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Transmission Zeeman beat spectroscopy: Application to the 4f 6s Fground-level term of Sm I
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A spectroscopic technique for the accurate determination of multipole relaxation rates in ground-
or near-ground atomic levels is described. The technique is based on the detection of Zeeman quan-
turn beats in transmission geometry and yields relaxation rates for the destruction of both orienta-
tion and alignment. Collisional depolarization cross sections are reported for the 4f 6s 'Fq

(J= 1-6) ground-term levels in samarium I by various rare-gas perturbers. For the 'F& level the ra-
tios of the cross sections for the destruction of orientation and alignment are unusually large
(0'&/(T2 1.6 for each of the rare-gas perturbers), whereas for the J=2-6 levels the reverse is true

(a, /0. , in the range 0.39 to 0.46 for argon perturbers). These values of O. l/o2 are found to be in

agreement with the predictions of a weak-collision model in which the collision interaction has an
essentially pure quadrupole character. The observed cross sections for the 'F, level appear to be the
first experimental realization of the simple theoretical result, o.

l
/0. 2

=
—,, initially obtained by Omont

[J.Phys. (Paris) 26, 26 (1965)].

I. INTRODUCTION

Quantum beats, resulting from the time evolution of a
coherent superposition of nondegenerate atomic states,
are most commonly detected in spontaneously emitted
fluorescence from excited levels. ' However, they may
also be detected by other techniques, such as monitoring
changes in the transmission of a probe beam in a pump-
probe experiment with the sample between crossed or
nearly crossed polarizers, as in polarization spectrosco-
py. This transmission quantum beat method, first
demonstrated by Lange and Mlynek, is sensitive to
pump-laser-induced coherences not only in the upper lev-
el but also in the lower level of a transition and has thus
permitted the observation of quantum beats in ground or
near-ground levels of atomic systems such as NaI,
Tlr, and SmI. '

In a previous paper we presented a preliminary ac-
count of a technique based on transmission quantum beat
spectroscopy for the determination of relaxation rates of
both orientation and alignment in ground or near-ground
atomic levels. Depolarization rates in such levels cannot
be determined by conventional methods that involve
detection of fluorescence from excited levels. In this
transmission Zeeman beat technique a short, broadband
pulse of resonant laser radiation generates coherence be-
tween nondegenerate Zeeman states of a low-lying atomic
level by absorption and stimulated (or spontaneous) emis-
sion processes, and, with an appropriate choice of experi-
mental geometry, the evolution of either orientation
(k = 1) or alignment (k =2) coherences in the level is
monitored by recording the time dependence of the
transmission of a weak cw probe laser through nearly
crossed polarizers. In this paper we describe the theoreti-
cal basis of the method and demonstrate its application to
the determination of collisional relaxation rates of orien-

tation and alignment in the J = 1 —6 levels of the
4f 6s F ground-level term of Sm t. Knowledge of mul-

tipole relaxation rates in these levels has been important
for the interpretation of a number of recently reported
nonlinear laser experiments, including the nonlinear
Hanle effect, ' collision-induced Hanle resonances in
four-wave mixing, " nonlinear magneto-optical rota-
tion, ' ' and polarization switching in an optical cavi-
ty. ' A related polarization-rotation transient technique
for measuring multipole relaxation rates in excited levels,
but not involving quantum beats, has previously been re-
ported by Ghosh et al. '

The present paper has the following form. In Sec. II
we describe the theoretical basis of the transmission Zee-
man beat technique. In Sec. III the experimental details
are outlined, and the results are presented in Sec. IV.
The measured collisional depolarization cross sections
are discussed and compared with some simple theoretical
results in Sec. V.

II. THEORY

The experimental geometry is defined in Fig. 1. The
pump and probe beams counterpropagate along the Oz
axis through an optically thin atomic vapor which is sub-
jected to a small transverse magnetic field B in the x
direction. The probe beam is weak, linearly polarized,
and has a frequency co tuned close to the transition fre-
quency coo between the lower level I and an upper level u.
In the absence of background birefringence and polarizer
imperfections, the intensity of the probe transmitted
through the polarizers that are at angle 0 from being ex-
actly crossed is given by (see, for example, Ref. 18)
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FIG. 1. Schematic diagram of experimental arrangement:
P1, P2, and P3 polarizers; BS, Babinet-Soleil compensator;
PMT, photomultiplier tube.

crossed polarizers, while in the present work the other
terms are related to the anisotropy of the atomic medium
due to the lower-level Zeeman coherence induced by the
pump laser pulse. The quantity Re(n+ —n ) represents
circular birefringence resulting from a change in the rela-
tive phase of the two circular components which leads to
a rotation of the plane of polarization of the beam, while
Im(n n)—corresponds to circular dichroism resulting
from a dift'erenee in the absorption of the two com-
ponents which causes the polarization to become ellipti-
cal.

The interaction of the atomic system with the probe
field may be described using atomic density-matrix equa-
tions (for example, Ref. 19) in which the probe electric
field is represented classically by

E(t) =Eoee ' '+Eoe"e' ', (2)

'2

I ~ 8 — Re(n n)+— Re(n n)—OcoL + coL

C 2c
2

+ Im(n n)—coL

2c

where n+ and n are the complex refractive indices of
the atomic medium for the right and left circular com-
ponents of the linearly polarized probe beam, and L is the
length of the atomic sample. The term 8 accounts sim-
ply for the steady-state transmission through the nearly

where e is a unit vector in the direction of polarization of
the probe electric field. Eo is taken to be real. In this
section we develop the theory for a JI =1 to J„=Oatomic
transition, the simplest probe transition with which we
have used the technique. The quantization axis is taken
to be along Ox, i.e., parallel to B. It is a straightforward
matter to write down the equations of motion of the opti-
cal coherence components for a single velocity group of
atoms, using irreducible components of the density ma-
trix, and assuming the probe beam is polarized at an an-
gle p to B, i.e., e=e„cosp+e„sinp:

—po(lu )= —[I,(lu )+i5]po(lu )
——sinP[Rep, '(1)+i Imp[(l )]+ cosP[ —', po(u )

—
—,'+&2/»po(1)], (3a)

—p', (lu ) = —[I, ( lu ) +i (5+coL ) ]p', (lu ) — —sinP —
po( u )

——— —po(1) — —po(1) p2( 1)—

+ —cosP[p,'(1 ) +p f( 1)],
2 2

(3b)

—p', (lu ) = —[I,(lu )+i (5 co )]p', (lu —
)

t

2 2 » 2 6 2&2
—sinP —po(u) ——+ —po(l) — —po(l) —p2(l) + —cosP[p, (l)—p, (l)] .

0 . 4 0 1 1 ] 1 2 2 iQ
(3c)

5=co—
coo is the laser-atom detuning of the atomic veloci-

ty group. Only the components of the optical coherences
with optical frequencies are retained (for example, Ref.
19). The rate at which the optical coherences relax,
I,(lu ), includes a collisional component as well as radia-
tive decay. The quantity col is the Larmor precession
frequency and Q=(2/&3)d„lEO is the Rabi frequency,
where d„& is the reduced dipole matrix element. We have
assumed the total population for the velocity group is
unity, i.e., po(u)+3' po(l)=1, and that there is no cou-
pling between di8'erent velocity groups, i.e., velocity-
changing collisions are neglected in these equations.

The probe beam is assumed to be weak enough that the
components of alignment and orientation that it induces

in the lower level are negligible compared with those in-
duced by the pump-laser pulse. In the interpretation of
the present experiments the components of orientation
and alignment appearing in Eqs. (3) are therefore con-
sidered to be those induced by the pump laser. Such
components induced by the short pump pulse at time
t =0 subsequently evolve in the magnetic field according
to

p"(1),=p"(1), Oexp[ —(I k(1}+iqcol )]t .

The relaxation rate for the 2 multipole in the lower level,
I k (1), has no radiative component, and may be expressed
in the usual way as
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+k ~k++0 ~ (5)

where Ak accounts for collisions that mix the Zeeman
states within the level and a0 accounts for collisions that
depopulate the level.

The probe electric field given by Eq. (2) induces the
macroscopic dipole moment

P(t) =Poe ' '+c.c.

in the atomic sample. The amplitude Po=ge+o& has
components P0 with complex electric susceptibilities g+
and y corresponding to the right and left circular corn-
ponents of the probe field. The components P0 may also
be expressed as Po =N(d) +—

, where (d) +—are the com-
ponents of the expectation value of the electric dipole
moment induced in a single atom by the circular com-
ponents of the probe field, and (d) =Tr(pd). The com-
ponents of the unit polarization vectors defined by
e+=+2 ' (e„hie„) are e+=+2 ' (cospkisinp) for
the right and left circular components of the linearly po-
larized probe field.

Evaluating the trace yields

(y+ —y ) ~ cosP[p, (lu )+p, (lu )]

+i sinP[p, (lu ) —p, (lu )],
where, for convenience, the quantization axis has been as-
sumed to be along the direction of propagation of the
probe beam Oz [indicated by the notation p)(lu)]. Fol-
lowing a rotation transformation of the density-matrix
elements, the corresponding expression for (g+ —y ) for
quantization along the magnetic-field direction is found:

(y+ —y ) ~ cosP[p,'(lu )+p', (lu )]
2'~ i si—nPp(')(lu ) . (6)

Since n = 1, n *=1+—,'y —and this expression gives the in-

duced circular birefringence and dichroism. In particu-
lar, if the polarization of the probe beam is chosen to be
in the y direction, perpendicular to the magnetic field
(P=tt/2), then we have from Eqs. (6) and (3a) that

Imp)(l)+i Rep', (I)
(n n) ~ip(')(l—u ) ~—

I,(lu )+i 5

This solution does not include transients that decay at a
rate I )(lu ), but only those that decay at the much slower
rates (in our experiments) of 1 ), (1 ). In the present experi-
ments we are concerned with only two polarizations for
the pump beam, circularly polarized or linearly polarized
at 45 to the magnetic-field direction. The longitudinal
components of the density matrix that are generated by

1"k(1)=¹o„,
where N is the number density of rare-gas perturber
atoms, U the mean relative velocity between the sample
atoms and the rare-gas atoms, and o.

k the velocity-
averaged collision cross section for the destruction of the
multipole. In general, o.

k is the sum of two contribu-
tions:

while for the 45' linearly polarized pump

I,(lu )
—i5

(n+ n) ~ ——', , Imp)(1)
1,(lu) +5
I,(lu ) i5— r ()),

OC , e ' cos~Lt .I,(lu ) +5
(9)

For these pump polarizations and a probe beam polarized
in the y direction the birefringence and dichroism are not
sensitive to the other lower-level density-matrix com-
ponents generated, i.e., po(l), po(1), or Rep2(l). This
means that the signal transmitted through the nearly
crossed polarizers has the form [from Eqs. (1) and (9)]

—2I (1)r
cos coL t, (10)2

—r, (1)fI o-8 +a(9e coscoLt+a2e

where k=1 applies for a circularly polarized pump, in
which case

r, (lu )
a cx—

2 2' 2 1+r, (lu )'+5' ' ' [r,(lu )'+5']' '

and k =2 applies for a 45' linearly polarized pump, with

a 1

r, (lu ) 52
4a2=Q ) +I,(lu) +5 [I,(lu) +5 ]

For the bulk of the experiments 8 was sufficiently large
that the first two terms in Eq. (10) dominate the quadratic
term. The experimental traces therefore show beat pat-
terns almost symmetrical about a constant background
level (proportional to 0 ), modulated at cot, and decaying
exponentially at a rate I ), (1).

For the case of a circularly polarized pump beam the
transmitted intensity has a dispersion-shaped dependence
on 5, while for the linearly polarized case the dependence
is Lorentzian. Although the above expressions have been
derived for the single atomic velocity group for which the
laser-atom detuning is 5, it can be readily appreciated
that after the entire atomic velocity distribution is con-
sidered, the maxirnurn signal for a circularly polarized
pump laser occurs when the probe laser frequency is de-
tuned away from exact atomic resonance by an amount
comparable to the Doppler width, while for the linearly
polarized case the signal is strongest when the probe laser
is exactly on resonance.

pump beams having either of these polarizations may be
deduced from appropriate master equations for each case
(see the Appendix). Those equations show that with a
circularly polarized pump beam po(l), po(l), Rep', (1) and
Rep2(l) are generated, but Iinp, (l) is not, while with a 45'
linearly polarized pump po(l), Imp, (l), and Repz(l) are
generated, but Rep', (1) is not. Thus for the case of a
probe beam polarized in the y direction Eqs. (4) and (7)
predict that, for a circularly polarized pump,

5+iI, (lu )
(n+ n—) ~ — Rep,'(1)

I,(lu) +5
5+i I,(lu ) r (t),

CC e costi t,I', (lu) +5'
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The preceding arguments involved setting P=m. /2, the
probe polarization angle used for most of the experiments
in the present work. It should be noted that choosing
P=O, i.e., probe polarization parallel to the magnetic-
field direction, would have allowed similar arguments to
be applied and the same quantities to be measured. If the
polarization of the probe beam is other than normal or
parallel to the magnetic-field direction then the transmit-
ted signal will be sensitive to po(1} and Rep2(l} as well as

RepI(1) or Imp/( l). This is discussed further in Sec. IV A,
as is the case of exactly crossed polarizers (8=0) for
which only the quadratic term in Eq. (10) is nonzero.

The theory outlined in this section is appropriate to a
JI =1 to J„=O probe transition. Applying the theory to
transitions with higher J values yields more complicated
but essentially similar results.

III. EXPERIMENT

The experimental arrangement used for recording
transmission Zeeman beats is shown in Fig. 1. The pump
laser was a nitrogen-laser pumped dye laser (pulse dura-
tion 4 ns, bandwidth 20 GHz) and the probe laser an ac-
tively stabilized cw dye laser (bandwidth I MHz). The
pump beam was first polarized at 45 to the magnetic-
field direction and the polarization of the beam entering
the cell was adjusted to be either linear (45' to magnetic-
field direction) or circular by means of the Babinet-Soleil
compensator. The probe beam for most of the experi-
ments was linearly polarized normal to the magnetic-field
direction. After traversing the vapor cell the probe beam
passed through the nearly crossed analyzer P2 and after
suitable attenuation was detected by the photomultiplier.
The extinction coefficient of the polarizers was about
10 . The beat signals were recorded by a fast transient
digitizer (bandwidth 500 MHz) that was triggered from
the pump-laser pulses. The probe beam diameter was
normally around 5 mm and the intensity was sufficiently
weak (typically 5 mWcm for Sm 570.68 nm) not to
affect the measured decay rates. The intensity of the

pump pulses was typically 30 kW cm
The samarium vapor was produced by cathodic

sputtering in a rare-gas discharge, using a demountable
glass cell similar to that described previously. The
cathode consisted of a flat piece of samarium metal weld-

ed to a strip of zirconium of area about 0.5 cm . For all
measurements (except those for Sm F& in helium) the
discharge was operated in a pulsed mode at a repetition
rate of about 20 Hz, with discharge currents of typically

several milliamps, depending on the pressure of rare gas.
Under these conditions the cathode sometimes became
sufficiently hot that the samarium vapor originated from
both thermal evaporation and cathodic sputtering. How-
ever, the sputtering discharge was essential for populat-
ing the higher-lying levels in the 4f 6s F term, which
have energies up to 4000 cm ' above the ground level.
The beat signals were recorded following a delay of
several milliseconds after each discharge pulse. This en-
sured that the measured relaxation rates resulted solely
from rare-gas collisions and were not influenced by
species produced in the discharge. For example, in the
case of long-lived coherences in the F3 and F4 levels,
the decay time of the beats was found to be shortened
significantly if the measurements were made during the
sputtering pulse rather than after the delay period. For
all measurements the samarium atom density was con-
trolled by adjusting the discharge current so that the ab-
sorption of the probe beam did not exceed 20%. For
measurements on the 293-cm ' F, level the temperature
of the samarium vapor in the interaction region was
determined from the width of Doppler-broadened fluores-
cence profiles obtained by scanning the frequency of the
cw laser in zero magnetic field. By adjusting the position
of the laser beams relative to the cathode it was possible
to record the transmission beat signals at constant tem-
perature over the range of rare-gas pressures used. For
measurements on the other levels of the I' ground term,
the temperatures were assumed to be the same as had
been measured for the F, . Background magnetic fields
within the cell were compensated to less than 0.2 pT with
three pairs of Helmholtz coils. The Zeeman beat signals
were recorded in applied magnetic fields of 10 to 150 pT.

The various pump and probe transitions used to study
the F levels of SmI are shown in Table I. The use of
different transitions for the pump and probe is not essen-
tial, but in practice it was advantageous to choose probe
transitions with wavelengths in the range of rhodamine
66 dye and pump transitions that allowed efficient gen-
eration of the lower-level coherence. The lower-level
coherences are generated by optical pumping via a com-
bination of absorption and stimulated and/or spontane-
ous emission processes, and the strongest beat signals oc-
curred for strong pump transitions with EJ=O. The use
of a strong pump transition also ensured that the lifetime
of the upper level was sufficiently short (typically 7 ns)
that upper-level coherences did not contribute to the
transmission beat signals beyond the first few
nanoseconds. It should be noted, however, that transmis-

TABLE I. Pump and probe transitions used for observation of transmission Zeeman beats in Srn i.

Level

4f '6s "F
4f 6s 'F
4f 6$ F
4f 6s 'F
4f'6s' 'F,
4f 6s 'F

Energy
(cm ')

293
812

1490
2273
3125
4021

Pump transition
(nm)

478.31( Fl-'D l)
476.03( 'F~-'D ~)

472.84( 'F3-'D 3)

429.67( F6-'67)

Probe transition
(nm)

570.68( Fl
- Fo)

565.99( Fq-'F l)

570.62( F3-'G2)
580 28( F4 F3)

578.84( F~- F4)
573.29('F~-'F, )
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sion beat signals can also be observed in cases where the
coherence is transferred solely by spontaneous emission;

Fo- F, transition at 471.71 nm and probing th F - F
transition at 570.68 nm. In this case the fraction of
alignment or orientation transferred from the F u er

, lower level by spontaneous emission is

i I I /t '„",}= I / 2 and I ii I I ZI »', I
= I W'2, respectivel

Similar effects resulting from the transfer of transient
coherences by spontaneous emission have previously been
observed in cascade quantum beat experim t'men s.

opp er-free saturated absorption spectra and
Doppler-broadened fluorescence spectra were recorded
for the various probe transitions used in this work (Table
I) and in all cases the major ' Sm and ' Sm isotope com-
ponents were found to be well resolved fr th ' S
and '4'Sm h e

rom e m
an m hyper6ne components in the presence of
Doppler broadening. Thus, for all levels studied, the

154 152
probe laser could readily be tuned to just th'us e even iso-

7 7 0
topes m or m. An example of a Doppler-free sca
recorded for the F, - Fo transition at 570.68 nm is shown

n

in Fig. 2.

IV. RESULTS

A. Geometrical considerations

1. Crossing angle of the probe beam polarizers

Figure 3 shows transmission Zeeman beat signals
recorded for the 293-cm ' F1 level when the polarizers
in the probe beam are exactly crossed (0=0) and slightly
uncrossed (0(5'). For the case of exactly crossed polar-
izers the beat pattern is determined solely by the quadra-
tic term in Eq. (10},and the transmitted intensity of the
probe is modulated at 2coL and decays at a rate 2I'l, (1) to
a zero background level [Fig. 3(a)]. For the case of slight-

ly uncrossed polarizers the first two terms of Eq. (10)

0
0

I I

Time [p, s]

FIG. 3. Tran~ Transmission Zeeman beat signals for the 293-cm

robe beam
~

level of Sm I with (a) crossed and (b) sli htls ig t y uncrossed

The res
pro e earn po arizers. The pump beam is circ l l luar y po anze .

e pressure is 0.5 Torr Kr. Curve (a) is plotted an an expand-
ed intensity scale. The magnetic field is 150pT.

dominate the quadratic term, and the transmitted intensi-

ty exhibits an almost symmetrical beat pattern modulated

at coL and decaying at the rate I k(l) to a constant back-

ground intensity proportional to 0 [Fig. 3(b)]. The small

asymmetry in this beat pattern arises from the residual

contribution of the quadratic term of Eq. (10} and de-

creases as the uncrossing angle 0 increases.
Although the beat patterns obtained with exactly

crossed polarizers, which decay at 2I k(l) [Fig. 3(a)], can
in principle be used to measure collisional depolarization
rates, we And in practice that it is diScult to avoid contri-
butions to the signal that decay at I k(1) resulting from

imperfect polarizers and background birefringence.
Furthermore, the signal-to-noise ratio of the recorded
beat patterns is generally worse than for the case of un-

crossed polarizers. Thus we find that considerably more
reliable results are obtained by uncrossing the polarizers
s ightly and analyzing the almost symmetrical beat pat-
terns such as those shown in Fig. 5. For these beat sig-

nals the small asymmetry resulting from the quadratic
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term of Eq. (10) is eliminated in the data analysis by

analyzing the difference between the upper and lower en-

velopes of the beat pattern. For the uncrossing angles
used in this work the effects on the measured relaxation
rates of the quadratic term amounted to a correction of
less than 10/o in all cases.

2. Effect ofpolarization angle of the probe beam (p)

If the direction of polarization of the probe beam is
other than normal or parallel to the magnetic field, then
the beat pattern is influenced by other Zeeman coherence
components in addition to RepI(1) and Imp, (l). Equation
(6) gives for any angle P

3Re(n+ —n ) 0- 25 Rep', (1)—2I, (lu )cos2PImpI(l)+ I,(lu )sin2P —pII(1}+Rep2( )I,(lu) +5 6

Using the solutions from the Appendix for each of these
components, then for the case of a 45' linearly polarized
pump such that the retardation P =w,

—I (I )tRe(n+ n—) ~e ' [4cos2PcoscoL t

+ sin2p( cos2coL t —1 }] .

This expression is plotted in the right-hand column of
Fig. 4 for P=O', 30', 45', 60', and 90', alongside corre-
sponding experimental profiles. The influence of the
components pII(l ) and particularly Repz(1), whose contri-
bution to the signal is modulated at twice the Larmor fre-
quency, is observable at the intermediate probe polariza-
tion angles. Indeed, the curves for p=45' contain only
contributions from pII(l) and Repz(1).

B. Collisional depolarization in the 4f s6s ~ 7F
I level

Figure 5 shows transmission beat signals obtained for
the Sm F, level in the presence of argon for the cases of
circular and linear (45') pump beam polarizations. A
significant difference in the collisional relaxation rates for
the two polarizations is clearly evident. Relaxation rates
measured as a function of rare-gas pressure (see, for ex-
ample, Fig. 3 of Ref. 9), have been used to derive the
cross sections for collisional destruction of orientation
(o I) and alignment (cr2) in each of the rare gases He, Ne,
Ar, Kr, and Xe. The results are summarized in Table II
along with cross sections obtained previously from
radio-frequency laser double-resonance experiments,
collision-induced Ramsey resonance experiments, and

riment

Probe polarization
angle p

Theory

(a) Circular pump polarization

0o

300

0
N
M

E
V)
L
lg

450

60c

I-

O

I-

CO

Z
CCi-

(b) Linear (45 ) pump polarization

'v ~ = 90

Time (ps) Time (ps)

TIME (ps)

10

FIG. 4. EA'ect of angle of polarization of probe beam on
transmission Zeeman beat signals. {a) Experiment, 45 linearly

polarized pump. Probe polarizers slightly uncrossed. The pres-
sure is 0.9 Torr Ne. The magnetic field is 64 pT. (b) Theory, as-

suming decay time 1.7 ps.

FIG. 5. Experimental transmission Zeeman beat signals
recorded for the 293-cm '

F& level of Sm I at a pressure of 0.25
Torr Ar. The magnetic field is 120 pT. Signals represent aver-
age of 640 pump laser pulses over 30 s.
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0

TABLE II. Cross sections (A ) for destruction of orientation (a&) and alignment (0.2) in the

4f 6s''F, level of Stnt by rare-gas perturbers. Hard-sphere collision cross sections (o.„s) are also

shown.

Perturber

He
Ne
Ar
Kr
Xe

1.5(2)
6.8(3)

16.1(8)
27(1)
32(2)

This work'

0.96(5)
4.3(2)

10.3(5)
17.0{9)
20.6{1.0)

1.58(22)
1.59(11)
1.56(11)
1.61(11)
1.56(11)

1.4b

5.3'
12.0b

16.0

Other work

0.025'

0.31'

0.82'

1.8
10'
21"
324

+HS

28'
30'
36'
41'
47'

'Temperature 515 K (He 545 K).
Reference 22. Radio-frequency-laser double resonance. Temperature 1000 K.
Reference 11. Collision-induced Hanle resonances in four-wave mixing. Temperature 1130K.
Reference 23. Collision-reduced Ramsey resonances. Temperature 1000 K.

'Data quoted in Ref. 22.

collision-induced Hanle resonances in four-wave rnix-

ing. " Our results show general agreement with those of
Tamm, Buhr, and Mlynek for 0.

2 and Buhr and
Mlynek for 0.

&, but are very much larger than the
collision-induced Hanle results of Zou and Bloember-
gen" for 0,. In the latter technique, the measurements
were made at large detunings (=20 GHz) from line
center of the F, - Fo resonance at 570.68 nm and it has
been suggested" that the very small cross section re-
ported in Ref. 11 may have been influenced by the nearby
strong transition at 570.62 nm ( F3 62) or the-weaker
570.72 nm ( F~ I3) transiti-on. Our very small cross sec-
tions for collisional destruction of orientation in the F2
and F3 levels of Sm I (Table III) support this interpreta-
tion.

The ratios of the cross sections o, 1'o
2 obtained in this

work for the F, level (Table II) are found to be essential-

ly the same (in the range 1.56—1.61) for all the rare gases.
The ratios deduced from the results of Tamm, Buhr, and
Mlynek and Buhr and Mlynek range from 1.3 (He) to
2.5 (Xe), but these values were determined from data tak-
en using different experimental techniques for 0., and e2.

C. Collisional depolarization in 4f 66s 2 F levels with J) 1

The transmission beat signals for the J=2 to 6 levels of
the F ground-level term were recorded using the pump

and probe transitions listed in Table I. The derived cross
sections for collisional destruction of orientation and
alignment by argon are given in Table III. The cross sec-
tions show very large variations (a factor of 160 for cr, )

across the various term members, with a systematic de-
crease from J=1 to 4 followed by an increase for J=5
and 6. An example of the very long relaxation times
recorded for the F4 level is shown in Fig. 6, where the
beats are seen to persist clearly for more than 0.2 ms after
the pump pulse. For the long-lived coherences in the F3
and F4 levels the observed relaxation rates at low pres-
sures are influenced by the transit times of the coherently
prepared Sm atoms across the probe beam, and in order
to reduce such effects the probe beam was expanded from
its normal 5 mm diameter to about 15 mm. The residual
transit-time effects show up as a nonlinearity at the low-
pressure end of the relaxation rate versus pressure plots
(see Fig. 7). The cross sections given in Table III are de-
rived from the linear (higher-pressure) region of these
plots. Our measured cross section for the destruction of
orientation in the F3 level of only 0.19(2) A is in fair
agreement with the value of 0.34 A reported by Buhr
and Mlynek from collision-induced Ramsey resonance
experiments.

For levels having J) 1 it is possible in principle to in-
duce higher-order coherences with k) 2. Such coher-
ences would decay at a rate I k, which may be different

0

TABLE III. Cross sections (A ) for destruction of orientation (0.
&

} and alignment (0., ) in ground-
level term levels of samarium by argon perturbers. Also shown are the ratios of the geometrical factors
4, 2/4, , (from Table V) and the modified cross sections A..

Level

4f '6s' 'F,
4f 6s "F,
4f 6s F
4f66s 2 7F

4f 6s 'F,
4f 6s 'F

Energy
(cm ')

293
812

1490
2273
3125
4021

16.1{8)
2.2{2)
0.19{2)
0.10(1)
0.77{9)
1.7(3)

This work

10.3(5)
5.2(5)
0.48{5)
0.22(2)
1.8(2)
4.3(6)

CT l /Og

1.56{11)
0.42(4)
0.39(5}
0.46(5)
0.42(7}
0.39{9)

Theory
+1,2/@Z, 2

1.67
0.41
0.37
0.35
0.35
0.34

(A )

16.1(8)
11(1)
2.7(3)
3.0(3)
42(5)
155(30}
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FIG. 6. Tr
2273-cm

Transmission Zeeman beat signal record d f h
3-cm F4 level of Sm I at a pressure of 0.5 Torr Ar, with

circular pump polarization. The magnetic field is 5 pT.

D. Collisional depopulation rates

As mentioned in Sec. II, the collisional depolarization
cross sections hark may consist of two contributions: one
from collisions that only mix the Zeeman states (A„) and
another from collisions that remove population from the
level (era). In order to estimate the contribution of depo-
pulation to the measured FJ depolarization cross sec-

from I
&

or I 2, and would evolve at various multiples of
the Larmor frefrequency. In the present experiments the
signals are not directly sensitive to such higher-order
coherences, though the pump field may in principle cou-
ple them to coherences that do directly inhuence the sig-
na s. However, no evidence of such effects was observed
for the pump-laser intensities and pulse lengths employed
in these experiments.

tions, we have carried out additional experiments in

c ange in the population of a selected lower level by
spontaneous emission from a short-lived laser-excited lev-
el, using an excitation sequence such as that illustrated in

ig. 8. The decay of this laser-induced population
change was then monitored by measuring the time-

ependent absorption of the probe laser in the absence of
the analyzing polarizer. The measured depopulation
times were found to be very similar f 11 f h

f s levels and to correspond approximately to the
transit times estimated from the beats experiments (see,
for example, the low-pressure end of Fi . 7). Al

epopulation times decreased when the size of the probe
beam was reduced, further indicating that these measure-
ments were dominated by transit-time effects. These re-
sults indicate that any collisional depopulation of the
lower levels occurs more slowly than transit-time effects
and hence does not contribute significantly to the mea-
sured depolarization cross sections. Thus for all the
samarium 4 6s F
Ak.

FJ evels, O.
k can be taken as equal t0

E. Collisional transfer of coherence

The transmission Zeeman beats technique also permits
studies of collisional transfer of coherence that may occur
between the samarium levels as a result of the
samarium —rare-gas collisions. Similar effects are well
known in optical pumping experiments in He and
Hanle-effect experiments on excited levels. In an exper-
iment to detect collisional transfer of coherence, the
probe beam was tuned to a transition from a lower level
t at is not directly populated by either spontaneous or
stimulated emission from the level excited by the pump
laser pulse. Figure 9 shows an example of weak transmis-
sion beats detected with the pump laser t d t th

2.84-nm F3- D3 transition and the probe laser tuned
to the 570.68-nm F, - F0 transition. The observed relax-
ation rate of these beats (detected in the 'F, level) is simi-

lar to the measured relaxation rate of beats detected
when probing from the F3 level directly and indicates

20—
Sml F4

o 7= 8.1ns
D 3

'
22632 cm

Nx F 19501 cm

C4

10—
Pump

472.84nm Probe
0.28nm

o

p 7
F3 1490 cm —

~

7
F4 cm

2 4
Argon Pressure (Torr)

FIG. 7. Ar
tion r

gon pressure dependence of measured de 1epo anza-
ion rates I &(l ) and I 2(I) for the 2273-cm ' 'F4 level of Sm i

FIG. 8. Excitation scheme to study the collisional rate of
change of population in the 2273-cm ' 'F4 level of Smi.
Dashed line represents spontaneous emission. Lifetime of 'D3

level from Ref. 42.
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Furthermore beats detected when probing from the F2
level with the pump laser tuned to the F3- D3 transition
have relaxation rates corresponding to just JI=2 coher-
ences and show no detectable inhuence from the much
longer-lived F3 coherences.

V. DISCUSSION

J ( t )t 'i J Q ~ / g &~- ~+~i'~,~
l

J

0.1

Time (ms)

0.2

FIG. 9. Transmission Zeeman beats recorded for the 293-
cm ' F, level of Sm I following collisional transfer of
coherently excited atoms from the 1490-cm ' I, level. The
pressure is 0.5 Torr Ar. The pump polarization is circular. The
magnetic field is 7 pT. Dashed lines of inset represent spontane-
ous emission and wavy line represents collisional transfer.

that the coherence detected in the F, level has been
transferred from F3 to F~. In particular, this relaxation
rate precludes possible alternative mechanisms such as
spontaneous emission from D3 to F2 followed by col-
lisional transfer from F2 to Fj or collisional transfer
among the short-lived excited levels followed by spon-
taneous emission to the F, level. Weak collisionally in-

duced coherence transfer beats have also been detected
by probing the F2- F

&
transition following pumping on a

JI =1 to J„=O transition. In these experiments we have
not determined the degree of coherence transfer, but it
must be very small since the population changes accom-
panying such a transfer are not detected (Sec. IVD).

I

The cross sections for collisional depolarization in the
samarium 4f 6s Fi 6 levels by the rare gases exhibit a
number of significant trends (Tables II and III}. First,
they appear to be unusually small compared with the
depolarization cross sections for other J~ 1 levels studied
to date (see, for example, Refs. 26 and 27) and with the
cross sections for hard-sphere collisions (Table II).
Second, the depolarization cross sections show a strong
monotonic increase with rare-gas perturber from helium
through to xenon (Table II). Such behavior resembles
that found for weak depolarizing collisions in the S&y2

ground levels of alkali-metal atoms (see, for example, Ref.
28). Third, the cross sections vary markedly (by factors
of up to 160) from level to level within the F term (Table
III), and finally, the cross sections for destruction of
orientation in the case of the F, level are considerably
higher than the cross sections for destruction of align-
ment (e, /o2=A, /A2=1. 56—1.61 for the various rare-
gas perturbers), while for the higher-J F levels the re-
verse is true (0, /o 2 in the range 0.39—0.46 for argon per-
turbers). The 0, /Oz ratios for the F, level are consider-
ably higher than those for other J =1 levels studied pre-
viously, where values in the range of o, /0&=1. 03—1.33
have been found in Hg 6 P„' Cd 5 'P, ,

' Cd 5 P„
Yb 6 P, ,

' and Ne 2s2 (J= 1), all of which are in

reasonable agreement with the detailed numerical calcu-
lations of Herman and Lamb (o, /0&=1. 12+0.02) and
the perturbative calculations of Omont (cr, /cr2=1. 11).

The (velocity-averaged) cross section for collisional re-
laxation of the 2 multipole is given in the impact ap-
proximation by (for example, Refs. 27 and 36)

r

J J k
crk=v 'f f f(v)2n. 1 —g (

—1)' +"+«'J J '~Sk(b, v)~' bdb udu,
0 X~

21
Ak=ok o'0= g C'k~&~,

where

(12)

J J k
(2J+1)—i

( 1)2J+k+x.
k, y J J

(13)
is a geometrical factor and the coefficients Bz are given

where S~(b, u ) are irreducible components of the scatter-
ing S matrix for a collision having impact parameter b
and relative velocity u, and f (v) is the atomic velocity
distribution. It is useful to express Eq. (11) explicitly as
an expansion in terms of the multipolarities g of the col-
lision interaction;

I

by

=(2u) ' f f f(u)2m g ISr(b, v )I bdb udv (14)
x 0 0 a

Fxpressions similar to (12} and (13}have also been given

by Happer for the case of an interaction with a single

multipolarity y.
Equations (12) and (13) lead to the following relation-

ship for the ratios of the cross sections for the destruction
of orientation and alignment:

2J
(2J —1)(2J+3) g y(y+l}B»

x=~
2J

3 g y(y+1)[4J(J+I)—y(y+1) —1]8r
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from which one obtains the inequalities

(2J+3)/3 ~ A, /A~ ~
—,', (16)

(2J —1)(2J+3)
A~ 3[4J(4J + 1)—7]

(17)

An essentially pure quadrupole collision interaction
has previously been found in optical pumping experi-
ments on polarized ground-state atoms of

'Hg(6'So, F= ,') (Ref. 40) and —' Cd(5'Su, F= ,'). ' In-
these cases the interaction is between the quadrupole mo-
ment of the atomic nucleus and fluctuating electric-field
gradients experienced by the atoms in collisions with the
walls of the cells.

0

TABLE IV. Values of the coefficients B~ {in A ) for the

4f 6s F, level, deduced from the experimental values of rr,

and 0.
2 (Table III) and Eq. (12).

Perturber

He
Ne
Ar
Kr
Xe

B,

0.08(16}
0.28(34)
0.8(9)
1.0( 1.4)
1.8(2.8)

B2

1.5(3)
6.7(4)

15.8( 1.0)
27(1)
31(3)

where the lower limit corresponds to a pure y= 1 interac-
tion only and the upper limit corresponds to a pure
y =2J interaction.

In the case of a J=1 level (k=1,2 and y=1, 2 only),
expression (16) yields —,'(pure y=2) ~A, /A2~ —,

' (pure
y= 1). The upper limit A, /Az= —,

' is the same as the ratio
given by Omont and Wang and Tomlinson when non-
commutativity of the interaction matrix is neglected, and
is very close to our experimentally determined
o, /o 2( =A, /A2) values of 1.56—1.61 for the 7F, level of
samarium. Indeed, the values of the 8& coeScients ob-
tained when the experimental values of cr, and 0.

2 are
substituted into Eq. (12) (see Table IV) indicate that for
this level the contribution to the sum in Eq. (12) from the
g= 1 component is less than 6%, which is smaller than
the experimental uncertainty. Thus the collision interac-
tion is dominated by a y = 2 (electric quadrupole) interac-
tion.

In the case of a J =2 level (y= 1, 2, 3, or 4) the limit-
ing values of A, /Az are —', (pure y=4) ~ A&/A2 —,

' (pure

g=l), while the ratio for a pure y=2 interaction is
A~/A2=@~ 2/42 2= —,', =0.41, which is in agreement
with our experimentally determined value (0.42+0.04)
for the F2 level of samarium. Likewise, in the case of
J= 3—6 levels, the values of 4, z/4z z (i.e., y=2 interac-
tion) are consistent with the experimentally determined
a ~/o2 values for the F& s levels of Sm (see Table III).
Theoretical ratios of A

&
/A2 for y = 1, 2, 3, and 4 are

compared with the experimental ratios in Fig. 10. These
results show that collisional depolarization for all J & 1

levels in the 4f 6s F term of samarium appears to be
dominated by a g=2 interaction, in which case the J
dependence of the ratios of the cross sections [Eq. (15)] is
given by

2 5—

20—

5 5—
l

I

I

X=2 I

/
/

/

/I
I I

/ I

/

/
I

l

L

I

I

l4

1

I

05-

X-—1 ——————

FIG. 10. Ratio A, /Az plotted as a function of J. Dashed
curves join theoretical values assuming single multipolarity in-

teraction, for y=1, 2, 3, and 4. Closed circles indicate experi-
mentally determined ratios for samarium 4f'6s''F levels with

argon perturbers. Heavy dashed lines represent limits given by
expression {16).

2J
A, =[J(J+1)(2J+1)] ' g y(y+1)8», (18)

and we define

It is interesting to note that the observation of
A ] /A2 3

for J = 1, corresponding to a pure g =2 in-

teraction, implies that the cross section for population
transfer between the m = 1 and —1 substates is just twice
that for transfer between the m =1 (or —1) and m =0
substates. Similarly, using Eq. (A5) of Ref. 39, observed
values of A, /A2= —,', for J =2 and A, /A2= —,", for J=3,
corresponding to a pure g =2 interaction, imply the rela-
tive population transfer cross sections given in Fig. 11.
We note that for a g= 2 interaction the sum of the cross
sections for hm =+1 collisions is always the same as the
sum of the cross sections for b, m =+2 collisions, while
collisions in which m changes by more than 2 are not al-
lowed.

As J becomes large the final term in Eq. (13), involving
the 6-j symbol, approaches (2J+1) ', so that the geome-
trical factor 4k z approaches zero. This J dependence of
4k» (Table V) is found to account for much of the large
decrease in the experimental o.

&
and o 2 values {Table Iu)

as J increases from 1 to 4. It is useful to derive a
modified cross section A. which does not contain the J
dependence of the geometrical factor 4k z. For k =1
Eqs. (12) and (13) reduce to the simple expression
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1

5
1

14
1

30
1

55
1

91

3
5
17
35
41
210
73

770
113

2145
23

715

A, = —,'J(J+1)(2J+1)A)=—,
' g y(y+1)8r . (19)

Equation (19) permits A, to be determined from the exper-
imental o, ( =A, ) values without prior knowledge about
which values of y contribute to the interaction. These I,
values, given in Table III, indicate that after allowing for
the J dependence of 4k &

the higher-lying F, and F6
levels are much more susceptible to collisional depolari-

mJ

TABLE V. Values of the geometrical factor 4I, 2, defined by
Eq. (13), for k = 1,2 and J= 1-6.

+2, 2

zation than the lower-lying FI 4 levels. The F5 and F6
levels were also found to be quite sensitive to depopula-
tion by discharge species during the current pulse.

The occurrence of an essentially pure even-g interac-
tion for collisional depolarization in the samarium
4f 6s F levels by the rare gases is in contrast with oth-
er J ~ 1 systems reported to date; particularly, J =1 lev-
els, in which the ratio A&/Az is very sentitive to the con-
tribution each multipolarity y makes to the sum in Eq.
(12). A pure evenq interaction implies that, in the ex-
pansion of the scattering S matrix, second- and higher-
order terms that contain commutators [V(t&),V(t2)] of
the collision interaction matrix V(t) can be ignored at all
times during the collision. ' Such a situation arises in a
weak collison interaction or when the commutators van-
ish due to symmetry considerations as in depolarizing
collisions between S»2 ground-state alkali-metal atoms
and 'So ground-state rare-gas perturbers. In the case of
samarium the unusual but simple behavior of the col-
lisional depolarization in the 4f 6s F levels is likely to
be a consequence of the strong screening action of the Ss,
Sp, and 6s shells on the 4f valence electrons. Such strong
screening is also reflected in the relatively small absolute
values of the depolarization cross sections of the levels
(Table III) and their very small collisional mixing or
depopulation rates (Sec. IV D). Evidence for this screen-
ing is also found in the abnormally small pressure-
broadening constants found for M1 transitions between
the samarium 4f 6s FJ levels and for optical M 1 tran-
sitions between levels in different terms within the 4f 6s
configuration. Very small pressure-broadening con-
stants have also been found for thulium M1 transitions
between 4f ' 6s F5/2 3/2 fine-structure levels. Behav-
ior similar to that which we have observed in samarium
could be expected in ground-level terms of other rare-
earth and actinide atoms.

VI. SUMMARY

m = 2J

AlJ = -3

FIG. 11. Relative collisional population transfer cross sec-
tions between Zeeman states of levels having J=1, 2, and 3 for
a pure y=2 interaction.

The transmission Zeeman beat technique described in
this paper has been shown to provide an accurate means
of determining depolarization rates in ground and near-
ground atomic levels. With an appropriate choice of po-
larization of the pump laser, the technique yields indivi-
dual relaxation rates for the destruction of either orienta-
tion or alignment. Since the depolarization rates are
determined directly from the decay of the Zeeman beat
signals, they should yield inherently more accurate cross
sections than other measurements of ground-level depo-
larization rates which rely on the fitting of more than one
parameter to complex linewidth-versus-pressure curves
(e.g. , see Refs. 11, 22, and 23) or the rneasurernent of nar-
row linewidths that may be susceptible to extraneous
broadening. In particular, the present technique is not
affected by relaxation processes associated with velocity-
changing collisions since the pump-laser bandwidth is
greater than the Doppler width. The principal source of
uncertainty in the present experiments has been the
difhculty of accurately measuring the temperature of the
atomic vapor in the discharge.

The application of the transmission Zeeman beat tech-
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nique to levels in the 4f 6s F ground-level term of
samarium has yielded a number of significant results.
First, the small depolarization rates found in these levels
makes this system particularly attractive for experiments
requiring narrow ground-state resonances, such as some
ground-state Hanle-effect and optical pumping experi-
ments. Furthermore, the samarium ground-level term
has proved to be a useful test case for studying the nature
of the collision interaction in levels having a wide range
of J values. In the case of the F, level, the cross sections
for the destruction of orientation in collisions with rare-
gas atoms are considerably larger than the alignment-
destroying cross sections, whereas for the F2 6 levels the
alignment-destroying cross sections are the larger. These
results are in quantitative agreement with the predictions
of a weak collision model based on a pure y =2 collision-
al interaction. The observation of values of cr, /o 2=1.6
for the F, level is believed to be the first observation of
the ratio close to the theoretical result of —', predicted by
the above simple model.
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APPENDIX: ZEEMAN COHERENCES GENERATED
BY THE PUMP LASER

The pump beam is initially linearly polarized in the xy
plane at 45' to the direction of the magnetic field, and
propagates through the Babinet-Soleil compensator, act-
ing as a wave plate, with its fast axis vertical. The retar-
dation induced in the component of the wave polarized
along the slow axis is P. Although the pump laser is
broadband, with a pulse length of about 4 ns, we are con-
cerned here primarily with establishing which Zeeman
coherences are generated by the pump pulse. We use the
following equations describing the steady-state interac-
tion of a single atomic velocity group (for which 5=0)
with a single mode of a pump laser field, and ignore the
effects of the magnetic field (col =0):

I,(lu)I (I)
n' + —Rep~(1)

o

3 8
—po(l)+ —sing Rep&(l)

I 2 I 2 1

8 6 8
—po(1)+ —cosP Imp, (1)+—.

For simplicity, the equations are written for a pump laser
tuned to a transition between a lower level having JI =1
and an upper level with J„=O. The optical coherences
have been eliminated from the equations. Similar equa-
tions apply for a transition with an upper level having
J =1, as was usually the case in our experiments. Which
Zeeman coherences are generated for a given pump po-
larization is clear from these equations. For linear pump
polarization (/=0) the lower-level population is coupled
to Imp](1) and Repz(l), while for circular pump polariza-
tion (P=7r/2) the lower-level population is coupled to
Rep', (1) and Rep', (I). The solutions of the above equa-
tions for high pump laser intensity are

po(1) =
—,', po(1) = —, Rep', (1)= —,', sing,

1

Imp, (1)= —,', cosP, Rep2(1) = —
—,', .
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