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INTERPRETATION OF EXPERIMENTAL RESULTS ON THE RELAXATION
OF OPTICALLY PUMPED Rb IN COLLISIONS WITH Kr ATOMS

M. A. Bouchiat, J. Brossel, and L. Pottier
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au Centre National de la Recherche Scientifique, Paris, France
(Received 15 June 1967)

A theoretical analysis of experimental results on the relaxation induced by Rb-Kr col-
lisions reveals the existence of two very different correlation times. The shorter, of the
order of 10 ~2 sec, is a kinetic collision time; the longer, 10 sec, reflects the pres-
ence of metastable states associated with resonances in Rb-Kr scattering, or of actual
Rb-Kr bound states due to three-body collisions.

Experimental results on the relaxation of
observables (Sz) and (S I) of optically pumped
Rb in collisions with Kr gas atoms have been
reported recently. ' It has been shown that once
the effect of wall relaxation has been removed
as stated in paragraph 5 of PR1, all time con-
stants which appear in the measurements are
indeed due to collisions in the gas phase. Ex-
perimentally, two time constants Te and 7.„
appear in the relaxation for (Sz), and one, TH,
for (S ~ I). A very unexpected result, clearly
seen in Fig. 1 of PR1, is the very strong field
dependence of I/7e and 1/v.„, between 0 and
200 G; 1/TH, on the other hand, is field inde-
pendent. Our purpose here is to show that,
as announced in PR1, the observed behavior
can be explained by assuming the existence
of two uncorrelated interactions I and II whose
physical nature is not necessarily different,
but with very different correlation times v.

1
(very long, -10 ' sec) and Tc2 (10 "sec).

For a random weak interaction of the mag-
netic type ySS.H(t), theory' indeed predicts
that two time constants T8, 7'z appear on (Sz),
and one, r&, on (S ~ I); furthermore, every
relaxation rate can be expressed in terms of

the Fourier transform of the correlation func-
tion of the perturbation j(~) = (1+&u'Tc') ' at
frequencies ~ =m&-, Zeeman frequency, and
m =6%; hfs interval. For interaction II, if
7~2 is so short that 7&2+~ «1 in the field ex-
plored, and 7 2b, W«1, then the relations j2(~~)
=j2(b, W) =1 hold; this imPlies Tc2-10 "sec.
For the very long interaction I, on the other
hand, the field dependence of the relaxation
rates 1/7„and I/7e suggests Tc 1hW» 1 and
j,(AW) =0. Taking these relations into account,
one obtains'

1v =C;

1 C
(2I+1)2 1 E 2'

e

(2I + 1) ] j' (2I+ 1)n

with Cl = 3yS'( IH(t) I')Tcl and a similar expres-
sion for C, . These formulas describe all ob-
served facts in the range of fields explored.
In high fields (about 200 G), jl(&u~) «1, inter-
action II is dominant. One has T~=Te*=27+~/
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(2I+1) (= 'r " for 'Rb). This exactly what
is observed (see paragraphs 5 and 7 of PRI).
r„~ and Te* are then the decay constants (due

to interaction II) of the (exponential) relaxations
of (Iz) and (Qe).' This leads to the following
values for the disorientation cross sections
of observables (S ~ I), (Qe), and (Iz) oI ~ of "Rb:
o =o =8cr =(27+3) x10 "cm' (this is also
the disorientation cross section 0 for a RRb iso-
tope which would have zero nuclear spin). In-
teraction II and the relaxation at 200 0 behave
exactly as expected for collisions in the gas
phase: T~ 2—-10 "sec is of the proper order
for a "collision time. " Moreover, the relaxa-
tion rate (PR1, paragraph 4) is proportional
to, i.e., to the collision frelluency. It seems
likely that interaction II is the spin-orbit S ~ N

interaction proposed by Bernheim.
In low fields, on the other hand, the observed

H, dependence of 7e and Tn (PR1, paragraph
3) is due to jl(v~). Tcl cari be deduced from
the width ~,: r 1=(2I+I)/yS~0, and is of
the order of 10 ' see. Such a long correlation
time is most unexpected: It is about 104 times
longer than a "collision time" (10 "sec) in
the gas phase. As stated in PR1, paragraph
6, Tcl gets shorter when P increases (23 x10 '
sec at 0.2 Torr and 18 x10 a sec at 2 Torr);
it is close to, but somewhat shorter than, the
time of flight 7~ between two successive colli-
sions of a Rb atom on Kr (T~ = 133p ' nsec for
P in Torr). As seen in Fig. 1 of PR1, inter. -
action I is dominant in low fields, in the pres-
sure range explored, and C, has clearly a com-
plicated, and unexpected, behavior with P (PR1,
paragraph 6).

It seems that a likely explanation of those
facts goes along the following lines. A Rb-Kr
collision can be described by the motion of a
single particle in a potential Veffj (r) = V(r
+N(N+1)82/2mr2, V(w) being the potential en-
ergy o ef the two atoms at rest at distance r, '
NS their relative orbital angular momentum,

d the reduced mass. At room temperature,an m e
l . 1;the shape of Veff (r) is as shown in Fig.

There is a potential well protected by a poten-
tial barrier of centrifugal origin. Two kinds
of processes can produce Rb-Kr complexes
having a long lifetime. First, whenever the
relative kinetic energy of the two colliding atoms
coincides with one of the quantized levels E&~
of the relative particle inside the well, a me-
tastable state of lifetime T&~ has a probability
of being produced, proportional to T&&
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FIG. 1. One-dimensional Potential Veff (r) used t
describe the motion of the relative particle during a
Hb-Kr collision occurring with the value N@ of the rela-
tive angular momentum. The Lennard- Jones potential
V(r) is taken from sources indicated in Re .f. 5.
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FlG. 2. Relaxation rate of (Iz) measured onon 87Rb in
pure Kr (pressure 0.97 Torr) and in a mixture of Kr
(partial pressure 0.9 Torr) and He (53 Torr) versus
the static magnetic field Ho.
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ond, an actual Rb-Kr bound state (Ej&(0) can
also be produced during a three-body collision
involving one Rb and two Kr atoms. ' In both
cases, the Rb-Kr complex is very likely de-
stroyed in its next collision with another Kr
atom, so that its effective lifetime Teff depends
on p. In such a. complex, the disorienting S ~ N

interaction acts on Rb during the time Teff.
One can thus understand the existence of a long
correlation time 7~1 of the order of Teff and
becoming shorter when P is increased, in agree-
ment with the results of paragraph 6 of PR1.
A similar behavior is expected when a foreign
gas, like He, is added: Collisions with He de-
stroy the Kr-Rb pair and reduce T 1. Figure
2 shows the experimental results obtained for

/i 1/I„ Iec-
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the field dependence of 1/T„ in pure Kr (0.97
Torr) and in a mixture of Kr (0.9 Torr) and
He (53 Torr). At the same Kr pressure the
relaxation rate in low fields is decreased in
the presence of He. This comes indeed from
the shortening of T 1 as is also revealed byc1
the broadening of the curve giving the field de-
pendence of 1/7„. As expected, in high fields
relaxation rates are the same: Direct measure-
ments in pure He had previously shown that
Rb-He collisions have a negligible effect at
53 Torr.

A detailed analysis, to be published elsewhere,
shows that the above picture leads to a satis-
factory quantitative description of the main
features of interaction I. The metastable states
of the alkali-metal-rare-gas pair have not been
observed directly in scattering experiments, '

such an observation seems unlikely because
the unrelated resonances are so narrow (ST&~ '/
AT=10 '). On the other hand, the relaxation
of alkali metals is obviously very sensitive to
their existence', their probability of being formed
is indeed small, but the time during which the
disorienting interaction lasts and its correla-
tion time are approximately 10 times longer

than in ordinary collisions. The same remark
holds for actual bound states.

We have observed a very similar behavior
of the relaxation of Rb in Xe and Ar.

We are grateful to Dr. C. Bouchiat, Dr. D.
Kleppner, and Dr. P. Sabatier for stimulating
discussions about the theoretical interpretation
of the results, and to Dr. P. L. Bender for most
helpful comments on the manuscript.
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The use of anomalous dispersion in produc-
ing phase matching in nonlinear optical process-
es has been recognized in several references
in the nonlinear-optics literature, ' 4 and the
anomalous dispersion associated with the strong
infrared resonance inherent in quartz has been
employed in producing a far-infrared differ-
ence frequency. ' The present Letter provides
the first experimental evidence that phase match-
ing may be achieved in a nonlinear optical pro-
cess by introduction of anomalous dispersion
into a normally unmatched medium.

The principle is indicated schematically in

Fig. 1. Curve a shows the normal dispersion
of a medium and the typical index mismatch,
hn=n~ nf, between -two frequencies &alt and

In the harmonic generation process here
under consideration, these are the harmonic
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FIG. 1. Principle of phase matching by anomalous
dispersion. Curve a shows a normally dispersive me-
dium with ng &ny at the frequencies ~„and &uy. Curve
5, the same medium after the introduction of anoma-
lous dispersion centered at ~0, resulting in identical
indices no at the two frequencies.


