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The dependence of optical pumping of Rb atoms on the pressure of the inert gases He, Ne, Ar, Kr 
and Xe is investigated. By applying a rotating magnetic field for separately observing the resonance 
signals from two hyperfine-structure sublevels of the Rb atom ground state, one can find the char
acteristic pressure of the inert gas, P~, at which the signal of the hyperfine-structure sublevel with 
a large value of ci> ( ci> is the total angular momentum) vanishes. The obtained values of P~ are used 
to calculate the disorientation cross sections in the 2P3f2 excited state of the Rb atoms due to col
lisions with noble-gas atoms. 

INTRODUCTION 

MANY recent papers, both experimental[l-41 and 
theoretical[s,e], are devoted to an investigation of the 
optical orientation of alkali atoms by light of the D2 

line in the presence of buffer gases. Interest in optical 
pumping by the D2 line is due to the fact that the opti
cal-pumping signal reverses sign when the pressure of 
the buffer gas is increased. This is connected with the 
fact that the collisional relaxation ("mixing") in the 
excited 2P 3; 2 state leads to inversion of the populations 
of the sublevels of the ground 2S1; 2 state[ll. The inert
gas pressure Po at which the optical-pumping signal 
vanishes is characteristic of the given alkali atom 
+inert gas combination, and can be used to obtain 
quantitative information concerning the collisional re
laxation in the excited 2P3; 2 state. In[ 2 • 31 , this pressure 
Po of inert gases was measured for Na and Cs, and 
attempts were made to calculate the cross sections of 
the depolarizing collisions in the excited state using the 
measured values of Po. 

An interesting object for investigations of this kind 
are the isotopes 85Rb and 87Rb, which have different 
nuclear spins I (I = % for 85Rb and I =% for 87Rb ), 
making it possible to clarify the role of the nuclear 
spin in collisional relaxation. We have recently re
ported[4J preliminary results of experiments on optical 
orientation of Rb isotopes with light of the D2 line in 
the presence of inert gases. 

In the present paper we used, for the excitation of 
resonance in the ground state of optically oriented Rb 
atoms, a rotating magnetic field, making it possible to 
consider separately the resonant signals of the optical 
pumping for different hfs sublevels and to investigate 
the depending of these signals on the inert-gas pres
sure. 

The ground 2S112 state of alkali atoms has two hfs 
sublevels characterized by a total angular momentum 
ci>; the g factors of these sublevels have opposite signs. 
Therefore a rotating magnetic field induces resonant 
transitions only between Zeeman sublevels having the 
same value of ci>. The change of the direction of rota
tion of the field makes it possible to excite resonance 

in a system of sublevels having different ci>. Separate 
observation of the signals for two hfs sublevels of the 
ground state of the Rb atoms has made it possible to 
find the characteristic inert-gas pressures P~ at which 
the signal for the sublevel with the larger ci> vanishes. 
From the obtained values of P~, the cross sections of 
the disorientation of the Rb atoms in the excited 2P 3; 2 

state were calculated for collisions with inert-gas 
atoms. It is also shown that the characteristic pres
sure P~ of the inert gas is practically independent of 
the spectral profile of the pump light, whereas the P0 

values measured in[ 2' 41 (the summary signal for both 
hfs of the sublevels vanishes at P = Po) depends 
strongly on the ratio of the intensities of the hfs com
ponents in the pump light, making it difficult to use 
these quantities for the calculation of the cross sections 
of the disorienting collisions. 

1. EXPERIMENTAL TECHNIQUE 

To observe the optical orientation of the Rb atoms, 
we employed the usual method of registration of the 
change of the absorption of the pumping light beam at 
magnetic resonance in the ground state of the Rb 
atoms. The light source was a spherical resonant lamp, 
in which an electrodeless high-frequency discharge was 
excited. The lamp contained metallic Rb with natural 
concentration of the isotopes and Kr at a pressure of 
2 Torr. The separation of the D2 line from the radia
tion spectrum of the lamp was by means of an inter
ference filter. The transmission of the D1 line 
(A = 7946 A) was less than 1% of the transmission of 
the D2 line (A = 7800 A). 

The circularly polarized light of the D2 line (the 
light flux was approximately 40 iJ.W/cm 2) pumped Rb 
vapor located in an absorbing cylindrical cell (length 
80 mm, diameter 40 mm). A constant magnetic field 
of ~1 Oe was applied parallel to the light beam. This 
field had a low-frequency modulation of small ampli
tude. The passage through resonance was effected by 
slow variation of the constant magnetic field. The 
resonance variation of the light intensity passing through 
the cell (optical-pumping signal) was detected with a 
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silicon photodiode. To register the signal we used the 
technique of synchronous detection with recording of 
the derivative of the optical signal of magnetic reso
nance by means of an automatic plotter. 

To excite resonance in the ground state of the Rb 
atoms, we used a rotating magnetic field. It was pro
duced with the aid of two mutually perpendicular pairs 
of Helmholtz coils (diameter 260 mm), the currents in 
which were equal in amplitude and shifted 90° in phase. 
The resultant vector of the magnetic radio-frequency 
field (frequency 500kHz) rotated in a plane perpendic
ular to the light beam. Simple switching of the capaci
tors connected in series with each pair of rings made 
it possible to reverse the direction of rotation of the 
magnetic-field vector (the magnitude of the vector did 
not change upon reversal). 

The absorbing cell, placed in the center of the sys
tem of Helmholtz coils, was connected to a high
vacuum setup, which made it possible to effect evacu
ation and a controlled admission of the inert gases. 
The inert-gas pressure was measured with a Pirani 
manometer. 

2. EXPERIMENTAL RESULTS 

Figure 1 shows a typical dependence of the signals 
obtained by optical pumping with the D2 line on the 
inert-gas pressure, using 87Rb in Ar as an example. 
The ordinates represent the maximum value A of the 
derivative of the optical-pumping signal. Positive 
values of A in Fig. 1 correspond to an increase of 
the transparency of the absorbing cell for light of the 
D2 line in magnetic resonance in the ground state. 

It is seen from Fig. 1 that the behavior of the sig
nals for the sublevels with different 4.> is greatly dif
ferent. Attention is called first of all to the change of 
the sign of the signal for the sublevel with 4.> = 2. The 
sharp decrease of this signal with reversal of the sign 
at P = P~ is due to the strong relaxation in the excited 
state. As will be shown below, this relaxation near the 
point P~ leads to population inversion in the system of 
sublevels with 4.> = 2. No such inversion takes place in 
the system of sublevels with 4.> = 1, and the signal for 
the level with 4.> = 1 depends little on the pressure. 
The decrease of the signals in the region of very low 
pressures is connected with relaxation on the walls of 
the cell. In Fig. 1 is noted the characteristic pressure 
Po at which the total optical-pumping signal vanishes, 
as well as the other characteristic pressure P" at 
which the amplitudes of the signals from the sublevels 
with different 4.> are equal. The dependence of the sig
nals on the pressure for 85Rb is similar. For this iso
tope, a reversal of the signal sign is observed for the 
sublevel with 4.> = 3. 

For the inert gases He and Ne, the pressure 
dependence of the signals is similar to that shown in 
Fig. 1 for Ar. For Kr and Xe, the qualitative differ
ence compared with Ar lies in the sharper decrease 
of the signal amplitudes with increasing pressure, this 
being the consequence of appreciable relaxation in the 
ground state of the Rb atoms. Thus, it is known that 
the cross sections for the disorientation in the ground 
state of the Rb atoms (in cm 2 ) are equal to 5.9 
x 10-21 and 1.3 x 10-20 for Kr and Xe, whereas for Ne 

FIG. 1. Experimental plot of the 
amplitude of the derivative of the signals 

A 

of optical pumping of 87 Rb atoms on the O 1:4-¥'-1F----,----.--

argon pressure (t= 10°C). The pumping 
is by means of circularly polarized light 
of the D2 line. 

and Ar these cross sections are equal to 5.2 x 10-23 

and 3. 7 x 10-22 [ 7 1. The absolute value of the signals in 
Kr and Xe was much lower than in Ne and Ar. The 
width of the signals was independent of the type of gas 
and amounted to approximately 5 kHz in the pressure 
range from zero to 10-15 Torr. In our experiments, 
the width of the signals was determined by the inhomo
geneity of the longitudinal field in the volume of the ab
sorbing cell. 

The inert-gas pressure P~ at which the signal for 
the sublevel with the larger 4.> vanishes does not de
pend on the amplitude of the radio-frequency field (in 
a region far from saturation). When the light intensity 
is strongly decreased, a certain decrease of P~ is ob
served for both isotopes. Thus, when the light intensity 
is decreased by a factor of four, a 5% decrease of P~ 
is observed in Ne. With increasing temperature, P~ 
shifts as a rule towards higher pressures (when the 
temperature is increased from zero to 20°C, P~ in
creases by 5%). However, a small maximum of P~ is 
observed for 87Rb in Ne and Ar at 10°C (15-20% 
relative to the value of P~ at 0°C). Such an anomaly in 
the temperature dependence is apparently connected 
with the spin exchange between the Rb isotopes. It is 
clear, however, that the influence of the spin exchange 
should decrease with decreasing temperature, owing 
to the strong decrease of the pressure of the alkali
metal vapor. Therefore, to eliminate the action of the 
spin exchange on the value of P~, we measured this 
quantity for as low a temperature as possible. In ad
dition, we used a weak resonant radio-frequency field 
in the measurements of P~ (we verified that the signal 
is proportional to the square of the amplitude of the 
RF field). 

Table I lists the measured values of P~ for the Rb 
isotopes in inert gases. It is seen from the foregoing 
data that P~ for 85Rb ( 85P~) is larger in all the investi
gated gases than P~ for 87Rb ( 87P~ ). The error in the 
measurement of the pressure was 10o/o. In Table I is 
given also the ratio q = 85P~/ 87P~. This ratio is approx-

Table I 

G 11 •c I"P•'·/ MP,',/ as ' Ton Torr 

9 H 
N 
A 
K 
X 

e 
r 
r 
e 

0 
0 
0 
0 

10 

3,04 2,12 
6,91 4.32 
4,32 2, 75 
:J.73 2,46 
3.86 ~.60 

1.43±0.05 
1.60±0.05 
1.57±0,05 
1.52±0.05 
1.50±0.06 
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imately the same within the limits of errors for all the 
inert gases, with a certain deviation in the case of 
helium. The error for the ratio q was determined 
from the mean-squared deviations in a series of ex
periments. 

We note also that the ratio p = P" /P~ was approxi
mately constant for each isotope. For He, Ne, Ar, Kr, 
and Xe we obtained respectively the following values 
of p: 2.1, 2.3, 2.1, 2.1, and 1.7 for 85Rb and 1.4, 1.5, 
1.5, 1.4, and 1.3 for 87Rb. 

3. POPULATION-BALANCE EQUATIONS IN OPTICAL 
PUMPING BY THE D2 LINE WITH ALLOWANCE 
FOR COLLISION RELAXATION IN THE EXCITED 
2P3;2 STATE 

The problem of obtaining quantitative information 
concerning the collision relaxation in the 2P3; 2 state 
from the experimental values of P~ presupposes the 
solution of the population-balance equations for optical 
pumping, and a comparison of the theoretical depend
ence of the optical-pumping signal on the inert-gas 
pressure with the corresponding experimental depend
ence. 

To take into account the collision relaxation in the 
excited 2P 3; 2 state, we use the results of Okunevich and 
Perel'[ 81. The relation obtained in that paper for the 
rate of change of the populations of the sublevels of the 
excited 2P 3; 2 state in collisions with inert-gas atoms is 
given by 

(1) 

where 
, ~ ( FF1 j)'{ljl}' rF;,:'"'= (2F + 1) (2F, + 1) (21 + 1)h, 

jn -mm1 n F1 l F '(2) 

h; = g;invs. (3) 

Here fFm is the population of the sublevel of the 
excited 2P 3; 2 state characterized by the total angular 
momentum F and its projection m; J =% is the elec
tron angular momentum, I is the spin of the nucleus, n 
is the concentration of the inert-gas atoms, 
v = ( 8kT/ 11!-L )J/2 is the average relative velocity of the 
alkali atom and of the inert-gas atom (!-L is the reduced 
mass of these atoms). 

According to relation (1), to each transition in the 
system of sublevels of the excited state there corre
sponds a different cross section (sr~~l). The quan-

tity s (see also formula (1)) has the dimension of area, 
and we shall call it the reduced cross section of the 
collision disorientation. 

The following values of hj were obtained in(aJ by 
numerically solving the collision problem for the case 
of a Van der Waals interaction between the atoms: h0 

= 0.97, h 1 = -0.21, h2 =-0.44, and h3 =-0.32. It is 
shown in[a] that the value of s is connected with the 
Vander Waals interaction constants for the pair com
prising the inert atom and the alkali metal atom in the 
excited state by the simple relation 

s= ~ (24n4)'hr( ~ )(c·r,~c'"f. (4) 

The difference between the Van der Waals constants 

CJ!2 and c3;2 in formula (4) characterizes the energy 
difference ~E of the terms of the quasimolecule pro
duced upon collision: 

I'J.E= (-q,/R6)- (-c•;,/R6), 

where R is the distance between the colliding atoms. 
Introducing into the kinetic equations for the popula

tions in optical pumpingC 9l the term (1 ), we obtain after 
simple transformations the following system of popula
tion-balance equations: 

-1jJFm- Z ~ r:,:.m''iJF,m, + ~k,z.A.:~mqJ.z>~ = 0, 
Ftmt 'llJl 

(5) 

(6) 

The quantity 1/JFm is connected with fFm by the rela
tion 

(7) 

where T is the lifetime in the excited 2P 3; 2 state, Tp 
is the pumping time[ 9l for the ground state (the quantity 
Tp is inversely proportional to the intensity of the pump 
light). 

The matrices A and C, which enter in Eqs. (5) and 
(6), give the relative probabilities of the transitions 
from the ground state to the excited state and vice
versa, as a result of absorption of circularly-polarized 
light and spontaneous decay. The matrices A and C 
are expressed in terms of the matrix elements of the 
dipole moment D as follows: 

A!;,~= I UoiiDnJ) 1-'1 (tllf!le,,DIFm)l', (8) 

Cf;,~= (2J + 1) I (loiiDIIJ) 1-'I(FmiDI<Df-')1'. (9) 

In formulas (8) and (9 ), J 0 = 7'2 and J = % are the 
electron angular momenta of the ground and excited 
states; (J0 11 D 11 J) is the reduced matrix element of 
the moment D; e11. 0 is a unit vector characterizing the 
polarization 11. 0 of the pump light. For concreteness, 
we assume that pumping is by means of right-polarized 
light. 

In Eqs. (5) and (6) we have introduced a parameter z 
proportional to the pressure P of the inert gas: 

z = nvn = Pvs-r: I kT, 

and a parameter r, characterizing the relaxation in 
the ground state: 

Tv a 
r=-,. s 

(10) 

(11) 

The quantity a in formula (11) is the cross section for 
the disorientation in the ground state of the Rb atoms 
in collisions with the inert-gas atoms. To take into 
account the collision relaxation in the ground state, we 
use the model of "uniform" relaxation[lo]: the proba
bilities w of all the relaxation transitions between the 
sublevels of the ground state are assumed to be the 
same and equal to 

u; = nva. (12) 

To take into account the spectral profile of the pump 
light we have introduced into Eqs. (5) and (6) the factor 

k,z. = 1 for <I>= <I>max, (13) 
k,z. = k for <I>= <I>min· (14) 
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It is known that owing to the large hyperfine splitting in 
the ground state the spectrum of the D2 line of alkali 
metals consists of two hfs components corresponding 
to transitions from the excited 2P 312 state into two hfs 
sublevels of the ground 2S112 state, and the intensities 
of these components Jwmax and Jwmin are not equal. 
(For Rb atoms, the spectrum of the D2 line is shown 
in[ 11l.) Since the width of these components in the emis
sion spectrum of the lamp is usually larger than the 
hfs splitting in the excited state and is larger than the 
width of the corresponding absorption lines of the atoms 
in the absorbing cell, we can approximate the real 
spectral profile of the D 2 line by a stepwise-rectangu
lar profile and introduce a coefficient k characterizing 
the ratio of the intensities of the two hfs components: 

(15) 

Equations (5) and (6) constitute a system of linear 
homogeneous algebraic equations of order N ( N = 24 
for 87Rb and N = 36 for 85Rb). Nonzero solutions of 
these equations exist if the determinant of the system 
is equal to zero. The populations that enter in Eqs. (5) 
and (6) are not, however, independent variables, since 
they obey the normalization condition 

.E <p<J>~ = 1. (16) 
<I>~ 

(The sum of populations of the sublevels of the excited 
state has been neglected, since at usual light intensi
ties ~fFm « ~(/)WIJ. .) 

Replacing one of the equations (5) or (6) by the 
normalization equation (16) and solving the obtained 
system of equations for different values of the dimen
sionless parameters z, k, and r, we can find the pop
ulations of the sublevels of the ground state in the 
case of optical pumping by light of the D2 line in the 
presence of an inert gas. We denote the populations 
obtained in this manner by qJ ~ IJ. for the ground state 

and fFm for the excited state. 
The observed optical-pumping signal is equal to the 

change in the absorption of light at resonance in the 
ground state compared with the absorption of light in 
the absence of resonance. 

To find the populations f~~ of the sublevels of the 
excited state and qJ~e: of the ground state in the pres
ence of a resonant RF field, it is necessary to take 
into account in the population balance equations the 
transitions induced by such a field. Let us assume that 
a weak longitudinal magnetic field H is applied parallel 
to the pump light beam. We assume also that the reso
nances produced by magnetic field H1, the vector of 
which rotates in a plane perpendicular to the light beam. 
In the case when the width of the resonance line is de
termined mainly by the inhomogeneity of the longitudi
nal magnetic field (this was the case in our experi
ments), the probability of the transition per unit time 

R: ~ from the sub level w, 1J. to the sublevel w, 1J.' under 
the influence of the RF field H1 can be written in the 
formr 12l 

R::'=H1'iQ(H)Il.(ci>)P::', (17) 

p<l>~p.'= 6(~-t. ~-t' -1) [(<I>- !l) (<I>+ 11 + 1) l 
+6(~-t.~-t' + 1) [(<I>+ !l) (<ll-~-t+1)]. (18) 

In formula (17), Q(H) is a function of the longitud
inal magnetic field H, proportional to the form function 
of the resonance line. The symbol ~ ( w) is determined 
by the relation 

{
for w = Wmax and a right-polarized RF field 

~(w) = for w = Wmin and a left-polarized RF field (19) 
for all remaining cases. 

Relation (19) follows from the fact that the g-factor of 
the two hfs levels of the Rb atoms have opposite signs, 
namely 

Let us assume that the resonant field H1 is small. 
Then the population changes due to this field 

(20) 

are also small quantities (of the order of HD. Supple
menting the balance equations by a term that takes into 
account the RF transitions, and making the substitution 
(20 ), we obtain for the quantities i3Fm and aw IJ., which 
are connected with fFht and qJ ~~ by the relations 

1 (2) 1 (!) 

P..-m = -rQHi• 1..-m, a<J>~ = T pQHi• <f<J>~ (21) 

(we retain only terms of order H~) the following sys
tem of equations : 

- P..-m - z .E r;;:•p_..,m, + .E k<~>A.f;' a<~>~= 0, (22) 
F,m, .Pp. 

.L,c.f;'p..-m- L,k~!::'a<~>~+zr L, (a<~>,~.- a<~>~) 
Fm Fm ~1Jit 

~ c»J.L.' 0 0 
=1\(ll>) ~p<l>~ (<p<~>u-<p<~>w). (23) 

~· 

The determinant of the system of equations (22) and 
(23) coincides with the determinant of the system (5) 
and (6), and consequently vanishes. To find the quanti
ties aw!J. and i3Fm it is necessary to replace one of 
the equations (22) or (23) by the "normalization" equa
tion 

(24) 

The change of the light absorption at resonance (the 
absorption signal) ~I is equal to 

N ~ Fm (2) 
.(\/ = - T ~ k<J>A<I>p. tp<J>p., (25) 

<I>~ 
>"m 

where N is the concentration of the considered Rb iso
tope. In our experiments we registered as the optical
pump signal A the derivative of the absorption signal 
with respect to the magnetic field H, i.e., 
A = a(~I)/aH. Taking into account the definition (19) of 
the quantity ~(w), Eqs. (22) and (23) constitute a com
pact way of writing down the system of equations for 
the two opposite directions of rotation of the resonant 
RF field. 

We denote the solution of Eqs. (22) and (23) (with 
allowance for (24)) in the case of a right-polarized 
field by j3~ and af:X (such a field induces resonant 
transitions between sublevels with w = ~max), an~ in 
the case of a left-polarized field by J3"foi{; and a~n. 
Using this notation, and also (21 ), we obtain for the 
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signals from the sublevels with different <I> the follow
ing expressions: 

(26) 

(27) 

It is seen from formulas (26) and (27) that the opti
cal-pumping signals are proportional to Hi. This 
property is the direct consequence of the assumed 
smallness of the amplitude of H1 of the RD field, and 
can be used for an experimental verification of the 
satisfaction of the condition of smallness of the RF 
field. 

4. CALCULATION OF THE REDUCED CROSS SECTION 
s FROM THE OBTAINED EXPERIMENTAL DATA 

At a large pump-light intensity and weak relaxation 
in the ground state, it is possible to neglect in Eqs. (6) 
and (23) the terms containing the parameter r, for in 
this case r « 1. 

Equations (5) and (6) with allowance for (16) were 
solved for the isotopes 85Rb and 87Rb with an elec
tronic computer at r =0 and different values of k and 
z. (By way of an example, Fig. 2 shows the calculated 
dependences of the sublevel populations of the ground 
state of 87Rb on the parameter z. It is seen from Fig. 
2 that with increasing z population inversion takes 
place in the system of sublevels with <I> = 2, and no 
inversion takes place in the system of sublevels with 
<I> = 1.) 

The obtained solutions fP~J.J. were used to solve Eqs. 

(22) and (23) with allowance for (24) at the same 
values of the parameters, and to calculate the reduced 
theoretical signals A( NH~aQ!aHt 1 by means of formu-

8!, 
------------- 0 

!!I 
-- 85za 

J 

----u,.-r) 
------- (~(}) 
--------(!,-~ 

q~----L---~L---
.f !0 z k 

FIG. 2 FIG. 3 

FIG. 2. Dependence of the populations <P¢/.l of the Zeeman sublevels 
of the ground 2 S% state of the 87 Rb atoms on the value of the parame
ter z at k = 0.8 and r = 0, in the case of pumping with right-polarized 
light of the D2 line. 

FIG. 3. Dependence of the quantities z0 and z0 for 85 Rb and 87 Rb 
on the ratio of the intensities of the hfs components in the pump light, 
k (without allowance for the relaxation in the ground 2 Sy2 state). 

las (26) and (27). As a result, we determined the de
pendence of the optical-pumping signals on z at several 
values of k and obtained the values of the parameter 
z = z~, at which the signal from the sublevel with 
<I> = <I>mx vanishes. It turned out that z~ is practically 
independent of k, its values being 85z~ = 3 .96 and 
87z~ = 2.49 for 85Rb and 87Rb, respectively (see Fig. 3). 

The ratio of the values of z~ for the two Rb iso
topes, q = 85z~/ 87z~ = 1.59, can be compared directly 
with the corresponding ratio of the experimentally 
measured P~. From the comparison in Table I we see 
that within the limits of measurement errors there is 
good agreement between the theoretical and experi
mental values for all gases, with a certain deviation in 
the case of He. 

For comparison, Fig. 3 shows also the dependence 
of another characteristic value of the parameter 
z = z0 on k. At z = z0 , the summary signal 

vanishes. 
The dependence of z 0 on k is quite strong, as can 

be readily understood from the very definition of z 0 

and k. The corresponding experimentally measured 
values of Po should also depend strongly on k, making 
it difficult to use P 0 for a determination of the cross 
sections. 

Using the calculated values of z~ and the values of 
P~ given in Table I, and also T = 27.0 ± 0.5 nsec [ 131, 
we obtained with the aid of (10) the reduced cross sec
tions of s for all the investigated inert gases. Table 
ll lists the values of s calculated for T = 300°K using 
the temperature dependence of the cross section s, 
namely s ~ T- 1/ 5 (see Formula (4)). It is seen from 
Table II that within the limits of the experimental er
ror the values of s for the two isotopes of Rb coincide. 
This indicates that the assumption made in raJ, namely 
that the collisions of the Rb atoms in the 2P 3; 2 state 
with the inert-gas atoms lead to reorientation only of 
the angular momentum of the electron shell J, but not 
the angular momentum of the nucleus I, is correct. 
Table II gives also the cross sections s obtained as a 
result of a theoretical estimate in r 81. We see that there 
is good agreement between theory and experiment for 
all gases except He. 

We recall that we are using in the determination of 
z~ the values of hj [Eq. (3)j calculated inf 81 for a Van 
der Waals interaction of the colliding atoms (an esti
mate of the value of s was made also for this interac
tion). Therefore the large difference between the 
values of s calculated from experimental data and the 
theoretical value in the case of He casts doubts on the 
validity of the calculations made above for this gas. 
The discrepancy in the case of He is explained ap
parently by the fact that for this gas the Van der Waals 
interaction is not predominant, owing to the small 

Table II. Values of s(A2) for T = 300° K 

I He I Ne I Ar I Kr I Xe 

s;Rb 1109 

I 
99 

I 
206 

I 
2971 

:124 
87 Rb 98 100 20.3 283 305 

Theoreti- 57 98 193 250 315 
cal value 
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polarizability of this gas. For the remaining inert 
gases, the assumed Vander Waals interaction is ap
parently valid. This conclusion is confirmed in the 
main also by the experimental data on the shift of the 
spectral lines of Rb in inert gasesr141. 

Using the mean values of the cross sections s for 
the two isotopes and formula (4), we obtain for the Rb 
atoms and for the inert gases the following values of 
the difference between the Van der Waals constants 
(cl/2- c 3; 2) in atomic units: He- (<134), Ne- 60, 
Ar - 280, Kr - 530, Xe - 600. 

We note that the balance equations (5), (6), and (22), 
(23) do not depend on the type of the insert gases. In 
the absence of relaxation in the ground state, only the 
parameter z depends on the nature of the inert gas. 
Therefore the dependence of the experimental signals 
on the parameter z should be the same for those inert 
gases in which it is possible to neglect relaxation in 
the ground state, and should coincide, apart from a 
factor, with the corresponding theoretical dependence. 

Figure 4 shows the dependences of the theoretical 
and experimental optical-pumping signals on the para
meter z for 87Rb. To convert from P to z, we used 
the relation z = z~P/P~. The theoretical signals were 
tied-in in amplitude with the experimental ones at the 
point z = 12 using the signal for the sublevel with 
~ = 2. It should be noted that the ratio of the amplitudes 
of the signals for the levels with different ~ depends 
strongly on k. To construct the theoretical signals 
shown in Fig. 4, we used the fact that the ratio 
p = P"/P~, measured in the experiment, was approxi
mately 1.5 for 87Rb in all the inert gases. The corre
sponding theoretical value of p is obtained at k R: 0.8. 
(For 85Rb we have Pexp = 2.1 and respectively 
k Rl 0.8.) 

It is seen from Fig. 4 that the theoretical and experi
mental dependences agree well for Ne and Ar (the 
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FIG. 4. Dependence of the experimental optical-pumping signals of 
the 87 Rb atoms on the value of the parameter z in light inert gases (He, 
Ne, and Ar). Solid curves-theoretical, calculated with k = 0.8 and with
out allowance for relaxation in the ground 2 Sy, state. For <I>= 2: b.= He, 
X -Ne, O-Ar; for <I>= I: e-He, O-Ne, D-Ar. 

FIG. 5. Dependence of the experimental optical-pumping signals of 
the 85 Rb atoms in Xe on the value of the parameter z. Solid and dashed 
curves-corresponding theoretical relations calculated with allowance for 
relaxation in the ground 2 Sy, state at k = 0.8 and r = 8 X 10-3 (solid 
curve) and r = 3 X 10-3 (dashed). 

discrepancy between the experimental signals for 
<I> = 2 and the corresponding theoretical signals at 
small z is due to relaxation on the walls of the cell). 
In the case of He, there is a discrepancy (at small 
values of z) as a result of the fact that the values of 
hj used by us cannot be employed for this gas. The 
agreement between theory and experiment confirms 
the assumption that relaxation in the ground state can 
be neglected in the case of Ne and Ar (and possibly in 
the case of He). 

In the case of Kr and Xe, the relaxation in the 
ground state can apparently not be neglected, since a 
sharp qualitative difference was observed between the 
pressure dependences of the optical-pumping signals 
for these gases and for the light inert gases. In order 
to estimate the influence of the relaxation, we solved 
Eqs. (5), (6) and (22), (23) with allowance for (16), (24) 
at several values of the parameter r. It turned out 
that the amplitude of the signals decreases very 
strongly with increasing r, whereas z~ depends little 
on r. For example, for 85Rb (at k = 0.8) we have ob
tained values of z~ equal to 3.93, 3.72, 3.42, and 3.36 
respectively at r equal to 10-\ 10-3, 10-2, and 10-\ 
whereas at r = 0 we have z~ = 3.96. Using the experi
mentally measured value of the light flux of the 0 2 line, 
40 JJ.W/cm2, and approximating the spectral profile of 
the 0 2 line with a rectangle of width 0.1 em-\ we ob
tained for Tp a value of 0.2 msec. The values of a and 
s in formula (11) were taken from [71 and from Table II. 
According to formula (11), the values of the parameter 
r for Ne, Ar, Kr, and Xe are 4 X 10-S, 1 X 10-4 , 

2 x 10-3 , and 3 x 10-3, respectively. Thus, in the case 
of Ne and Ar it is indeed possible to neglect the re
laxation in the ground state ( z~ changes by less than 
1% when the relaxation is taken into account). 

To estimate the value of the parameter r in the 
case of Kr and Xe, we likewise used a direct compari
son of the theoretical and experimental signals at 
several values of the parameter r. Agreement between 
the theoretical and experimental dependences on the 
parameter z (for 85Rb) is obtained at r = 10-3 for Kr 
and r =8 X 10-3 for Xe. Figure 5 shows by way of an 
example the theoretical and experimental curves for 
86Rb in Xe. The amplitude tie-in was effected 
at the minimum point for the signal from <I> = 2. For 
comparison, Fig. 5 shows the theoretical curves for 
two values of the parameter r, 8 x 10-3 and 3 x 10-3• 

Bearing in mind the values of the parameter r ob
tained as a result of such a double estimate, we can 
conclude that the values of s listed in Table II are ap
parently overestimated by ~7% in the case of Kr and 
by ~12% in the case of Xe. 

For a more rigorous account of the relaxation in the 
ground state in the calculation of the cross sections s, 
it is necessary first of all to use a more adequate 
model of relaxation in the ground state than the uni
form-relaxation model employed by us, and also to 
measure directly the pump time Tp. 

We are grateful to V. I. Perel' for consultation on 
the theoretical aspects of the present work. 
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