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m~ mixing and multipole relaxation in 6 P rubidium atoms induced by He, Ne, and Ar collisions
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Rubidium vapor, contained together with a buffer gas in a quartz cell located in a 4.75-T magnet-
ic field, was irradiated with light from a pulsed dye laser producing selective excitation of each 6 P
Zeeman substate in turn. Collisions of the excited and polarized atoms with the ground-state He,
Ne, or Ar atoms and the resulting Zeeman mixing produced a population of the whole Zeeman
manifold and resulted in the emission of a Zeeman fluorescence spectrum that was resolved with a
scanning Fabry-Perot interferometer and recorded with a photomultiplier and a multichannel
sealer. Measurements of the relative intensities of the fluorescence components in relation to the
buffer-gas pressures yielded the absolute (thermally averaged) cross sections for Zeeman mixing and
cross sections for relaxation of the atomic multipole moments for collisions with He, Ne, and Ar.

We have recently described an experimental study of
relaxation of the atomic dipole, quadrupole, and octupole
moments in S P potassium atoms, induced in collisions
with ground-state He, Ne, and Ar atoms. ' The experi-
ments were carried out in a high magnetic field and yield-
ed cross sections which agreed well with values predicted
by concurrent calculations performed elsewhere. ' We
now report the results of experiments in which we excited
each sublevel of the Rb 6 P Zeeman manifold in turn and
investigated the relative intensities of all the Zeeman
components of the resulting fluorescence spectrum in re-
lation to the densities of the buffer gases, obtaining cross
sections for all the possible collision-induced transitions
between the Zeeman sublevels and for the relaxation of
the atomic multipole moments.

When a rubidium atom, excited to a 6 PJ Zeeman
substate, collides with a noble-gas atom, it may be
transferred to another m J substate. Because of the
moderate 6 P fs splitting, the collisional transfer will
span all six Zeeman substates of the 6 P manifold. Since
the initial excitation of a single mz substate produces a
bulk multipole moment in the vapor-gas mixture, the col-
lisional mJ mixing is equivalent to the collisional relaxa-
tion of the various multipole moments: the dipole (orien-
tation), quadrupole (alignment), and octupole. ' The
multipole relaxation cross sections A', /'2 and

A&&z (L=1,2, 3) may be expressed in terms of the Zee-
man mixing cross sections Q(J, m —+J', m') by Eqs.
(4)—(7) in Ref. 2 or by the following equivalent transfor-
mation equations which take advantage of additional
Zeeman mixing cross sections, ' and are based on the as-
sumption that Q(J, m ~J', m )=Q(J, —m —+J', —m ):

(3) —9

(4)

where XJ represents the population of a Zeeman
substate and ~=11.5X10 s is the mean radiative life-
time of the 6 P state [this is an average of 7, g2= 11.68 X 10 s (Ref. 10) and r~&2

= 11.4 X 10 s (Ref.
11)j. Since in this experiment only circularly polarized
fluorescence was detected, the population ratios are pro-
portional to the ratios of the measured integrated intensi-
ties of the Auorescence components:

IJ AJ
(7)

where AJ are the appropriate Einstein 3 coeflicients
for decay of the excited states by emission of circularly
polarized light, ' which are magnetic-field dependent. In
a field of 4.75 T they are in the ratio

The Zeeman mixing cross sections are defined analogous-
ly with the gas-kinetic cross section

y( J, m —+J', m ') =NvQ( J,m ~J', m '),
where y(J, m ~J', m') represents the rate of transfer be-
tween the Zeeman substates within the 6 P manifold. 1V

is the density of the buffer-gas atoms and v is the average
relative speed of the colliding atoms. Under single-
collision conditions, when an excited Rb atom undergoes
at most one inelastic collision during its lifetime,

Q(J, m ~J', m')=(liNvr)(NJ IN& ),

AI)2 2Q( —— — ) 3//+3/2 3 3/2+ ] /2 3
$ /2+ ] /2 3.00:0.97:2.0 1 (8)

(2)

Equations (1)—(7) are used to derive the multipole relax-
ation cross sections from the integrated intensities of the
Zeeman fluorescence components, measured in relation
to the buffer-gas densities.

The apparatus and experimental procedure have been
described previously' and were used in this investigation
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FIG. 1. Schematic diagram of the 0. transitions between the
5 S and 6 P Zeeman substates in rubidium. On1y the 8 and E
excitations are indicated; the m transitions are not shown.

direction perpendicular to the direction of excitation and
parallel to the magnetic field, consisted of a direct Auores-
cence component emitted from the optically excited Zee-
man substate and sensitized components emitted from
the substates populated by collisions. The fluorescence
spectrum, which consisted of o.+ and o. components
identified in Fig. 1, was resolved with a piezoelectrically
scanned Fabry-Perot interferometer whose output was
detected with a photomultiplier and accumulated in a
multichannel sealer.

Figure 2 shows a representative trace of the fi.uores-
cence spectrum obtained with 6 P3/2 3/2 excitation in
the presence of 120 mTorr Ar. The fluorescence peaks
are identified as arising from the transitions labeled 3 —F
in Fig. 1. The intensity pattern in the spectrum suggests
that Zeeman mixing within the P3/2 fs state is consider-
ably more efficient than mixing between the fs states.

with minor changes. Rubidium vapor together with a no-
ble gas was contained in a quartz fluorescence cell placed
in a 4.75-T magnetic field and was irradiated with dye-
laser pulses tuned to selectively excite each Zeeman sub-
state of the 6 P manifold in turn. The resulting circular-
ly polarized Auorescence, which was observed along the
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FICz. 2. A trace of the Zeeman fluorescence spectrum emitted
from rubidium vapor mixed with 120 m Torr Ar. The
6'P3/2 —3/p state was optically excited and the peaks are labeled
to correspond to the transitions indicated in Fig. 1. The free
spectral range of the interferometer was 17.08 cm
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FIG. 3. Plots of Zeeman Auorescence intensity (and popula-
tion) ratios, arising from 6 P3/p 3/2 excitation, showing eA'ects of
Zeeman mixing by Rb-Ar collisions. The separate origin for
each plot is indicated on the vertical axis. The error bars
represent statistical scatter of the measurements. Each point
represents the intensity ratio of the specified components, multi-
plied by the ratio of the appropriate AJ coeKcients. (a)
I( A)/I(D), (b) I(B)/I(D), (c) I(E)/I(D), (d) I(C)/I(D), (e)
I(F)/I(D).
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TABLE I. 6 P Zeeman mixing cross sections (10 ' cm ). Dashes indicate that the relevant Auores-
cence component was not adequately resolved.

Designation

Q(J, m ~J', m') He

Collision partner

Ne Ar

g(1 1 3 3j
27 2 2~ 2

g(i L 3 i)
27 2 27 2

'Reference 3.

50+13
45+13

438+85

521+100

334+65

76+24

42.0+20; 10.4'

31+9; 6.2'

378+75' 147 1'

283+55; 71.5'

425+210; 165'

49+10' 9 1'

39+10' 7.6'

287+80; 94.9'

341+100; 147.1'

492+50; 165'

129+40

46+15
51+20

58+20

51+10
83+40' 49 4'

20+6; 6.8'

23+5; 7.9'

25+5 4.7'

25+5; 5.8'

9+2.5

9+3
140+30

163+30
136+30
16+5

17+5

244+50

296+60

187+35

185+35

311+90
9+2.5

8+2.5

129+25

159+30

174+35

27+8

7+2

8+1.5

28+8

9+2.5

7+1.5

7+1.5

16+S

16+5

218+45

155+30

140+30

32+9
32+9

292+ 115

272+ 100

343+ 120

34+15
22+7

285+50

212+ 105

374+180
12+3.5
11+3

115+30

34+10
14+4

14+3

22+6
21+5
35+10
20+ S

16+3
17+3
17+5

The ratios of the sensitized-to-direct integrated intensities
in the many fluorescence spectra were multiplied by the
appropriate ratios of the AJ coefficients and are plotted
against buffer-gas pressures in Fig. 3, which represents a
typical plot of population ratios of collisionally-to-
directly (optically) populated Zeeman sublevels in the
6 P Zeeman manifold. The linearity of the plots suggests
the absence of multiple collisional transfers including
back transfer, and was also noted in all the additional
data that are not shown here. The Zeeman mixing cross
sections were calculated by substituting the data in Eq.
(7) and subjecting them to a weighted linear regression fit

Designation

Ai y2
(&)

A3 y2
(&)

(2)A3 y2

(3)

212+100
1348+345
1606+570
1457+1050

Collision partner

Ne

55+15
805+170
996+250

1041+410

69+19
1015+380
1236+430
1091+830

TABLE II. 6 P multipole relaxation cross sections (10
cm ).
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over the range of buffer-gas pressures where the popula-
tion ratios remained linear with XU~. The cross sections
are listed in Table I and it may be seen that, in all cases,
the cross sections are largest for He and smallest for Ne,
a trend which has also been observed in other experi-
ments. ' ' The cross sections for m~ mixing between the

P&&2 and P3/2 fs states are smaller than the mixing
cross sections within the P, /2 state, which are again
smaller than the cross sections for mixing within the
Ps&2 state. This was to be expected since the 6 P fs

splitting (77 cm ') is relatively large and, while it is
smaller than kT at the temperature of the fluorescing
vapor-gas mixture (269 cm ), it is non-negligible corn-
pared to the inverse collision time. That the cross sec-
tions for m J mixing within the P»2 state are
significantly smaller than within the P3/2 state may be

due to the mJ~ —mz transitions being forbidden, as has
been indicated in some earlier theoretical studies. '

On the other hand, it has been suggested that these tran-
sitions are made possible by magnetic-field-induced
P, /2- P3/2 mixing, a process which has been found to be

magnetic-field dependent. ' Table I also includes some
theoretical cross sections which are clearly smaller than
the experimental values, though the trends are in agree-
ment. These various properties of the Zeeman mixing
cross sections are rejected in the cross sections for relax-
ation of the multipole moments that were derived from
the mJ mixing cross sections and are listed in Table II.
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