the atom-pump field interaction and
the effects of velocity-changing collisions. Equa-
tion (3) is an approximation valid for the case

~

k
~

=
)
k'

~

as in our experiment.
The effect of fine-structure state-changing colli-

sions igtroduces additional complexities. First,
it modifies the power broadening of the 1—2

transition. Second, it may modify the velocity-
changing process. Finally, it decreases the ef-
fective excitation of state 2 since atoms are trans-
ferred from the SP»2 to the SP3/2 state. To
minimize the complexities we make the simplify-
ing assumption that the velocity-changing cross
section is the same for the two fine-structure
states, and that no velocity change occurs in the
fine-structure state-changing processes. %e
have verified that the latter assumption is nearly
correct by tuning 0 to the wing of the SSq&2-SP3&2
transition and thereby exciting a particular velo-
city class of atoms into the SP3&2 state. Colli-
sions cause some of these atoms to transfer to the

3Pz&2 state. The velocity distribution of the
atoms in the SPq&2 state is then recorded by scan-
ning 0' across the region of the SP~»-4&3&2
transition. The resulting excitation spectrum is
shown in Fig. 4. As can be seen in Fig. 4, the
spectrum and hence the velocity distribution is
concentrated in a small region which corresponds
to the initial velocity of the atoms. The small
splitting in the line is due to the hyperfine struc-
ture of the SP& &2 state. The fine-structure state
change appears to happen with little or no change
in velocity, justifying our assumption.

To calculate the signal amplitude we must de-
termine nz(v}, the velocity distribution of the 3Pz&2
state. The equations describing this distribution
and the longitudinal velocity distribution n4(v) of

Q'
27r

FIG. 4. Probe laser excitation spectrum of the 3 J'~~2—4D3&2 transition with the pump laser tuned to the 3S&&2
3J'3)2 bansition. This signal is the result of fine-

structure state-changing collisions produced by 0.5 Torr
of neon perturber gas. The narrow line width demon-
strates that fine-structure state changes occur with neg-
ligible velocity change.
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the 3P3» state are

dn, (v)
dt

= -[y2+ 1'2(v) + y24]n2(v) + y42n4(v) nj(v) =f n'(v', v&n[ '(v'&dv'/[Vm + Va(v& + &.5V'I . (1D)

+ ~ v', v n2 v' dv'+ T v, (4)

dn, (v)
dt

= —[y2+ 12(v) + y42]n4(v) + y24n2(v)

+ W(v', v) n4(v') dv',

+ W(v', v)n(v')dv'+ T(v) . (6)

Equation (6) is easily solved to yield the steady-
state solution

n(v) =Q n'(v),
g=o

where

n (v) = T(v)/[y2+ I'2(v)],

n"(v) =f W(v v)n'(v )dv /[V&+ VI('v, )]. ''
The quantity n'(v) is the population density of
atoms having experienced exactly i collisions
since initially excited into the 3P states.

By substituting n4
——n —n2 into Eq. (4) and using

Eq. (7), we solve Eq. (4) to obtain

n2(v) =Q n2(v), (8)
g=o

where

)
0.5y'n(v) + T(v)
y, + r'2(v) + 1.6y'

where T(v) is the velocity distribution of atoms
excited to the 3P«2 state by the pump laser. The
collision kernel W(v, v') is defined such that the
W(v, v')dv dt is the probability that a collision will
cause an atom in level 2 moving with a longitu-
dinal velocity between v and v+dv to change to
be between v' and v'+ dv during a time interval
dt. The rate 1'2(v) is given by

(', (v) =f VV(v, v')dv'

and y,', =y' and y' =0.5y' are the 3Pf» 3P3»
and 3P3» -3P&» collisional transfer rates, res-
pectively.

The equation which gives n(v) =n2(v) + n4(v),
the longitudinal velocity distribution function for
the sum of the population densities of the two 3P
states, is

dn(v) (
dt

= —
(
v~+ &&'(v, v')dv')n(v)

In this paper we consider two collision kernels
for insertion into Eq. (10), the Keilson-Storer and
the classical hard-sphere kernels. Owing to the
simple mathematical form of the Keilson-Stca er
kernel an analytic expression for n2(v) can be ob-
tained. However, for the hard-sphere kernel it is
necessary to calculate n2(v) numerically. These
collision kernels will be discussed in the follow-
ing section. The distribution n2(v), given by Eqs.
(8)-(10), is inserted into Eq. (8) and the total line
shape is then given by Eqs. (1)-(3).

III. COLLISION KERNELS

All the properties of the velocity-changing
collision process are contained in the collision
kernel. The most commonly used kernel is the
phenomenological kernel of Keilson and Storer

W(v, v') = &[]](&u)') "'exp[-(v'- nv)'/(&u) ],

where I' is the (speed-independent) rate of colli-
sions, n is a parameter which depends on the ac-
tive and perturber atom mass ratio, and

&u= (1-n2)' "u

is &]2 times the rms velocity change per collision.
Borenstein and Lamb' compared the Keilson-
Storer kernel with Monte Carlo calculations of
hard-sphere collisions and found fairly close
agreement between the two. However, they were
concerned mainly with the cases of light perturbers
and small initial velocities (velocities small com-
pared with Doppler width). Recently, more de-
tailed comparisons have been made"' although
again for cases of light perturbers and low velo-
cities.

In this section we shall compare some of the
properties of the Keilson-Storer kernel with the
exact analytic expression for the kernel which
describes classical collisions between atoms
having a hard-sphere interatomic potential (V
= 0 for r&r, and V= ~ for r&r, )

The Keilson-Storer kernel has the form of a
displaced Gaussian whose width and shift are de-
termined by the parameter o.. The method for
the determination of n which we utili2:e is that
suggested by LeGouet, '3 in which n is chosen such
that the Keilson-Storer model gives the same
rms velocity change per collision as the analytic
hard-sphere kernel. This method gives ~ =0.8,
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0.4, and 0.0 for collisions between sodium and he-
lium, neon and krypton atoms, respectively. A
major feature of the Keilson-Storer kernel is its
mathematical simplicity which allows analytic

expressions to be obtained.
The hard-sphere kernel is considerably more

complicated. It is given by the following expres-
sion:

+exp -S S+ 1-erf ISI -P1 P' v' S
u& 2P u I Sl

where

p'= m,/m„S= (v —v')/u.

The mass of the active atom (Na) is m„and the
mass of the perturber atom is m~. This kernel
has been obtained by Kol'chenko, "however, for
completeness we have included its derivation in
the Appendix&

To compare the kernels, we plot in Figs. 5-7
n'(v) [Eq. (7)] for sodium calculated with both ker-
nels for helium, neon, and krypton perturbers as-
suming T(v) is a delta function at v/u=1. 6. In
the case of a very light perturber such as helium
(Fig. 5), the two kernels are quite simila, r. Each
gives distributions n'(v) which shift more toward
equilibrium with each collision, and both models
produce distributions with approximately the
same shifts and widths. To allow for easy com-
parison of the distributions we have normalized
the peak of each to unity. In fact, at the pressure
(2.5 Torr) used for the calculation, each suces-
sive n'(v) decreases in amplitude by about a fac-
tor of 6 or more.

The calculated distributions for the most mas-

n' (v)

sive perturber, krypton, show some significant
differences. Krypton is 3.7 times heavier than
sodium. As in the case of helium, the distribu-
tions predicted by the two kernels are quite simi-
lar for i ~ 2 although the widths of the distributions
now predicted by the hard-sphere models are
significantly larger than those given by the Keil-
son-Storer model owing to the speed dependence
of I'(v) inthe hard-sphere model. The greatestdif-
ference appears in the distribution i = &. Krypton
hard-sphere collisions produce a relatively Qat-
topped distribution. The amplitude at g =0 is near-
ly the same as at the initial velocity (taken to be vo
= 1.6 u). The Keilson-Storer distribution, on the
other hand, is a factor of 12 larger at n =0 than
at vo. Note that the velocity distributions pro-
duced by the heavier perturber initially broaden
and then narrow in the hard-sphere model, whereas
for the Keilson-Storer kernel, complete thermali-
zation occurs after one collision.

Comparisons of the distributions calculated
using these two kernels indicate the following.
First, for heavier perturbers it is at low pres-
sures thatthe differences are most significant
since it is at low perturber pressure that the con-
tribution of n'(v) to n(v) dominates. Second, for
high perturber pressures the two kernels give
nearly the same line shapes. Our experiments
have therefore concentrated on fairly low per-

I
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FIG. 5. The steady-state axial-velocity distributions
n'(v) for sodium atoms in the 3P states which have ex-
perienced exactly i collisions since being initiaBy ex-
cited. The calculations were carried out for 2.5 Torr of
helium perturber gas, using both the (a) hard-sphere and
(b) the Keilson-Storer kernels. A11 curves have been
normalized to the same height.

ni tv)
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FIG. 6. Same as Fig. 5, except the peiturber gas is
neon.
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KRYPTON -2.5 TORR

n' (v)

NEOV-Z. 5 TOR R

~4ox

n'(v)

v/u

KE
ST

FIG. 9. Same as Fig. 8, except for 2. 5 Torr of neon
perturber gas

v/u

FIG. 7. Same as Fig. 5, except the perturber gas is
krypton.

turber pressures. In the case of helium we ex-
pect the two models to give nearly identical re-
sults.

IV. EXPERIMENTAL RESULTS

Excitation spectra were taken of the 38,]2
-3P( (2

4L 3 / 2 transition of ato mic sodium vapor for
various pressures of helium, neon, and krypton
buffer gases. In each case, the laser at 0 was
adjusted to be 1.6 GHz below the 3Sf/2(E 2)
-3J'f &2 transition. Examp1. es of the spectra ob-
tained by sweeping 0' are given in Figs. 8-12.
In each case, the two narrow line-shape features
are the result of the combination of two-quantum
and stepwise transitions originating from the two
hyperfine levels of the ground state. The broader.
feature is the collision-induced signal and, as dis-
cussed earlier, arises from velocity-changed

atoms and atoms excited via phase-interrupting
collisions. This feature is not present when the
perturber gas is removed.

The excitation was made with counter-propa-
gating beams. This geometry was utilized to
minimize the line width of the two narrow two-
photon and stepwise resonances. It is essential
that these resonances be narrow so that the colli-
sion-induced signals are unobscured. If we use
copropagating beams the narrow resonances are
split by 390 MHz because of the hyperfine struc-
ture of the 3P& &2 state. Kith the use of oppositely
propagating beams, this splitting collapses to
7 MHz. Some of the spectra contain evidence of
resonances due to copropagating beams. These
are symmetrically located about &'=0 from the
counter-propagating resonances and apparently
are the result of stray reflections into the sodium
cell. We were unable to eliminate them com-
pletely.

We choose to set 0j2w to be 1.6 GHz below the

1GHz

R
C9

Cfl

KRYPTON-
0.5 T.ORR

t
Q 2m

FIG. 8. Excitation spectrum of the 38f ~2 3' ~2

4D3~2 transition of atomic sodium in 5 Torr of helium
perturber gas. The pump laser was tuned such that
&/27t. =-l.6 GHz. The solid (open) circles show the the-
oretical fit obtained using the hard-sphere (Keilson-
St'orer) collision kernel.

~ 0
0

t
0 27K

FIG. 10. Excitation spectrum of the 38f~2 3Pf/2
4D3y2 transition of atomic sodium in a perturber gas of

krypton. The pump laser was tuned such that 4/2m= —1.6
GHz. The krypton pressure was 0. 5 Torr. The solid
{open) circles show the theoretical fit obtained using the
hard-sphere (Keilson-Storer) collision kernel. The
sharp resonances occurring for negative LV are due to the
re sidual copropagating light, as discussed in the text.
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KRYPTON-2. 5 TORR

t
0 2a

FIG. 11. Same as Fig. 10, except the krypton pres-
sure was 2.5 Torr.

3S«,(F= 2) -3Pq &2 transition. With this rather
large detuning, the difference between the Keil-
son-Storer and hard-sphere kernel which we dis-
cussed in Sec. III is emphasized. Furthermore,
the spurious copropagating resonances mentioned
above are less troublesome since they occur at
the edge of the line shape of interest. At this de-
tuning the collisional redistribution and velocity-
changing contributions to the line shape (compon-
ents 5 and c of Fig. 2) are comparable in ampli-
tude.

The data were fit to Eqs. (1)-(3) and (8)-(10)
using experimental values of y„- and y' obtained
from the literature, ' and a value y/ku=0. 018 de-
termined from measurements of pump intensity.
The line shape was assumed to arise as an inde-
pendent sum of contributions originating from
both hyperfine ground states. The relative ampli-
tudes of the two-narrow resonances were found to
be pressure and intensity dependent. This depen-
dence is due to optical-pumping effects which
modify the population of the ground-state hyper-
fine levels. To account for the optical pumping,
the initial relative population of the two states was
taken as a free parameter which was adjusted so
that the theory correctly predicted the relative
amplitudes of the two narrow resonances.

The only remaining parameter to be determined
is the velocity-changing collision cross section.
We obtain values for these cross sections at each
perturber pressure by fitting the ratio of the sig-

z'
C9

CO

t

FIG. 12. Same as Fig. 10, except the krypton pres-
sure was 5 Torr.

nal at &'= 0 to that at n '/2m = 1.6 GHz. Haying fit
these two ratios, the overall comparison between
the theoretical and experimental profiles can be
used to test various collision models. One should
note that, for our procedure, the nature of the fit
is relatively insensitive to the saturation parame-
ter. This result was verified experimentally by
varying the pump power. In our analysis we set
the branching ratio y2/z2

——1 for both 3Pf /2
—3&()2 (E=1) and 3P))2 —3Sg)2 (E=2) transitions
and I'q(U) to gas kinetic values. The net effect
of such an arbitrary choice is to modify the sat-
uration parameter, but, as noted above, this
modification has little effect on our fitting proce-
dure. Finally, the assumption of a weak probe
field is reasonably well satisfied; signal strength
was found to vary linearly with probe power.

Representative data obtained with helium and
neon buffer gases are shown in Figs. 8 and 9.
The results of the theory using both the Keilson-
Storer kernel (open circles) and the classical
hard-sphere kernel (solid points) are given. As
expected, for these lighter perturbers both ker-
nels do nearly equally well in producing fairly
accurate line shapes. However, for the data with
krypton perturbers (Figs. 10-12) the hard-sphere
model does better in predicting the line shape at
the lowest pressure. The theoretical line shape
using the hard-sphere kernel is slightly wider
and gives more intensity in the region n, '/2v
= 1 0Hz than does the Keilson-Storer kernel and
hence is in better agreement with the experimen-
tal data. Both models fail in the region very close
to the narrow resonances.

To obtain curves which are more closely related
to the velocity-changing collision kernel, we have
attempted to extract from the experimental spec-
tra only that component arising from velocity-
changing colli:sions (component 5 of Fig, 2). To
extract this component we subtract from the ex-
perimental data the theoretical contributions from
all other sources. The results of this subtraction
are shown in Figs. 13 and 14 as n„,. The smooth
curve represents the experimental points after
this subtraction. The solid points give the theo-
retical velocity-changing contribution using the
bard-sphere kernel and the open circles give the
same for the Keilson-Storer kernel. In Fig. 13
we show results for the case of helium perturbers
at 9.5 Torr. As expected from our earlier dis-
cussion, both collision kernels give similar dis-
tributions and these are in good agreement with
the experimental data. The data for krypton at
1 Torr are given in Fig. 14. In this case, the
hard-sphere model is clearly superior to the
Keilson-Storer approximation, which produces a
line shape which is too sharply peaked at &' =0.
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FIG. 13. The con@ ibution of velocity-changing colli-
sions to the excitation spectrum as a function of normal-
ized velocity for 9.5 Torr of helium perturber gas. The
smooth curve is the difference between the experimental
excitation spectrum and the theoretical contributions to
the excitation spectrum from aQ sources except velocity-
changing collisions. The solid circles give the contrib-
ution due to velocity-changing collisions as calculated
using the hard-sphere kernel; the open circles give the
same for the Keilson-Storer kernel.

Although the hard-sphere calculation is in excel-
lent agreement in the wing, it also fails for fre-
quencies very near to the narrow resonance.
Owing to the low pressure the theoretical line
shapes in Fig. 14 are dominated by the i= 1 con-
tribution shown in Fig. 7.

The good agreement between theory and experi-
ment in the line wings is evidence that large-angle
scattering is correctly described by a hard-sphere
model. This result is consistent with large-angle
scattering occurring for very close collisions
where the alkali-rare-gas potentials can be ap-
proximated by an infinite repulsive barrier. The
failure of the theory near the narrow resonance
for the heavier perturbers (Ne and Kr) is indica-
tive of an interatomic potential that is other than
hard sphere. Most likely there exist attractive
wells in the Na*-Kr and Na~-Ne potentials that
give rise to the additional scattering near the
resonances.

The fact that the widths of the narrow reson-
ance near a'/2w = 1.6 GHz is generally larger than

that predicted by the line-shape theory using
empirically determined experimental values for
all broadening parameters may be due to either
(a) additional small-angle velocity-changing colli-
sions or (b) larger values of the broadening para-
meters caused by the laser selection of fast Na
atoms. We should also note that our theory of the
3+f /2 3P3 /2 exchange is oversimplified and can
lead to some additional errors.

The values for the bard-sphere collision cross
sections which we obtain exhibit the pressure de-
pendence shown in Fig. 15. The slow increase of
the cross sections with increasing pressures is
another indication that the theory is failing to
account properly for the true collisional interac-
tion. This variation implies that with increasing
pressure the amplitude of the resonance at n, '/2w

=1.6 6Hz becomes increasingly overestimated by
the theory leading to anomalously large values for
the calculated collision cross sections. Whether
this variation is due to our model for 3Pq/2—3P3'/2 collisions, to effects of weak velocity-
changing collisions, or to our failure to use speed-
dependent broadening parameters is unknown at
present. It would seem reasonable to consider
the cross sections we obtained as upper bounds
for the true cross sections.

The cross sections for collisions with neon and

krypton are approximately 30 and 55 A', respec-
tively, and are similar to the values which can be
deduced from ground-state gas kinetic radii. " 'The

fact that the krypton cross section is larger is
reasonable in light of its larger size and greater
polarizability. The helium cross section of
-60 A', on the other hand, does not fit this picture.
The apparent helium cross section is the largest
of the three measured cross sections within the
estimated accuracy of our measurements of 30 to
40 percent despite the fact that the helium core is
surely the smallest and the atom is the least po-
larizable. It shouM be noted, however, that we

~ ~
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FIG. 14. Same as Fig. 13, except for 1 Torr of kryp-
ton perturber gas. The hard-sphere and Keilson-Storer
kernels now lead to significantly different profiles.
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FIG. 15. Variation of the experimentally deduced
cross sections for velocity-changing collisions between
Na (BP~/2) and He, Ne, and Kr perturbers as a function
of perturber pressure.
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have arbitrarily chosen to fit the data at & =0,
where, because of the small velocity change pro-
duced by sodium-helium collisions, the contribu-
tion of the velocity changing signal (component
5 in Fig, 2) is extremely small. Small errors
in the calculation of component c will then result
in substantial error in our result for the cross
section. If instead, we fit the lowest-pressure
helium data at 6'/2v = 1 GHz, we find a = 35 A',
in better relative agreement with our expecta-
tions. However, the optimum cross section is
still found to increase with pressure since the

cross sections calculated at higher pressures
are independent of where we fit the data.

V. CONCLUSION

We have examined the effects of velocity-chang-
ing collisions on the 3'» -3P$/2 4D3/2 excita-
tion spectra of sodium vapor. The observed line
shapes are reasonably well described by a theory
in which collisions are characterized by either
the phenomenological Keilson-Storer kernel or a
classical hard-sphere kernel. For collisions
between excited sodium atoms and heavy rare-gas
atoms, the hard-sphere kernel is superior to the
Keilson-Storer kernel. It gives a better descrip-
tion of the effects of large-angle scattering, al-
though neither kernel provides a fully adequate
description over the entire profile. The two
kernels give essentially the same line shape for
low active atom to perturber atom mass ratio.
They also agree at high pressures independent of
the mass ratio. Our data indicate that improved
models are required to accurately describe so-
dium-rare-gas collisions. By fitting our data
we extract effective hard-sphere collision cross
sections for collisions between sodium 3P&/2
atoms and helium, neon, and krypton perturbers.
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i

'
(A1)

W~(vg = (aug "'exp(-v', /u),
u,'= 2ar, /m„

(A2a)

(A2b)

where T~ is the temperature associated with the
perturbers. The delta functions in Eq. (A1)
guarantee conservation of momentum and energy
in the collisions.

For classical hard-sphere scattering,

(AS)

where x() is the sum of active atom and perturber
hard-sphere radii. Substituting Eg. (AS) into
Eq. (A1) and performing the integrations over
v~ and v„, one can obtain the kernel

2 ~/ 2iVwxog, P,S ~ V 2 2W(v, v)=, &2 2 2 exp — S+ /o) uauS m, S

where

(A4}

8=V-V

u =2trT, /m, ,

~=2(p /m)( ,u/)u,

(A5}

(A6)

(AV)

and T, is the temperature characterizing the ac-
tive atoms. The rate associated with this kernel
1s

&)ir) = fdv'tv(v, v')

W/ &/ W/V„=V Vpq Vq= V Vp q

where m, is the active atom mass, m~ is the per-
turber mass, p is the reduced mass, v (or v') is
the active atom velocity, v~ (or vt) is the perturber
velocity, if, (v„',v„) i

is the differential scattering
cross section, N is the perturber density, and

W~(v~) the perturber velocity distribution assumed
to be of the form

APPENDIX

In this appendix, collision kernels and rates for
classical hard-sphere scattering are derived.
The collision kernel W(v', v) gives the probabibty
density per unit time for a collision with the per-
turber bath to change the velocity of an "active
atom" particle from v' to v and is given by

+ &+-,' ~ (AB)

where 4 is the error function. Note that, as ex-
pected, for v»u~, I'(v)-Nwr02v and, for v«u~,
I'(v) -Nero(2/m' ')u~.

In the text, we use a one-dimensional kernel
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obtained from Eq. (Al) by averaging over an ini-
tial transverse velocity distribution

V)=V VgZ ~ (A11)

Thus, the one-dimensional kernel is defined by

W, (v', ) = (mu') ' exp[-(v,'/u')],

with

(A9)
CV(v,', v,) =f rrvrr ,CVv(v',) VV,(v v) .', (A12)

~ / / A

v, =v —v,z (A10)

and summing over all final transverse velocities

Substituting Eqs. (Al) and (Ae) into (A12) and
carrying out the tedious but straightforward in-
tegrations, one may obtain

~(v,',v, ) = ,'mr()-& 2 1-C r S, ( +~P ' +exp rS-, rS, +(1+P ) 1+P' v' S. 2v.'

g

2 /

x& —g yS, (A13)

where

P =Q Qp~

r = (P'+ TIgl(P'+ 1) ~

If T, = T~, then r = 1 and one arrives at Eq. (12) of the text.
The rate I'(v, ) defined by

V(v, ) =J dv,')V(v„v,')

may be calculated as

v(,.) =...h.,((-")e(-")v.— ...'-(-")'
2 2

)vv

1/2 pxv 1+v ssc — s» ocsh( )+'-s, «s 1 —S + s dvI I.
0 1+p

Equations (A4), (A8), and (A13) have been derived previously by Kol'chenko. " As noted in the text, " the
use of one-dimensional kernels in the theory of saturation spectroscopy is not strictly valid when the col-
lision rates are speed dependent.
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