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We report detailed studies of Ramsey-type resonances due to collisional velocity diffusion of Sm
atoms within the Doppler-broadened I'~ —+ I'0 "Sm transition at A, =570.68 nm in the presence
of rare-gas perturbers (He, Ne, Ar, Kr,Xe). The experimental technique uses counterpropagating
laser fields and relies on coherent resonance Raman processes to excite and detect sublevel coher-
ence optically. A modulated pump laser field is used for velocity-selective resonance Raman exci-
tation of oscillating Zeeman coherence in the J=1 ground state of Sm; the sublevel coherence is
monitored by Raman heterodyne detection using a counterpropagating, unmodulated probe laser
field. If the pump and probe fields interact with different atomic velocity subgroups, a signal only
occurs in the presence of velocity-changing collisions which provide a transport of the Sm atoms
with sublevel coherence in velocity space. The sublevel resonance curves turn out to be sensitive
to both depolarizing and velocity-changing collisions; the measured line shapes show the charac-
teristic features of Ramsey-type resonances. Our theoretical treatment is based on a novel four-
level density matrix calculation; the analysis reveals that the temporal evolution of the collisional
velocity-diffusion processes can simply be obtained by means of a Fourier transformation of the
measured sublevel resonance curves. In the case of He perturbers the diffusion in velocity space
can be described by a Fokker-Planck equation; here, the theoretical fits of the measured sublevel
resonance curves directly yield the time constant for collisional thermalization and the cross sec-
tion for depolarizing collisions. In the case of the heavier rare gases, however, the Fokker-Planck
model fails to describe the velocity thermalization; here, the Keilson-Storer kernel yields a better
agreement with the experimental data. We derive cross sections for depolarizing and velocity-
changing collisions and values for the collisional velocity changes associated with orientation-
preserving collisions.

I. INTRODUCTION

In the "classical" Ramsey-resonance method two spa-
tially separated radio-frequency (rfI fields are used in
atomic and molecular beam experiments for the observa-
tion of narrow rf resonances. ' Recently, the observation
of Ramsey fringes was reported also for a resonantly
driven Raman transition; here, the two separated rf
fields were replaced by two modulated laser fields in or-
der to create sublevel coherence in a A-folded three-level
system. In a more recent atomic-beam experiment Ram-
sey fringes were observed for a resonance Raman transi-
tion even without applying a second "oscillatory" field.
Again a modulated laser field was used for coherent Ra-
man excitation of sublevel coherence; the required
phase-sensitive detection, however, was achieved by Ra-
man heterodyne detection ' of the atomic coherence us-
ing a spatially separated but unmodulated probe laser
field. This coherent detection scheme is exclusively sen-
sitive to oscillating sublevel coherence, . and thus an
essentially background-free observation of the Ramsey
resonances can be obtained. I.et us also point out that
this coherent Raman Ramsey method for the observa-
tion of optically induced rf Ramsey resonances is based
on the creation and detection of subleuel coherence; in

this respect it is far different from Ramsey resonance
methods concerning the optical frequency region.

This particular excitation and detection scheme of Ra-
man heterodyne Ramsey spectroscopy also offers the op-
portunity to extend the Ramsey-resonance idea into a
domain that is substantially different from other
Ramsey-resonance experiments considered so far. We
recently reported in brief on the observation of Ramsey
fringes due to collisional velocity diffusion in an atomic
vapor. Here, the experimental technique uses counter-
propagating laser fields and relies on coherent resonance
Raman processes to optica11y excite and detect sublevel
coherence within a Doppler-broadened atomic transition;
in this experiment the occurrence of the Ramsey fringes
results from the "motion" of atoms with sublevel coher-
ence between two interaction zones separated in "veloci-
ty" space rather than in "local" space.

It is the aim of this paper to relate a number of details
to the experimental observation and theoretical descrip-
tion of this novel phenomenon. As the Ramsey reso-
nance only occurs in the presence of velocity-changing
collisions (VCC), it has been called "collision-induced
Ramsey resonance. " We especially analyze the poten-
tial of this method to study collisional-redistribution
processes in atomic vapors. It will be shown that this
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method indeed provides a new way to monitor the effects
of both depolarizing and velocity-changing collisions as-
sociated with atomic multipole components in a J-state
manifold; out of the steady-state experimental data even
the temporal evolution of the velocity-diffusion processes
can be extracted, thus permitting novel insights into the
nature of the coBisional relaxation and redistribution of
specific anisotropic moments. In this way our technique
supplements the various other laser spectroscopic
methods like polarization spectroscopy ' or photon-
echo experiments' ' that already have been applied to
the study of VCC concerning multipole moments such as
orientation and alignment.

For our studies we consider an inhomogeneously
broadened, Zeeman-split J= 1 —J'=0 transition and in-
vestigate the collisional relaxation and redistribution of
the transverse orientation in the J=1 ground state. This
atomic-model system is not only relatively simple in its
theoretical treatment, but above all it is experimentally
accessible. Thus a direct comparison of experimental
and theoretical line shapes becomes possible, which in
.principle allows a determination of the theoretical model
parameters characterizing the atomic collision processes.
In particular, velocity-thermalization rates and cross sec-
tions for depolarizing collisions can be obtained from
our experiments. We will also show that it is possible to
gain information on the rates and velocity changes asso-
ciated with atomic collisions that preserve the transverse
orientation in the studied J=1 ground state of Sm.

The structure of our paper is as follows. To start
with, we briefly explain the basic idea of our experimen-
tal technique. In Sec. III a theoretical description of the
Ramsey-resonance formation is given. The experimental
results are presented in Sec. IV, and in Sec. V we discuss
the measured data such as collisional parameters and
compare them with the theoretical predictions.
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atoms with a velocity centered around A,E/k—:—vo. In
contrast, the counterpropagating probe beam, which is
used for Raman heterodyne detection of the sublevel
coherence, interacts with atoms having the opposite ve-
locity +vo. The probe beam is therefore only capable of
detecting the sublevcl coherence in the velocity interval
centered around +U o [see Fig. 1(d)]; hence, for a
nonzero laser frequency detuning (AE&0) a signal is
achieved only if the active atoms change their velocity
from —vo to +vo, i.e., if they "move" in velocity space.

One well-known mechanism that provides velocity
changes in a vapor are collisions that preserve the inter-
nal atomic state. Here we consider velocity-changing
collisions of the active atoms with added rare-gas per-
turbers. Especially in the case of light perturbers, the
active atoms perform a Brownian motion in velocity
space. ' During this collisional redistribution from the
velocity —v o to other velocities the active atoms are not
affected by the laser fields due to the Doppler effect; as a
consequence, the sublevel coherence evolves at its eigen-
frequency QM [see Fig. 1(b)] and a phase shift between
the sublevel coherence and the oscillatory laser modula-
tion of frequency coM is built up.

II. PRINCIPLE OF EXPERIMENT

The Ramsey-resonance experiment discussed in this
paper is performed in an atomic vapor, in which two
counterpropagating laser fields, the modulated pump and
the unmodulated probe laser field, spatially overlap [see
Fig. 1(e)]. The spectral components of the modulated
pump laser field (carrier of frequency coE and modulation
sidebands of frequencies co@+co~) couple three Zeeman
sublevels of a long-lived, Zeeman-split J=1 ground state
to a common optically excited state with J'=0 [see Fig.
1(a)]. In a resonant-Raman process a coherence between
the Zeeman sublevels is created. This excitation scheme
of sublevel coherence is inherently Doppler-free, in-
dependent from the width of the homogeneous optical
linewidth and is, moreover, insensitive to laser frequency
jitter. '4

In the case of a Doppler-broadened optical transition
and for narrow-bandwidth laser excitation the sublevel
coherence is excited in a single atomic velocity sub-
group, whose width in velocity space is determ. ined by
the homogeneous optical linewidth I [see Fig. 1(d)].
Thus, for a given laser frequency detuning AE with
respect to the center of the Doppler profile a sublevel
coherence is created by the modulated pump field in
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FIG. 1. (a) Modulated excitation process of Zeeman coher-
ence for a nondegenerate J =1—J'=0 transition; (b) free evo-
lution of sublevel coherence during velocity diffusion; (c) detec-
tion process showing Raman sidebands; (d) outline of the ve-
locity selectivity of the excitation and detection of sublevel
coherence in a Doppler-broadened optical transition; (e) experi-
mental scheme for the observation of collision-induced Ramsey
resonances in Sm vapor: BS, beam splitter; PD, photodetector.
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In order to explain the Ramsey-resonance formation,
let us assume that at a certain time t =to an active atom
has been pushed out of the initially excited velocity sub-
group centered around v = —Uo. Since the sublevel
coherence between the

~

hm
~

=1 Zeeman substates is
driven by the modulated pump laser field at frequency
~M, the sublevel coherence exhibits a phase factor given
by exp(+ico~tc); the plus and minus sign is related to
the sublevel coherence p&2 and p32, respectively (see level
scheme in Fig. 1). As has been discussed above, during
the velocity-diffusion process the coherence evolves at its
eigenfrequency Q~. If the active atom accidentally "ar-
rives" after a certain time ~=t —to in the atomic sub-
group with the velocity 0=+Uo, where the interaction
with the probe beam takes place, the time-dependent
phase of both sublevel coherences is then given by
exp[+i ct)M r p+t Q~'( r —ro )]. In this second interaction
zone the sublevel coherence together with the unmodu-
lated probe field [—exp(icozt)] produce, via a double-
resonance process, coherent Raman fields oscillating at
the sum and difference frequencies co~+QM [see Fig.
1(c)],

exp(i co@t ) exp [+i coM to+i QM ( t t o )]—
—exp[i (coF+QM )t ] . (2.1)

In a steady-state experiment, the sublevel coherence is
created at any time to. Thus, for a given velocity
diffusion time ~= t —to, the steady-state coherent Raman
fields (E+) oscillate at the frequencies coE+co~, as can
be seen from (2.1) with the use of r = t —to,

E+ —exp(ico@t }exp[+ico~tc+i QM(t to))—
= exp[i (coF+co~ )t ] exp[+i (Q~ —coM )r] . (2.2)

The second factor in (2.2) reveals the phase shift occur-
ring between the oscillating sublevel coherence (QM)
and the driving laser modulation (co~ ) during the
velocity-diffusion process.

On a fast photodiode the Raman fields (coE+co~) to-
gether with the probe laser field (coE ) yield a heterodyne
beat signal of frequency coM ——

~
co@—(coE+coM)

~
[see

Fig. 1(e)]. The amplitude and phase of this signal direct-
ly reveal the amplitude and phase of the sublevel coher-
ence; thus, using a phase-sensitive detection scheme like
a rf lock-in amplifier or a double balanced mixer, a
phase-sensitive detection of the sublevel coherence is
achieved.

The phase shift (AM —QM )r= EMr resulting f—rom the
free evolution of the sublevel coherence in the field-free
zone becomes especially noticeable in the output signal
of the lock-in amplifier; as a consequence, a Ramsey-type
interference pattern proportional to cos(bMr) appears in
the signal line shape. This interference structure is ob-
served by sweeping the sublevel detuning A~ and it be-
comes increasingly narrow for a larger diffusion time z,
i.e., for a larger distance between both interaction zones
in velocity space. However, due to the distribution of
diffusion times ~ in the atomic ensemble, higher-order
Ramsey fringes (large hM ) are essentially washed out.

In our experiment the motion of the active atoms in
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FIG. 2. Experimental scheme: MS, modulation system; 8,
static magnetic field; A, /4, retardation plate; A, polarization
analyzer; PD, photodetector. The two principal axes of the
A, /4 plate are oriented parallel to the y and z directions, re-
spectively.

velocity space due to VCC plays. a role similar to the
spatial motion of the atoms in an atomic-beam Ramsey-
resonance experiment. Quite analogously one expects to
observe Ramsey fringes, if there is a separation between
both interaction regions in velocity space, i.e., if the
laser frequency Az is detuned from the center of the
Doppler profile.

A more detailed schematic of our experimental ar-
rangement is shown in Fig. 2. The pump beam of fre-
quency mz was phase modulated by means of an
electro-optic modulation system (MS) to yield the modu-
lation sidebands of frequency coE+coM. The carrier and
sidebands were orthogonally polarized with respect to
each other; the polarization direction of the carrier was
chosen to be parallel to the transverse static magnetic
field 8 that lifted the ground-state Zeeman-level degen-
eracy. In this way the carrier only drives the m —m'=0
(n. ) transition, whereas the sidebands solely couple the
optical m —m'=+1 (o) transitions. This modulation
and polarization scheme permits an excitation of Zee-
man coherence in a single velocity subgroup only.

The counterpropagating probe beam was polarized
parallel to the static magnetic field 8 and therefore only
couples the optical ~ transition. The generated coherent
Stokes and anti-Stokes Raman sidebands propagate in
the same direction as the probe field. As a consequence
of the selection rules, the Raman sidebands are linearly
polarized in a direction that is perpendicular to the stat-
ic magnetic field 8. The total field behind the sample
cell can be understood as a modulated laser field, which
exhibits both an amplitude modulation (AM) and fre-
quency modulation (FM) sideband structure. ' ' These
two modulation structures are related to different well-
defined velocity-dependent detection sensitivities of Zee-
man coherence it turns out that in our case the FM-
sideband mode provides a resonant velocity-selective
detection of the Am = 1 Zeeman coherence, as shown in
Fig. 1(d). The FM sideband contributions can be moni-
tored by means of a A, /4 plate which introduces an opti-
cal phase shift of n/2 between the carrier and the Ra-
man sidebands. ' The polarization analyzer A behind
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the A, /4 plate finally projects the carrier and Raman
sidebands along a common direction in order to enable
an optical interference at the photodiode (PD). The
heterodyne beat signal is then detected by a phase-
sensitive rf lock-in amplifier.

The Hamiltonian for the atom is

H=Hp+HJ,

Hr = —P EM —P E

(3.3a)

(3.3b)

III. THEORY

In this section the Raman heterodyne signals (RHS)
are calculated with the use of the density-matrix formal-
ism, which describes the interaction of the atomic sys-
tem with the laser fields. At first we solve the resulting
equations of motion in the absence of collisions in order
to explain the basic features of the velocity-selective ex-
citation and detection of sublevel coherence. The effects
of collisions of the active atoms with perturber atoms
(buffer gas) are then taken into account and the modified
equations of motion are solved in a perturbative treat-
ment under steady-state conditions. The theoretical pre-
dictions on the influence of velocity-changing collisions
are discussed and the resulting signal line shapes are in-
terpreted as Ramsey-type resonances. Finally, explicit
line-shape expressions are derived using a Fokker-Planck
as well as a Keilson-Storer description of the velocity-
diffusion process.

(3.4b)

thus the nonvanishing matrix elements of the Hamiltoni-
an can be written in the form

H44 ——AQE,

H33 ———H&& ——gJPaB =—WQ

024 ———fi(a e +c.c. )

(3.5a)

(3.5b)

(3.5c)

I CO t —jk X
iR(a—e +c.c. ), (3.5d)

where Hp is the free-atom Hamiltonian and Hz includes
the atom-field interaction in the dipole approximation.
In the basis of eigenstates

I

i ) the relevant dipole matrix
elements p;z are given by'

(3.4a)

A. Atomic system and laser fields
H34 —H i4 e (3.5e)

Let us consider an atom consisting of a long-lived
J= 1 ground state and an optically excited state with an-
gular momentum J=O, see Fig. 1(a). The ground-state
m levels are split by a static magnetic field B applied in
the z direction which is chosen to be the quantization
axis. A vapor of such four-level atoms interacts with a
pump laser beam propagating perpendicular to the static
magnetic field B. The laser light is modulated at fre-
quency AM, the corresponding spectral components are
polarized in such a manner that the carrier with frequen-
cy coE only drives the m transition and that the sidebands
with frequencies co+ ——coE+coM only couple the o transi-
tions,

(3.6a)

1 PE
v'2 2A'

pE
p

(3.6b)

(3.6c)

Here gJ denotes the Lande g factor and pz is the Bohr
rnagneton. The dipole coupling strengths a,a, and o.p
are defined by

77 l cOE I —IkX

2
e E +c c. z

Eg I co+ t —Ik x+ e + + +c.c. y2

Eg I'co t —lk x+ e +cc. y.
2

(3.1)

In Eqs. (3.6a) —(3.6c) a and a~ are taken to be real. In
general, the coupling strength n is complex; its phase
reveals the modulation structure of the incident pump
light, e.g. , an imaginary a describes a frequency modu-
lation and a real e an amplitude modulation of the
pump beam, respectively.

'I

B. Raman heterodyne signals in the absence of collisions

It should be mentioned here that a polarization scheme
of this kind can experimentally be realized.

In addition to the modulated pump field, the vapor is
irradiated either by a copropagating (@=1) or counter-
propagating (e= —1) unmodulated probe beam with fre-
quency coE,

E =
p

EP Ice)E t l Ckx
+C.C.

,
z (3.2)

The probe beam is linearly polarized and drives only the
~ transition.

In this section we consider the excitation mechanism
of optically induced sublevel coherence for atoms in a
Doppler-broadened optical transition. It will be shown
that individual multipole components can be created in a
single velocity subgroup by a proper choice of the modu-
lation structure of the excitation field. Further on we
describe in detail the phase-sensitive detection of sublev-
el coherence with the use of the Rarnan heterodyne tech-
nique; finally, explicit line shapes are calculated for the
case of a copropagating and a counterpropagating probe
beam. At this stage, we will neglect the effects of col-
lisions.
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1. Velocity sel-ective excitation of sableuel coherence

We describe the behavior of the atomic system by
means of the density-matrix formalism. The density-
matrix equations of motion for an atomic ensemble with
an axial velocity component v (u =v.x) are given by

l—+U p= ——Hp +.
()t Bx

(3.7)

I', a IE
—(a*—a )—,'XR'(u) (3.8a)V'2 ' (ku+kup) +I ~

( ibM+y«)p—~(u)

sa I E.(a*+a )—', NS'( u )v'2 ' (kv+kup)'+ I F.

(3.8b)

Here, we have written the transverse orientation p &
and

the transverse alignment p &
in the field-interaction repre-

sentation

where the ellipses represent the phenomenological addi-
tion of damping terms. Although the Hamiltonian
H=HD —p E~ —p Ez contains both the effects of the
pump and probe fields (EM and Ez), we first consider
only the interaction of the atoms with the pump beam.
This simplification is valid for a sufficiently weak probe
field, so that any pumping or relaxation effects due to
the probe beam can be neglected; the interaction of the
probe beam with the atomic ensemble will be treated
later on in a lowest-order perturbation calculation.

The density-matrix equations (3.7) can be solved in a
straightforward steady-state perturbation calculation (see
Appendix A). With the assumption of equal dipole-
coupling strengths (

I
a

I

=
I a~ I

) and for the case of
small sublevel detunings (b,M ( Iz ), the relevant
ground-state multipole components are given by

( i b M + Y «)p—I( v )

selective creation of oscillating ground-state sublevel
coherence caused by modulated, narrow bandwidth laser
excitation of a Doppler-broadened optical transition. If
the modulation structure of the driving pump field is
chosen properly, individual multipole components can be
induced; an amplitude-modulated pump field (a is real)
results in an excitation of transverse alignment, whereas
a frequency-modulated field (a is imaginary) only
creates a transverse orientation.

If the modulation frequency co~ is tuned, a narrow
resonance is created for AM ——co~ —QM ——0. The width
of this resonance is solely determined by the effective
lifetime 1/y„of the ground-state sublevel coherence and
can thus be much narrower than the optical linewidth
I E. Furthermore, the width of the sublevel resonance is
not affected by laser frequency jitter, since only the fre-
quency difference of the carrier and sidebands of the
driving laser field is essential for the occurrence of the
resonance.

2. Signal detection

S;„=Ep Re(mFM)

Sq„E~ Im(mFM), ——
(3.11a)

(3.11b)

A phase-sensitive detection of sublevel coherence is at-
tainable by means of the Raman heterodyne technique.
In Appendix B we derive expressions for the Raman
heterodyne signals related to the special case considered
in this paper; here, we only present the calculated re-
sults.

In the following we suppose that the sublevel coher-
ence has been excited by a frequency modulated pump
beam. It is shown in Appendix B that in this case only
the Raman heterodyne signals obtained in the FM-
detection mode permit a velocity-selective detection of
sublevel coherence. The resulting "in-phase" and "quad-
rature" Raman heterodyne signals (S;„and Sq„) can be
written as

1 —1 'M~p]=p &e (3.9a)
where the modulation parameter m FM is given by

(3.9b)

kUO =AE =QE —coE

(3.10a)

(3.10b)

where Uo is the velocity of those atoms that are resonant-
ly driven by the laser field.

The result (3.8a) and (3.8b) describes the velocity-

In Eqs. (3.8a) and (3.8b), X is the atomic-number density
and 8'( u ) denotes the one-dimensional Maxwell-
Boltzmann velocity distribution [see Eq. (A8b) in Appen-
dix A] with u being the most probable speed in thermal
equilibrium. The Doppler width given by ku, is assumed
to be large compared to the homogeneous optical
linewidth I E that is determined by the spontaneous de-
cay of the optically excited state. The rate y„phenome-
nologically describes the decay of the multipole com-
ponents towards thermal equilibrium due to the transit
time of the atoms through the laser beam. The detuning
parameters are defined by

kL &p + r,
IFM= P dv p |(u)

eo 2' (kup+ekv ) +I z
(3.12)

3'~r
Sin-&ppapa~

I
a~ I 2 2~m+1'~ [(kvo —«uo)~2] +I z

—(UO/u )2

Xe (3.13a)

This result allows the calculation of the RHS providing
the velocity distribution of the transverse orientation

p I(v ) is known. The resonance denominator in Eq.
(3.12) illustrates the velocity-selective detection sensitivi-
ty for p I(u ); the main contributions to the RHS stem
from those atoms with velocities U = —DUO.

In the absence of collisions, explicit RHS line shapes
can be obtained with the use of the perturbation solution
for p I(u), Eq. (3.8a). In the Doppler limit (ku &)I E)
the following in-phase and quadrature signals are de-
rived:
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r,
S„„-EpPapcz a~ 2 2b~+y„[(kuo —e'kuo)/2] +1 ~

—(Uo/u )
2

Xe (3.13b)

The signal dependence on the laser frequency detuning
Az ——kuo recovers for a copropagating probe beam
(e= 1) the Doppler profile exp[ —(uo/u ) ], whereas for a
counterpropagating probe (e'= —1) a Doppler-free
Lorentzian resonance of width I z centered at kvo ——0 is
obtained. As a function of the sublevel detuning A~ the
signals show in both cases (@=+1) Lorentzian reso-
nances of width y„rejecting the resonance behavior of
the sublevel coherence.

3. Relationship to four waue -mixin-g processes

In terms of nonlinear optics, the Raman heterodyne
technique discussed here can also be interpreted as a res-
onant four-wave-mixing process. ' This is reAected in
Eqs. (3.13) by the threefold product of dipole-coupling
strengths (a&a

~

a
~

) thus indicating a third-order pro-
cess. The three ingoing waves forming part of the non-
linear wave-mixing process consist of one of the side-
band fields with frequency ~z+coM, the carrier field
(co@), and the probe field (co@). For simplicity we will
restrict the following discussion to the presence of only
the upper sideband with frequency ~z+coM, it will be-
come clear that similar considerations also hold for the
lower-sideband case.

The corresponding four-wave-mixing process can then
be depicted schematically as shown in Fig. 3(a); the
modulation sideband (E ) and the carrier field (E )

drive the sublevel coherence via a resonance Raman
transition; the probe field (E~ ) resonantly couples to this
sublevel coherence and yields the coherent Raman side-
band at frequency coz+coM —coz+coE ——coz+~M. Let us
assume that the pump and the probe beam propagate
under some angle 9 with 0 (0 ( 180' [see Fig. 3(b)].
With k~ denoting the wave vector of the probe beam,
the phase-matching condition then reads
k + k +kp —kp i.e., phase matching is fulfil led au-
tomatically for modulation frequencies co~ in the rf and
microwave range [(coM/co@) &&1]. As a consequence,
the fourth wave is emitted always in the same direction
as the ingoing probe field and thus can be detected easily
via optical heterodyning on a fast photodetector with the
probe field acting as a local oscillator. Obviously, this
wave-mixing process can also be viewed as a mul-
tiresonant coherent anti-Stokes Raman scattering
(CARS) process. '

As already discussed above, in principle two different
geometries are possible corresponding to copropagating
(e= + 1, 0=0) and counterpropagating (e= —1,
0=180') pump and probe fields, respectively. (i) @=+1:
In practice, the pump and probe fields will be sent into
the sample under some small angle 0 « 1; otherwise the
probe beam signal cannot be detected separately. This
situation was realized experimentally in studies of Zee-
man coherence in the sodium ground state using the Ra-
man heterodyne technique. (ii) e= —1: With no col-
lisions being present, a Doppler-free signal occurs for

Az ——0 when the Doppler detuning Az is varied for a
fixed modulation frequency coM. If at the same time the
sublevel detuning A~ ——~M —AM equals zero, the
Doppler-free heterodyne signal displays a resonance Ra-
man enhancement; this phenomenon was observed re-
cently in Sm vapor on the Sm X=570.68-nm line.

The geometry of counterpropagating pump and probe
fields is of special interest with respect to the present
work; in the following we will analyze the occurrence of
Raman heterodyne signals for a nonzero Doppler detun-
ing. It will become obvious that new signal features
arise in the presence of velocity-changing collisions.

C. Raman heterodyne signals in the presence of collisions

When buffer-gas atoms are present in the sample cell,
collisional relaxation and redistribution of the density-
matrix elements have to be considered. In our treatment
we regard the effects of both depolarizing and velocity-
changing collisions on the ground-state sublevel coher-
ence of the atoms. In contrast to this, we neglect the
effects of VCC on the optical coherences and only take
into account the collisional dephasing of the optical di-
poles. With these assumptions, the corresponding
density-matrix equations of motion can be solved in a
steady-state perturbation calculation which yields the ve-
locity distribution of sublevel coherence. In this section
we calculate the resulting RHS supposing a frequency-

lk

E~ E„EpC,

probe (E .k )
p p

pUmp
(E,k,;E 4) SAMPLE

FIG. 3. (a) Diagram for the representation of the Raman-
resonant four-wave-mixing process. The created Rarnan side-
band is depicted by the dashed line. (b) Schematic of the beam
geometry. Pump and probe field propagate under some angle 0
with respect to each other. k+ and k are the wave vectors of
the pump field components E and E, respectively; k~
denotes the wave vector of the probe field E~.
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Inodulated pump and a counterpropagating probe beam.
It will be shown that the resonance structure of the
monitored sublevel coherence reveals the temporal be-
havior of the velocity-diffusion process caused by col-
lisions; the obtained signal line shapes show the charac-
teristics of the well-known Ramsey fringes.

1. Velocity distribution of sublevel coherence

In order to describe the influence of the collisional re-
laxation and redistribution effects on the density matrix,
one can simply add to the equations of motion (3.7) ap-
propriate damping and transport terms arising from col-
lisions.

The collisional dephasing of the optical dipoles leads
to a pressure broadening I"„iof the homogeneous opti-
cal linewidth I E, thus we simply replace I E by I
=I E+I „i. The sublevel multipole components are as-
sumed to decay isotropica11y, i.e., we ignore possible col-
lisional coupling between different multipoles. The re-
laxation rate for the considered transverse orientation
may be written as y =y„+y„]where y„describes the
effects of a finite transit time in the laser beam and y„&
denotes the depolarizing collision rate. The collisional
transfer of the orientation with axial velocity v' to other
velocities u is described by the real collision kernel
W(u'~v ); the corresponding rate for VCC is given by

yvcc ——f dv'W(u' —+u) . (3.14)

where I(u ) reveals the velocity selectivity of the laser ex-
citation,

I(u)=a
~

a
~

— —NW(u)
2 r

2 (kuo+ku ) + I

The formal solution of (3.15) is given by '

p I(v)= f du'G(u'~u)I(v'),

(3.16)

(3.17)

where the propagator G(v'~u ) satisfies the propagator
equation

( i~~+ y+yvcc—)«v'
=5(u u')+ f dv—"G(u'~u") W(u "~u ) .

(3.18)

Instead of solving (3.18) directly, we write G(u'~u ) in
the form

G(v'~u)= f tdp( 'u~v, t)e
0

(3.19)

where p(u' —+u, t) is the solution of the Boltzmann trans-
port equation,

For simplicity, all rate constants are taken to be velocity
independent. Under these assumptions one obtains the
following transport equation for the transverse orienta-
tion p I(v):

( —ib~+y+yvcc)p I(u ) =I(u )+ f du'W(v'~v )p I(u'),

(3.15)

—p(u'~u, t)

This result can be simplified, if we consider the velocity
distribution of p &(v) only for velocities u lying far out-
side the initially excited subgroup,

~

u+uo
~

&&I /k. In
this case I(u') in the integrand is a highly peaked func-
tion around O'= —U0, the integration over U' can then
be performed and one obtains

1/2
—( l )

ku

Q f dtp( uo~v, t)e—
0

(3.22)

This equation describes the collisional velocity distribu-
tion of the sublevel coherence p i. The time t itself can
be interpreted as the time that has passed since the exci-
tation of the sublevel coherence. A group of atoms that
needs a time t for the diffusion process from —U0 to U

yields a contribution to p ~(v) that is proportional to
exp[( —y+i b~)t]. The factor exp( yt+i b~—t )

characterizing a single contribution can then be under-
stood as follows: the first exponential just reflects the
decay of sublevel coherence during the diffusion time t;
the second term gives rise to an accumulating phase shift
AMt between the oscillating sublevel coherence and the
driving modulation of frequency AM. The coherence p &

is thus seen to oscillate during the velocity-diffusion pro-
cess at its eigenfrequency QM ——~M —hM. This behavior
may be interpreted as a free evolution of the sublevel
coherence in time; if the active atoms have been re-
moved from the optically excited velocity subgroup, no
interaction between the atoms and the laser fields takes
place due to the Doppler eifect. The integration in (3.22)
can be interpreted as a weighted average of the sublevel
coherence contributions over all possible times t.

2. Signal line shapes: Interpretation
as Ramsey resonances

We can now calculate the Raman heterodyne signals
referring to the results of Sec. III B. In the FM-
detection mode the counterpropagating probe beam
picks up the sublevel coherence in the velocity subgroup
U =U0+I /k. In the Doppler limit we obtain for the
modulation parameter mFM, by use of Eq. (3.12) and
(3.22),

= —yvccp(u'~v, t)+ f du "p(v'~u")W(u "~u),
(3.20)

with the initial condition p(v' —+u, t =0)=5(v —u'). The
Laplace transformation (3.19) provides a simple interpre-
tation of the RHS line shape as will become obvious
later on. The function p(u'~u, t) denotes the probabili-
ty to find an atom at time t with velocity U, if it had a
velocity v at time t =0. The velocity distribution of
p I(v ) can then be written as

p I(v)= f dt f du'I( v')p( u'~ v, t) e
0 OO

(3.21)
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—(Uo/u) 2

mFM ——(CFM /E& )e

oo —(y —ihM )t
dt p( —vp~vp, t)e

0

where

1 rt kI P,Et, at, a

(3.23)

(3.24)

~ exp(-yt) P(-vp-vp, t)

The resulting in-phase and quadrature RHS are then
given by

Time t

S;„=I dt F(t)cos(bMt),
0

S „=I dt F(t)sin(bMt),
0

where
—(uo /u)F(t)=CFMe p( vp~—vp, t)e

(3.25a)

(3.25b)

(3.26)

FIG. 4. Outline of the distribution function F(t) (solid line:
) for the velocity-diffusion process from velocity —Uo to

+Uo. F(t) is decomposed into a product of two functions:

p( —UO~Uo, t) describes the collisional velocity diffusion of the
active atoms with sublevel coherence neglecting loss terms,
whereas the exponential exp( —yt) describes the losses of sub-

level coherence.

Let us now discuss some properties of the signal line
shapes (3.25a) and (3.25b) without an explicit use of a
particular velocity distribution p( —vp~vp, t). The sig-
nals depend on two detuning parameters, the laser fre-
quency detuning AE ——kUo within the Doppler profile
and the detuning hM of the modulation frequency AM
from the Zeeman splitting Q~. The corresponding sig-
nal line shapes have a simple interpretation, when we
consider the signal dependence on the sublevel detuning
for a fixed laser frequency detuning b,E&0; the signal
equations (3.25a) and (3.25b) have the same form as
those equations derived for the description of usual
Ramsey-resonance experiments in atomic beams, where
the atoms pass two rf fields separated in local space.
In our case, the atoms move in velocity space from the
velocity —Uo to +vo due to VCC. During the time re-
quired for the velocity-difFusion process no interaction
between the atoms and the laser fields takes place and
the sublevel coherence thus evolves at its eigenfrequency
QM. The corresponding phase shift A~t between the os-
cillating coherence and the driving modulation results in
a signal contribution that is proportional to cos(AMt),
thereby showing the well-known Ramsey fringe pattern.
In order to obtain the entire signal, one has to average
the signal contributions over the distribution of diffusion
times F(t).

A qualitative plot of the function F (t) is shown in Fig.
4. For an increasing time t, p( —vp —+vp, t) typically in-
creases towards the thermalization value given by the
Boltzmann velocity distribution. If the decay factor
exp( —yt) is taken into account, F(t) displays a certain
maximum at time t =w. Thus the main contribution to
the signal stems from atoms with sublevel coherence
with this most probable diffusion time ~ and one expects
to see Ramsey fringes proportional to cos(AM~). Of
course, to a certain degree the fringe structure is washed
out due to the width of the distribution function F(t).
The value of the most probable diffusion time ~ as well
as the width of the distribution function F(t) are partly
determined by the decay term exp( —yt); it turns out
that the decay of sublevel coherence is essential for the
occurrence of the Ramsey fringes. This is in contrast to
the behavior of Ramsey resonances obtained in atomic-

beam experiments, where a decay term results in a de-
crease of the resonance amplitude rather than in a
change of the fringe pattern. Quantitative RHS line
shapes can only be obtained by choosing a specific col-
lision model that gives rise to a corresponding distribu-
tion function p ( —pv~ pv, t).

Just as in the absence of collisions, the signal forma-
tion can be interpreted again as a four-wave-mixing pro-
cess. In the pr'esence of collisions and for a nonzero
laser detuning AE, however, a certain time delay be-
tween the coherent excitation and detection processes is

present due to the finite diffusion time ~; the four-wave-
mixing process is "split" into two parts which occur suc-
cessively with the time delay v..

3. Fokker-Planek model

The calculation of the Raman heterodyne signals re-
quires a solution of the Boltzmann transport equation
(3.20) with the use of a particular collision kernel
W(v'~v). However, the basic features of the line
shapes can be explained with a much simpler approach:
if we assume a Brownian-motion-type collision model,
i.e., "weak" collisions, and if we consider times that are
large compared to the inverse collision rate (tyvcc »1),
the Boltzmann equation reduces to a Fokker-Planck (FP)
equation. ' '

The first condition can be adopted if the mass ratio of
the perturber and active atoms is much less than unity
(m~ /m „&&1 ); the second condition can be met, if
significant signal contributions only - arise for times
t &~ 1/y vcc, i.e., if it takes several collisions for a
transfer from the velocity —Uo to +Uo. This condition
demands a laser frequency detuning kv that is larger
than the Doppler shift kAu(kvp »kb, u) resulting from
the characteristic collisional velocity change Au and that
is larger than the bandwidth I (kvp » I ) of the initially
prepared atomic subgroup.

The solution of the resulting Fokker-Planck equation
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with the initial condition p (vp~v, t =0)=5(u —up).

p (up~u, t) is given by' '

p ( vp~u, r)

1

&~u [1—exp( —2ythr)]'~

[u —uoexp( —7tht) ]
Q exp

u '[1—exp( —2y,hr)]
(3.28)

The solution (3.28) describes at any time a Gaussian ve-
locity distribution of width u [1—exp( —2y,ht)]' cen-
tered at upexp( —y,ht). The rate y,h can be interpreted
as an effective decay rate of a given velocity anisotropy
towards thermal equilibrium; it is related to the collision
rate yvcc and to the collisional velocity change Au by'

2
1 Au

Vth Xvcc 2 u
(3.29)

at
p(uo~u, t)

a u
=l'th [up (uo~u~r)l+)'th

U BU
p(uo —+u, t),

(3.27)

that the line shape of the resonances drastically depends
on the laser detuning; especially for large detunings kUo
the Ramsey resonance pattern becomes more and more
pronounced. This is in contrast to the behavior of Ram-
sey resonances observed in atomic-beam experiments,
where a larger distance between both interaction zones
only leads to a reduction of the resonance linewidth and
not to a change of the Ramsey fringe pattern.

Figure 5 also shows that the linewidth of the sublevel
resonances decreases with increasing laser detuning kU

and can yield values that lie belo~ the "natural" limit
that is given by the lifetime 1/y of the sublevel coher-
ence. This linewidth narrowing is a direct consequence
of the collisional diffusion process in velocity space: the
typical time required for the diffusion of atoms with sub-
level coherence from velocity —Uo to +Uo becomes
larger for a larger "distance" in velocity space; hence,
only the fraction of atoms whose sublevel coherence has
"survived" during the period of the diffusion process can
contribute to the signal. If this period is larger than the
lifetime 1/y of the sublevel coherence, the correspond-
ing signal contribution shows resonance structures that
are narrower than expected from the lifetime 1/y.

With the use of the solution (3.28) the in-phase RHS is
obtained according to Eq. (3.25a) with F(t) given by

CPM exp[ —( uo /& ) ]F(r)=
&mu [1—exp( —2y, ht )]'~

2
up 1+exp( —y,ht)

&(exp —y t-
u 1 —exp( —y,ht)

(3.30)

For a given laser frequency detuning the signal line
shape thus depends on two parameters only, the
thermalization rate yth and the decay rate y of the sub-
level coherence. However, the characteristic form of the
sublevel resonance is solely determined by the ratio
yth/y, which describes the degree of collisional thermal-
ization within the lifetime of the sublevel coherence.

A simple analytical line-shape expression can only be
obtained in the limit yth/y ~, i.e., in the limit of an
infinite ground-state lifetime. Then a complete thermali-
zation of the sublevel coherence velocity distribution
takes place and Eq. (3.25a) yields

C

X

CO

UJ

O0
K
LLj

Lil
X
X
X
K

x25

x250

2.O

1.0

CFMexp[ —(uo/u) ]~.(~M)~
~M+X'

(3.31)

In this limit, as well as in the absence of collisions
(yvcc/y =0, see Sec. III B2), the RHS show Lorentzian
resonances of width y; no Ramsey resonance structure is
obtained.

For other values of yth/y, the integration has to be
performed numerically. A typical result of a numerical
line-shape calculation according to Eqs. (3.25a) and
(3.30) is shown in Fig. 5, where the in-phase RHS are
displayed as a function of the sublevel detuning A~ for
different laser frequency detunings kUO. It can be seen '

I I 1

0 10
SUBLEVEL DETUNING h~/y

FIG. 5. Calculated RHS as a function of the normalized
sublevel detuning AM /y for different normalized laser frequen-
cy detunings Az/g& ——vo/u: (a, vo/u =0.10; b, vo/u =0.19; c,
vo/u =0.57; d, vo/u =0.86). The calculation is based en the
FP description using the parameter value y, ],/y=0. 18. The
resulting RHS show narrow interference patterns of widths ly-
ing below the value 2y; a linewidth (FWHM) of 2y corre-
sponds to the lifetime 1/y of the sublevel coherence.
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As a measure for this "typical" time t one may regard
the most probable diffusion time ~; in the case
y,h/y « 1 (incomplete thermalization) we obtain ap-
proximately a linear relationship between ~ and vp/u,

with

1W„(v'~u) = — exp
i/7r b, u„

2
U —a V

n

(3.36b)

1/2
vp

(3.32)
hu„=u(1 —a ")'~ (3.36c)

'V th'7

CFM
1/2

1

2ft

Consequently, the width of the sublevel resonance is ex-
pected to be roughly proportional to the inverse laser
frequency detuning within the Doppler profile.

Figure 5 also indicates that the RHS amplitudes
strongly decrease with increasing laser detuning. One
may again derive a simple expression for the RHS ampli-
tude in. the limit y,h/y « 1,
S;„(b,M ——0}

2
y VCC

~M +(y+ y vcc)'

(,n +1)/2

with

X W„( —uo ~vo )cos[(n + 1)P] (3.37a)

Using this solution we find according to Eqs. (3.25a) and
(3.26) for the in-phase RHS in the limit kuo ))I

—(UO/&)
FMe

Sln =
'Yvcc

tant'=~M /('Y+'Yvcc) (3.37b)

Q exp
Vp

2

-2 2y
7th

1/2
Vp

(3.33)

2y
exp —2

7 th

1/2
Up

=exp( —2yr), (3.34)

where we have used the expression (3.32) for the most
probable diffusion time ~. This result indicates that the
decrease of the RHS amplitude mainly stems from the
decay of sublevel coherence during the time required for
the diffusion process.

This line shape is the usual Gaussian Doppler profile
mult&plied by a narrow exponential that may be written
in the form

Line shapes analogous to (3.37) have been derived from
the analysis of optical-pumping experiments with the
direction of the pumping polarization being modulated. "
In (3.37), the nth summand describes the average effect
of n collisions; the corresponding sublevel resonance
displays a fringe structure proportional to cos[(n +1)P]
that becomes increasingly narrow for large n, i.e., for a
large diffusion time t =n/yvcc. The entire signal is ob-
tained by summing up the contributions arising from all
collision events, ' as a consequence, the fringe pattern will
again be washed out to a certain extent.

The parameters a, yvcc, and y can in principle be
determined by fitting the line shape (3.37) to the mea-
sured curves. In Sec. V we describe the results of such
fitting attempts based on both the KS and the FP model.

4. It eilson-Storer model IV. EXPERIMENT

XvccW(u'~u }= — exp
i/orb, u

(3.35)

where bu =u(1 —a )' is the kernel width. The pa-
rameter a (0&a& 1) describes the strength of the col-
lisions; if, e.g. , a is close to one, the collisions are weak,
whereas for a=0 one collision is sufficient to thermalize
the sample. The solution of the Boltzmann equation
(3.20) with the kernel (3.35) is given by

p(u'~u, t)

t vcc& ( YVCC=e 5(v' —u)+ g W„(u'~u)
n!

(3.36a)

If the assumptions made in the Fokker-Planck approx-
imation cannot be justified, one has to seek for a solution
of the more general Boltzmann integral equation (3.20)
with the use of a specific collision kernel W(u'~u).
Here we choose the phenomenological and analytically
tractable Keilson-Storer (KS) kernel

2

The experiments were performed in atomic samarium
vapor using the Sm X=570.68-nm 4f 6s Fi

~4f 6s6p Fo line for optical excitation. In this partic-
ular Sm transition it is possible to excite a single even
(I =0) Sm isotope component; thus an essentially pure
J=1—J'=0 transition is experimentally accessible. The
collision studies were carried out with rare-gas per-
turbers at various pressures; due to the low Sm number
density used in the experiments (see Sec. IV A 2), col-
lisions between Sm atoms were neglible.

In this section we will first give some details of the ex-
perimental apparatus and then present the main results
of the measurements.

A. Experimental arrangement

The experimental setup is shown schematically in Fig.
2. The beam of a single-mode cw dye ring laser (band-
width 10 MHz) was split into two parts in order to yield
the counterpropagating pump and probe beams, which
were then spatially superimposed in the Sm vapor cell.
The laser-beam diameters (1/e intensity drop) of the
pump and probe beams in front of the sample cell were
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EWSTER-
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FIG. 6. Outline of the modulation system to yield orthogo-
nally polarized carrier (E ) and sideband (E ) fields of adjust-
able strengths and definite phase relationship. EQM, electro-
optic modulator; PS, electro-optic phase shifter (for details see
text).

0.8 and 0.5 mm, respectively. The optical power typical-
ly was about 1.5 mW in each beam. At these laser inten-
sities the observed Raman heterodyne signals did not
show any saturation behavior.

1. The modulation system

The pump beam was modulated at the rf frequency
AM ——2~&10.0 MHz to produce the optical sideband
fields with frequencies coz+co~,' the corresponding
electro-optic modulation system is depicted in Fig. 6.
The ingoing pump beam was linearly polarized in a
direction parallel to the static magnetic field 8 and then
sent through a transverse electro-optic modulator
(Gsanger LM 202). The modulator consists of two pairs
of orthogonally arranged ammonium dihydrogen phos-
phate (ADP) crystals to compensate for temperature
drifts of the birefringence. The main axes of the ADP
crystals were oriented at 45' with respect to the polariza-
tion direction of the incident laser beam. This
configuration permits a modulation scheme of the laser
light, where the modulation sidebands are polarized per-
pendicular to the external field B, while the carrier is po-
larized parallel to the 8 field; in addition, the carrier and
sideband fields exhibit a phase relationship correspond-
ing to a pure frequency modulation. Although carrier
and sidebands have orthogonal polarization directions,
the laser beam can be regarded in a more general sense
as being frequency modulated.

The modulator was part of a resonantly tuned I.C cir-
cuit driven by a frequency synthesizer (Rhode und
Schwartz SMS) in combination with a rf power amplifier
(ENI 310L). With an applied rf power of 0.1 W the pro-
duced laser sidebands contained about 3% of the in-
cident laser power. Thus the corresponding modulation
depth was low enough to neglect signal e6'ects due to the
generation of higher-order sidebands at frequencies
co~+ncoM (n & 1). On the other hand, due to this low
modulation depth the amplitude of the carrier E was
much larger than the sideband amplitude E . In order

to meet the theoretical requirement of equal dipole cou-
pling strengths for the ~ and o transitions of the Sm
line, we attenuated the carrier with respect to the side-
bands by using the polarization dependence of the
reAection coefficient of an uncoated quartz plate oriented
near Brewster's angle. The fine tuning of the required
amplitude ratio E /E =1/&2 was achieved by control-
ling the modulation depth via the rf input power. Final-
ly, a second electro-optic device (EOD PC19) was used
to compensate for possible phase shifts between the car-
rier and sideband fields resulting from refIections at the
dielectrically coated mirrors.

The proper alignment of the whole modulation system
was controlled by monitoring the beat signal of carrier
and sidebands after their passing through an analyzer to
allow for interference. In the case of a pure frequency-
modulated light beam the beat signal should not show
any intensity modulation at the modulation frequency

In practice, however, the light beam contained
spurious AM contributions; the amount of the residual
AM-sideband amplitude was measured to be less than
1.5% compared to the corresponding FM-sideband am-
plitude.

2. The sample

Natural Sm consists of seven isotopes; among these
isotopes ' Sm and ' Sm are the most abundant ones.
The considered A, =570.68-nm Sm line possesses large
isotope shifts with the ' Sm line lying at the end of the
low-frequency side and the next isotope component be-
ing the ' Sm line with a + 990-MHz separation. " Ac-
cording to the Lande factor of gJ ——1.5 for the J =1
ground state of the even Sm isotopes, the Bohr fre-
quency of the Zeeman splitting between the m sublevels
is given by flM ——2'�&&21.0 MHz (8/mT). Using cell
temperatures of about 1000 K, the resonant small-signal
absorption coefficient of the ' Sm transition was mea-
sured to be 0.03 cm '; from this value a ' Sm number
density of 4)&10' cm can be estimated. The total
Sm number density then yields 5 & 10' cm, which cor-
responds to a Sm-Sm collision rate of approximately 10

assuming a hard-sphere model.
At a cell temperature of 1000 K the width of the

Doppler-broadened transition amounts to ku =2m&580
MHz; the homogeneous optical linewidth [half width at
half maximum (HWHM)] is 2'�&&230 kHz according to
the lifetime (340 ns) of the excited I'o state. The pres-
sure broadening of the homogeneous optical linewidth
was measured in the case of Ar perturbers resulting in a
pressure-broadening coefficient of about 2~ X 19 kHz/
Pa. ' It can be assumed that the corresponding broaden-
ing coefficients for the other rare-gas perturbers are of
the same order of magnitude.

The Sm vapor was contained in an aluminum-oxide
ceramic tube of 1.8-cm diameter and 20-cm length with
mounted brass fittings to hold the fused quartz cell win-
dows; the windows could be rotated to allow for com-
pensation of stress birefringence. The ceramic tube
could be evacuated to 10 Pa by means of a small turbo
molecular pump, which was well suited to avoid the
infiltration of pump oil vapors. With this arrangement,
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the Sm cell could be run continuously for about one
week without refilling. For the collision studies, the
pressures of the added rare-gas perturbers
(He, Ne, Ar, Kr,Xe) were varied from about 30 to 500 Pa.
The pressure was measured either with a thermoelectric
instrument calibrated by a McLeod pressure gauge (Ed-
wards Vacustat 2) for pressures below 100 Pa, or with a
capacitance manometer (MKS Baratron 222) in the pres-
sure range above 100 Pa. The ceramic tube was heated
over a length of 6 cm by an electric ceramic oven with
the heating current being pulsed in 10-ms intervals. The
output of the photodetector (see below) was electronical-
ly blocked during these times in order to suppress signal
contributions arising from magnetic stray fields of the
heating current. The whole cell was placed between two
Helmholtz coils which produced the transverse static
magnetic field B. Additional coils were used to compen-
sate for the earth's magnetic field.

3. The detection system

The unmodulated probe beam (see Fig. 2) was polar-
ized parallel to the magnetic field B. Behind the sample
cell the probe field and the orthogonally polarized Ra-
man sidebands passed through a A, /4 plate which was
carefully aligned to yield the required phase retardation
of ~/2 between the probe field and the Raman side-
bands. The polarization analyzer A was inserted with
an angle of about 45 with respect to the z direction.
With this detection scheme the FM RHS could be
recorded, see Appendix B. Let us mention that due to
residual optical misalignments and imperfections a frac-
tion of about 0.3% of the corresponding AM RHS was

present in the observed FM RHS; however, these addi-
tional signal contributions due to crosstalk effects were
neglible under the experimental conditions considered in
this paper.

The optical heterodyne beat signal was produced in a
fast p i ndiode (C-en-tronic OSD 1-3HSA). The ac com-
ponent of the photodetector signal was amplified by a
30-dB rf preamplifier and then sent through a bandpass
filter (bandwidth is 2 MHz) before reaching the rf lock-
in amplifier (Princeton 5202). The heterodyne beat sig-
nal was demodulated with respect to the rf frequency of
the synthesizer using a typical integration time of 0.1 s;
the resulting in-phase and quadrature components were
sent to a minicomputer for data storage and signal
averaging. Here we will only present results of the in-
phase (cosine) signals.
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CO

~~

i

5 MHz

O0
CC

x25

0 MHL
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quency was tuned to the central peak of the Doppler-
free resonance at kuo ——0 of the ' "Sm line. The desired
frequency detuning then was adjusted with respect to
this position; the laser-tuning elements were calibrated
by means of the 990-MHz separation between the ' Sm

152and Sm isotope components. By this procedure the
laser-frequency detunings could be determined with an
accuracy of about 20 MHz.

In Fig. 7 typical in-phase FM RHS are shown as a
function of the sublevel detuning A~ ——co~ —Q~ with
the laser frequency detuning as a parameter; here He
buffer gas was added at a pressure of 70 Pa. The sublev-
el detuning AM is given in frequency units according to
the magnetic field dependence of the Zeeman splitting
frequency. It can be seen clearly that the line shape of
the Zeeman resonances changes drastically for increasing
laser detunings Az. In the case of A~ ——0 the observed
RHS display a very broad resonance structure. Howev-
er, if the laser is slightly detuned from the center of the
Doppler profile (e.g., for AE /2' = 55 MHz), the width of
the resonance decreases by almost one order of magni-
tude and a pair of symmetrical side lobes begins to de-
velop. For larger laser frequency detunings this charac-
teristic line-shape pattern becomes more and more pro-
nounced; it is accompanied by a further decrease of the
resonance linewidth and of the signal amplitude. The
observed line shapes thus show the typical interference
pattern of Ramsey resonances. This similarity is seen
most obviously in Fig. 8, which shows a particular nice
FM RHS in the case of a very large laser frequency de-

B. Measurements 440 MHz

For the measurements of the sublevel resonance sig-
nals, the modulation frequency co~ was kept fixed and
the Zeeman splitting was varied by sweeping the exter-
nal magnetic field B; the typical data-acquisition time for
the recording of a complete resonance curve was about
one minute. The measurements were performed at fixed
laser frequencies lying on the lower frequency side of the
inhomogeneously broadened ' "Sm transition; due to the
large isotope shift a sublevel coherence was excited only

154in Sm atoms. Before each measurement the laser fre-

-2 0 2
SUBLEVEL DETUNING 6 /2rr (MHz)

FIG. 7. Measured RHS in the case of He perturbers as a
function of the sublevel detuning AM for different laser detun-
ings 6E, showing narrow Ramsey-type interference patterns.
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FIG. 10. Pressure dependence of the RHS amplitude for a
nonzero laser detuning 6& /2m=300 MHz.
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FIG. 8. Measured RHS for a relatively large laser detuning
(AE/2~=550 MHz) and a long signal averaging time, showing
a pronounced Ramsey-type resonance.

tuning; here again, He was used as a bufter gas.
Within the investigated pressure range, the basic RHS

line-shape features remain qualitatively the same for the
difterent rare-gas species. The Ramsey-type interference
pattern, however, is less pronounced for the heavier rare
gases; as an example given, we show in Fig. 9 RHS ob-
tained with Ar perturbers at a pressure of pA, ——70 Pa.
In this context it is important to note that for Az & 50

MHz the separation in velocity space between the in-
teraction zones of the pump and probe fields clearly
exceeds the width of the optically excited velocity sub-
group, even if the optical pressure broadening and the
laser bandwidth is taken into account.

The important role of collisions for the generation of
the RHS becomes evident by considering the pressure
dependence of the RHS amplitude. A typical result for
He perturbers is shown in Fig. 10; during this measure-
ment the laser detuning was kept fixed at AE/2~=300
MHz. At first, the RHS amplitude increases with in-
creasing bu6'er-gas pressure; it subsequently approaches
a maximum value at a certain pressure and finally de-
creases again.
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FIG. 9. Measured RHS in the case of Ar perturbers as a
function of the sublevel detuning A~ for diFerent laser fre-
quency detunings A~.
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FKx. l l. RHS linewidths [half width at half rnaxitnutn
iHWHMl] as a function of the laser detuning As for different
He pressures. The data points are measured RHS linewidths;
the solid lines correspond to calculated linewidths according to
the FP model (a, pH, ——30 Pa; b, 70 Pa; c, 120 Pa; d, 210 Pa; e,
370 Pa). Only two independent parameters were used to calcu-
late the whole set of curves; the parameter values have been
obtained from least-squares fits of the corresponding RHS line
shapes: c,h ——1.75X 10 /(s Pa) and c«~ ——3.0X 10'/{s Pa).
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From Figs. 7 and 9 we have seen qualitatively that the
RHS linewidth decreases with increasing laser frequency
detuning; this is shown on a quantitative base in Figs. 11
and 12 where the measured RHS linewidths are
displayed as a function of laser detuning for difterent
pressures of He and Ar perturbers, respectively.

FICx. 12. RHS linewidth (HWHM) as a function of the laser
detuning A~ for different Ar pressures (a, p~, ——40 Pa; b, 70 Pa;
c, 155 Pa; d, 290 Pa). The data points correspond to measured
linewidths, the solid and dashed lines are related to overall
least-squares fits of the RHS line shapes according to the KS-
and FP-collision models, respectively. In the case of the KS
model three free parameters were used [c„~=12.3X 10'/(s Pa);
cvcc =27X 10 /(s Pa); a=0.87]; the fits based on the FP calcu-
lation were performed with the use of only two adjustable pa-
rameters [c„~= 11.0X 10 /(s Pa) and c,h =5.9 X 10'/(s Pa)].

scribes the distribution of diffusion times of atoms with
Zeeman coherence moving from —Uo to +Uo, and it can
obviously be obtained from the measured signals by a
simple Fourier transformation according to

F(t)= —f dh~S;„(bM)cos(b~t) . (5.1)

In this way a temporal resolution of the velocity-
diffusion process is achieved. When the Fourier trans-
formation (5.1) is applied to a typical set of measured
curves partly shown in Fig. 7, the data points (+ )

shown in Fig. 13 are obtained. These Fourier transforms
obviously demonstrate that the most probable as well as
the mean difFusion time get larger for an increasing laser
detuning, i.e., for a larger separation between the in-
teraction zones of the pump and probe fields in velocity
space. Particularly for large laser detunings the Fourier
transforms show that there are barely any signal contri-
butions arising a short time after the excitation; it takes
a certain time until the first Sm atoms "arrive" at the
opposite velocity subgroup +Uo. Due to this "intrinsic"
time delay between excitation and detection process and
due to the phase-sensitive detection scheme, the reso-
nance line shapes show the observed Ramsey-type in-
terference structure connected with the linewidth nar-
rowing.

The relative heights of the Fourier transforms (or,
equivalently, of the measured RHS) indicate that the
number of atoms contributing to the RHS is strongly re-
duced at large detunings AE, first, the number of atoms
that had been excited initially is reduced according to

V. DISCUSSION

This section contains an interpretation of the mea-
sured RHS by making use of the theoretical predictions
derived in Sec. III. We first give a qualitative explana-
tion of the observed RHS properties and then present
the results of a quantitative comparison between mea-
sured and calculated RHS line shapes. It will be shown
that the Fokker-Planck approach yields a good descrip-
tion of the collisional velocity diffusion of Sm atoms in
the presence of light perturbers, whereas, for the heavier
rare gases, the more complex Keilson-Storer collision
model gives a better fit to the experimental data. We
finally discuss the most suitable values for the di8'erent
model parameters, which have been derived by fitting
the predicted line shapes to the measured ones.
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A. Qualitative considerations

The experimental curves can be analyzed by recalling
some results of the theory, which essentially predicts
that the sublevel resonance line shape can in general be
written as a Fourier transform of a certain function
F(t), see Eqs. (3.25a) and (3.25b). This function F(t) de-

FIC». 13. Typical distribution of diffusion times of atoms
with Zeeman coherence in a He atmosphere (pH, ——70 Pa) for
different laser detunings (a, AE/2m =55 MHz; b, 130 MHz; c,
220 MHz; d, 360 MHz). The data points are obtained by a
Fourier transformation of the measured RHS; the solid lines
correspond to an overall fit based on the FP model. The values
for the fit parameters are y =6.0X 10'/s and y, h ——1.4~ 10'/s.
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the Doppler factor and, more important, the amount of
detectable sublevel coherence is decreased due to the ex-
ponential decay during the larger diffusion time.

Up to now we have omitted a discussion of the experi-
mentally observed very broad sublevel resonance struc-
tures for zero laser frequency detuning, see Figs. 7 and
9. It is necessary to keep in mind that the theory
developed in Sec. III cannot be applied to the particular
case of AE ——0, since the theoretical derivations were
based on the assumption that the laser detuning AE is
much larger than the homogeneous optical linewidth
I . Nevertheless, it is possible to give an intuitive ex-
planation: for AE ——kvo ——0 both pump and probe fields
interact in principle with the same atomic velocity sub-
group of width I /k. Velocity-changing collisions with a
velocity change b, u being larger than I /k will push the
Sm atoms out of the optically excited subgroup, or,
equivalently, out of the interaction region in velocity
space. This limits the time of observation of the active
atoms; as a consequence, the corresponding resonance
linewidth broadens. The resonance structure for AE ——0
can thus be understood as a transit-time broadening in
velocity space; similar effects have already been observed
and analyzed in velocity-selective rf laser double-
resonance experiments. '

Let us finally discuss the pressure dependence of the
RHS amplitude obtained for a nonzero laser detuning,
see Fig. 10. The observed behavior can be understood
by considering the pressure dependence of both the VCC
rate yvcc and of the rate y; the latter one describes the
losses of sublevel coherence due to depolarizing col-
lisions (y„i) and due to the spatial diffusion of the atoms
out of the laser beam (y„),

yvcc=cvccp ~

ytr+ ycol ytr+ Ccolp

(5.2a)

(5.2b)

B. Numerical calculations

In order to analyze our experimental data on a quanti-
tative base, we tried to fit the phenomenological-model
line shapes, derived in Sec. III, to the measured sublevel

Here, for simplicity, we have neglected an explicit pres-
sure dependence of y„. If the buffer-gas pressure is in-
creased starting from the value p =0, the RHS tend to
become larger, since the effective number n =yvcc/y of
VCC within the lifetime of the sublevel coherence gets
larger. For further increased pressure, however, the
number of collisions contributing to the signal ap-
Proaches the finite value n =cvcc/c„l, while the damP-
ing rate y still continues to grow. Hence the RHS am-
plitude decreases again after passing through a distinct
maximum (see Fig. 10).

It should be pointed out that the initial increase of the
RHS amplitude at low pressures is not due to an increas-
ing generation of sublevel coherence as is, e.g. , the case
for the collision-induced sublevel resonances observed by
Zou and Bloembergen. In our case the sublevel coher-
ence is produced by the modulated pump beam even for
zero pressure, but it is not detectable since collisions are
needed to provide for a transport in velocity space.

resonance line shapes. These fitting attempts should
provide us with more detailed information about the
Sm —rare-gas collision processes or, at least, a fairly con-
sistent set of parameters characterizing the observed col-
lision data. Thus these fits may also serve as a test of
the specific validity of the two employed collision mod-
els, i.e., of the FP model and of the KS collision model,
respectively. Since in the case of the FP model the cal-
culation of the signal line shape demands a time-
consuming numerical integration according to Eq.
(3.25a), we performed the least-squares fits by using the
more tractable Fourier transforms F(t), given either by
Eq. (3.30) or by Eqs. (3.26) and (3.36), together with the
corresponding Fourier transforms of the measured sig-
nals. Furthermore, we disregard in the fits the sublevel
resonances observed for zero laser frequency detuning,
because our theory does not include this particular case.

1. Fokker-Planek model

It. can be seen from Eq. (3.30) that in the case of the
FP description the theoretical signal line shape depends
on the three quantities y, y, h, and Uo/u; the two rates y
and y, h were taken as variable fit parameters. For vo/u
we used the measured laser frequency detuning being
normalized to the calculated Doppler width
ku =2m)&580 MHz.

Let us first discuss the case where He was added as a
buffer gas. The fits of the Fourier transforms F(t) indi-
cate that a single sublevel resonance curve can be well
described by the FP model; the deviations of the fitted
curve from the measured one typically lie within the ex-
perimental uncertainties. If the fit procedure is applied
to different sublevel resonance curves that all were
recorded at the same He pressure but with different laser
frequency detunings, the values obtained for the free pa-
rameters y and y, h vary to within 20% around a certain
mean value; no indication for a velocity dependence of y
or y„h is found. This behavior is consistent with our
theory which is based on the assumption that all rate
constants are velocity independent.

If several theoretical curves are fitted simultaneously
to such a set of sublevel resonance curves by using the
same fit values for all curves (overall fit), the deviations
between the theoretical and experimental curves are con-
siderably larger, but still acceptable. One example is
shown in Fig. 13, where the solid lines represent the re-
sult of the overall fit and the crosses are the correspond-
ing experimental data points. The residual discrepancies
are due to some extent to the uncertainty in the experi-
mental determination of the laser detuning AE,' this
mainly results in a corresponding deviation of the mea-
sured signal amplitude from the calculated one. We
have performed similar least-square fits for other sets of
measurements recorded at different He pressures; in this
way we have obtained the pressure dependence of the
two model parameters y and y„. The corresponding re-
sults are displayed in Fig. 14 which clearly shows the
predicted linear pressure dependence of y =y„+c„ip
and y, h

——cthp. We note that the value obtained for
y,„=y (p =0) compares well with the expected transit-
time broadening due to the'finite laser-beam diameter.
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FIG. 14. Relaxation rate y and FP parameter y, h as a func-
tion of He pressure showing the expected linear pressure
dependence of both rates; the solid lines are a guide for the
eye.

In order to obtain a better description of the experi-
mental data, we also performed fitting attempts based on
the KS collision model, see Sec. III C4. However, when
the KS model was applied in the fitting procedure, one
difficulty became obvious: for just a single sublevel reso-
nance curve, the fitted values for the free parameters y,
yvcc, and a were not well defined; as one example given,
a higher value for the collision rate yvcc could be com-

With the use of the fitted broadening coefficients c„&
and c,h we have also calculated the linewidth of the sub-
level resonances for the various He pressures used in the
experiment. The result of this calculation is displayed in
Fig. 11 together with the experimental data points; it
can be seen that the observed decrease of the RHS
linewidth with increasing laser detuning is properly de-
scribed by our simple theory within the entire investigat-
ed pressure range.

This good agreement between theory and experiment
demonstrates that the FP-collision model allows a satis-
factory description of the collision data in the case of He
perturbers. The situation changes, however, for the
heavier rare gases; the fit values obtained for y and y,h

show systematic variations instead of being constant for
different laser frequency detunings. If overall fits as in
the case of He perturbers are performed, the discrepan-
cies between the theoretical and experimental curves are
unacceptably large; in fact, the deviations are much
larger than the error bars. Some examples of fitting re-
sults obtained in the case of Ar perturbers are shown in
Fig. 15; obviously, the FP model (left row) fails to de-
scribe the collisional velocity diffusion of Sm atoms in
the presence of rare gases heavier than He.

These findings are confirmed by comparing the mea-
sured RHS linewidths with those values that are calcu-
lated with the use of the FP fit parameters; the FP mod-
el yields RHS linewidths that, especially for small laser
detunings, are larger than the experimental ones, see Fig.
12.

2. Kei lson-Storer model
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FIG. 15. Distribution of diffusion times of Zeeman coher-
ence in the presence of Ar perturbers (pA, ——40 Pa) for different
laser detunings [(a), Az/2m=110 MHz; (b), 220.MHz; (c), 440
MHz]. The data points are obtained by a Fourier transforma-
tion of the measured RHS; the solid lines correspond to overall
fits based on the KS and FP collision model, respectively. The
three curves on the left side show the results obtained with the
FP model, whereas the right column displays the fits according
to the KS model. The numerical values for the different model
parameters are the same as given in Fig. 12.

pensated for by some lower value of the collisional veloc-
ity change b, u =u (1—tz )'~ without a significant
change of the calculated signal line shape.

In order to overcome these difficulties, we tried to fit
suitable KS line shapes simultaneously to a whole set of
measurements that had been recorded under the same
experimental conditions as laser intensity, Sm number
density, and buffer-gas species, but with different laser
detunings and with different buffer-gas pressures. As pa-
rameters we used the KS quantity n and the pressure-
broadening coefficients for depolarizing and velocity-
changing collisions, c„~ and cvcc, respectively.

This fitting procedure was applied in the case of the
rare-gas species Ne, Ar, Kr, and Xe, and it turned out to
work better. The calculated fits demonstrate that the
KS model yields a more accurate description of the ex-
perimental results than the FP model. This can be seen
clearly in Fig. 15, where the KS results and the above-
mentioned FP fit results are displayed together with the
experimental findings for the case of Ar perturbers.
Moreover, the KS model also gives a better description
of the measured RHS linewidths than the FP model as is
indicated in Fig. 12. However, the KS model does not
provide a satisfactory description of the experimental
data in the case of small laser detunings, where the cal-
culated RHS linewidths are generally too small com-
pared with the observed ones.
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The pronounced failure of the FP description of the
velocity diffusion of Sm atoms in the presence of the
heavier rare gases is not that surprising; with the
knowledge of the collision rate yv&c obtained from the
fit with the KS model, we can easily check the validity
of the preassumptions made in the Fokker-Planck ap-
proximation. In particular, the basic requirement of
yvcct ~~1 for all considered times t cannot be met.
Consider, e.g. , the distribution of diffusion times for a
40-Pa Ar pressure shown in Fig. 15. In this case the
characteristic diffusion time is about 1 ps; with the use
of the value for the collision rate yvcc obtained from the
fit with the KS model, the quantity (yvcct) only yields a
value around unity.

3. Fit results

Table I contains the calculated values for the different
model parameters that have given the best overall agree-
ment of fitted and measured RHS.

The derived rates for depolarizing and velocity-
changing collisions are given in terms of the correspond-
ing cross sections o.„& and o.vcc according to the rela-
tion y=X~v„o.; here X~ is the perturber density and v,
is the mean relative velocity of active and perturber
atoms,

Vq=
1

1/2+'
rn z mz

(5.3)

An interpretation of the obtained data is possible by
comparing them with appropriate hard-sphere values
and with corresponding values that have been derived
previously in a rf laser double-resonance experiment. '

The hard-sphere cross sections o.Hs=~(r„+r~) were
derived with the use of the tabulated values for the
atomic radii; the values for the parameters nHs charac-
terizing the width of the hard-sphere collision kernel are
determined by the mass ratio of perturber and active
atoms. ""

To start with, we discuss the fit results in the case of
He perturbers. In Table I the fitted pressure-broadening
coefficient c,h of the FP thermalization rate y, h

——c,hp is
given in its reciprocal value 1/c,h,

' this allows a simple
interpretation: 1/c, h in units of (s Pa) gives the charac-
teristic time required for the thermalization of a given
atomic velocity anisotropy in a He atmosphere of pres-
sure p =1 Pa. The errors in the determination of c,h

and of the cross section o.„i are about 20%%uo as can be es-
timated from the slopes of the curves displayed in Fig.
14. The FP parameter y,h is directly related to transport
coefficients in classical transport theory; a knowledge of
this quantity yields, e.g., the value for the diffusion
coefficient D =(kz T)/(rn„y, h). Similar relationships
between the usual description of collision processes in
laser spectroscopy in terms of collision kernels and col-
lision rates and the description of collision processes in
classical transport theory using transport coefficients of
diffusion, viscosity, and thermal conductivity, have been
discussed recently in detail.

In the case of the heavier rare-gas perturbers, we have
listed in Table I the fit results obtained with the KS
model. Let us mention that the values for the KS pa-
rameters a and o.vcc are first estimates; we cannot give
standard deviations since the values were obtained by
fitting all measured curves simultaneously. Nevertheless,
it is possible to provide some insight into the collisional
redistribution processes. The values in Table I indicate
that our values for o,' are systematically larger than those
obtained with a hard-sphere collision model; i.e., the
mean collisional velocity change of the Sm atom (with
the orientation being preserved) is clearly smaller than
expected from the hard-sphere model. This fact can be
interpreted if the fitted values for the cross sections o.,»
of collision al depolarization are taken into account.
Especially in the case of the heavier rare gases, the
values for o.„& approach the hard-sphere cross sections
o.Hs. This indicates that collisions with small impact pa-
rameters ("hard-sphere" or "strong" collisions) result in
a depolarization rather than in a thermalization of the
considered multipole component. In contrast, the atom-
ic orientation is merely preserved by weak collisions
with large impact parameters resulting in relatively small
velocity changes.

Since we have confined our analysis of the experimen-
tal data to the case of a nonzero laser frequency detun-
ing (AE/2~~50 MHz), our fitting attempts are mainly
sensitive to the relatively broad part of the collision ker-
nel; we cannot account for the very small velocity
changes associated with very weak "diffractive" col-
lisions. In contrast, the above-mentioned rf laser
double-resonance experiment' was merely sensitive to
VCC with relatively small velocity changes; there, the
velocity resolution was determined by the width of the
homogeneous optical line. Since a KS model has been
applied to describe the observed collision data in this rf

TABLE I. Best-fit values for the various collision parameters. For comparison, the hard-sphere
values czHs and o Hs are also displayed.

Perturber

He
Ne
Ar
Kr
Xe

Model

FP
KS
KS
KS
KS

col
(A')

1.8
10
21
32
40

32
46
58
95

OHS

(A')

28
30
36
41
47

1/cth

(ps Pa)

570
0.90
0.87
0.88
0.90

&HS

0.84
0.67
0.51
0.35
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laser double-resonance experiment, a comparison of the
values for the KS model parameters obtained in that ex-
periment with the corresponding values presented here
should serve as a test of the adequacy of the KS kernel
to describe both the small- and the large-angle scattering
processes. It turns out that our values for O.vcc are
smaller by a factor of 4 to 7, whereas the values for the
mean velocity change hu per collision are considerably
larger than those obtained in Ref. 18. Obviously, a KS
kernel cannot provide a proper description of the whole
velocity scattering spectrum. If the KS-model parame-
ters are adjusted to describe the broad part of the physi-
cal collision kernel, the effects of small-angle scattering
processes cannot be reproduced, and vice versa. Since
the small-angle scattering processes strongly contribute
to the total scattering cross section, it is not surprising
that the values for o.vc& obtained in Ref. 18 are larger
than the values measured in the experiment considered
here. In Ref. 7 we have estimated the number
n =y vcc/y, h of collisions that are necessary for a
thermalization of a given atomic velocity anisotropy;
since we used the values for yvcc obtained in Ref. 18,
these numbers n have been overestimated.

This result indicates that a two-term kernel consisting
of a relatively broad part and a narrow component
should give a better description of the observed collision
data. Recently, other VCC experiments have given also
evidence for such a two-term kernel, ' and in some
cases a two-term kernel has been applied successfully to
describe the whole velocity scattering spectrum.

Another difference between the experiment considered
here and the rf laser double-resonance experiment might
play an important role for the interpretation of the cross
sections for depolarizing collisions; in Ref. 18 the relaxa-
tion of the alignment of the J =1 ground state of Sm
was studied, whereas this paper considers the relaxation
of the orientation. A comparision of the measured
values shows that the cross sections for the collisional
relaxation of the orientation are significantly larger than
those for the relaxation of the alignment; the ratio of
both cross sections yields 1.3 for He, 1.6 for Ar, and 2.5
for Xe.

These measured cross sections for the collisional relax-
ation of the orientation and alignment in the J = 1

ground state of Sm can be compared with other mea-
surements of these quantities. To start with, the align-
ment relaxation rate was measured recently for Ar per-
turbers; the determined value differs only by 20% from
the corresponding value measured in the rf laser double-
resonance experiment. ' However, the cross sections
measured by use of collision-induced Hanle resonances
in four-wave light mixing differ drastically from our
values; Zou and Bloembergen reported values for o.„j
that are smaller by a factor of about 50 compared with
our results. In this respect, let us point out that in the
vicinity of the considered J =1—J =0 Sm transition at
A, =570.68 nm - there are two other Sm lines
(J =2—J'=3 and J' =3—J'=2) with an optical frequen-
cy separation of only —45 GHz and + 50 CxHz from
the J =1—J'=0 line, respectively. Since the method
used in Ref. 33 utilizes optical frequency detunings of

10—20 GHz, signal contributions arising from these oth-
er Sm transitions cannot be excluded. In contrast, our
method utilizes optically resonant Raman processes and
is thus capable to distinguish between the various Sm
lines. Here we just mention that we have also performed
measurements of o.„& for the J =3 ground state of Sm
using the J=3—J'=2 transition at X=570.62 nm; in

0

this case we found the value o.„&
——0.028 A for He per-

turbers and o.„&——0.34 A for Ar. These cross sections
agree within only 10% with those values reported in
Ref. 33.

On the other hand, we cannot explain the pronounced
difference between the depolarizing cross sections for the
orientation and alignment in the J =1 ground state of
Sm that have been measured in the rf laser double-
resonance experiment' and in the experiment reported
in this paper. Other measurements of the orientation
and alignment relaxation rates have been performed,
e.g. , for the P& state of Yb atoms in a He atmosphere
where a slightly higher relaxation rate for the orienta-
tion has been found. ' Moreover, optical-pumping tech-
niques have been used to measure the relaxation of the
orientation and alignment in the P& states of Hg and Cd
again in the presence of rare-gas perturbers; in these
experiments also a higher relaxation rate (10—20 %) for
the orientation was measured. However, differences be-
tween both relaxation rates in the order of 100% seem
not to have been observed so far.

In this respect let us add the following remarks. As
already pointed out above, the different velocity changes
studied in this work and in Ref. 18 possibly measure the
depolarization due to different parts of the interaction
potential. Hence, a measurement of the relaxation rate
for both the orientation and the alignment using the
technique'described in the present work would be very
helpful in the understanding of the observed differences
in collisional cross sections. Since our method is capable
of inducing either an orientation or an alignment in the
J= 1 ground state by a proper choice of the modulation
structure of the driving pump laser beam (see Sec.
III B 1), a direct measurement of both relaxation rates
seems possible.

There is, however, another complication in the inter-
pretation of our data. The z axis is perpendicular to the
cell, due to the applied 8 field, while the collisional per-
turbation has cylindrical symmetry about the laser-
beam-propagation direction. Thus, for the larger-angle
collisions, it cannot be excluded that some orientation is
converted into alignment and vice versa due to aniso-
tropic collisions. This conversion rate is dificult to esti-
mate in our case; for the small-angle collisions studied in
most previous experiments, the departure from spherical
symmetry is small and not very important. If only
orientation would be detected in our experiment the con-
version rate might appear as a loss or destruction rate.
Our RHS, however, contain contributions of both the
transverse orientation and of the alignment [see Eq.
(B10)]. Thus the detection scheme does not allow us to
measure the orientation and alignment separately, ' as a
consequence, no conclusions on a possible conversion of
orientation into alignment can be derived from measure-
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ments using the present technique.

VI. SUMMARY

We have reported on the observation of collision-
induced Ramsey resonances in atomic Sm vapor in the
presence of rare-gas perturbers. The formation of these
resonances is due to the collisional diffusion of Sm atoms
in velocity space. The observation of this phenomenon
is made possible by use of both a velocity-selective exci-
tation and detection scheme for oscillating Zeeman
coherence in the J =1 ground state of Sm. If the Zee-
man coherence is excited and detected in different veloci-
ty subgroups the measured RHS shows the characteristic
features of Ramsey-type resonances; we have observed
the typical interference pattern as well as the narrowing
of the resonance linewidth even below the limit given by
the time rate for depolarizing collisions and the transit-
time broadening.

The theoretical description of this novel Ramsey in-
terference effect is based on a steady-state perturbation
solution of the density-matrix equations for a Zeeman-
split J = 1 —J =0 transition. The collisional velocity
diffusion of the

~

Am =1 Zeeman coherence has been
taken into account by means of a classical transport
equation. Under certain approximations a very simple,
model-independent RHS line-shape expression could be
derived; the calculated RHS line shape turned out to be
sensitive to both depolarizing and velocity-changing col-
lision effects. This theoretical result has enabled us to
obtain the temporal evolutI'on of the collisional-diffusion
process by means of a simple Fourier transformation of
the measured RHS. We have shown that this novel way
of studying VCC is due to the well-defined phase sensi-
tivity of the Raman heterodyne detection of the atomic
coherence.

A direct comparison of the measured temporal evolu-
tion of the velocity-diffusion process with corresponding
theoretical predictions based on a Fokker-Planck model
and on a Keilson-Storer collision model enabled us to
test the specific validity of these two approaches. It
turned out that the velocity thermalization of Sm atoms
in a He atmosphere can be described properly within the
investigated He pressure range by means of the Fokker-
Planck approximation; the comparison has given the
corresponding time constant for the collisional thermali-
zation. However, the Fokker-Planck model failed to de-
scribe the velocity diffusion of Sm atoms in the presence
of heavier rare-gas perturbers; here the phenomenologi-
cal Keilson-Storer kernel has produced a better agree-
ment with the experimental data. These fitting attempts
yielded numerical values for the different model parame-
ters; in particular, we derived cross sections for depolar-
izing and velocity-changing collisions associated with the
transverse orientation of the J = 1 Sm ground state.

For simplicity, we have confined our analysis of the
experimental data to the case of a relatively large separa-
tion in velocity space between the two interaction zones
that are defined by the pump and probe laser field, re-
spectively. Therefore diffractive small-angle scattering
effects resulting in small collisional velocity changes of
the active atoms were not taken into account. However,
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APPENDIX A

Here we present a second-order steady-state perturba-
tion treatment of the density-matrix equations (3.7) to
derive analytic expressions describing the excitation of
Am =1 ground-state Zeeman coherence. With the use
of the field-interaction representation

leo+ t —1k + x
P14 P14e

I coE t —tkx
P24 P24e

t —lk x
P34 P34e

—i co~ t +i (k+ —k)x

—icoMt+i (k —k )x
P32 =P32e

—2i~M t +i (k+ —k )x
P31 P31e

(Ala)

(A lb)

(A 1c)

(A 1d)

(Ale)

(A 1f)

we obtain in the rotating-wave approximation the fol-
lowing equations of motion for the nondiagonal density-
matrix elements:

a comparison of the measured cross sections for VCC
with the results of a previously performed rf laser
double-resonance experiment' has given evidence for a
two-term collision kernel; in order to provide a con-
sistent description of the collisional data in the rf laser
experiment and in our experiment, this two-term kernel
should consist of a narrow part describing small-angle
scattering processes and of a broad part taking into ac-
count large-angle scattering effects.

Our technique has to be compared with other methods
used for the study of VCC concerning multipole mo-
ments in a J-state manifold. Like other steady-state ex-
periments, our method cannot resolve collisional velocity
changes resulting in a Doppler shift of less than the
homogeneous optical line width; here, the currently
developed stimulated photon-echo experiments can yield
higher velocity resolution. ' '" On the other hand, our
method clearly extends previous velocity-selective opti-
cal pumping (VSOP) techniques" since it allows us to
obtain a temporal resolution of the elastic collision
effects.

Moreover, our method is capable of studying
velocity-redistribution processes associated with a trans-
verse orientation or with a transverse alignment; we
have shown that a velocity-selective excitation of either
the orientation or the alignment is possible if the modu-
lation structure of the driving pump laser field is chosen
properly. Thus, it seems obvious that Rarnan hetero-
dyne Ramsey spectroscopy in velocity space may have
useful applications in collision studies and sublevel
coherence spectroscopy.
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a
at P24 [1 (kuo+ kv ) r—E ]p24

+'a (P44 P22)+a (P21+P23),

a-
at P14= [' (kuo+ kv —~M ) rE ]P 14

(A2a)

—a.(p,4 —p„)
p&4= i (k—uo+ku —bM )+ I E

(A5a)

for the level populations p;;, as they are not required in
the following low-order perturbation calculation for the
sublevel coherence under consideration.

In first-order perturbation treatment the excitation of
the optical eoherences is described by

a(—p44 p„—) —ia pi2+a pi3,

a-
at p34= [i (kuo+kv +AM ) I E]p34

—a (P44 —P33) ia—P32+a P31

(A2b)

(A2c)

1a.(p44 —p2. )

i —(kv o+ ku) + I E

—a-(p- —p )

i (—kuo+ kv +b M )+rE

(A5b)

(A5c)

at (P21 +P32) = (1~M —r, )(P21 +P32)

P24 a P42+ 1 a (P41 P34)

(P21 P32) (1 ~M Y«)(P21 P32)

a p24+a P42+'a (p +p 4)

p31 ——(2ib, M —1'„)p31—a p41 —a p34 .

(A2d)

(A2e)

(A2fl

The denominators in (A5a) —(A5c) reflect the optical res-
onance conditions for the carrier and sidebands of the
modulated laser field. If the considered sublevel detun-
ings AM are small compared to the homogeneous optical
linewidth I E, all optical fields interact with the same
group of atoms and we can ignore the detunings AM in
the Eqs. (A.5a) —(A5c). With this assumption we obtain,
e.g., for p &

the following second-order perturbation solu-
tion:

( i b, M +y„)p—', (u)

I CX~ IE kUo +kU
C) +lc2e2 (k.,+k.)'+ r,' (ku, +ku)'+ rE

(A6a)

kUO =QE —cOE

~M ~M M

(A3a)

(A3b)

The first three equations (A2a) —(A2c) describe the be-
havior of the "optical" coherences, whereas the equa-
tions (A2d) —(A2f) are related to the evolution of the
magnetic Zeeman coherences. In these last three equa-
tions we have written the Zeeman coherences in terms of
the standard tensor components of the density-matrix
elements; in particular, the linear combinations
(p21 +p32 ) and (p21 —p32) are related to the transverse
orientation p ] and the transverse alignment p &, respec-
tively,

P 'i=(P2i+P32)~

P 1 (P21 P32)~

(A4a)

(A4b)

Here we have ignored the slight difference of k vectors
of the carrier and sidebands, i.e. we have assumed
k+ =k =k; in fact, under our experimental conditions
(k —k ) /k only is about 10 . The detuning parame-
ters are defined by

with c
&

and c2 given by

c i
——a~(2P44 —p33 —p22)

(2P44 P 1 1 P22)

c2 a (P22 P33)+a (P22 Pll )

(A6b)

(A6c)

The first term on the right side of Eq. (A6a) reflects a
velocity-selective excitation of sublevel coherence; the
width of the resonance in velocity space is determined by
the homogeneous optical linewidth I E. In contrast to
this, the second term in (A6a) describes a dispersive exci-
tation process of sublevel coherence that yields contribu-
tions even in velocity subgroups with velocities U given
by

~

kv +kuo
~

) I E. This excitation process requires a
nonzero population difference in the ground-state sublev-
els that can be created, e.g., by optical pumping. In or-
der to avoid this excitation channel we have to make
sure that no optical pumping takes place; this is the case
if the optical transitions are coupled with equal
strengths, i.e., for

~ a„~ =
~

a ~. With the neglect of
the second term in Eq. (A6a), we finally obtain for pi(u)
and p 1(u)

In the equations of motion (A2a) —(A2f) we have
specified the phenomenological relaxation terms. Here
y„describes the decay of the ground-state density-
matrix elements p;1 (i,j =1,2, 3) towards thermal equilib-
rium; this rate y„ is given by the transit time of the
atoms through the laser beam. The optical coherences
p&4, p24, and p34 are assumed to decay with a rate I E.
%'e have not explicitly specified the equations of motion

( i bM+y«)P 1(u)—
2—(a*—a )—KW(u)v'2 3 (kuo +ku) +I E

( —1~M+)«, )P i(v)

2 r
—(a*+a )—XW(v)
2 3 (kv, +kv )'+ rE

(A7a)

(A7b)
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Here we have used the values for the level populations in
thermal equilibrium

p44 y P]] P22 P33 ——,'1VW(v)

with W'(u) and u given by

W(u)= — exp[ —(u/u) ],&~u

u =V2kET/mq .

(A8b)

(A8c)

[—] (kvp+eku)+ I E]p,4(v)= —]a~p]2(u),

[ i (kvp+—eku)+I E]p34(u)= —iazp32(U)

(Bla)

(Blb)

Here we have used the same notation and have made the
same assumption (b,~ & I E) as in Appendix A. The rap-
idly oscillating factors have been removed by the trans-
formation

+I CO t —I E'kX

p&4=pi4e (B2a)

* X is the total atomic number density and W(u) describes
the Maxwell velocity distribution with u being the most
probable speed of the active atoms with mass m z.

APPENDIX B

Here we briefly describe the Raman heterodyne tech-
nique to monitor atoms with oscillating sublevel coher-
ence. For a more detailed treatment we refer the reader
to the literature. ' '

The unmodulated probe field and the oscillating sub-
level coherence give rise to the creation of frequency-
shifted coherent Raman fields propagating in the same
direction as the probe field (see Fig. 1). Let us first cal-
culate these Raman fields.

The Raman polarizations can easily be determined in
a first-order perturbation treatment of the corresponding
density-matrix equations of motion. In the rotating-
wave approximation and under steady-state conditions
we obtain the following equations of motion for the ele-
ments p&4 and p34.

I CO t —l &kX

P34 =P34e (B2b)

The optical coherences p&4 and p34 give rise to a macro-
scopic polarization P

P=Tr(p (p)), (B3)

where the angle brackets ( ) denote the velocity integra-
tion

(p, )= J dupe(v). (B4)

E+ Eco+t —I &kx

2
e + +c c. y

E lM t —1&kx

2
e +c.c. y . (B5)

The amplitudes E+ of the Raman sidebands are given
b 18

and

kL pE, = —(p,.)
ep v'2

kL ]]4 ( )p

(B6a)

(B6b)

The orthogonally polarized probe laser field Ep and the
Raman sidebands E+ can be phase shifted by an angle 0
by means of a retardation plate; behind the retardation
plate all fields are projected along a common direction
by a polarization analyzer that is inserted under an angle
N with respect to the z axis. The resulting heterodyne
beat signal on a photodetector can be written in the
form'

For an optically thin medium of length L the resulting
field E behind the sample cell is given by

Ep 1 coE f —I E'kx

2
e +c.c. z

~

E
~ b„,——csin(2&&) IE~cos0[Re(m&M)cos(co]]tt)+Im(m&M)sin(co]]tt)]

+E~sinO[Re(m FM )cos(cp3t t)+ Im(m „M )sin(p]~t) ]I; (B7)

here the modulation parameters mAM and IFM describe
a corresponding amplitude (AM) and frequency (FM)
modulation of the total signal field in front of the detec-
tor with frequency ~~. The parameters IAM and IFM
are given by

S;„=E~Re(m FM ),
Sq„——E~lm(mFM) .

(B9a)

(B9b)

In the FM-detection mode, the resulting in-phase and
quadrature RHS (S;„and Sq„) then are given by

mAM ——(E~ +E )/(2Ep),

mFM ———i(E+ E)l(2E~) . —
(B8a)

(Bgb)

The result (B8a) and (Bgb) can be made more transpar-
ent. When we make use of the equations (A4a), (A4b),
(Bla), (Blb), (B6a), and (B6b),

Without a retardation plate (8=0), only the AM contri-
bution of the total signal field yields a heterodyne beat
signal; if a 1,/4 plate (8=m. /2) is inserted, the FM-
modulation depth mFM can be monitored. ' With the
use of a phase-sensitive detection scheme, one can fur-
ther distinguish between the in-phase (-cosco]]tt) and
quadrature ( —sintp]]t t) signals.

i a& I EP,(v) i (kup+ekv)P—', (v)
~AM I dv

2 2eo 2Ep (kup +eku) +I E
(B10a)

a~ 1 Ep,'(U) —(ikpu+E k)up ](U)
~FM =

eo 2Ep (kvp+eku) + I E
(B10b)
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These equations show that the Raman heterodyne sig-
nals generally contain contributions from both the trans-
verse orientation p &

and from the alignment p &, each of
these signal contributions is connected either with a
dispersive or absorptive detection sensitivity in velocity
space. However, only the absorptive detection sensitivi-
ty permits a velocity-selective detection of the sublevel
coherence as indicated by the Lorentzian resonances in
Eqs. (B10a) and (B10b); in this case, the main contribu-
tion to the signal stems from those atoms having a veloc-
ity v = —evo.

It is shown in Sec. IIIB1 that either a transverse
orientation or a transverse alignment can be created by a
proper choice of the modulation structure of the exciting
pump laser field. If one assumes, e.g. , a frequency-
modulated pump field, no transverse alignment is in-
duced (p &

——0) and therefore only the RHS recorded in
the FM-detection mode provide an absorptive detection
sensitivity for p &, in this way a velocity-selective detec-
tion of the sublevel coherence can be achieved, as depict-
ed in Fig. 1.
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