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STUDY OF OPTICAL PUMPING TRANSIENTSIN RUBIDIUM-87 
AND APPLICATION TO .DISORIENTATION CROSS SECTIONS 

Joseph Yellin 

Lawrence Radiation Laboratory 
University ·of California 

Berkeley, California 

July 9, 1965 

ABSTRACT 

The shapes of optical pumping transients in Rb87 with and 

without buffer gas have been studied. in detail and shown to be express-

. ible as a ,sum. of two exponentials when·.the pumping occurs in t?e pres-

.. ence of a buff~r gas and a single exponential when no buffer gas is · 

present. These results are shown to agree with a phenomenological 

model of optical pumping for which a single relaxation time is assumed. 

It is shown that .from a study of the transient structure of the optical 

pumping signal as a function of buffer -gas. density, information can be 

obtained about the reorientation of a polarized rubidium atom as a re­

sult of buffer-gas collisions. From such a study an effective cross 

section, a-eff' for disorientation of a polarized Rb
87 

atom in tlie ex­

cited state through c0llisions with He, Ne, and Ar has. been deter­

mined. This effective cross section is related to the cross· section 

for disorienting a: polarized Rb
87 

atom in the 5
2

P 1; 2 state, a-1; 2, 1; 2 , 

and to the cross section for transfer of excitation of the Rb87 atom 
2 2 ' 

from the 5 P 1; 2 state to the 5 P 3; 2• a-1; 2, ~3/ 2• by. a-eff = 0" 1/2, 1/2 + 
a-1/ 2, 

312
• Using recently measured values of a-1/ 2, 3/ 2 we .have de­

duced o-1/ 2 112• The cross sections are: o-1/ 2 1/ 2 (Rb-He) = 
'-b 2. . . - .. ' -17 2 1.5(0.8) X10 · em, a-1/ 2 1/ 2(Rb-Ne)- 4.4{2.2)X10 em, and 

- • -16 2 o-1; 2, 1;z(Rb-Ar}- 2.5(1.8)X10 em .• 
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·.It is also shown thq.t_a method due ·to· Dehmelt may· be .used 

.for. the accurate determination. of grou:i:ld:-state relaxation times, pro­

vided that the exponential components of the pumping transient are 

carefully separated. This method. has been· applied to the measure-

ment of ground-state relaxation times for Rb87 and Cs. The exper­

imental technique is particularly suitable for the· measurements of 

short relaxation times (::::: 1 msec). Cross sections for disorientation 

o( the ground state of Rb
87 

and Cs (
2:s1;z) thro~gh collisions with Ne, 

. Ar~ Kr, and · Xe have been determined .from the relaxation times and 

the results are compared with independent measurements. The 

measured ground-state disorientation cross sections.are: 
87 . -22. 2 . 87 . -22 2 

o-(Rb wNe) = 1.0(0.3)X10 em., o-{Rb -Ar)= 3.3{1.0)X10 . em , 

o-(Rb87 '-Kr) = 3.0(0.5)X10- 20 cm2, 0-(Rb87 '-Xe) = 1.8(0.3)X10-:- 19 cm
2

, 
' -22 2 . . -20 . 2 

o-(Cs -Ar) = 1.2{0.2)X10 em , and o-(Cs-Kr) = 1.9{0.2)X10 em • 

~.-. 

, 
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1.. INTRODUCTION 

The development of optical pumping techniques, particularly 

as applied to. optical-double resonance, has spurred new interest in 

collision-induced. relaxation of oriented excited states. , Thi's interest 

is partly because optical pumping techniques often necessitate the 

employment of a. foreign gas (e. g., a buffer gas) whose role· must be 

clearly understood for the proper interpretation of experimental re­

sults, and partly because optical orientation affords a new technique 

. for studying disorienting co~lisions for which a good theoretical treat-
1 

ment appeC).rS to be lacl<.ing. The problem was treated by Bender on 

the basis of a Van der Wall interaction and more recently by James 

Jordan, 2 who calculated the cross sectio~ for the process Rb(P 
1

;
2

) 

·~ Rb(P
3

; 2 ) by assuming, in addition to the Vander Wall force, an 

interaction involving the quadrupole moment of the P 
3

/ 2 state, i.e., 

the matrix element (P 1; 21o jP 
3

; 2) where·. 0 is the quadrupole mo­

ment of the P
3

;
2 

state is considered. This model predicts cross 

sections several orders of magnitude larger than measured for Rb. 

Thus. relaxation within an excited. state by collisions is of interest for 

its own· sake apart from its practical application., 

Our purpose is to explore a. new technique for the observation 

of collision-induced mi)Cing in an excited state and to apply this method 

to. the s2
P 1/ 2 state of Rb87. The experimental techniques intro~uced 

are also suitable for the measurement of ground-state relaxation times, 

particularly short relaxCJ.tion·times such as those of alkalis diffusing 

in the heavy noble gases, krypton and xenon.; There is presently dis­

agreement among published values of ground-state disorientation 

.cross sections for the alkalis. Therefore, our secondary objective is 

to remeasure the ground-state disorientation cross sections f0r Rb 

and Cs d,iffusing in the noble gases. The Franzen· technique employed 

in many previous measurements has been limited by mechanical diffi­

culties to relaxation times no shorter than about 10 msec, whereas 

relaxation times encountered for an alkali in krypton or xenon• is of 
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the order of 1 msec. Our selection of Rb
87 

for the excited-state ex­

periment was ,due to . its low nuClear spin (which simplifies the analysis), 

as well as to the availability of Rb interference filters and. a stable Rb 

resonance lamp. 

me as ur ement s. 

Similar considerations apply to the ground- state 

The technique we used is discus sed in detail in Sec. III, and is 

based on an analysis of the structure of the pumping transient signals. 

That is, when optical pumping is allowed to proceed, the transparency 

of.the vapor pumped changes in a manner that depends on the degree of 

orientation of the 5
2

P 1/
2 

intermediate state as well as on the amount 

of ground:-state orientation. Thus, if the light coming through the 

vapor is monitored, the effect of the excited-state orientation can be 

observed. The transient optical pumping signal is expressible as a 

sum of exponentials with simple decay constants if it is assumed that 

the ground-state relaxation process can be described by a spin relax­

ation time. Experimentally, one observes a signal which in general 

is a sum of only two exponentials, except in the extreme case of no 

buffer gas (no reorientation of the excited state) for which one exponen­

tial is observed. These experimental signals are in excellent agree­

ment with the predicted signals when the finite. resolution of the detec­

tion system is taken into account. By measuring the relative ampli­

tudes of the exponentials or their decay rates as a function of buffer­

gas pressure, one can get a measure of the degree of mixing in the 

excited state. Because the amplitude ratio is more sensitive to mixing 

in the excited state, our cross sections for disorienting the 5
2

P 1; 2 87 . 
state .of Rb are based on a study of the relative abundance of the two 

exponentials that form the signal. 

,. 

• 
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IL THEORY o"F OPTICAL PUMPING TRANSIENTS 

We propose to measure the cross section for disorienting an 

alkali atorp. in its excited state (P1; 2 ) through collision with a noble­

gas atom by means of the effect which such collisions (alkali-noble 

gas) have on the pumping transients. It is necessary, therefore, to 

have some quantitative expression for the pumping·transients. We 

begin with a simple, oft~n quoted,. example. For a review of the 

principles and techniques of optical pumping, see the review article 
3 

by Skratskii and Izyun;wva. 

A. Two-Level System 

. Suppose an alkali with zero nuclear spin is irradiated with 

right circular polarized D1 light (nS1/ 2 -+ riP 1; 2). Since the selection 

·rule involved is ~m = +1, it is clear th~f transitions are induced only 

from the ground-' state level m =- 1/2 to, the m = + 1/2 level of the 

excited state. If, as is usual in optical pumping experiments, the 

emission line is much broader than the adsorption line so that we may 

assume. the spectral density (light intensity per unit frequency interval) 

to be constant over the absorption line, the transition probability is 

proportional to the square of a· Cle bsch-Gordan coefficient, C(} 1 i ; 
_L1!)4 . The excited atom may decay to either the m =- 1/2 or 2 ' 2 • 
m = + 1/2 level of the ground state with a probability proportional, 

. I 1 1 1 1 
1
2 I 1 1 1 1 

1
2 respectively, to C(2 1 2 ; 2 -1 - 2) and C(2 1 2; 2 0 2) . If A .. 

lJ 
is the rate at which an atom in ground- state level i. is transferred to 

ground- state level j as a result of absorption and subsequent emis­

sion, aik is the rate of absorption from ground-state sublevel i to 

··excited. state sublevel k, and ekj is the emissiqn on probability, 

then 5 

A .. = L a.k ek .. • 
lJ k 1 J 

For the case at hand aik ex: IC(~ 1 } ; i u k) 1
2 

with i, k = ± 1/2, and 

fJ. = -1, 0, 1 (vector transition). The actual transition rates are 

aik = CY <Oir!J lc(} 1 ~; i fJ. k) 12 
for absorption and eik = aik/ a -<>I ,o, where 

~to is the cross section for light absorption at the center of the 
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emission lir:te and I
0 
is the photon flux at the center of the emission 

line (which we assume to be much broader than the absorption line). 

From Table II-1 we find A-ii = (2/3) 0" 01 0 , A_i -~ = Ai -i = 0. 

Table II-1. Transition probabilities for the two-level system. 

1 
m -2 

1 
2 

m 
1 1 
2 2 

1/3 2/3 

2/3 1/3 

m 
1 1 

~,3, ~ 1 0 2 
1 2/3 0 2 

with ~ A.k = 2 O"o I o 
k 1 . 

Thus the rate at which the m = -i level of ~he ground state. is depleting 

is A_..!...t = 2/3 u0 1 0 , We may then.write ndt1 / 2 =-~O"olon..!. 'for 
2 2 2 

the rate equation governing the density of the m = -i ground-state level 

in the absence of other processes which compete with the light in es­

tablishing an equilibrium. But in fact, there are' always present ground­

state relaxation processes (collisions with walls and foreign gases, and 

spin exchange) which tend to restore the Boltzmann distribution among 

the atomic levels. It is found experimentally that these thermalizing 

collisions can be expressed by a relaxation time T
1 

so that in the ab-

f h 
. . 

1
. h. dn- 1/2 _ 1 1 _ 1 1 

sence o t e pumpmg 1g t dt - + 2T n+1/2 - 2T n-1/2- 2T n- 2T 
1 1. n 1 1 1 1 

n-1/2- 2T
1 

n-1/2 =- T
1 

n-1/2 + 2T
1 

where n = n:...1j2 + n1/2 · 

Combining the relaxation rate with the pumping rate we get 

I 2 I 1 n h 1 · h' dn_ 1; 2 dt =- 3 0" 0 n_ 1/ 2 - T n_
112 

+ 2 T T e so ut10n tot 18 
. . 1 1 

equation 1s 

n 1/T 1 2 1 n 1/T 1 ( 1) n 1 =- (1 2 1 exp[-{3 0"olo+ T)t] + 2 2 1 ' -2 2 -· O"olo+- 1 3 %Io+ T 3 T 1 1 

assuming n ~r(O) ·= :::_
2
·· ; this as suinption is justified because the Zeeman 

2 
splitting is very small compared with the thermal energy for the kind 

of fields ·employed (;;:: 1 gauss). ·That is, H!J. 0/kT < < 1 so that 

.. 

~c-1, 
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n-1/2 2 
= exp( -2f! H/kT) ~ 1. We can interpret -

3 
(J' I as the re-

n 1 o ~o~ 

ctJtJcal of the :gumping speed of the light source, aJ:);d write 
n 1 I T 1 . 1 '1 n 1 I T 1 

n_i = z<1- (1/T)+(1/T1) exp[-(7 + T1 )t] + 2 (1/T) + (1/T1) where 
-1 2 . 

T = - (J' I Irnplicit in this deri. vation is the .assumption that the 3 \0 (() 

excited atom remains in the .m = + i sublevel until emission occurs. 

But this is not always a good as su:mption. In optical pumping exper­

iments one often employs a noble gas to inhibit diffusion of the polar­

ized atoms to the walls so as to increase the relaxation time T 
1

. 

The excited atom may then be perturbed by collisions with the noble­

gas atoms so that transitions may be induced to the m = + i level. 

We now consider the effect.of such perturbations. 

If the excited state is completely mixed, that is, if the excited 

atom may be found with: equal probability in either of its sublevels prior 

to emission, then it is evident that emission will occur with equal prob­

ability to either of the ground- state sublevels. It then follows that 

dn -1/2 = -
dt 

1 1 n 
(-2 0' I + -T )n_l. + - 2 T and 

.0 0 1 2 1 

1
/T 1 ) 1 1 n 

1 1 exp[(z:(J'o1 o+r)]+z: 
-(J'I +-- 1 
2 ,o.o T

1 

(2) 

The difference between this result and the previous case is that here 

th . t. . ( 1 I ) -i h . . 1 . . ( 2 I ) - 1 
e pump1ng 1me 1s z (J'o .o , w ereas prev1ous y 1t was 3 (J' 

0 
'.o .• 

Between these two extreme cases of complete mixing and no mixing in 

the excited state we expect to have for the pumping time T 

Now let a be the probability that the excited state is mixed. We 

might then expect for the pumping rate ~ = a(-
2
1 

fJ r. ) + (1 -a)(~3 (J' I ). 
. 7" ~ ~ . 0 0 

Furthermore, we can relate a to the cross section for disorientation 

in the excited state, (J'e:f£' by 1- a= exp{-N(J'e1£vt), where N is the 

density of the buffer-gas atoms, v the mean relative velocity for 



-6-

alkali-noble gas collisions, and t the lifetime of the excited state. 

Thus if we know the product u I and the lifetime of the excited state 
. 0 0 ' .·. . ' . 

t, we can obtain the cross section ue_f£· The relaxation time T 1 can 
1 1 1 

be eliminated from the experimentally obs'erved quantity,· T + ·T = r 
by measuring this quantity as a function of light intensity. and e~trap~ 
olating to zero .light intensity. The intercept on the 1/T axis is T1-

1 

6 e 
Other methods, such as Franzen1s, may also be employed to- obtain 

T 
1

• We now consider the feasibility of such an experiment. 

A little reflection shows that an experiment to measure a. is 

(at best) marginal. This is evident when we note that 

1{ .. } 1( 1 . - .. ) T no· m1x1ng -
7 

comp ete m1x1ng 
2 1 1 
3 2 6 2 = = = 

~{~ + ~) 7 7 
2 3 2 IT 2

1 
[-(no mixing) + -(complete mixing)] 

T T 

or about 30o/o. From this follows that a measurement of a. is very 

sensitive to errors in 1/T and u I. . We see in Sec. IV that iLis 
e ~. o 

Possible to measure 1/T to ~1o/o, but measuring U I to even 10% a · o n 
is difficult. Fortunately, the complications -brought about by the ex-

·istence of tne nuclear spin are such as to· make a. more accessible to 

measurement. We shall see, for example, that the difference be-. 

tween the pumping rates for the two extreme cases considered in the 

last paragraph is three times asgreat·for.analkaliwithnuclear_spinl ::;.~/2. 

The. neglect of the nuclear spin in the above treatment-has led 

to an oversimplification, that of having to consider only two levels m 

~he ground state of the alkali, 
2
s1/2' and in the resonance state, 

P 
112

. Actually the nuclear spin I has 'a profound effect on the op­

tical properties of the atom. The reason for this is that the electronic 

angular momentum J is coupled to the nuclear spin I so that neither 
' .... -

one is rigorously a good quantum number. It is therefore not possible 

to describe the optical properties of the' atom-strictly in terms of the 

electronic angular momentum states; irrs1ead, we have a new quantum 

number F =I+. J. There are 2I + 1 or 2J +1 F states according to 

whether I < J or I > J, respectively, and for each F .state there are 

2F + 1 Zeem~n subleve'rs. Thus the ground. state of a spin 3/Z alkali 

is split into two hyperfine levels, F = 1 and F = 2, with a total of 
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eight Zeeman sublevels. A sim.Uar result holds for the 
2

P i/Z state. 

The polarization state of the alkali is described not by two but by 

eight coupled first-order differential equations which we now set up 

· and solve. 

B .. Inclusion of Nuclear Spin in the Rate Equations 

The rate equations for an· alkali of spin 3/2 for the extreme 

cases of complete mixing and no.mixing in P 1; 2 were first solved by 

Franzen and Emslie, 
7 

but unfortunately they did not obtain an analytic 

solution to the problem, only a numerical. solution for a particular 

value of the parameter which enters the equations. As we need the 

. solution for a wide variety of conditions, we will do well to obtain a 

general solution for arbitrary nuelear spin. For the case in which 

the excited. state is completely mixe4, an analytic solution. can be ob­

tained without too much difficulty; 
8 

we treat only this case and give the 

import;3.nt results for the other extreme case, that of no. mixing· in the 

excited state. 

Consider first the physics of the situation. We have an ensemble 

of alkC3.1i atoms distributed in . n ground-state subleve.ls according to 

. the Boltzmann distr.ihution. 9 Again, we can ignore the Boltzmann fac­

tors and, take the popillations as equal initially, for N./N. = - .DE/kT 
. ~1 1 

where 6E = gFiJ.'OHtl for adjacent levels, and gF ;::::zf-n, so that if 

b.E/kT << 1 for I = 0 it is certainly also true for I I= 0. Irradiate 

the ensemble with right circular polarized D1 resonance light so that 

6-mF = + 1, and assume the excited state to be completely mixed. The 

last assumption means that emission occurs to each of the ground­

state sublevels with equal probability and this in turn means that the 

transition rates . A .. are determined entirely by the absorption· rate r .• 
1J . 1 

Th get an approximate answer we temporarily lift, the constraint ~N. 
. 1 

= const., We then see each level depleting at a rate r.N. as a result 
c . ·1 1 

of absorption; some fraction· of this depletion (!r iN) will 'go into each 

other level"( We can infer .from this that approximately 
--zrr.t ' -r.t N. = - a. e · o 1 + /._, a. e J + const. The result of the constraint is 

1 1 j=fi J 
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to adJ'ust the rates r. and constants a. so that L:.n. = canst. Al-
l . 1 1 

though the adjustments can be determined by perturbation technique, 

we need not do so as an exact solution is possible. We can go a step 

further at this point and show that the result just obtained is indeed a 

good one. 

ation, are 

TJA~ c~upled equation~neglecting for the moment r~lax.­-.-- --L A. .n. + L A .. n. where A .. cc r. for 1 =f J. 
dt j lJ 1 j Jl J lJ 1 

j =fi j =fi 

In fact the proportionality constant is merely 1/n where n is the 

number of levels. This follows from the complete m1x1ng assumption 

that requil~es each level to spill over into each other leve.l at 1/n times 

its absorption rate. Thus we have 

or, since 

dn. 
1 

---crt = n. L 
1 . 

J 
j =fi 

n 

j~i r. = 1 

j =f i 

dn. 
(n-1) 1 

Cit- - r.n. + n 1.·1 

r. \ r. 
..:..2. + L _J .n. 
n j =fi n J 

(n - 1) ri, .· 

n 

L r. 
+ _1_ _J n. 

nT
1 j=1 

n J 

j =fi 

(3) 

(4) 

We observe that the diagonal terms are dominant [e.g.; for Rb
87

, Rb85, 
113 . . 

and Cs , n is respectively 8, 12, and 16 whereas (r.) ~ 2]. 
. . J max 

It will be convenient -from now on to talk not of the population 

h· . 'i but of the occupation probability p. ~ h:./ L::n .. 
1 1 1 

Also, instead of 

using transition rates a .. it 
. . lJ 

transition probabilities w ..• . . . lJ 
a .. = w .. f3 where f3 is the 

lJ . lJ 0 . . . . . 0 
time and per unit frequency. 

si easier for us to work with the relative 

The latter are related to the former by 

average light-absorption probability per 
. . . . . ··1 n 

From 1ts def1n1t1on, f3 = - '\' a .. 
·. · o n .L... lJ 

where a .. 'are th~ transition r~tes previously defined. wi'·dan also re-lJ . .. . 

late f3 to·the light intensity per unit frequency interval through the 
•
0 10 

clas s1cal result, 
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J a. dv = ' v 

2 TTe 
me 

assuming Iv to be flat over the absorption line and equal to 1 0 . 

(5) 

Here a is the cross section for light absorption at frequency v, and 
v 

f is the oscillator strength oft:he resonance line. Finally, instead of 

the transition rates. A.k = 2: a .. a.k we now have b.k = L w .. w .k· .. 
1 j' 1J J 1 j lJ J 

The rate equations for the occupation probabilities in the absence of 

relaxation may now be written 

L 
j 

j:fk 

bk. + . J b.kp. 
J J 

(6) 

It is found experimentally that the effect of relaxation can be described 

phenomenologically by a relaxation time · T 
1 

so that in the absence of 

the pumping light· pk = - (pk/T 1) + ( 1/nT 1 ). Combining the relaxation 

and pumping equations, we get the complete rate equation 

where T 
1 

is in units of f3 ~ 1 
. 

for i :fk andBkk=- (~ + L 
I j 

j:fk 

1 
b.kp. + ·-T ' . 1 1 n 

1 
(7) 

To ·simplify the notation, let B .. = 
lJ 

bkj); then 

b .. 
1J 

, pk = I. B .. p. + T1 • 
j lJ J n 1 

(8) 

. The solution to this system is straightforward and the details are le.ft 

for Appendic C. The result is 

=L -A.. t 
.1 1 

- nT
1 

(9) 
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where A.. are the eigenvalues of the secular determinant det(B.- A.8 .. )= 0, 
1 1 1j 1J 

a.k
1
. is the kth component of the it'h eigenvector of B .. , B ~. is the rna- ·' 

- . . - 1J 1J 
trix inverse to B .. , and a. is determined by the initial conditions, 

1J 1 . 

Thus far the solution is general and applies regardless of the degree of 

mixing. We now digress for· a moment to consider the transition prob­

abilities b ... 
lJ 

C. Transition Probabilities 

Before calculating bij' we need the transition pro ba bilitie s 

w... As absorption (emission) is of the vector type, we have 
1J 

W .. 
1J 

where Y
1 

is the spherical tensor of rank 1. The matrix element 

( i I Y ~ lj)I-L is most easily evaluated by means of the Wigner -Eckart 

h 
11 f' h h . 0 

• k 1 h h h 0 

t eorem; note 1r st t at t e trans1t1on ta es p ace t roug t e 1nter-

action of the electric field of the radiation field with the electronic 

d o h y1 1 h J 0 y1-_y•1({')J\'o coor 1nates sot at operates on yon t e space, 1.e., ~· 
fJ. 1-L f.L 

The theorem then states 

(F1 mFJ'PIY 1 (~J) I FmFJI) = (-1)I+i-J-F':o1,1C(F.IP;mFfJ.mF) 
' fJ. . . 0 • 

X [(2J+1)(2F+1)]
1

/
2
w(JFJ(P;I1) (J' IIY'(~J)" J) 

. . 

where W(J FJ' F!·; I 1) is a Racah coefficient 
11 

and ( J' !IY ~ (~ J) I!J) is 

the reduced matrix element of Y
1 (~J). We need not be concerned with 
1-L . 

the latter since we are after the relative transition probabilities only. 

The Racah coefficients, Clebsch-Gordan coefficients, and the w.. are 
1J 

tabulated in Appendix A for several values of the nuclear spin I. Tables 

II-2 arid n..:3 give the B .. for I = 3/2 for the two extreme cases of mixing 
~ . .· 

and no mixing in the excited state. We must consider one other case, 

that of electron randomization in.the excited state, before continuing with 

the solution of the rate .equations. 
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It has been suggested that at high buffer-gas pressures the nu­

cleus may not partake in the relaxation of the excited state which then 

in_volves electron flip only (a. similar situation applies in the ground 

state). The argument is that if we are dealing with a dipole perturba­

tion then the transition rate is proportional to 1/T where T is a cor-
c c 

relation time. 
1

1~ For high buffer-gas pressures the correlation time 

is of the. same ~rder as the alkali-buffer-gas interaction time (or 
. ~12 

:::::10 sec) whereas the precessional frequency of the nucleus in the 

hyper fine field is vHF << 10
12

/ sec. For example, the hyperfine split­

ting in the s2
P 1/ 2 state of Rb

87
is 81X10

8 
cp/sec. 

13 
The nucleus does 

not have time to respond to.the perturbation. We can.calculate the 

transition rates b .. with this in mind. . . lJ 
· If w(FmF; F'm}) is the .transition probability due to absorp-

tion or spontaneous emission and S(FmF;F'm}) the transition prob­

ability due to electron flip in the P 1;
2 

state, than the total transition 

probability for going fr0m ground state FmF to ground state F'mF is 

w(F~;F"1~111 ) S(F"'mF" ;P'mF')w(F"mF' ;P~). 
F 111 

m '" ·F 
F 11 m 11 

F 

As the w(FmF;F'mF) = wij have already been calculated we need only find 

the transition probabilities due to spin flip, we decompose the I F, m) 

states in a Clebsch-Gordan ·series 

and solve for the. simple product states ~m1) jJmJ). We then consider 

what happens to each jFmF) under an electron flip by replacing the prod­

ucts ~m1) jJmJ) .with jrm1) jJmj± 1) • Thus, for Rb
87 



j22) 

j21) 

1 20) 

j2-1) 

12-2) 
11 1) 
Jt 0) 

. Jt-1) 

-1.4-

and solving these for the products ~m1) jJ~J) we get, 

~~~) I}~) 
~~~) Ii-i) 
e_ ~) ,~ ~-) 
f22 22· 

I~}) 1}-}) 

The probability that arr atom in some initial level JFmF) in the P 1; 2 
state will end up in any other level of the P 

1
/

2 
state can now be o b-: 

tained and is summarized in Table II-4~ With the aid of this table plus 

the tabulations of w .. we obtain the transition rates b .. for the case in 
lJ lJ 

which an electron flip only occurs in the P 
1

/
2 

state. These are given 

in Table II-5. We return now to the solution, focusing our attention on 

the case of complete mixing in the excited state. 



,., ! 

Table U-4. Transition probabilities due to electron flip S(ij; i 1 j 1 ). 

F = 1 -r-----o-----1. 
--

rnF 

{

-:r 

F' = 1 : 1/8 

1/8 

1/8 

1/8 

-2 3/4 

-1 3/8 

F' = 2 0 1/8 1/8 

1 3/8 

2 3/4 

m 
F 

-2 

3/4 

1/4 

F=2 -r- ------u -- - --1 l --

1/8 

3/8 3/8 

1/8 . 3/4 

1/4 

3/8 

3/8 3/8 

3/8 1/4 

1/4 

'" li·; 

I -U1 
I 



Table II-5. Transition probability Bij assuming electron randomization in 
P 1; 2 state. 

Initial State F = 1 F =2 

m' F -1 0 1 -2 -1 0 1 2 , __ 
Final State mF 

- 43 -1 -%-p 5/96 0 11/16 5/32 5/96 0 0 

F = 1 . I 0 5/48 
43 

3/16 1/8 5/16 5/48 1/16 0 -:;m-r 

1 5/96 23/96 
21 

1/16 5/32 23/96 1/16 0 ' -fb-p ,..::. 
0'· 
I 

-2 1/16 0 0 19 
3/19' 0 0 0 - rr-r 

-1 1/32 5/32 0 19/48 
45 

5/32 0 0 -32 -p 

F=2 \ 0 5/48 5/48 3/16 1/8 5/16 
43 

1/16 0 -48 -p 

1 1/32 7/32 5/16 3/16 3/32 7/32 
19 0 -4:8 -p 

2 1/16 1/8 5/8 0 3/16 1/8 5/24 -p 

,, .~ !> ,, '· ~~. 
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D. Solution of the Rate Equations for the Case 
of Complete Mixing in the Excited State 

With the aid of the tabulated values of w .. and the definition of 
1J 

the relative absorption probabilities ri = ~ wij' we see by inspection 

f B h f 1 t . . B - / J . -.L . d B - n-1 1 o .. t at or comp e e m1x1ng .. - r. n, 1 1 J, an .. - - -- r.- -T • 
1J · 1J J 11 n 1 1 

This r.esult was previously deduced. Furthermore, we note that 

r·n-i = .ri and ri is related to the nuch~ar spin (for J = 1/2) through 

ri = 2:~ 1 , i = 1, 2, · • •, 2I +1. Combin,ing these results with the fact 

that the number of levels · n is e'qual to 2{21+1 ), we arrive at the fol­

lowing explicit form for B .. for any :p.uclear spin 
1J 

B .. = 
j 

j = 1, 2 ••• 2I+1, and i =I j 1J (21+1) 2 , ' 

B. B .. Bkk =-
2 ( 21+ 1 ) - 1 ( 2k) -' 1 -

T1 m-j 1J 2(21+1) 
2 

(complete mixing) 

Because of these simple properties. it is possible to expand det(B . ..: '/1..6.) 
1J 1J 

for arbitrary nuclear spin (and:ar.bitrary J) and obtain 

f(cX.) 1 
= 0 = 1 - 21+1 t 

i =1 

r. 
1 

r. -A. 
1 

(complete mixing). 

This last result localizes the eigenvalues :A.. ·in :the intervals 
~-1 

( 10) 

( .ri, : r.i +·;1 ). so that t~(X cay be obtained easily with a few Newtonian 

iterations, A. = A. 1 - · n- 1 taking for A. any number in the inter-
n n- f' ( A.ri _ 1 ) ' o 

vals (ri' ri+ 1 ). We do not, howeyer, have to find n = (21+1)2 eigenvalues 

but only (21+1)/2 eigenvalues, as the constraints r . = r. and LP· = 1 
n-1 1 1 

halve the number of equations. In fact, from r . = r. it follows im-
n-1 1 

mediately that p . = p.. The further relation r + r. = 2 halve n-1 1 n . 1 · 
2 -1 

again the number of eigenvalues that need be found. Table II-6 lists the 

decay constants and amplitudes for I = 3/2 for the case of complete 

mixing in the excited state, as well as similar results for no reorienta­

tion and electron randomization in the P 
1

/
2 

state. The amplitudes of 

the exponential for the absorption probability can also be deduced; but 
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Table II-6. Optical pumping transients for the three cases ccin­
si.dered a.tlrd a p = 0.85, To get the decay :rates exclusive of the 
rel<:J[Xation time T1, subtract p from A.. Note that is in units of 
f30- and that the· a corresponding to A.=O is merely f3(oo ). 

No mixing Complete mixing Electron randomization 

A. a A. a A. a 

1.216667 -2.020556 1. 942488 0.039861 1.869354 0.022742 

1.197667 2.377703 1.330116 0.082752 1 • .518020 0.100491 

0.485667 -0.226161 o. 769884 0.142969 1.365126 0.043672 

0.633333 0.082448 0.157512 0.491584 o. 7756 75 0.116138 

0.332871 o. 953700 o. 000000 o. 242834 0.451748 -0.053015 

0.933796 -0.315940 o. 257 577 0.614776 

o.oooooo 0.148806 'o.oooooo 0.155196 

~· 
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inasmuch as these depend on 1/(3 0 T 
1

.in no simple way, they are left 

for the computer. We turn now to a consideration of the relative 

absorption probability per unit time per atom which we designate by 

(3/(3 0 , and to the polarization of the absorbing alkali vapor. 

The absorption probability per unit time, f3(t), is given by 

PCt) = ( Lripi) Po where the quantities- are as previously defined,, Ex-

plicitiy, using the solution we have obtained for p., we get 
l 

p(t) I {L _"', 1 L -1 J ( 11) = 13~ r. ~aike B .. 
l nT1(3 o lJ 

i j 

from which we immediately get the equilibrium value. of the relative 

absorptionprobability per atom-~()()) ; it is @_JCX)) =- T
1 

p L r.B:.
1

. 
:~~"" o I"' o n 1 o i, j l lJ 

T<his 1:r:e_:s:ult is_,.~.a. ba:s.is fo:::t iestirh-.<~Ji!Iig;th~ opti!c a:l:thickne ss_.o'fthe1a bs or bi:qg 
I 

vapor. The experimental method utilizing the above result as well as 
I 

a discussion of the limitations of this technique is discus sed in Sec. IV. 

By definition, the polarization of an atom is P = L m. p., where m. 
. l l l 

is the m value of the ith 
1 ~ --1 

p.(ClO)=- Tp LB .. 
1 n 1 0 

. lJ 
J. 

P(Cl()) 

state. From the equili brlum pl:)pulations 

we obtain for the (e.cfuili brium polarization 

1 

i, j 

-1 
m.B .. 

l lJ 
( 12) 

. In the general case one would expect partial mixing in the P 

state. To handle this case exactly one would have to know the details 

of the interc;tction. In the absence of such knowledge we assume that 

the mixing occurs in a uniform fashion, that is, that collisions will 

connect .an ftorn in some m level of the P 
1

/ 2 state with any other 

level of the P state with equal probability. This assumption allows us 

to define a. mixing parameter a in such a way that 
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where (Bki) CM is the transition probability with complete mixing of 

the P state assumed, and (Bki)NM ··is the transition probability with 

no reorientation of the P 1/ 2 state assumed. We might also try re­

placing (Bki)CM with (Bki)er' where er stands for electron random­

ization, and see which of these two possibilities best describes the 

data. Now a is the probability that the P state is mixed uniformly in 

the one case and is mixed through electron randomization in the p 1/2 

state in the second case. We define a as follows: Let N be the total 

number of atoms in the P 
1

/
2 

state and N>:~ the number of atoms that 

have not been reoriented; then 

where u 1/ 2, 1/ 2 is the cross section for mixing the P 1/ 2 state, u1; 2, 3; 2 
cross section for transfer 

14 
of excitation from the P 1; 2 to the P 

3
; 2 

state, and n is the puffer-gas density. If we integrate (14) and average 

tt over the lifetim of the P 1; 2 state (T 1; 2 = lifetime of the. P 1; 2 state), 

then 

and the average fractional number of reoTiente'd::atom.s 1s 
N>:~( 71/2) _ 

1 - N . = a. ( 15) 

Equation (13) were solved for different values of a . and p for the case 

of uniform relaxation as well as electron randomization in the . P 1/ 2 
state, but before the resulting signal is compared with experiment it is 

profitable to investigate the approximate form of the signal and to con­

sider the consequence of signal averaging. 

.,;;,. 

.. 
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E. Two-Exponential Approximation 

If we examine the decay rates exclusive of p for complete 

mixing in the P state (A.- 0,05 in T_able II-6), we see two striking fea­

tures: the smallest decay rate (0.108) accounts for a major portion of 

the signal, and this decay rate is smaller by at least a factor of 7 from 

each of the other decay rates that are very close to each other by com­

parison. We might expect that because of the close proximity of the 

lifetimes of the faster decaying exponentials, these exponentials would 

be garbled in any real situation and soi:i;le avergae exponential would 

only be observed. One would then expect the signal to consist of two 

exponentials, one of which would be identical with the dominant expo­

nential of the exact theoretical signal and the second of which would be 

some average of the remainder of the theoretical signal. As the av­

erage exponential would depend somewhat on the fineness of the aver­

aging, it would be desirable to average the theoretical signal in a 

. manner that simulates ,the experimental averaging. Since each of the 
- (A.+ p )t 

exponentials is of the form e there is reason to expect the av-

erage to be of this form. 

To test the reasonableness of the two-exponential approximation 

of the signal, the theoretical signals were averaged .over the exper­

imental sampling time and fitted to a two-exponential form by the least 

squares method. We obtained exceedingly .good results. The two­

exponential fits deviate by less than 1 part in 10
4

• Similar remarks 

can be made for the case of electron randomization and for higher 

n:~1clear- spin values- e. g., I = 5/2, 7/2 -except that as' I increases, the 

lifetime of the domin~nt exponential becomes less distinguishable from 

the other lifetimes of the signal and may thus be sensitive to averaging. 

It is not obvious what kind of simplification, if any, can be 

achieved for the cc;~.se that the P 1; 2 state is not reoriented. But the 

lifetimes of the signal do not differ by a great deal from each other, 

and as the amplitudes are both positiv~ and negative in sign we might 

anticipate some cancellation. In fact, a remarkable thing happens. 

The signal in this case is effectively singly exponential, to a high degree 

of accuracy, with a lifetime expressible as 1/-r = 0.35 A + (1/T ). 
t-' 0 . 1 
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This is precisely the form observed in a wall-coated cell having no 

buffer gas (e. g., see Fig. V -1). No physical reason for this simpli­

fication is offered. We might expect that the observed signal in 

general will consist of two exponentials going to one exponenti<,il in the 

limit of no. reorientation in the P state .. Theoretical signals for differ­

ent .values of p and a were fitted to two exponentials and the results 

shown in Figs. II-1 .to ll-,3. These results will be needed in Sec. V 

where we interpret the data. 

F. Numerical Solutions of the Rate Equations for Rb
87 

A Fortran II computer program was written to solve the pop­

ulation equations on an IBM 7094 and obtained f3{t)/!3 
0 

over . a wide 

variety of conditions. Representative solutions are gh;en graphically 

in Figs. II-4 to U-7. Quantities computedincluded the lifetimes and 

amplitudes of the' exponentials in f3(t) for different values of p and a, 

with both co!Tiplete mixing and electron randomization in the P
1

/
2 

. state considered. ·In Table II- 6 we show the decay constants for the 

Rb87 pumping signals and the amplitudes for a particular value of p, 

for the three cases: no mixing fn the excited state, complete mixing 

in the excited state, and electron randomization in the excited st<~.te. 

Two other quantities computed were the equilibrium value of f3(t)/f3
0
-­

i.e., f3(oo)/!3 0 --and the equilibrium polarization P(oo). These are 

presented in Figs. II-8 and II-19 for the three cases considered. The 

equilibrium signal (ex: 1 -. f3(oo)/f3 0 ) changes rapidly with p for small 

values of p, but approaches 0 slowly and asymptotically for large 

values of p. Perhaps the most interesting result thus far is that the 

. equilibrium signal for the case of electron randomization in the P
1

/
2 

state differs only slig,htly from the case.of no reorientation in the P
1

;
2 

state. This suggests an interesting experiment to test whether relax­

ation in the P 
1

/
2 

state is uniform or involves only the electronic spin. 

O,ne could monitor the light. through the absorption cell as buffer gas is 

added to the cell beginning with an evacuated cell. Allowing for changes 

in the relaxation time, a small fractional decrease in signal ',Vould favor 

electron randomization whereas a large fractional decrea.se in signal 

would favor uniform relaxation. 



. -23-

0.7 0.9 
0.8 
0.7 

0.6 0.6 
0.5 

0.5 
0.4 

0.3 

0.2 

<( 0.1 
~ a C\1 
<( 

a 
I 

0.9 

0.8 

0-7 

0.6 

~ 
o.s 
0·4 N 

"' 0.3 

0-2 
0.1 

OL-----J-----~------L-----J-----~------~ 
0 0.02 0.04 0.06 0.08 1.00 

p 

MU.36355 

Fig. II-1. Result of fitting theoretical signals to a two-exponential 
form. Shown are the amplitude ratios A

2
/ A 1 as a function of 

p and a, with uniform mixing assumed in the P state. The 
curves shown were computed for a~ = 0.5 and a 1-msec sam­
pling interval. For values of p > 0.1 °the curves deviate from 
straight lines. 

Fig. II-2. Same as II-10, but with electron randomization assumed 
in the P 1; 2 state. 
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a 

f3. = 0. 48 msec -• 
0 

MU -36356 

Fig. II-3. Decay-constant ratio A- 2/A-1 for uniform relaxation. 
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1.0 
p 

8 

0.5 

f3/ {30 

0~~~~~~~ 
0 5 I 0 15 20 

Fig. 

Time (units of .1/ {301 

MU-36432 

II-4. ~opulations of the Zeeman sublevels of the ground state 
of Rb 7 when the incident light (D1 ) is right circularly polarized 
and with no reorientation of the P1jz state assumed. Also shown 
are the absorption probability [3/~ and the polarization P. The 
calculations are for a p = 0.05. 

0 
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1.0~--~--~--~------~---r--~------~~~~----~ 

Cl) 8 
c:: p 
.0 -0 0.5 
::::s 
0. 
0 

Q. 

5 10 15 20 
Time (units of y /30 ) 

MU -36390 

Fig. II-5. Same as II-4, except complete mixing in the P state. 
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MU-36391 

Fig. II-6. Same as II-4, except electron randomization in the P i/Z 
state. 
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MU -3637 5 

Fig. ll-7. Dynamic signal for the three cases considered in Figs. 
II-4, II-5, and II-6. 
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0.10 
I= 1 

2 

0~~--~---L---L--~~~~L-~~-L~~ 
0 0.02 0.04 0.06 0.08 0.10 

p 

MU-36358 

Fig. II-8. Equilibrium absorption probability fl{oo)/13 
0 

for Rb87 

optically pumped with circularly polarized D1 light. Curve a, 
complete disorientation in P 1 / 2 state. Curve b, electron ran­
domization in P 1; 2 state. Curve c, no disorientation in P 

1
;

2 state. 
c 



-30-

8 
-0.5 
a.. 

0 ~--~----~----~--~----~----~--~----~----~--~ 
0 0.02 0.04 0.06 0.08 0.10 
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MU-36376 

Fig. II-9. Equilibrium polarization of Rb87 optically pumped with 
circularly polarized D1 light. Curve a, no orientation. Curve 
b, electron randomization. Curve c, complete mixing. 
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It is of interest to calculate the electronic and nuclear polar­

izations for the various cases considered, This is done in Appendix B 

where similar though less extensive results are also presented for 
85 133 \ 87 0 

Rb and Cs . The results for Rb are presented m Fig. II-10. 
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c: 
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c.. ~ I = 
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p 

MU -36377 

Fig. II-10. Electronic and nuclear polarizations corresponding to 
Fig. ll-9. Curve a, nuclear polarization (no mixing). Curve b, 
electronic polarization (no mixing). Curve c, electronic polar­
ization (complete mixing). Curve d, nuclear polarization 
(complete mixing). 
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III. EXPERIMENTAL METHOD 

Circularly :polarized D 1 resonance radiation (5
2

P1; 2 -:· 5
2s1; 2 ) 

from an enriched Rb87 resonance lamp was made incident on an en­

riched optically thin Rb87 absorption cell containing a buffer gas such 

as Ne. Due to unequal absorption rates. by the ground-state· Zeeman 
87 

levels and spontaneous emission, the ground state of the Rb atoq1 

becomes oriented as selective absorption (b. m = ± 1) followed by nearly 

isotropic emission eventually leads the atom into the nonabsorbing 

level (mF = F for right circularly polarized light and mF= - F 
m~ 87m~ 

for left·circularly polarized light). The transparency of the Rb vapor 

therefore increases under this "optical pumping" action so that the in­

tensity of the D
1 

light coming through the absorption cell increases. 

This increase in intensity is registered by a silicon solar -cell detec­

tor. whose output is a faithful.reproduction of the electronic -spin polar­

ization, as the transparency of the vapor is proportional to the elec­

tronic -spin polarization for an optically thin absorption cell. 

After some amplification the signal is digitized by a voltage -to­

frequency converter and stored in the memory of a pulse -height anal­

yzer which is operating in time mode as a multichannel scalar, hence­

forth. abbreviated as mcs. The mcs performs a gross count for a 

fixed interval of time and stores the result in one of its channels (stor-

age location), then advances to the next channel where it stores the 

gross count of the next time interval. ·The counts accumulated in sue­

cessive intervals of time are. stored in successive channels; each chan­

nel always corresponds to the same time ·interval in the evolution of 

the signal; that isr the signal is synchronized with the switching of the 

channels, the ~th channel being:~active at time n b.t after optical pump­

ing commences if b.t is the count -time per channel. In this way the 

accumulated signal increases linearly with the number of optical 

pumping transient signals observed, while the noise, to the extent that 

it is random, increases as the square root of the number of-transients. 
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A very large .signal..:to-noise ratio is built up in this way, making 

possible a detailed analysis of the optical pumping transient signals. 

Figure III-1 illustrates the data-accumulation scheme. 

'The pumping transients were generated by pulsing an rf source 

at the Larmor precession frequency. Magnetic-field inhomogeneities 

and power broadening insured that the Zeeman·levels overlapped so 

that the rf field equalized the Zeeman populations within each hyperfine 

state, provided the 'rf field was intense enough. Sufficient time was al.,. 

. lowed between transients for the hyper fine states to relax· thermally be-
15 fore the rfwas turned off ahd pumping was allowed to proceed. 

Signals were obse.rved for different values ·c>f buffer-gas pressure, and 

for each 'value of the buffer -gas ]pres sure a number of measurements 

were made at different values of the light intensity. The· digital output 

of the me s was then fitted to the predicted two -exponential form by the 

least-squares method, and from the variation of the pumping times 

with light intensity the ground-state relaxation times, T 
1

, were ob­

tained. Moreover, for the speical case of zero buffer-gas pressure, 

the averag~ light-absorption rate per atom, f3
0

, was also obtained. 

The mixing parameter a. was then determined from the ratio of the am­

plitudes of the: exponential components of the signal, A
2

/ A
1

, in con­

junction with p = 1/f3
0 

T 1.; from the variation of a. with buffer-gas 

density the effective cross section CJ' f{= CJ'1; 2, 1; 2 + CJ'1; 2, 3 ; 2 for dis­

orientation of the · 5
2

P state o£ Rb8 f was obtained. Cross sections 

for disorientation of a polarized Rb87 atom in the ground state s2s
1

/
2 

~ere obtai~edf~om the variation of TG with buffer-~as density 

1ng. to the d1ffus10n theory of Franzen {see Append1x E). 

accord-

· A block diagram of the experimental arrangement is shown in 

Fig. III-2. The magnetic field H0 {~ 1 gauss) is not necessary for op­

tical pumping; however, a~y magnetic field, H
1

, perpendicular to the 

axis of quantization {defined ·by the direction of the beam of light) will 

disorient the atoms to a degree that depends on the ratio 

where n
11 

is the component parallel to the light beam. 

Hl/HH, 
As it is 
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Fig.III-1. If V(t) is the signal amplitude in (a), then the height of 

the ::th column in (b) is N = -6~ 1 V(t) fdt, where f is the pro-
portionality between voltage and frequency. . 
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difficult to eliminate local fields present in the laboratory the exper-
. I 

iment was performed in an H 0 » H
1 

that pointed in the direction of 

the light beam. As the resultant field was then very nearly parallel 

to the light beam, the effect of off-axis fields was minimized . 



-38-

IV. EXPERIMENT 

A. ···Procedure 

In Sec. IV~A,·we discuss the procedure usedin.obtaining data, 

with the experimental apparatus and the analysis of the data described 

in Sees.· IV. B and V. We have seen in Sec. II that the interpretation 

of the pumping signals necessitates knowledge of the parameter 

p = 1/[3 0 T 1 , where [3 0 is the average .light-absorption probability 

per atom per unit time and T 1 is the ground- state relaxation time. 

Without. this value of p, the experimental ratio A
2

/ A
1 

cannot be re­

lated to theory except in the extreme case of such high light intensity 

that p :::::: 0, in which case A
2

/ A
1 

is independent of p. However, this 

case is not encountered in this experiment. The determination of [3 0 

and T 
1 

was based on two reasonable assumptions: (a) that the absorp­

tion line (in the absence of pressure broadening) is much ~narr.ower than 

the emission line, so that [3 0 a; I where I is the. light intensity; and 

(b) that the excited state is unperturbed in the absence of a buffer gas 

(wall collisions are of no consequence since they occur in a time of 

the order of 10-
4 

sec, whereas the radiative .lifetime of the P state is 

:::::: 10- 8 sec). 

1. Determination of [3 0 in the Absence of Buffer Gas 

It is shown in Sec, II that if the P state of Rb
87 

is not reoriented, 

the pumping signal consists of a single exponential with decay constant 

A= 0,35 [3
0 

+ 1/T. Experimentally, we observe that pumping transients 

in evacuated cells are, without exception, singly exponential, this sup­

ports the hypothesis that the P state is not perturbed in the absence of 

buffer gas. It is reasonable then to equate the observed decay rate A 
e 

to the theoretical one and eliminate 1/T 
1

• · The procedure is to measure 

pumping times as a function of light intensity in the evacuated cell (the 

same cell that will then be used for cross-section measurements) and 

plot the reciprocal of the pumping ti~es against the light intensity. A 

straight line is obtained (because [3
0 

o: I) whose slope m equals 0.35 

[3 0 (and whose intercept is 1/T 
1

). Such a measurement eliminates the 

relaxation time directly. Since the wall relaxation rate in an evacuated 
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Pyrex cell ( > 1000/ sec) is greater than the pumping rate of the res­

onance lamp used(:::: 250/sec), it was essential to coat the wall to in­

crease the wall-collision relaxation time so that the pumping signal 

was not dominated by wall relaxation. Oth~rwise, the signal would be 

insensitive to the light intensity and in any case be so small as to make 

its measurement impractical (see Figs. Il-8 and II-9). The type wall 

coating used was (C 40 H
82

)X and has the commercial name 11 Paraflint."
16 

The experimental arrangement was the same as that shown in Fig. 

III-2. Pumping transients were accumulated in the me s for· different 

values of the light intensity, and the digital output plotted on semilog 

graph paper. The lifetimes, T, of the transients were determined from 

the slopes of the straight lines and their reciprocals plotted against the 

light intensity I. Since the transients are single exponentials, it is riot 

necessary to do a least- squares analysis nor to obtain the kind of statis­

tics needed for a multiply exponential function, A typical determination 

of R is exemplified by Fig. V -1. When buffer gas is added to the ab ·· 
~-'e, . 

sorption cell, Lorentz broadening of the absorption line results, so that 

values of f3o obtained with zero buffer-gas pressur~ have to be corrected 

for finite pressure. Such a correction is discussed when we intercept 

th~ 9-ata(S.e~. V). 

2. Measurement of Light Intensity 

A schematic diagram of the arrangement used to measure I is 

shown in Fig. IV -1. The output of the detector, digitized by the V -to-£, 

was stored in the mcs. The integration time (10 sec) and number of 

measurements (5 to 10) were sufficient to uncover drifts or long-term 

fluctuations. The 10'-sec integration time was rather arbitrary, although 

the total observation interval (50 to 100 sec) was necessary to uncover 

instabilities of significant duration. Light-intensity measurements 

were made before and after observation of each pumping transient and 

the average of these measurements computed. 

3. Measurement of T 1 in Cells having a Buffer Gas 

The ground-state relaxation times were measured by the Dehmelt 
. 17 

technique at the same time as the amplitude ratio A
2

/ A
1

. Before the 

Dehmelt technique could be used for the measurement of T, the two 
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Fig.IV -1. ·Arrangement for measuring light intensity and absorp­
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exponentials that comprise the signal had to be 

separation is accomplished first graphically. 

18 
separated. This 

The graphical results 

serve as starting points for a least-squares analysis. One of the out­

comes of this analysis is the lifetime of the long-lived exponential T 
1

; 

the reciprocal of this lifetime was plotted against the light intensity and 

extrapolated to zero light intensity to yield 1/T 
1

• We worked with the 

long-lived exponential both because it is generally determined with con­

siderably greater accuracy, and because it is insensitive to electronic 

averaging (T 
1 

» L::.t). Sample measurements of T 
1 

.are shown in Fig. 

IV -2 and in Sec. V. 

4. Measurement of the Amplitude Ratio A 2/ A 1 

Pumping transients were observed for different values of buffer­

gas pressure and the digital output of the mcs fed to an IBM 7094 com­

puter programmed to fit the data to two exponentials by the least squares 

method; the program is an adaptation of the Los Alamos Least-Squares 

Program. 19 Initial values were obtained from a graphical separation of 

the exponentials. 

5. Determination of the Total Absorption of D1 Light in the 
Resenanee Celi 

Prio.r to making any measurements, it was necessary for us to 

estimate both the total absorption in the vapor cell and the alkali density. 

A high alkali density will complicate the pumping process by introducing 

a new relaxation mechanism, namely self-spin exchange. 
20 

We canes­

timate the density that can be tolerated from the measured cross section 
87 87 . 21 

for Rb -Rb sp1n exchange measured by Moos and Sands. From 

h . . . . f . (1X10- 14) 2 . h · t lS cross section o aex::::: em we get a sp1n-exc ange tlme 
1 2X109 ·· · _ 

of T
2
= ::::: , where n is the alkali density and v the mean 

a nv n · 
relative J!~~d of the alkali atoms (::::5X10

4 
em/sec). If the spin-exchange 

process is to be unimportant then we must have T 2>> T 1 , which leads to 
2 X109 3 . . . 10 3 

n<< T /em. TyplcallyT 1 ::::40msecsothatn<<(4X10 )/em. 

T,he amoudt of absorption in the cell is important not only because the 

pumping rate will vary along the cell but also because the distribution of 

the hyperfine components of the D1 line will change due to unequal ab­

sorption rates, the ratio being 5:3 in favor of the F = 2 state absorbing 
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over the F = 1 state. The absorption can be determined from the 

light transmitted through the cell when the vapor is pumped and when 

it is not pumped, as for example when the rf is on. From the absorp­

tion, A, the density can be estimated from the expression for the ab­

sorption coefficient at the center of a Doppler- broadened line 
10 

2 
k _ 2 . """ rp;;:z \o N 

0 - ~VD ~~-'TT- """8Tr T 

and the length of the cell L, provided the absorption is low enough that 
-k L 

e . v :::::: 1 - k L. In that case 
·V 

(~v) . . 
emlSSlOn 

or 

N::::: 
(~v) . . emlSSlOn 

4'TTT ~ 2 nn 2 A. 
\L XI 

0 

The method is described below. 

If an alkali absorption cell having an infinitely long ground­

state relaxation time is pumped with circularly polarized P 1/
2 

res­

onance radiation, the entire population is placed in the mF =: ± F 
max 

level according to whether right circularly polarized light, (/, or left 

circularly polarized light, CJ-, is used. In either case a state of 100o/o 

polarization is achieved and the vapor ceases to absorb light so that 

the cell transmits the incident radiation, 10 , unattenuated except for 

absorption in the cell windows. The transmitted light intensity is then 

1 (100o/o polarization) = 10 (1 - Ag)' 

where A is the attenuation due to the windows. If the polarization is 
g 

somehow destroyed, the vapor becomes absorbing and the transmitted 

light intensity is 

I (0% polarization) = (1 - Ag)(1 - Av) Io, 
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where· A is the attenuation of the vapor~ Thus, 
v 

I (Oo/opolarization) = 
I ( 1 OOo/o polarization) 

LA. 
v 

( 16) 

This result can be corrected for differences iii the emission-'-and ab-

sorption-line widths by multiplying A by (~v) . . /(~v\. . 
v em1s s1on a'bsorptlon. 

In practical situations the relaxation time is always finite and 

only partial polarization is attained. The above result must be cor­

rected for the absorption which takes place even when the vapor is 

pumped~ The parameter describing the absorption is 13, the equilibrium 

relative -absorption probability; it is related to the ground- state level 

populations p. by 
. 1 

r.p.(oo), 
1 1 

( 1 7) 

where r. is the relative absorption rate of level i. For an unpolarized 
1 

ensemble p. equals 1/n, where n is the number of levels; hence 

l3(oo) equals 
11 f: r. = 1 as Lr.= n. For a completely polarized en-
ni=1 1 1 

semble, p. equals 0, with i = all m except m = F but r F = 0; 
1 . m~ m~ . 

hence l3 equals 0. The populations are governed by the rate equations 

1 
B .. p. + -TP- ' 

1J J n I": 0 
( 18) 

where b .. are relative transition rates, At equilibrium p. equals 0; 
'1J ·1 

hence 

'L B~ . p. ( 00 ) - - _e 
1J J n 

( 19) 

j 

This system of equations has been solved by computer and the quantity 

13 computed as a function of p. The results for an alkali of nuclear 

spin I = 3/2, for both no reorientation and complete mixing in the P 

state, as well as electron randomization, are shown in Fig. II-7. 
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We now derive the correct expression for A . The light 
. v 

transmitted by the cell when the polarization is zero is again 

'1(0) =1
0 

(1- A )(1- A); 
g v 

when the polarization is finite, we replace A by I3A . Then 
v v 

I(P) = I
0 

(1 - A )(1 - I3A ). Thus g v 

or 

' 

1(0) = 
l(P} r = 

A = 
v 

1 -A 
v 

1 - r 
1 -[3r • 

(20) 

If the emission-line width is not the same as the absorption-line width, 

A is replaced by [(.6.v) . . /(.6. v) b t" ] A . v em1ss1on a sorp 1on v 
Prior to making absorption measurements it is necessary for 

one to determine the appropriate values of p, which may be done as 

follows: Pu:r;nping times, T, are measured as a function of light in­

tensity and their reciprocal is plotted against the light intensity. It 

has been shown that if the absorption cell contains no buffer· gas the 

pumping process may be described by a single exponential with a decay 

rate for I = 3/2 of A = 0. 35 13 0 + ~ = ~. As 13
0 

is proportional to the 

light intensity, extrapolation of the measured (1/T) to zero light inten­

sity yields T-
1 

Moreover, the slope of the line determines 13 0 • 

Thus p = 1/T13 
0 

is determined. If some other means were available 

for measuring T 
1 

as for example a Franzen type experiment, then a 

single pumping time would be all that ,were needed to determine 13 
0

• 

In case the absorption cell contained enough buffer gas to completely 

mix theexcited state, then the pumping transient consisted of two ex­

ponentials, the longest of which has a decay rate of A= 0.108 !3
0 

+ 1/T. 

If the P state were only partially mixed, then the two extreme values 

of p could be used to fix limits on the absorption. 
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A typical absorption measurement is shown in Fig. IV -1. The 

purpose of the rf is to destroy the polarization by resonating the Zee-

man sublevels. Sufficient rf power must be used t~ equaiize the pop­

ulations. The amount of p:ower required depends on the. intensity of 

the pumping radiation; the more intense is the light source the more 

rf power is required. In practice one. should determine the rf power 

needed for the most .intense light anticipated on the basis of a plot such 

as Fig. IV- 3. Here the transmitted light is measured as a furiction of 

rf current,· showing saturation of the resonance, A quicker way to 

determine the rf 1evel needed is to . observe the rf-induced decay of the, 

transient. The power should then be adjusted so that the decay time is 

much shorter than the pumping time. 

Table IV-' 1 and Fig. IV -4 show the results for a Rb 87 spherical 

200 -ml absorption cell having no buffer gas but a wall coating. A typ­

ical pumping transient from which Fig. IV-4 was obtained is shown in 

Fig. IV -5. 

From the. slope of the line in Fig. IV -4 we can calculate the ab­

solute light intensity. We have 0.35 f3 0 = (3.65X10-
4

) I or f3 0 = {0~001 I) 
. 1 . 2 

msec- , but f3 0 = I 0 Tie f with f= 1/6, the oscillator strength. Thus 
~3 .· .me . . 2 . . 2 .. 

f3 0 = ~.8X10 I
0

= I/ sec or I 0 = 2.28X10 I photons/em -sec:...cycle at 
. .' . 

the center of the line. Forthe maximum light intensity 'used, I is 
4 . 2 .. 

about 400 and I 0 is about 9. 2X10 photons/ em -sec -unit frequency in-

terval. 

The value of equilibrium absorption deduced here is based on a 

theory for which no absorption is assumed. However, to the extent 

that ''some" absorption does not seriously alter the phenomenological 

· rate ·equations, f3 is correct. What we mean by 11 so.me1' can be inferred 

from the distortions observed in the pumping transients as the density 

of absorbing atoms is -increased. Figure IV ~6 exhibits pumping tran­

sients in the same spherical 200-rnl wall-coated absorption cell as a 

, function of temperature. Up to about 40° C the transients are exponen­

tials with decay times corresponding to the average .light intensity 

across the cell, as can be inferred from Fig. IV -4. ·At 40°C the ab­

sorption is about 20o/o. It is likely. that spin exchange plays a prom­

inent role in the distortion observed above 40°C. 



I 

430-

-420 
f- ' 

U) 

+-
c:: 
::J 

>- f .... 
! 0 

i .... 
+-

! ..c 
~410 I-

H 

I 
5 

! 

-47-

I 

I 
10 

rf (rnA) 

I 

I 
15 

I 
-

-

-

t 

J 
20 

MUB- 6245 
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ulations of the ground state of Rb • 



Table IV -1. Determination of absorption by o.ptical pumpin~. 
of :::::6% corresponds to a Rb87 dens1ty of::::: 109 em • 

The absorption 

I 

[)o -1 1- r 
rf on rf off a A=--r (msec ) e ~ 1-~r 

355.7(1) 374.1(1) o. 951 0.356 0.066 0.190 0.060 

299. 9 314. 6 o. 953 0.300 0.079 0.216 0.059 

243. 1 255. 0 o. 953 ·o. 243 0.097 0.252 0.062 

204.0 213. 7 0.954 0.204 0.115 0.282 0.064 

172.0 180. 3 0.954 0.172 0.137 0.320 0.066 

171.2 179. 5 o. 954 0.171 0.138 0.321 0.066 I 
~ 

147.0 153.3 0.959 0.147 0.160 0.355 0.062 00 
I 

86.2 894.0 0.964 0.086 0.274 0.483 0.067 

a Here r is the ratio I (rf on) 
I(rf off) 
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Fig. IV -4. Measurement 9£ f3o and p in a 200-ml spherical wall­
coated absorption cell with Rb 87 at 25 °C. f3

0
= 0.001 I, p = 24/I. 
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6. · Summary of Experimental Procedure 

The first step of our experiment was the determination of i3 0 • 

· A Dehm'elt type qf experiment was performed :in the evacuated cell and 

. from the slope of the line qf 1/r vs I, 13 0 was o btai:iled. ·.If m is the 

slope and -I the light intensity (arbitrary units), then (3
0 

= mi/0.35 for 

· Rb87• · Jn.the second stage of the experiment buffer gas was .introduced 

into, the cell and the ceU isolatedfrom the diffusion pump. For each 

value of buffer-gas pressure, pumping transients wer~ observedfor 
; 

several values of the light intensity I. The ,light intensity was varied 

.by insertiqn of glass plates between the resonance lamp andthe circu­

lar polarizer. At the beginning and end of each observation the light 

intensity W;:LS measured by integrating. the qutput of the lamp for 10 sec 

and repeating 5 to.10 times. ·The,light intensity ascribed to each tran­

sient was the average of the average light intensity at the beginning and 

end of each observation; if the light intensity changed by more than :::::3o/o 

pver- the run, the transient wg_s rejec·ted. The digital output of the me s 

was fitted.to two exponentials by the. least-squares method to deter­

mine the best va1ues of the decc:ty constc:mts and corresponding ampli­

tudes. Th~. ·smallest decay rate ( 1/r 
1

) was extrapolated to zero light 

intensity to yield 1/T 1 for each value of buffer-gas pressure. Ampli­

tude· ratios- were tabulated along with the corresponding values of . p, 

· f3p, and gas density, and .these data. then interpreted in.terms of eros s 

sections. 

B. Apparatus 

.In this· subsection we describe the experimental apparatus, 

which we conveniently divide into, three parts: . (a) the vacuum and gas­

delivery systerp., (b) the optical pump, and (c) the detectiqn system~ 

1. :Vacuum and Gas-Delivery System 

In order to: obtain enough statistics, to resolve the transient 

pumping signal into its expqnential components, it is nec,essary to iso­

late the absorption cell, at some particular value of foreign gas pres­

sure, from the diffusion pump- for periods ranging from a,few minutes 

to. many hours, depending on the initial signal-tc)...,noise ratiq" 
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For this reason it was deemed necessary to use a bakeable vacuum 

system with all metal values~ A schematic· diagram of the vacuum as­

sembly is shown in Fig. IV -7. That portion of the assembly above the 

diffusion pump (beginning with the liquid nitrogen trap) was baked by 

an oven. suspended above the assembly by means of a counterweight. 

To permit high temperatures ~250°C, the Vitron 0-rings of the valves 

were removed a~d replaced with copper gaskets and the Teflon valve 

seats were replaced by ones of indium metal. As indium has a low 

melting temperature, 156.4°C, it would reseat the valve during bake-
·, 

out; furthermore, by closing of the valve while it was hot, a hermetic 

seal could be formed as the indium solidified, although this was not 

found necessary in practice. Baking the vacuum system at 250°C for 

about 24 hours was usually sufficient to outgas the metal parts, prin­

cipally the Veeco valves, but not the glass. If valve A were closed 

after baking, the pressure would quickly rise to :::::ZX10 -
4 

mm Hg. 

This rise was traced to outgassing from the glass, in particular from 

the ion gauge (Veeco RG75P). For this reason, heating tape was 

wrapped around the glass portions of the vacuum system, exclusive of 

the resonance cell, between valves A and B and outgassing continued 
-6 

at :::::360°C until a pressure of :::::(4X10 ) mm of Hg could be sustained 

for a few hours with valve A dosed. The gas -delivery system was 

outgassed by a torch. It was not possible to outgas several portions 

of the gas -delivery system because of the proximity of graded Pyrex 

valves. In addition to through-outgassing, one other precaustion was 

taken to ensure a good clean vacuum. Two barium gettering tubes, a 

schematic of which is shown in Fig. IV -8, were fired up from time to 

time and were found helpful when working with Rband to remove im­

purities from the gas. When we were working with Cs the Ba getters 

were not needed as Cs itself is an extremely good gettering agent. 

Rubidium is also a good getter but as only a few mg of the enriched 

isotope, Rb87 , were available per cell, it was essential to have a 

clean vacuum before the Rb87 was .introduced to the absorption cell. 

Enough Ba was removed from the absorption cell so that there was no 

noticeable effect on the Rb vapor pressure; i.e., there was no indication 
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Fig. IV -7(a). Block diagram of vacuum and gas -delivery system. 
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Fig. IV -7(b). Photograph of vacuum and gas delivery system. 
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that Ba was diffusing into the absorption cell. 
22 

The gas -delivery system consisted of an oil manometer, a.rner­

cury manometer and up to five 1-liter atmosphere flasks of noble gases 

obtained from Linde andhaving a.purity of::::: 1:10 5. We used the oil 

·.manometer principally when making measurements on the heavier noble 

gases, Kr and Xe; since low pressures are involved (up to about 3 ern 
' 

(Hg) whereas in most other instances involving pressures in excess of 

4. 5 ern we used the mercury manometer. To permit fine control over 

the pressure, each flask was followed by two graded 2-rnrn valves sep­

arated by a length of tubing 7 ern long and 2 z:nrn inside diameter. In 

this way, a slug of gas could be introduced into the space between the 

valves and the flask then isolated prior to opening of the top valve. The 

ratio of the volume filled by the gas to the volume between the valves 

was about 500:1 so 'that the pressure changed by no more than :::::1,5 rnrn 

per slug. A schematic of the gas -delivery system is shown in Fig.IV-7 

(a) and a. photograph of the whole vacuum system in Fig. IV -?(b). 

2, Optical Pump 

a, Resonance lamp 

The essential consideration in selecting a resonance lamp is 

stability against long-term drifts,. long with respect to the integration 

time for one transient (this varies from a.few minutes to several hours). 

Short-term fluctuations (short with respect tothe integration time) av­

erage out in the integration and in principle may be ignored. However, 

since excessive noise may jam the detection system when operated with 

maximum gain (see below), a highly· stable low-noise lamp is desirable 

(if maximum gain is to be utilized). For these reasons a Varian lamp 

was used. 
22 

The lamp oscillator was purchased from Vari?-n, but the 

resonance lamps were made roughly according to the procedure out­

lined by Bell et al. 
23 

·Several enriched Rb87, · Rb85, and Cs lamps were 

made and filled withKr at a pressure of 2 .rnrn of Hg; this pressure was 

obtained simply by. immersing the Kr flask in liquid nitrogen. The Rb 

isotopes were obtained from Oak Ridge· National Laboratory in their 

chlorides, the Rb87 isotope having a purity of 99.16%. Figure IV -9 is 
. 87 24 

a densitometer curve of a typ1cal Rb lamp. 
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We measured the stability of the lamps by integrating the light 

output for a specified length of time over periods ·Of time much longer 

than the integration time; for example, the light output was integrated 

over 1-second intervals every second for 400· seconds. t:;uch measure-

. ments. were repeated for 5- and 10-second integration· times', with 

typical r.esults. shown in· Figs. IV -10and IV -11. · Fl.g-qre IV~.1Zis the 

. result .of an unstable .lamp, the instability being due to a:n excessive 

amount' of Cs in the lamp. A schematic of the experimental·arr.ange­

mentis given in Fig. IV -1. 

b ... Absorpti'on cell 

Two considerations must be taken into account in the prepara­

tion. of absorption cells: (a).· The evacuated cell must have a reasonably 

long relaxation time ( 'T ~ 5 msec), and (b) the cell must be optically 

thin. The former requirement means that a wall coating must be used, 

and the latter limits the size and temperature of the absorption cell. 

It has been pointed zout that once ·the mean free path of an alkali atom 

becomes very small compared with the dimension of the cell (::::: 1 mm 

Hg of foreign gas) the wall coatil:ig is ineffective, as an atom having 

once collided with the wall is likely to make many more collisions be­

fore entering the pumping regtol} again. 
1 

Spherical Pyrex cells. ranging from 25 to 500 ml were tried with 

both Rb and Cs; for Rb, satisfactory. results were obtained with a 200-. ~ . . . . 

ml cell at the operating temperature of :::::24°C •. The length of the optical 

path, ~ 6 em, made possibl~ eriough absorption to produce a good signal, 

yet not so m~ch absorptiqn tha,t the <;:ell could not be regarded optically 

thin. For Cs the results were less satisfactory and smaller cells 

ranging from 50 to 100 ml were used. Because an appreciable amount 

of light is reflected and conducted by the surface of the spherical cells, 

we used cylindrical cells for the disorientation cross-section measure­

ments since it is important to have high light intensity. The flat ended 

cylindrical cells wer:e· Pyrex, <- •. aboi;lt 4 em lor:g and 6 em in diameter 

for Rb, and about 1 em long and 6 em in diameter for Cs. The alkali 

or alkali chloride plus reducing agent, was contained in a side arm, 

and the wall-coating material (Paraflint) was in a side arm followed by 

a distillation chamber. 
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ZN-5086 

Fig. IV -10. Stability of Varian la~p. (a) Rb87 lamp ~~rming up 
and equilibrating. Horizontal scale is 400 sec/ div, vertical 
scale 100 000 counts/div. (b) Amplification of (a) with vertical 
scale 10 000 counts/div showing scatter of about 0. 7%. An 
integration time of 10 sec/chn was used. (c) Same as (a) ex­
cept lamp has enriched Rb8 5. Scale is. 200 sec/ div. 

~' 
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ZN -5081 

---- --- .......... ~----- --

Fig. IV-11. (UpperJ A Cs lamp warming up and equilibrating. 
(Lower} A Rb 7 lamp warming up and equilibrating. Lamp 
shell in both upper· and lower was warm prior to turning-on. 
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Fig. IV -12. An unstable Cs lamp. Instability 1s due to an exces­
sive amount of Cs. 



.. 

Although the cells were usually clean when they left the glass­

shop a~nealing oven, i:ftl:l:ey were not, they were cleaned with acetone. 

Once the cells were mounted on the vacuum system, the Paraflint was 

gently heated to drive out trapped air; at the same time the alkc:tli 

chloride was also heated to drive out its water of hydration. Following 

this the Paraflint was distilled from the side arm into the distillation· 

chamber and the. side arm was then sealed off. At this point the pres-
-'-4 -5 

sure was about 10 mm of Hg. After reaching a pressure of 10 to 
~6 ' . 

10 mm· of Hg, the cell was outgassed by a torch at as high a temper-

ature as possible without cracking the glass. 
25 

Outgassing continued 

at intervals until the pressure remained at about 10- 6 mm with the 

cell at maximum temperature. Prior to this high-temperature out­

gassing, the vacuum system (from trap on \!l.p) was baked out at about 

250°C by an over that was lowered over the vacuum apparatus and 

served to outgas the vacuum system and to ~urther purify the Para­

flint. However, it is possible that the effectiveness of the wall coating 

was altered during the long bake -out through fracture of the molecules. 

c. Magnetic field ~ 

A Helmholtz coil 25 inches in diameter provided the field H 0 • 

Its current supply was regulated to better than a part in 10
4

. No at­

tempt was made to cancel local field gradients except to place the ap­

paratus in the best place available. A Cs 1ine .... width measurement, 

shown in Fig. IV -13, was obtained by feeding the de output of a phase 

detector into the Vidar and sweeping the field synchronously with the 

mcs. 

d. Isotopes 

The Rb
87 

isotope;> was obtained from Oak Ridge National Lab­

oratory in its chloride form with a purity of 99.16o/o, the chief impurity 

being the other isotope, Rb 
85

. In preparing the absorption cell, about 

4 mg of a particular isotope chloride were placed in a 10-mm quartz 

tube about 3 in. long along with the reducinb agent, calcium. The 

quartz tube was. then joined to the Pyrex side arm of the absorption cell 

by means of a Pyrex-quartz graded seal. The quartz is necessary 
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since Pyrex would soften at the temperature needed to reduce the 
) . 

chloride. 

3. Detection System 

A s.chematic of the detection system is shown in Fig. III- 2. 

As the operation of the data-accumulation and detection apparatus was 

described in Sec. III, we discuss here the critical characteristics of 

the gadgetry. It was important that every piece of equipment asso­

ciated with the detector have a response time that was fast (c.ompared 

with the optical pumping transients) and was stable against drift, the 

criterion for stability depending on the integration time. We discuss 

below the various pieces of apparatus. 

a. Detector 

A Hoffman type 2A silicon detector was employed for picking . 

up the pumping signals. The detector was placed behind a slit in a 

metal enclosure which was necessary, to shield the Si diode from the 

rf. This detector has a 20 -f.Lsec recovery time, and the spectral re­

sponse of the detector made it almost ideal for the Rb and Cs res-

onance lines, as it peaked at about 8200A The noise output was verylow. 

While iri gehe:ta1the~c;nltput>Of a-se.mic;onductcn· 'is not propdrtiori~l to 'the inci­

deht,light:intensity;,the,response"waslh:lea:t forthe'sinaH ligl}t-inten~sity.: 

d1:ange s ·ehcounte red at r ~ s onanc e'( absorption in res ori'anc e c ~).1 ~ 2 o/o). · Infac t, 

for the light intensities reaching the detector, the response was linear 

over the whole range of light intensities used. This made it possible 

for us to measure the incident light (in arbitrary units) with the same 

detector as was used for the transients. The .linearity wa~ determined 

by measuring the attenuation of severalplates of glass together and 

comparing with the product of the attenuation of the individual plates 
' . 

measured separately (~ 12o/o attenuation per plate). These two results 

differed by~ 1o/o, which was about the experimental error. Further 

tests were made by placing the lamp (with reflector removed) and de­

tector on an optic;:;,l bench and measuring the detector output as a func­

tion of the separation between the two. The response was inversely 

proportional to the square ·of the sep.iration to < 1o/o. Noise in the out­

put of the silicon cell was limited by the light source although the cell 
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was sensitive to temperature and could V,aryby as much as 2.2_mV joe. 
Temperature drift was slow enough that it was of no conseque·nce as 

· far as transient response. was :concerned; but as -the total .light intehsity 

was also measured-With the cell, care was taken to operate at constC!-nt 

'temperatur~. 

b. ·Amplifier 

The output of the silicon -detector was fed into, a Keithley 103 

amplifier with the low -frequency c~toff (3 db· point), set at 0.1. cps and 

the high..,frequency cutoff at 100 000 cps (3 db point.). This frequency 

response was ample for the transients encount~red,, as a Fouri.e.r anal­

ysis shows: 

with 

-At 
Signal= e · = 

00 

. in 'ItA. t 
c e 

n . ' 
-· n=- oc1 

.J+._1/A. .. e .;; A.t -in 'It At 
e dt = 

' -1/A. 

(- 1 )n sinh1 
1 + mri 

Thus the ratio .of the amplitude of the ri/2T frequency, component to 
1 

the 1/ZT frequency component,· where T- ~. is 

A 
n 

__ A1 = 1 
-:z 
n 

for large n. ~uppos~, f()r ex<=!-mple, that we have. a transient with T = 15 

msec and we want to findthe largest VC!-lue of n that we have to. worry 

. about if we require that the aplplitud.e of this nth harmonic decrease a 
_ ·2 -2·2 --3 - - . 

thousandfold. Then (1+Tn)/(1+n 1T ) = 10 and n::::: 32. · Th1s means 

that,, 32/(2.X15010"'~)::::: 1100 cps, So that th~ requiredbandwidth is 30 

to 1100 cps. The noise l~vel at the input with terminals shorted is 

about 3-f.!-V rms. ·A warm-up•time of a few ho;urs was .necessary to 

. stop the de level-from drifting. Stability o£ the de output was -important 

for- reas.ons clarified bf:!low. 
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c. Voltage -to -frequency converter. (v-to -f) 

In order to store the signals in a multichannel scaler for the 

purpose of improving statistics, it was necessary to convert the volt­

age signals into a proportional pulse rate; the analyzer, in other words, 

does not D'understand11 voltages; it can only count. The instrument that 

converts voltages into a proportional pulse rg.te is a voltage -to­

frequency converter (called a digital voltmeter when combined with a 

counter). Three important considerations in selecting such a. unit are 

linearity, response time, and sensitivity. Stability is not an impor-

. tant consideration so long as the output frequency (for a given voltage) 

does not change appreciably in the time characteristic of a pumping 

transient sporadically, for such noise will not average out. Random 

fluctuations in the output average out. 

At the time these experiments were undertaken, a Dymac with 

a 100 000 maximum pulse rate and a 0.1-V range {among others) was 

tried and found satisfactory; however, most of the data were taken with 

a Vidar 240A. ·The specifications of the Vidar are not quite as good as 

the Dymac, but the difference is not significant for our purposes; the 

Vidar is simpler to operate. We quote here the specifications of the 

Vidar: output frequency range 0- to 100 kcps; signal range 0 -to 0.1 

volt (among others), therefore 1-!J.VOlt sensitivity;
26 

linearity better 

than 0.025o/o of full scale from best zero- based straight line; long -term 

drift. less than± 0.1o/oper week; drift with temperature less than± 0.01% 

pe.r °C,. occ to 50"C. 

So far nothing has been said about the response time of the con­

verter. According to the maker, the V-to-f responds to a change in 

voltage within one cycle .of the final frequency output. For example, if 

the Vidar is set on the 0. 1-V scale and the input voltage is changed in­

stantaneously from 0.05 to 0.10 V the frequency output will change from 

50 00,0 cps to 100 000 cps. in .10 IJ.Sec. For this reason, it is importa11-t 

to ride the signals on a de level that is alar ge portion of the V -to- f 

full-scale setting, care being taken to keep the signal level small 

enough so that the input to the Vi dar does not exceed the full- scale rating. 

In this way, the response time can .be kept small and approximately 
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constant over the whole signal. In practice, the de level of the 

Keithley amplifier was adjusted so it was about 70o/o of the full- scale 

setting of the V -to-£, and the gain was adjusted so the signal comprised 

no more than 30o/o of full scale. Thus the response time of the V -to-£ 

was kept under 20 f.LSec. It is this characteristic of the V -to-£ that ne­

cessitates a steady de output from the amplifier. A drift in the de level 

could on the one hand jam the Vidar by exceeding the maximum rating 

of the scale, and on the other hand could distort the transient by in­

creasing the response time. In Appendix A we estimate the count loss 

resulting from time delay. 

No attempts were made to check these specific<ttions except that 

the response of the Vidar was checked by comparing signals reproduced 

by the analyzer with their sources~ The results of such measurements 

and the experimental arrangement are described in Fig. IV -14, and 

testify to the capability of the Vidar. 

d. Multichannel scaler 

The multichannel scaler is the heart of the data'-accumulation 

system. It receives the V -to-£ output, a counting rate which changes in 

direct proportion to the signal, and performs a gross count. This count 

is interrupted in fixed intervals (a millisec, for example), and the total 

count accumulated in each interval is stored in a different ch<tnnel of the 

analyzer, the register being cleared at the end of each interval. For 

example, the count between t = 0 and t = 1 msec is stored in channel 1; 

the count between t = 1 msec and t"' 2- msec is stored in channel 2; and 

so on. In this way the signals are digitized. By piling many signals on 

top of one another in such a way that each point in the evolution of the 

signal always falls into the same channel of the analyzer, a large. signal­

to -noise ratio can be built up since the signals are then in phase, .where­

as the noise is not. The signal appears superposed on top of a large 

background that is due to the de input to the V -to~£. This background is 

flat as can be. seen in Fig. IV -15 which was obtained by connecting a 

battery to the input terminal of the ·'Vidar. 

A pulse -height analyzer (pha) with a 1 o6 -memory capacity 

RIDL34-12B operaifing in time mode served as the multichannel scalar. 
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Fig. IV -14. Recovery of a square wave by the mcs. The square wave 
was fed directly into the Vidar atop a de level. Scale 1.0 
msec per major division. 
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ZN -5080 

Fig. IV-15. No:i.se output of Vidar. (Upper) Vidar output inte­
grated for 10 sec/chn with battery at input. ·(Lower) 
Amplification of uppe::.·, showing scatter due to fluctuations 
of Vidar output (:::::O.OZo/o). Vertical scale 50 000 counts/div 
for upp.er and 100 counts/div for lower. 
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This pha had-a 1 me/sec scalar and a 10-(-Lsec cycle time, which means 

that a ma:x;imum of one count per channel was lost in scaling (since the 

output of the Vidar is 100 kcps). Associated with the RIDL was much 

external circuitry used to synchronize the scalar ~ith the signal, con­

trol the data-sampling interval--i.e., the channel advance rate- -and 

shape the pulses going into the analyzer. The signal was phased by 

taking the pha,.produced overflow signal after it reached the last chan­

nel and using it to gate the rf off so that a. new pumping signal com­

menced synchronously with the sweep of the analyzer. Ab~mt halfway 

·through the sweep the rf was turned on, equalizing the Zeeman popula­

tions of the pumped samplein preparation for the next pumping tran­

sient ... The external circuitry associated with the analyzer is shown 

in F~g~ III-'~c andjs s~lf explanatory. A photograph of the electron.ics 
' ' ' ·.I~:< '' 

is shown in Fig.· IV -16. 

e. rf Supply and rf g~te 

·The pumping transients were generated in rapid succession by 

pulsing an rf source .tuned to the Larmor precession o:f the alkali atoms. 

Since the mq,gnetic field H 0 was not particularly homogen·eous and suf­

'ficient power was used to broaden the resonance, the Zeeman res,; 

onances overlapped and the rf pulse equalized the Zeeman populations. 

For ap. rf supply a Tektronix 190B rf generator was used. This source 

was followed by a linear ga:te having arejection ratio of > 200:1 and a 

gating time of< 10 iJ.Sec (Fig~ IV -17). The gate was actuated by the 

pha in a. manner described above and shown in Fig. III-2. Following 

the gate were two Ifl amplifiers, a 510 and a 500, which delivered the 

power to. the rf coil placed about the resonance cell. Schematic dia.'": · 

grams for these two gates are shown in Figs. IV -18 and IV -19. The 

one in Fig •. IV -f'8 was designed to operate in the frequency range of 

about 0.5 to 4 me/sec and worked best when actuated by a symmetrical 

square wave. Applic<j.tion of a. nonsymmetric square wave resulted in 

distortion of the. rf wave form and hence loss of power (at the funda­

mental frequency). For frequencies below 0. 5 me/ sec and above 4 

me/ sec, the gq.te shown in Fig. IV -19 was used. Although this gate had 

a bandwidth of 0 to about 50,mc/sec, it could,not handle much power, 
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Fig. IV -16. View of electronics (I£ I and Keithley amplifiers not 
shown). 
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Fig. IV-19. r£ gate, ~ 0 to 50 Me/sec; designed by M. Nakamura. 
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so that more amplification had. to follow it. 

The rf power required can be estimated from the condition 

yH T
1 

z 1 (from first-order perturbation theory for a spin-1/2 sys-
rg 

tem). Neglecting the nuclear spin y = 1 Bohr magneton and taking 

T 
1 

= 10- 3 sec, we find the shortest relaxation time anticipated, 

Hrf z 0.4X10- 3 gauss. The power density. that must be delivered to 

h . . h . w H 2 4 X 10- 9 tt I 3 . f t e sp1n system 1s t en -g:rr .rf z · wa s em -umt requency 

.·interval. · Dissipation in the circuit is z 1 watt. 
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V. EXPERIMENTAL DATA AND RESULTS 

'A. ·· Results for Rb87 

1. Rubidium-87-Argon 

Rubidium-87 optical pumping transients were studied in a 

cylindrical Pyrexabsorption cell 6.0 em in diameter and 3.0 em long. 

Argon pressures ranging from 1.8-cm Hg to 17-cm Hg were covered 

and for each value of Ar pressure transients were observed for three 

or more values of the light intensity, I, to determine the ground- state 

relaxation times. Experience has shown that when the absorption cell 

is stable, three poiJ?.tS are sufficient. The digital output of the me s 

was analyzed by computer to determine the best \values of the lifetimes 

and amplitudes. From the variation of the long lifetime with light in­

tensity T 
1 

was determined, and from the variation of the amplitude 

ratio A
2

/ A
1 

with buffer-gas density the excited state relaxation was 

determined. The total absorption in the cell, determined to be :::::: 2o/o 
by the rf technique, corresponded to a Rb

87 
density of ::::::10 9 /cm

3
. 

Figures V -1 to V -7 and Table V -1 summarize the data for Ar. 

Halfway through this run the pressure failed and it was necessary· to 
. . 87 

drive more Rb into the cell. Because of a slightly heavier layer of 

Rb on the:cell walls, or possibly through a shifting of the wall coating 

while the cell was warmed by the flame driving the Rb from the side· 

arm into the cell, the intensity of pumping radiation iin:siide the cell was 

changed. Moreover, as the intensity of light was monitored through 

the cell the reading for a given incident light intensity may have changed 

due to a change in the absorption occurring at the cell walls. We de­

cided to redetermine f3 0 before continuing. the run after the pres sure 

failure. Thus for data taken at 1. 8-, 5.1-, 10.3 -, and 17 -em Ar, 

[3 0 = 0.00065 I, and for data taken at 2. 6-, 3.5-, and 16.5-cm Ar, 

[3 0 = 0.00057 I. 

In doing a least-squares analysis of the data we have adopted 

the criteria that a minimum of two lifetimes o,£ the slowly decaying ex­

ponential be given the computer and that this lifetime as determined by 

the C'Ol:nputer agrees closely With the graphical value obtained ,from the 
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Fig. V -1. Determination of f3 • Note that in (e) the light intensity 
is measured with rf on a~d rf off •. The difference of O. 7o/o 
when corrected for finite relaxation time is the absorption in 
the cell. (a) I= 848. 7, (b) I= 610.6, (c) I = 438.0, (d) I= 210.9, 
(e) I(rf on) = 858.6, I(rf off) = 864. 7, (f) f3o = 0.000652 I, 24° C. 
Note the. exponential nature of the transients. 
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Fig. V-2. Relaxation-time measurements for Rb87 in Ar. Ar pres­
sure (a) 1.8 em Hg, (b) 5.1 em Hg. Cell temperature is 24°C. 
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Fig. V -3. Redetermination of [3
0 

for measurements made at 2.6, 3. 5, 
and 17 em Ar. (a) I= 368, (b) I= 525, (c) I= 730. . ... , 
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Fig. V -4. Variation of Rb87 relaxation time with 
Ar pressure at 24°C. 
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Fig. V -6. Semi-log plot of Rb
87 

pumping transients in various 
pressures of Ar at 24° C and at approximately equal light 
intensity. (a) 1.8 em Hg, (b) 2.6 em Hg, (c) 3.5 em Hg, 
(d) 5.1 em Hg, (e) 10.3 em Hg, (f) 17 em Hg. Graphical 
values of the lifetimes and amplitudes are used as starting 
values for a least-squares analysis by computer. Back­
groun~ due to de level of amplifier has been subtracted. 
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Fig. V -7. Plot of 1-a vs Ar pressure (not corrected for pressure 
broadening of the absorption line). . 
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... 
Table V -1. Summary of data needed to determine IJeff for Rb87 - Ar 

collisions. 

Argon I i3o p AziA1 >-.zl>-.1 u Na x2 
pressure ~rbit~ar' -1 
(em Hg) un1ts (msec ) ± 0.005 5-iOo/o :::: 5o/o 

1.8 858 0.55 0.072 0.34 3.3 0.29 20 15 

614 0.40 0.100 0.36 3.3 24 26 

443 0.29 0.138 0.44 3.0 30 82 

367 0.23 0.174 0.39 3.0 30 74 

2.6 809 0.46 0.087 0.37 3.4 0.31 20 24 

573 0.33 0.121 0.42 3.2 25 17 

410 0.23 0.174 0.51 3.0 30 160 

3.5 821 0.47 0.053 0.44 -3.3 0.60 20 40 

588 0.34 0.073 0.49 3.2 25 38 

427 0.24 0.104 o. 51 3.1 27 29 

5.1 882 0.57 0.088 0.47 3.2 0.48 22 58 

372 0.24 o.zos 0.56 3.0 34 58 

537 0.35 0.143 0.54 3.0 30 66 

10.3 814 0.53 0.132 0.69 3.0 0.86 25 18 

494 0.32 0.218 0.69 2.9 33 34 

347 0.23 0.304 0.72 2.8 40 81 

17.0 784 0.51 0.176 o. 70. 2.9 0.67 30 44 

568 0.37 0.243 0.72 .2. 8 30 54 

342 0.22 0.410 0.98 3.0 40 48 

aN is the number of data points on which the least-squares analysis is based. 
b 2 

is the sum of squares of the deviations. X 

.,.. 

.. 
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semilog plot. 
2 

The x does not appear-to be a dependable guide to. the 

reliability of the .lifetimes and amplitudes of the exponentials extracted 

from the data. The signals, to be sure, were followed to. saturation 

but after a.few .lifetimes the saturation level decreased somewhat due 

. to the amplifier recovery cycle, ·Equal w·e;ights were assigned to all 

points after a number of reasonable weighting schemes failed to give 

appreciably better fits. For example, the limiting noise was usually 

120 cps, which could be seen-in the tail end-of the semilog plot in the 

worst cases. The amplitude of this noise was used to estimate a 

·weighting factor but as it generally amounted to < 1%, and in the ma­

jority of cases could not even be seen,. it made no appreCiable differ-

ence. 

To determin_e the mixing cross section for the P state from Fig. 

V -.7 we need the. following quantities; N0 = density of Ar atoms per em 
17/ 3 . 87 Hg pressure at 24°C = 3.2X10 em ; v =mean relative Ar-Rb speed 

~ 4. 8X1 0
4 

em/ sec; and 'T = lifetime of the P 
1

/
2 

state of Rb 
87 

= 2.8'SX10-
8 

·sec. 
2 7 From the slope of the line in Fig. V -7 and the relation 

1 - a.= exp[ -( <T eff N0 v T)p], where p is the Ar pres sure in em of Hg, 

·we obtain <Teff(P} = 3.5X10-
16 

cm
2

. We consider the error when we 

obtain the results for Ne and He. The ground-state disorientation 

cro;ss section is obtained from Fig. V -S(b) where. we have plotted rfT 
1 

vs N
2

, where . N is the Ar density and T 1 the corresponding Rb87 

relaxation time. The slope of the resulting line is u(S1/ 2 )v and 
-22 2 -22 2 

yields <r(S1/ 2 ) = (3.5X10 ) em ± (1 X10 ) em • This value was ob-
' ; 28 tained from- a least-squares analysis according to which the slope 

m= 

where n is the numbe~ of points. We could also .obtain the diffusion 

coefficient from the intercept k = gD 0 (76 N 0 ), where g is a geomet­

trical factbr (see Appendix E) and the 76 N 0 is the density at atmos-

pheric pressure and 24°C, were it not for the great uncertainty in the 

effective value of g. The difficulty is due to the fact that in our 

"' 
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experiment there may not be time for atoms to diffuse out of the pump­

ing. region so that the proper geometry is not that of the cell but rather 

of the pumping volume. This is certain to· be the case at the high pres­

sure points, but a± low pressures some diffusion will occur and the 

bounda_!ie s of the pumped region will not be well defined; and moreover, 

the polarization will· not be uniform in the boundary region. If we cal­

culate the diffusion coefficient (D0 ) using the cell ;eometry, g = 1. 72, 

we find from least squares 

k = 

2 
or 1)0 = 0. 58 em /sec. However, if we calculate g from the geometry 

o£:the light beam whose diameter is somewhat smaller (:::: 2/3) than the 

cell, we get a smaller and more re.asonable ~ since g is inversely 

proportional to the square of the dimension of the polarized region. 

For example, if we take 2a/3 as the effective radius of the cell, then 

geff:::: Z. 5 and D0 :::: 0.4 cm
2
/ sec. 

2. Rubidium-87-Helium 

Rubidium-87 pumping transients were studied in a cylindrical 

Pyrex absorption cell of the same dimension and construction as that 

used for Ar. Helium pressures ranging from 1.5- to 29-cm Hg were 

covered and at each value of He pressure transients were observed for 

three or more values of the light intensity to determine the ground- state 

relaxation time T 1• The digital output of the mcs was analyzed by com­

puter to determine the best values of the exponential decay times and 

amplitudes. Prior to making any measurements, we first determined 

.the absorption of resonance radiation by the vapor in the evacuated cell 

to be :::: 2o/o by the rf-on-rf-off technique and then determined 13 0 in the 

eva<;:uated cell. 
~·.,_,.'./ ' 

Figure V -8 summarizes the determination of 13o and Fig. V -9 

the ground-state relaxation times. Following are semilog plots of tran­

sh~nts at about the same ,incident light intensity but different pressures 

of He (Fig. V -1 0). Table V- 2 summarizes all the results needed to 
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*0.1 
/3 = 0. 00072 1 

O· 

T1 = 250 msec 

I (arbitrary units} 

800 

MU-36382 

Fig. V -8. Determination of f3 from the variation of the pumping 
time with light intensity I. 

0 
1/T = 0,0025 I to 0. 004 msec -1. 
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(a} 

0.4 

10.5 em He 

0.2 

-
0~---L--~~--~--~~~--L---~~--L-~ 

0 200 400 600 

800 

0.2 

o.L---~--~----~---L--~L---~--~~ 
0 200 400 600 

(arbitrary units} 

MU-36 .. 86 

Fig. V -9. Pumping times for Rb
87 

in He at 23°C. The upper points 
( D) are for the fast component of the pumping transients. Re­
laxation times are determined from the slower ( ) component. 
The scatter in 0 is due to the slight instabilities in the absorp­
tion cell. 
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5 x 1 o5
1
.------,.---.--....--.-----.---r--,-----r---.------, 

1 Zero pressure 10.5cm He 

(a) (c) 

T 1 =8.4msec 

13.7 em He 
• 

(d) (e) 

T 1 = 8.4 msec 

Time 

MUB-6561-A 

Fig. V -10. Semilog plots of Rb
87 

pumping transients in Be at approx­
imately equal light intensity. 
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Table V -2. sumnary of data needed to determine cr eff for 
Rb -He collisions 

Helium I !3o Az/A1 >-..zl>-..1 N 2 

0rbi:rarV 
p a X 

pressure 
(msec-l ""5o/o (em Hg) un1ts ± 0.005 5-10% 

1.5 659 0.48 0.042 0.19 3.65 0.07 15 5 

561 0.41 0.049 0.34 3.13 20 35 

414 0.30 0.067 0.23 3.56 20 22 

10.5 671 0.49 0.094 0.38 6.48 0.25 20 22 

572 0.42 0.108 0.39 6.61 23 25 

494 0.36 0.126 0.34 7.10 25 15 

13.7 627 0.46 0.087 0.39 5.95 0.28 23 44 

544 0.40 0.100 0.34 . 6.20 25 150 

394 0.29 0.138 0.34 7.10 25 34 

16 665 0.49 0.082 0.50 5.40 0.46 20 28 

588 0.43 0.093 0.49 5.35 20 24 

422 0.31 0.129 o. 58 4.93 30 56 

29.4 712 0.52 0.058 0.50 7.05 0.59 30 300 

709 0.52 0.058 0.53 7.29 30 64 

613 0~45 0.089 o. 55 7.10 30 48 

512 0.37 0.108 0.56 6.99 35 346 

431 0.31 0.129 0.61 8.35 35 93 
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determine eros s sectiqns,. including amplitude. and lifetime ratios for 

all transients observed. The rn:i;x:ing· parameter a , was. determined 

both for the case of uniform relaxation in the · P 1;z· state and for 

electrqn randomization only. ·In Fig. V -11 we plot a. against the 

He pres sure. 

Repeating the. same analysis as in· Sec. V. A. 1, we get 
~17 2 - 87 5 

creff(P). = (2.5X10 )em -where we have used v(Rl:::i -He)= (1.28X10 ) 

ern/ sec. The ground-state relaxation data yields a cross· section 

that is much too, large (:=:::io- 23 ), judging by the results of others. Be-
. -24 2 

. cause of the extremely small cross sectlqn for He< 10 em , ·.the 

measurements are very sensitive to. the presence of impurities and 

the. relaxation times observed were probably due in ·part to Rb87 -

impurity""'atom collisions. This has no effect on· the excited-state . . 

cross section so long as no. collisions occur within the lifetime of the 

· P:i./ 2 state, (2.85X10"'
8

) sec. If the cross section for Rb
87

(P1/ 2)-
. . d' . . 11 • • h. h 1'0- 13 2 1mpur1t y;;.atom 1S0r1enbng co JL1s1ons were as 1g as em , a 

. partial pressure of ::::: O. 1 mm Hg would be required to disorient the P 

state, but such a high impurity concentration is absurd. The. pres­

slire in the vacuum system prior to .introduction ·of the He. was 

:::::10- 6 ~mm Hg and<in·leak checks would rise to :::::10- 4 -mm Hg a few 

hours after the diffuf)ion pump \¥as isolated fr.om the cell and gas -flow 

system. The He itself had a purity of 1:10 5. Such minute impurities 

can account for disct13pancies in the ground-state relaxation time but 

can have no· effect on•the. excited-state measurernents.(.chemical re­

action, however, could lead to a distortion of the. signals). 

3. :Ruoi.f.lium-:87~Neon 

·The Ne data were measured in the same cell used for He and 

the same light calibration applies. The.results are summarized be-

· low similady to the He data in Figs. V~12 to V -15 and Table V -3. 

The e::x:cited.-state cross section deducedfrom Fig. V -15 is 

cr ff(P), = (4.4X10-
17

)cm
2 

and the ground-state cross section cr(S
1

/
2

) 
e · -22 · 2 ' -22 ·· 2 

= (1.0),<10 )em ·±0.3X10 em. In Table V-4 our results are 

compared :with those of other workers. 

·.J 
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He pressure (em Hg} 

MU-36363 

Fig. V -11. Semilog plot of 1 -a against He pressure. 
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800 

I (arbitrary units) 

MU-36487 

Fig. V-12. Sample pumpingtimes for Rb87 in Neat 23°C. (a) 7.4 em 
Hg, (b) 10.1 em Hg, (c) 19.7 em Hg. 
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(a) • (e) 

• 

T, = 5.8 msec r,=7.9msec 

T2= 1.2 
msec 

X 10-' 

Time msec) 

Fig. V -13. Semilog plots of Rb87 pumping transients in Ne. 
(a) 1.4 em Hg, (b) 5.1 em Hg, (c) 7.4 em Hg, (d) 10.1 em Hg, 
(e) 19.7 em Hg. 
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·Fig. V -14. (a) Variation of Rb87 relaxatio~ times T 1 with Ne pres­
sure (em of Hg). (b) Plot of n/T 1 vs n • 
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10 20 30 

Ne pressure (em Hg) 

MU-36364 

Fig. V-15. Semilog plot of 1 -a against Ne pressure. 
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Table V -3. suwmary of data needed to determine (J ff for 
Rb 7 -Ne collisions. e 

Neon I !3o Az/A1 >..zl>..1 N 
2 

p a X 
pressure ~rbit.rar?J -1 
(em Hg) un1ts ( msec ) ±0.005 5-10% "='5% 

1.4 634 0.464 0.022 0.11 3.8 0.03 15 40 

532 0.389 0.026 0.13 3.6 18 23 

390 0.285 0.035 0.16 3.4 20 13 

5.1 653 0.477 0.036 0.26 4.1 0.14 17 10 

566 0.413 0.040 0.36 3.8 18 12 

400 0.292 0.057 0.25 4.2 24 18 

7.4 631 0.461 0.036 0.30 4.1 0.23 18 6 

609 0.445 0.037 0.31 4.1 18 4 

538 0.393 0.042 0.32 4.0 20 13 

388 0.284 0.059 0.32 3.5 23 9 

10.1 630 0.460 0.055 0.30 4.6 0.20 17 8 

541 0.395 0.063 0.32 4.5 20 5 

391 0.286 0.087 0.29 4.7 23 7 

19.7 632 0.462 0.027 0.38 4.2 0.40 20 17 

539 0.394 0.032 0.39 4.0 25 11 

393 0.287 0.044 0.40 4.1 25 22 
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Table V-4. Ground":"state disorientation cro.ss sections for Rb-noble-gas. collisions. 

Buffer Rb87 
(25° C) Rb87 (44° C) Rb (50° C) Rb (67" C) 

gas 
- --

6.2X 10-25 em 
2a -25 2b 

He . 3~3X 10 em 

Ne i.OX to-22 cm2 1.6X io-22 cm2 c 5.2Xio-23 c~2 d 3.3X1o-24 ·cm2 b, c 

~r 3.3Xio-22 cm2 9 X10~22 cm2 c 3.7X1o-22 em 
zd 1.1 X io-22 cm2 b, c 

Kr 2. OX.io-20 em 2 5. cJ X 1 0-21 em 2d 7.3X1o-21 cm2 ~ 
' . 

Xe 1.8X1o-19 ·crn:2 i.3X 10:.zo em 2d 1. 3X 1o-19 cm.2 ... ~ 
~ 

a. SeeR. A. Bernheim, J. Chern. Phys~ 36, 135 (1962). .. 
b. See F. A. Franz, Phys. Rev. (to be published). 

c .. SeeM. Arditi and T. R. Carver, Ph:ys. Rev. 136, A643 (1964).· 

d. See Ref. 6. 

e. See F. A. ·Franz, Phys. Letters 13, 123 (1964). 

.....__ ~·"'":;::"' ·-· . 

n 
·..0 
...o 

1,.:: 
t, 

~~ ··~-~. 
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4. Discussion 

a. Effect of pressure broadening of the absorption line 

We have interpreted our data so far without considering 

Lorentz broadening of the absorption line. Pressure broadening of 

the Rb resonance line 5S~/ 2 .,.._.. 5P 1/ 2 was measured by Ch1 en, 
29 

-1; from whose data we get ( 6.v)L = 0,0075 em em Hg of Ar at 25°C 

and (6.v)L =0.0072 cm-
1
/cm Hg of He at 25°C. We assume a similar 

number for Ne as this appears not to have been measured. It has 

been assumed (Sec. II) that the emis sian line .is infinitely broad so 

.that !3o o:: 1
0

, but actually the width of the emission line (6.v) is 
-1 e 

·approximately 6 (6.v)D' where (6.v)D~ 0.017 em is the Doppler 

width of the absorption line. This means that for pressures~ 3-cm 

Hg, · f3 
0 

= f Iv <Tv dv wi-ll decre.ase noticeably so that p = 1/T 113 0 will 

. increase, a,nd this in turn will affeCt the value of a. To estimate the 

corrections to be applied at the high-pressure points we assume a 

Lorentzian shape for I and <T • The assumption of a Lorentzian 
v . v 

emission line is justified by the measurements of Jarrett30 and a 

Lorentzian <T is justified for high pressures where (6.vL t » 
10 v · 

2 2 OI_"en z 
(.6y)p. Taking Ivo: b/[b +v""'v;0 )

2] and <rvo: a/[a +(v-v0 )
2], with 

b = z (6.ve) and a= i 6.vL' we get !3o o:: 1A.6.vL + .6v e]. 

In Fig. V -16 we have plotted f30 , normalized to unity at zero 

pressure, and using this figure we corrected p and redetermined a. 

This is an extreme correction representing the worst that can be ex­

pected from pressure broadening in the range covered. The new 

values of p for the. most part do not fall in the linear range shown in 

Fig. II-10, and consequently a was determined only approximately 

from a limited number of calculations done for values of p > o. 1. 

Results of these crude corrections for He and Ne are shown in Fig. 

V -17 and indicate a <Teff(P) ~ 25o/osmaller. For Ar the new values of 

p were even larger and no reliable values of a could be obtained with-

out considerable computation. 

c,:reff(P) a,re. smaller. 

However, it is clear that the corrected 

Other chief sources of error in a are the measured amplitude 

ratio (Az./ A 1 ) and relaxation time T 
1

• These errors are indicated by 

the bars in Figs. V -7, V -11, and V -15. As the error introduced by 

·'" 
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Fig. V -16. 13
0 

corrected for pressure broadening of the absorp­
tion line (normalized to one at zero pressure). 
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0.1~----~~~~--------~~~~----~ 
0 10 20 

Ne pressure (em Hg) 

MU-36366 

Fig. V-17. Values of u approximately corrected for pressure 
broadening for Ne data. · 
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pressure broadening is systematic and not known accurately it is dif­

ficult for us to assign a net error, but the values of O"eff(P) should be 

reliable to SO% or better fr.om the crude estimates made. From our 

effective eros s sections and the measurements of Beahm et al. 
14 

we 
87 -17 2 

can deduce a q{/ 2• 1; 2 (Rb -He)::::: (1. 5 X 10 em • For Ar and Ne 

Beahm reports eros s sections considerably smaller than for He 
-17 2 

(1X10 em ) so that O"eff{P)::::: a 1; 2 , 1; 2(P). 

b. Electron randomization or uniform relaxation in the ~l1.; 2? 
Values of a used to determine O"eff(P1;

2
) above are based on· 

the assumption that the collisional relaxation of the P 
1

/
2 

state is uni­

form. Although the evidence .in support of this mode of relaxation is 

not clear-cut, it is difficult to interpret the data in terms of a cross 

sectiion for randomizing the electron spin in the P 
1

/
2 

state. 

son for this difficulty is shown in Figs. II-7(a and b) and II-8. 

The rea-

Tran-

sient signals expected with electron randomization are very similar to 

those expected in the limit of no reorientation of the P 
1

;
2 

state, and 

although they are doubly exponential, the amplitude. ratio A?;/ A
1 

of the 

two-exponential components are smaller than for the. case of uniform 

relaxation, and in fact a number of the experimental ~atios cannot be 

fitted to Fig. U-1 whereas all can be fitted to Fig. II-10. An exception 

occurs in Ne, where all the experimental ratios are permissible by 

electron randomization, but if we plot 1- a against the pressure we do 

not get a smooth line. Further evidence in support of uniform relax­

ation is found in the lifetimes. (exclusive of the relaxation time) of the 

two exponentials. 

The values of a .. determined from the amplitude ratio A 2/ A 1 
are meaningful only if they are consistent with the decay constant ratio 

>-..
2

/>-..
1

. This is indeed the case, as we see from Figs. V -18, V -19, and 

V- 20 where we have plotted the experimental lifetime ratios against 

the theoretical ones for the value of a determined from A
2

/ A
1

. The 

agreement is seen to be good for Ne and He. The experimental ratios 

>-.. 2/>-.. 1 are somewhat low compared with the theoretical one, which is 

based on a determined from· A 2/ A 1, but this difference- may be be­

cause we have not corrected a for pressure broadening, we have 
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He pressure (em Hg) 
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Fig. V -18. Same as V -17 for He. 
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10~----~,----~,----~,r-----r-,----~,_--~ 
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He pressure ( c m Hg) 

MU-36368 

Fig. V -19. Experimental ratios >-.
2

/>-.
1 

for He compared with theory. 
for same value of a as deducea from A

2
/ A

1 
with uniform relax­

ation assumed in the P state. 
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Fig. V -20. Same as V -19 for Ne. 
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shown that by· not correcting·. a we tend to. overestimate the degree of 

mi}Cing .. This -w;q,llitLlead us to expect larger ·values of ~:z./~ 1 for 

a > 0.2, as reference to • Fig •. II-2 reveals. For Ar the agr.eement is 

less':s_at:iiS'factory although a direct comparison is not made as Fig. 

II-2 was computed for a 1-'msec averaging interval, whereas the Ar 

data were sampled at 0. 5-msec intervals and ~2 is more sensitive to 

averaging (than.is Az} We cannot rely on· ~2/~ 1 f:!:~one to fix a, as 

reference to· Fig. n.:2 reveals. First, ~2/~ 1 is not a unique function 

of a, and second, it is not very sensitive to a. This insensitivity is 

unfortunate since · ~2/~ 1 is independent of (3 0 , which eliminates not 

only the necessity to. measure (3 0 (except for averaging purposes 

where an estimate would suffice) but also the complication of press.ure 

broadening of the absorption line. The above evidence suggests that 

in the pres sure range covered, uniform relaxation• is a more likely 

mode of relaxation. 
31 

5. · Rubidium-87-Krypton and Xenon 

The ground-state relaxation time (T 1 ) for Rb87 in Kr and Xe 

is so short that the transient signals are dominated by T 1' Since 

every decay rate in the signal contains p Q:: 1/T 
1 

_additively, the signal 

would be singly exponential. if T 1 were· only small enough. For 

example, T 
1

:::::: 1 msec and (30 ::::::, 0. 5 msec -
1

; thus p ::::::. 2. This is larger 

than any of the eigenvalues of B .• (exclusive of p). so that (3:::::: e- Pt. 
. ~ . 

Because of the short relaxation tii:ne structure. cannot be· observed in 

the transients, and thus the excited-state disorientation cross section 

cannot be measured bythe transient techni~epJ:e. Better.luckmicg_ht be 

had by observing the steady-state signals, but even this may not be a 

simple matter because of the very low signal levels at high buffer-gas 

pressures (> 1 em). ·However, we can-measure the ground-state dis­

orientation cross sections and diffusion. coefficients. 

The.·first attempt to .measure the Rb ground·state disorientation 

cross section associated wit_h Kr and' Xe was made by Franzen; 6 'how­

ever, because of mechanical limitation. he was not able to. use his own 

method but used instead Dehme.lt1 s to, m:easure relaxation times in Kr 

and Xe. Correcting the Ne diffusion. coefficient for the Ne -'-Kr and 
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Ne-Xe mass difference, Franzen was able to estimate the Rb-Kr and 

Rb-Xe ground-state disorientation cross sections. Since then 

Anderson and Ramsey and Franz and LUescher adapted Franzen1 s 

method to the indirect measurement of short relaxation times py di­

luting highly relaxing buffer gases with less relaxing gases such as 

Ne. The net relaxation time is then long enough to permit use of 

mechanical shutters (limited to~ 10 msec opening time for 1-in. aper­

tures ). To, separate the contribution to the relaxation time due to the 

dilute gas, the diffusion equation is resolved with two source terms 

[e. g., -o:(Rb-Ne)N(Ne)v(Rb-Ne) -o:(Rb-Kr)N(Kr)v(Rb-Kr)] with the 

reasonable assumption that, provided the dilute gas density is low 

enough; it does not contribute.to diffusion but only to collisional relax-

. ation. The measurements of Anderson and Ramsey pertained to Na 

and those of Franz and Luescher to Cs. More recently, Gibbs
32 

elim­

inated sbmeJO>fthedrirredhlanicaLlimitafiO'ns oTthe~~ F<ranze'n,rnet)lod by ~in.-;:, 

plbying a .:Klerr cell in conjunction with a mechanical shutter. 

Measurements reported here were obtained by the Dehmelt 

method, which is here applicable directly because of the single­

exponential nature of the signal. The Kr transients were observed in 

a cell of 6 em in diameter and 4.2-cm long (inside dimensions), and 

the Xe data obtained in a. cell 6 em in diameter and 2. 7-,cm long (inside 

dimensions). Results for Kr are shown in Figs. V -21 to V ~23, and for 

Xe in Figs. V -24 to V -26. The cell temperature was 24°C for Kr and 

25°C for Xe±'PC. 

The relaxation times shown in Fig. V -27 were obtained in a 

cell with dimensions similar to those shown in Fig. V-26 and are con­

sistent with the cross section determined from Fig. V -26. Data for 

the points at 1. 5 and 3 mm were taken one day apart. The Xe data · 

were also checked by measuring pumping times at a few pressure 

points and correcting for the pumping-time characteristic of the res­

onance lamp as determined from earlier experiments. The relaxation 

. times thus determined were. in agreement with the data shown but the 

uncertainty was larger than that in Fig. V -26(a). Special precaution 

was taken to .ensure that the transients were not distorted by too large 



-10 5 
c 
~ 
0 
u 

5 

I 0.4 
u 
(!) 
<fJ 

E 

-t:. 0.2 

-109-

(a) (b) 

r= 2.45 msec r= 1.05 msec 

(arbitrary units) 

MU-36501 

Fig. V -21. Typical Rb
87 

relaxation times in Kr. Curve a, 1.4 mm 
Kr. Curve b, 3.9 mm Kr. 

Fig. V -22. Rb
87 

pumping transient (Kr buffer). 
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a sampling interval. The 0.5 mseclchn interval used is an appreciable 

fraction of the transient lifetime but does not lead to appreciable dis­

tortion so long as we are dealing with a single exponential. Although 

thd.s can be demonstrated easily, to play it safe we checked several 

transients by stepping down the :sampling interval to 0. 1 msecl chn but 

saw no significant difference. Cross sections established by the above 

data are summar~:zed in Table V -4 below along with the results 

(estimated) of Franzen and Franz. 6 •
33 

Diffusion coefficients for K:r: 

and Xe are respectively 0.17 em~ I sec and 0.14 cm
2 I sec. 

B. Results for Cesium-133 

1, Cesium-Argon 

Ce::sium relaxation times in Argon were measured in a cylindri­

cal Pyrex cell 6 em in diameter and 2 em long (inside dimensions) at 

25°C ± 1 o. The transients were singly exponential except at the highest 

pressures where some deviations were observed. This probably means 

that the cross section for mixing the Cesium 
2

P state is small (com­

pared to the same cross section for Rb), as indeed one would expect 

from the fact that the fine structure splitting of the Cesium 6 
2 

Estate:_ is 

more than twice the mean kinetic energy available in collisions. No 

attempt was made to pursue the excited- state disorientation cross sec­

tion, but the ground-state disorientation cross section was determined 

and is in fair agreement with the results of Franz and Luescher but in 

disagreement with the results of Legowski. 34 In figures V -28 and 

V -29 the results are summarized and in Table V -5 our results are 

compared with those of Franz and Luescher and Legowski. 

2. Cesium-Krypton 

Ground-state relaxation times for Cs and Kr were measured in 

a cell 4 em diameter and 1 em long (inside dimension) at 25 ° C ± 1°. 

The cell tipoffs (one from the side arm that contained the Cs and the 

second from an unused side arm) represented 10 to 15% of the cell 

volume; but this figure should not have a significant effect on the appli­

cability of the diffusion equation in which cylindrical boundaries are 

assumed, since the total area represented by the tipoffs plus cell pump 
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out\ amounted to only :::::5% of the wall area. Relaxation times and 

their interpretation are summarizedin Figs. V -30 to· V -'31 and Table 

· V-5. Data for some points were successively gathered two and four 

days apart. The disagreement between our cross section for Cs-Kr 

and that of Franz and Luescher is -s~triking. During this run a number 

of relaxation times were measured in Ar to check for contamination·· of 

the vacuum system. The results were consistent with those of Franz 

and Luescher and our own· r.esults above. 
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Table V -5. Ground-state disorientation cross section for Cs. 

Buffer gas 

He 

Ne 

Ar 

Kr 

Xe 

:l'hisv work 
/ .. 2. 5:0 c 

1.2(0.2) X10 - 22cnl 
1. 9(0.2) X10- 20 

a 
··See Ref. 33. 

b . 
See Ref. 34. 

a 
Franz and Franz 

44°C 

5. 2 Xi 0- 24 em 2 

8 OX10M 23 
' . ' 

2.1X10- 21 

4.6X10.;. 20 

Legowski b 

2.5X10- 24 cm2 

8.4X10.;. 24 

2.6X10- 24 
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VI.. FURTHER STUDIES 

. A. Observation·of ·Dz Light in Forward Scattering 

The ,phase- sensitive detection· system used in our expe:dments 
' 

raised.an interesting possi bilily ~or measuring (j 1/2, 3/2 by an optical 

pumping adaptation of the classical.experiment of Lochte and Holt­

graven. 35 - 39 Since the Rb vapor i·s. most absorbing when it is not 

pumped andleast absorbing when it is we would expect the scattered 

D
2

light to be maximum when the rf·is ori and minimum whenit is off; 

i.e., the scattered D
2 

light is 180° out of phase with the direct D
1 

signal (but not the scattered D
1 

signal), and moreover. it is modulated 

100% (the roles of D1 and ·, D
2 

can. be reverse~ to measure cr
3

; 2 , 1; 2 ). 

Thus if we. place a D
2 
filter in front of the detector we should observe 

··an inverted signal. · Such a signal was observed in a sealed.:. off Rb87 

cell with 23-cm H§ and.is shown.in Fig. VI-1. Although a search for 

forward-scattered D2.light was-made at a few lower He pressures 

· (also 1.in· sealed cells), it was unsuccessful. This lends support to .the 

small mixing cross section• measured. 

B. Optical Pumping in a CeU. Containing neither a Buffer Gas 
. nor Wall Coating 

The extreme sensitivity of the detection scheme makes possible 

observation of optical pumping· under extreme conditions. For example, 

· one could stuq.y relaxation of oriented alkali atoms by foreign gases and 

wall coatings without the limitations imposed by conventional techniques 
'-

(:::::10 msec). Relaxation by substances present as impurities in optical 

pumping systems (e. g., 0
2 

adsorbed in glass or wall coating) in either 

wall coatings or buffer gases is of interest. A step in that direction.is 

the observation of pumping in a Pyrex cell with no buffer gas, 
40 

shown 

in Fig. VI-2. Because T . . is very much greater than T 1, the 
pumpmg 

. transient lifetime is essentially T 
1

• From the measured relaxation 

time of 0.6·msec and the cell geometry we can calculate the number of 

wall collisions N required to disorient aRb (Gs) atom. If r is the 

. distance traveled between collisions and v the velocity, then 
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Fig. VI-1. D 2 signal observed in a Rbi:S 7 cell containing He at 
23 em of Hg and pumped with D1 light. 
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T 
1 

equals N (~) , where r is averaged over the spherical cell 

and v is averaged over all velocities. Hence T 1 equals N(r)(~) = 

(4 a)""' rz:;.;kmT N, where a is the radius of the cell, from whcih we get 
3 V:rrk1 (1) -5 

N = 2 for Cs and N = 2.5 for Rb, taking a = 3. 7 em, -'- c· =(5.8X10 ) 

(
1 5 v s 

sec/em, and v>Rb= (4. 7X10- ) sec/em. For the longest relaxation 

times observed in a wall-coated cell, T 1 is approximately 1 sec and 

N is approximately 10
4 

collisions. 

C. Hyperfine Relaxation by a Double-Transient Technique 

Hyper fine relaxation. has been observed. previously by B!Duchiat 

and Brossel, 
40 

who selectively pumped one of the hyperfine components 

of Rb87 with unpolarized·light from aRb85 1amp andconducted a· 

Franzen-type experiment to determine the relaxation time. More re­

cently Arditi and Garver 
41 

observed hyperfine relaxation in Rb87 also 

by selective pumping with unRolarized.light to· produce a hyperfine 

population difference and then looking at stimulated microwave emis­

sion. It is also possible for one to det.ermine the hyperfine relaxation 

time by looking at the above pumping transients· and extrapolating the 

reciprocal of the pumping times to z:ero light intensity. However, to 

obtain enough statistics, the pumping transients would have to be re­

generated many times and this would call for a microwave cavity with 

associated electronics that would greatly complicate the experiment. 

There is, however, a way to. observe hyperfine relaxation. by inducing 

only Zeeman transitions. ·It works as follows: ·Instead of using un­

polarized hyperfine light, we use circularly polarized hyperfine light, 

+ W h h f b b' 1 1 · Rb. 8 7 say a • e t en ave our nona sor 1ng eve s, us1ng as a 

model (see Fig. VI-3). The mF= 2 level has zero absorption. pro­

bability (5 P 
1

;
2
-. 5 S 

1
/

2
) and the three sublevels of the· F = 1 state are 

also nonabsorbing (because there is no light to absorb, in this case). 

The pumping process will then distribute the atoms principally among 

these four "metastable•• levels. If we now resonate the Zeeman levels, 

the <ftoms whioh:we :r,e inJ:h¢ Fc;:2._fitate: beoome'q;bs.or:Pi;o.g on~·e ag4i:n. a:_s :t.he 
<--) --' ~·-' 

ID:F4:2 J.~v:.e,l:j,s ~hox:teJi out,. l:tut.;th_e, E'~ 1:::~J~.;te.ij?1~.tHLP.-9nalp,s orbin;g .i;;T,hurs:; the- .. 

Ptl;f>X1Pi:ng::pr:9G~;_s D-9WJ{q.;vO):":§l th-e :F:::: 1J.JE;ly~Jp, <Whi~ch m~y P~ t~.e~tecl. ;:J,s ;:J, 
l 

,". 
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single level since the rf equalizes the three levels, and one observes 

a new pumping transient simultaneously with the appearance of the 

rf-induced decay of the primary transient. This secondary transient 

due to a net transfer of atoms from the F = 2 to the F = 1 state is of 

a simpler nature than the primary transient, as we are dealing effec­

tively with a two:-level system (the rf maintains the populations of 

each state equal). The secondary transient is dependent on the hyper­

fine relaxation that cari be obtained by extr(;lpolation of the pumping 

times to zero light intensity. 

Prelimina:ry observations of the hyper fine transient discus sed 

above have been made and the results shown in Fig. VI-4. - These 

measurements were made with Rb87 (99.16%) in a cylindrical ceH 4-in. 

long and 2in. in diameter anc;lcontaining 4.6-cm Ne. The Ne pres­

sure was sufficient to broaden the absorption line so as to increase the 

pumping efficiency, yYatnot sufficient to appreciably disorient the P 

state, so that the primary transient is practically a single exponential. 

The pumping source was an'enriched Rb::SS(99.54o/o) Varian-type lamp 

with 2 mm Kr. Extrapolation of the two transients to zero light inten­

sity indicated a longer relaxation tim:e.;Zfor hyperfine transient, L e., 

T
1
{6.F = ±1) >T

1
(D..F = ±1:,0). The relaxation rate appearing in the 

first transient {rf off) is the sum for b..F = 0 and b..F =± 1. One would 

expect that as the Rb density is increased and spin exchange becomes 

a dominant relaxation factor, the hyperfine population difference would 

diminish and with it the ~m:plitude of the secondary transient {rf on). 

This was in fact observed and the results shown in Fig. VI-5. 

We note in concluding that the temperature at which the hyper­

fine transi:'ent vanishes is about the same as that at which distortions 

become prominant in the primary transient. 

D. · Spin Exchange 

A pumping transient in an evacue3:ted cell containing a single 

species of alkali atoms has been shown to be singly exponential. One 

might inquire about the nature of the signal if a second species were 

present and spin exchanging with the pumped specie. The circumstance 
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that a single exponential adequately describes a single species indi­

cates that the pumping can be defined by a single rate equation as in 

the absence of nuclear spin. Two species ma:ythen be expressible by 

a system of two rate equations coupled by spin exchange. If this is 

the case, then the pumping transient will show a structure that can be 

simply related to the spin-exchange cross section. 

Observations were made on a Cs -Rb system in a wall-coated 

cell showing structure in the signal. The shape of the Cs signal at 

25°C appeared to be a sum of two exponentials with amplitudes of 10:1. 

No attempt was made to get quantitative data but it is clear that the 

structure was due to spin exchange as no exception to the rule that a 

. 1 . {Rb8 5 Rb8 7 C 3 3 ) . . 1 . 1 . 1 s1ng e spec1es , , s g1ves a s1ng y exponentla. s1gna 

in an evacuated cell has been observed at low alkali densities. Inci­

dentally, distortions observed in single-species signals at high densi­

ties cannot b,e expressed as a sum of exponentials. 

E. Radio-Frequency-Induced Decay of Polarization 

All of our information so far has come to us from the transi-

tory pumping signal (rf off). It is also possible to get data from the 

depumping signal, i.e., from the transient that arises when the rf 

is turned on. The analysis is more complicated. and less certain· and 

no quantitative data were obtained, although general features were 

obs.erved. The depumping transient is singly exponential in the ab­

sence of foreign. gas, but in the presence of a foreign gas it is the sum 

of at least two exponentials. The lifetimes of the signals depend on rf 

power, foreign-gas pressure, and the intensity of the pumping radi-

atiqn. Probably for a high rf fi~ld the signal couid be treated by 

simply incorporating an effectiv.e rf relaxationtime, T if' into the 

pumping equations and taking· into account the differences of the initial 

populations, but when T f ~ T . 
r . pump1ng and ·T rf ~ T 1, one may have to 

resort to the· Major ana equation and calculate the r£ transition·· rates 

explicitly. 
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VII. CONCLUSIONS 

We have shown (a) that the phenomenological model of optical 

pumping proposed by Franzen and Emslie adequately describes the 

optical pumping process in alkali vapors and (b) that Dehmelt' s method 

for measuring ground-state relaxation times is consistent with the 

-model in the limit that the P state is not reoriented, but (c) that if mix­

ing occurs in~the P state, the Dehmelt method cannot be applied directly. 

We have shown too that quantitative information pert<dning both to the 

ground state of an alkali (S1/ 2 ) and the excited state.· (P 1;
2

) can be ob­

tained from an analysis of the structure of transient optical pumping 

signals. As an application we have measured cross sections for mix­

ing the s2
P 1/

2 
state of Rb87 through ·collisions .with Ar, Ne, and He as 

·well as groundwstate disorientation cross sections for Ne, Ar, Kr, and 

Xe. ·We also.mad~ limited measurements on Cs
133

• We believe that 

the experimental technique and the type of analysis. used. to interpret the 

results will contribute to a better understanding of relaxation en­

countered in optical pumping. 
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APPENDICES 

A. Additional Numerical Results 

In this appendix are tabulated Cle bsch-Gordan coefficients 

(Table A-1), Racah coefficients (Table A-2), transition probabilities 

w .. , r., B .. (Tables A-3 to A-10), and the results of computations for 
lJ 1 lJ . 

an alkali of nuc~lar spin I = 3/2, 5/2, and 7/2 pumped with right 

circularly polarized D1 reso~ance radiation (Tables A-11 to A-16 ). 

Figures A-1 to A-4 give the equilibrium absorption probabilities and 

equilibrium polarizations for Rb
85 

and Cs 
133 

optically pumped with 
I 

circularly polarized D1 1ight. 

B. Electronic and Nuclear Polarization 

It is of some interest to calculate the electronic and nuclear 

polarizations. These calculations are readily accomplished with the 

aid of the density matrix whose diagonal elements are the populations. 

We have 

P = IJ \ /(m ) = [trace(p J )] /(m ) 
electron \' z/ J max z J max' 

where p is the density matrix and the matrix of J is . z 

The last relation follows from the fact that 

and 

Thus 

.IFJI~) = mLm C(FJI;mFmJmi) jJ, ~)ji, m 1) 

J I 

p = 
electron 
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Table A"1. Clebsch-Go~dan coefficients C('F1F1 ; mF fJ. m'F ) • 

F=1 F= 2 . F= 3 F=4 

mF -1 0 1 -2 -1 0 1 2 -3 -2 -1 0 1 2 3 -4 -3 -2 ~1 0 1 2 3 4 

"'F f -1 -wz 1f[2 o J3Ts -Ko if-iTO o -1 
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r -4 1 0 ' 0 0 -4 0 0 0 -z!Js 0 0 0 0 .. 0 0, 0 0 
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Table A-2 Racah coefficients 

W ( ~ F ~ F' · ~ 1) 
2 2 ' 2 

1 

1/6 

1/203 

2 F' 

F 

1/2,.[3 2 

1/z..Js 3 

1 1 7 . 
W(2 F 2 F; 2 1) 

~. 3 

F 

3 1/2014 

4 1/206 

4 

1/2,[6 

5/6,[30 

1 1 5 
W(2 F 2 ; 2 1) 

2 3 

1/3€ 1/302 

1/302 2/3JT4 



Table A-3. Transition ~robabilities W~j for Rb
87 

irradiated with n 1 resonance 
radiation (5 p 1/2 - s2

s1/2 • 

F' = 1 F' = 2 

-1 0 1 -2 -1 0 1 2 - -
-1 1/12 1/12 0 

I 
1/2 1/4 1/12 0 0 

F = 1 < 0 1/12 0 1j12: 0 1/4 1/3 1/4 0 

1 0 1/12 1/12 1 0 0 1/12 1/4 1/2 
I 

....... 
l.V 
0' 
I 

-2 1/2 0 0 1/3 1/6 0 0 0 

-1 1/4 1/4 0 I 1/6 1/12 1/4 0 0 
I 

F = 2 ( 0 1/12 1/3 1/12. 0 1/4 0 1/4 0 

1 0 1/4 .. · 1/4 0 0 1/4 1/12 1/6 

2 0 0 1/2 0 0 0 1/6 1/3 

.. 



Table A-4. Relative transition probabilities ~ b .. .t.m = +1. 
J lJ 

F=1 F = 2 --
1 2 3 4 5 6 7 8 

-1 0 1 -2 -1 0 1 2 
mF - -- ----
r. 1/2 1 3/2 2 3/2 1 1/2 0 

1 

...... 
w 
-.1 
I 



Table A-5. Transition probabilitieJ w .. for Rb85 irradiated with D1 resonance radiation. . lJ 
W•• lJ 

F' = 2 F' = 3 

rnF -2 -1 0 1 2 -3 -2 -1 0 1 2 3 --
mF 

-2 4/27 2/27 0 0 0 5/9 5/27 1/27 0 0 0 0 

-1 2/27 1/27 1/9 0 0 0 10/27 8/27 1/9 0 0 0 
F=2 J 0 0 1/9 0· 1/9 0 0 0 2/9 3/9 2/9 0 0 

1 0 0 1/9 1/27: 2/27 0 0 0 1/9 8/27 10/27 0 

2 0 0 0 2/27 I 4/27 0 0 0 0 1/27 5/27 5/9 

I 

f/3 1/9 
...... 

r 
-3 5/9 0 0 0 0 0 0 0 0 0 w 

00 

-2 5/27 10/27 0 0 0 1/9 4/27 5/27 0 0 0 0 I 

-1 1/27 8/27 2/9 0 0 0 5/27 1/27 2/9 0 0 0 

F=3 

l 
0 0 1/9 1/3 1/9 0 0 0 2/9 0 2/9 0 0 

1 0 0 2/9 8/27 1/27 0. 0 0 2/9 1/27 5/27 0 

2 0 0 0 10/27 5/27 0 ' 0 0 0 5/27 4/27 1/9 

3 .. 0 0 0 0 5/9 0 0 0 0 0 1/9 1/3 

.. ,, 
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Table A-6. Relative transition probabilities r. 
1 

for Am= +1. 

F=2 F F=3 

-2 -1 0 1 2 -3 -2 -1 0 1 2 3 --
1/3 2/3 1 4/3 5/3 2 5/3 4/3 1 2/3 1/3 0 



Table A-7. Matrix of coefficients B .. for an alkali with nuclear spin I = 5/2 with no reorientation in the P state; 
lJ . . ! 

p = 1/13oT. Primes refer to initial state. 

m' 

F' =2 F' =3 

F ~ -2 -1 0 +1 ; +2 -3 -2 -1 0 1 2 3 
i 

2 76 I o 25 25 -2 I -243- P 0 0 0 8T 243 0 0 0 0 0 

-1 
10 16 

0 0 0 
20 50 4 

0 0 0 0 243 - 27-p 8T zu IT 

0 
4 1 22 0 i 0 0 

20 10 5 
0 0 0 8T 9 -n -p 8T TI IT 

+1 0 
2 17 212 

0 0 0 
4 2 52 

0 0 27 IT -z:;rr- p TI 9 z:;rr 
I 

4 50 20 4 29 5 ...... 
+2 0 0 0 0 0 0 ~ 

8T ""241 -27 -p IT 'Z43' '1:7 0 
I 

3 -3 0 0 0 0 ·o 84 
0 0 0 0 0 0 -BT-p 

-2 
25 

0 0 0 •o 29 280 
0 0 0 0 0 243 8T -z:;rr - p 

17 4 
0 

10 85 32 
0 -1 ""241 TI 0 0 8T 243 -TI-p 0 0 0 

0 
4 1 5 0 :o 0 

20 2 67 
0 0 0 81 9 TI 8T 9 -81-P 

+1 0 
4 10 52 

0 0 0 
8 10 116 

0 0 TI 8T 243 IT 8T - 'Z43' - p 

+2 0 20 50 :5 
0 0 0 

20 5 8 
0 0 8T z:;rr t:7 8T z:;rr -n-P 

' 

+3 0 0 0 
20 5 

0 0 0 0 
10 1 

8T 9 8T 9 -p 

. •: .. -



. ' 

-3 

-2 

-1 

·F = 3 < 0 

1 

2 

3 

-4 

-3 

-2 

-1 

F = 4 0 

1 

2 

3 

4 

Table A-8. Transition probabilities wij for Cs
133 

irradiated with D 1 resonance radiation (6
2

P1/f .. 6
2s1;

2
l. 

F' = 3 

---=.3_ ---=-.2._ _d_ _JL_ _1_ ____L_ _3_ 

3116 1116 0 0 0 0 0 

1116 1112 5148 0 

0 5148 1148 118 

0 0 

0 0 

0 0 

0 0 

7112 0 

7148 7116 

1148 114 

0 1116 

0 0 

118 

0 

0 

0 

0 

0 

5116 

5116 

118 

0 

118 

0 

0 

0 

0 

0 

5124 

113 

0 0 0 

0 0 0 

118 0 0 

1148 5148 0 

5148 1112 1116 

0 1116 3116 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

118 0 0 

0 0 0 5124 5116 1116 0 

0 0 0 0 5116 114 1148 

0 0 0 0 0 7116 7148 

0 0 0 0 0 0 7112 

w .. 
lJ 

F' = 4 

-=.L _-_3 ___ -2_ --=..L _o __ 1 __ 2 __ 3 __ 4_ 

1112 1148 1148 o o o o o o o 

0 7116 114 1116 0 

0 0 5116 5116 118 

0 0 

0 0 

0 0 

0 0 

113 1112 

1112 3116 

0 7148 

0 0 

0 0 

0 5124 1/3 

0 0 118 

0 . 0 

0 0 

0 0 

7148 0 

1112 3116 

3116 1148 

0 5124 

0 

0 

0 

0 

0 

5124 

0 

0 0 

0 0 

5124 0 

5116 5116 

1116 114 

0 0 

0 0 

0 0 

0 0 

7116 0 

0 1148 7148 7112 

0 0 0 0 

0 0 0 0 

0 0 0 0 

0 0 0 0 

5124 0 0 0 

0 0 0 0 5124 1148 3116 0 0 

0 0 0 0 0 3116 1112 1148 0 

0 0 0 0 0 0 7148 3116 1112 

0 0 0 0 0 0 0 1112 113 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

,_. 
~ ,_. 
I 



Table A-9. 

F=3 

-3 -2 -1 0 

1/4 1/2 3/4 1 

. ,, ;, 

Relative absorp:tion rates rm for Cs133with .D..m =+1 •. 
I F 

_l 
--, 
mF 

I 

F=4 

1 2 3 -4 -3 -2 -1 0 1 2 - - - -- - --
-' 

5/4 3/2 7/4 i 2 7/4 3/2 5/4 1 3/4 1/2 
I 
I 

3 

1/4 

4 

0 

I ,__. 
~ 
N 
I 



F m 

3 -3 

-2 

-1 

0 

+1 

+2 

+3 

4 -4 

-3 

-2 

-1 

0 

+1 

+2 

+3 

+4 

•· ,. 

Table A-10. Matrix of coefficients B.. for an alkali with nuclear spin I = 7/2 and no reorientation in the P state assumed. 
~ . 

-3 

91 
-'3li""4 - p 

1 
32 

5 
""TZ8 

0 

0 

0 

0 

0 

35 
:'3li""4 

5 
9b 

3 
12ll 

0 

0 

0 

0 

0 

-2 

0 

175 
184 -p 

25 
184 

5 
04 

0 

0 

0 

0 

0 

17 
ITS 

13 
ITS 

5 
04 

0 

0 

0 

0 

-1 

0 

0 

21 
-"37- p 

1 
8 
3 

"37 

0 

0 

0 

0 

0 

5 
"37 

1 
8 
5 

"37 

0 

0 

0 

F' =3 

0 

0 

0 

0 

79 
-91>-p 

13 
"64 

5 
"64 

0 

0 

0 

0 

0 

17 
9b 
25 

192" 
15 
04 

0 

0 

+1 

0 

0 

0 

0 

355 
184 -p 

25 
9b 

5 
1""ZS 

0 

0 

0 

0 

0 

25 
fl8 

5 
5Y 

35 
1Z8 

0 

+2 

0 

0 

0 

0 

0 

117 
-flB -p 

29 
1Z8 

0 

0 

0 

0 

0 

0 

25 
TZ8 

35 
ITS 

7 
32 

m' 

+3 

a· 

0 

0 

0 

0 

0 

35 
-48 -p 

0 

0 

0 

0 

0 

0 

0 

7 
48 

7 
TZ 

-4 

35 
9b 

7 
rr 

0 

0 

0 

0: 

0 

23 
-2-.rP 

29 
9b 

7 
9b 

0 

0 

0 

0 

0 

0 

-3 

35 
384 

7 
"37 

35 
TZ8 

0 

0 

0 

0 

0 

427 
-184 

35 
9b 
21 

ITS 

0 

0 

0 

0 

0 

-2 

0 

17 
f28 

25 
TZ8 

15 
b4 

0 

0 

0 

0 

0 

141 
-TIS -p 

39 
TZ8 

15 
04 

0 

0 

0 

0 

-1 

0 

0 

5 
32 

5 
R 

5 
TI" 

0 

0 

0 

0 

0 

95 -91>-p 

5 
R 

25 
9b 

0 

0 

0 

F' =4 

0 

0 

0 

0 

17 
9b 
13 
04 

5 
64 

0 

0 

0 

0 

0 

79 -91>-p 

25 
197 

15 
04 

0 

0 

+1 

0 

0 

0 

0 

25 
1Tij 

5 
32 

3 
fZ8 

0 

0 

0 

0 

0 

81 rzs-P 
3 

"37 

21 
:[28 

0 

+2 

0 

0 

0 

0 

0 

25 
128 

29 
384 

0 

0 

0 

0 

0 

0 

167 
184-p 

35 
184 

7 
9b 

+3 

0 

0 

0 

0 

0 

0 

7 
48 

0 

0 

0 

0 

0 

0 

0 

11 
-48-p 

1 
"""IT 

+4 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-p 

.-. 

,_., 

*'" w 



0,005 

0,010 

0,015 

0,020 

0,025 

0,030 

0,035 

0,040 

0,045 

0,050 

0,055 

0,060 

0,065 

0,070 

0,075 

0,080 

0,085 

0,090 

0.095 

0.100 
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Table A-11, Equilibrium population for Rb87 pumped with c/D
1 

resonance radi­
ation, assuming no reorientation in the excited state, 

-1 

0,00190 

0,00374 

0,00555 

0,00731 

0,00902 

0,01070 

0,01234 

0,01394 

0,01550 

0,01702 

0,01851 

0,01997 

0,02140 

0,02279 

0,02415 

0,02549 

0,02679 

0,02807 

0,02932 

0,03054 

F = 1 

0 

0,00196 

0,00388 

0,00575 

0,00758 

0,00936 

o;o1110 

0,01280 

0,01446 

0,01608 

0,01767 

0,01922 

1 

0,00438 

0,00857 

0,01256 

0,01639 

0,02005 

0,02355 

0,02691 

0,03013 

0,03321 

0,03617 

0,03901 

0,02073 0,04174 

0,02222 0,04436 

0,02367. _2..04688 

0,02508 0,04931 

0,02647 0,05164 

0,02783 0,05388 

0,02916 0,05604 

0,03046 0,05813 

0,03173 0,06013 

-2 

o. 000 53 

0,00106 

0,00159 

0,00211 

0,00262 

0.00313 

0,00364 

0,00414 

0,00464 

0,00514 

0,00563 

0,00611 

0,00660 

0,00708 

0,00755 

0,00802 

0,00849 

0,00895 

0,00941 

0,00987 

F=2 

-1 0 

0,00096 0,00196 

0,00190 0,00388 

0,00283 0,00575 

0,00375 0,00758 

0,00465 _0,00936 

0,00554 

0,00641 

0.00727 

0,00812 

0,01110 

0,01280 

0,01446 

0,01608 

1 

0,00666 

0,01299 

0,01902 

0,02476 

0,03022 

0,03543 

0,04040 

0,04514 

0,04967 

0,00895 0,01767 0,05399 

0,00977 0,01922 0,05812 

0,01059 0,02073 0.06207 

0,01138 0,02222 0.06584 

0,01217_ 0,02367 __ 0,0_9645 

0,01295 0,02508 0.07291 

0,01372 0.02647 0.07622 

2 

o. 98164 

0,96397 

0,94694 

0,93053 

0.91471 

0,89944 

0,88470 

o. 87046 

0,85670 

0,84339 

0,83051 

0,81805 

0,80598 

0, 79429_ -

o. 78296 

o. 77198 

0,01447 

0,01522 

0,01595 

0,02783 

0,02916 

0.03046 

0,07939 o. 76132 

0.08243 o. 75098 

0,08534' o. 74094 

0,01668 0,03173 0,08813 o. 73119 
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Table A-12. Equilibrium population for Rb
87 

pumped with c/D resonance 
radiation, assuming complete mixing in the excitJd state. 

P(mF) 

F = 1 F = 2 

___£_ -1 0 1 -2 -1 0 1 2 

0,005 0,00953 0,00479 0.00320 0,00240 0,00320 0.00479 0,00953 0.96256 

0,010 0,01820 0,00919 0,00615 0,00462 o. 00615 0,00919 0,01820 0.92830 

0,015 0,02612 0.01325 o. 00888 0,00668 0,00888 0,01325 0,02612 0.89682 

0,020 0,03,338 0,01702 0,01142 0,00859 0,01142 0,01782 0,03338 0.86779 

0.025 0,04004 0,02051 0,01379 0,01038 o. 01379 0,02051 0.04004 0,84094 

0.030 0,04619 0,02377 0,01600 0.01206 0,01600 0,02377 0,04619 0,81602 

0,035 0.05187 0.02681 0.01808 0,01364 o. 01808 0,02681 0,05187 o. 79285 

0,040 0,05713 0,02966 0,02003 0,01512 0,02003 0.02966 0.05713 o. 77123 

0.045 0,06201 0,03234 0.02187 0,01653 o. 02187 0,03234 0,06201 o. 75102 

0,050 0,06655 0,03486 0,02362 0,01786 0,02362 0,03486 0,06655 0,73208 

0.055 0.07079 0,03724 0,02526 0,01912 o. 02526 0.03724 0,07079 o. 71430 

0.060 0,07474 0.03948 0,02683 0,02032 0,02683 0,03948 0.07474 0,69757 

0,065 0,07844 0,04161 0,02832 0.02146 0,02832 0,04161 0,07844 0.68180 

0,070 0,08190 0,04363 0,02974 0,02255 o. 02974 0.04363 0,08190 0,66691 

0,075 0.08515 0,04555 0.03109 0,02360 o. 03109 0.04555 0,08515 0.65283 

0.080 0,08821 0.04737 0.03238 0,02460 o. 03238 0,04737 0,08821 0.63949 

0,085 0.09108 0,04911 0,03362 0,02555 o. 03362 0,04911 0,09108 0,62684 

0.090 0.09379 0,05076 0,03480 0,03648 0,03480 0,05076 0,09379 0,61482 

0.095 ' 0.09634 0.05235 0,03594 0,02736 o. 03594 0,05235 0.09634 0,60339 

0,100 0,09875 0,05386 0,03703 0,02821 o. 03703 0.05386 0,09875 0.59250 



Table A-13. Equilibrium population for Rb87 pumped with O"+n1 resonance 
radiation, assuming electron randomization in the excited state. 

== 
p (mF) 

F=1 F = 2 

.e._ -1 0 1 -2 -1 0 1 2 

0.01 0.00710 0.00597 0.00447 0.00139 0.00274 0.00597 0.01478 0.95758 

0.02 0.01364 0.01142 0.00858 0.00271 0.00531 0.01142 0.02792 0.91900 

0.03 0.01968 0.01643 0.0·1235 0.00398 0.00771 0.01643 0.03965 0.88376 
I 

0.04 0.02527 0.02105 o. 01584 0.00521 0.00998 0.0210 5 o. 05015 0.85146 
,_. 

*"' 1 d 0' 

0.05 o. 03096 0.02531 o.o1907 1 0.00638 o. 01211 0.02531 o. 05959 0.82175 

0.06 0.03530 0.02927 o.o2208 I 0.00752 o. 01414 o. 0292 7 o. 06810 o. 79433 

0.07 0.03981 0.03295 0.02488 ' 0.00862 0.01606 0.03295 o. 07579 o. 7689 5 

0.08 o. 04402 o. 03638 0.02750 ' 0.00968 0.01788 0.03638 o. 082 76 o. 74539 

0.09 0.04797 0.03959 0.02996 0.01071 0.01962 0.03959 0.08909 o. 72346 

0.10 0.05168 0.04259 0.03 22 7 o. 01172 0.02129 0.04259 0.09485 0.70301 

• ,, p 



•·· -:.: .. 'c "' .._"'., 

Table A-14. E Tb . 1 t" f Rb85 d . h +D eli . . .. qu1 1 rtum popu a 10n or pumpe WJ.t u 1 resonance ra atlon assumtng no mtxtng 
in the excited state. 

P(mF) 

F=2 F = 3 

p -2 -1 0 1 2 -3 -2 -1 0 1 2 3 --
0.005 0.00191 o. 00144 0.00178 0.00252 0.00427 o. 00040 0.00065 0.00087 0.00163 o. 003 83 o. 00878 0.97188 

0.010 0.00376 o. 00283 0.00350 0.00493 0.00827 0.00080 o. 00130 0.00173 0.00321 0.00749 o. 01694 0.94522 

0.015' 0,00554 o. oo419 o.00517 o.oo724 0.01202 0.00119 o. 00192 0.00256 0.00474 0.01098 o. 02454 0.91987 
~ 

0.020 0.00726 o. 00551 0.00679 0.00946 0.01554 0.00158 o. 00254 0.00338 0.00622 0.01431 0.03162 0.89575 

0.025 0.00892 o. 00680 0.00836 0.01160 0.01884 0.00196 o. 00315 0.00418 0.00767 0.01750 o. 03821 0.87278 

0.030 o:o1053 o. 00806 0.00989 0.01365 0.02194 0.00284 o. 00374 0.00496 0.00907 0.02055 o. 04436 0.85088 

0.035 0.01208 o. 00928 0.01137 0.01562 0.02486 0.00272 o. 00432 0.00572 0.01043 0.02346 o. 05010 0.82999 

0.04 0.01359 o. 01047 0.01281 0.01752 0.02761 0.00309 0.00490 0.00647 0.01175 0.02625 0,05547 0.81004 ,_. 

0.045 0.01504 o. 01163 0.01421 0.01934 0.03020 0.00347 0,00546 0.00720 0.01303 0.02893 o. 06048 o. 79098 *"" -.] 

0.050 0.01645 o. 01276 0.01556 0.02110 0.03264 0.00383 o. 00602 0.00792 0.01428 0.03149 o. 06517 o. 77274 
I 

0.055 0.01782 o. 01387 0.01689 0.02279 0.03494 0.00420 0.00656 0.00863 0.01549 0.03394 o. 06956 0.75529 

0.060 o.o1915 o. 01494 0.01817 0.02442 0.03711 0.00456 o. 00710 0.00931 0.01667 0.03629 o. 07367 o. 73858 

0.065 0.02043 0.01600 0.01942 0.02599 0.03917 0.00492 o. 00762 0.00999 0.01782 0.03855 o. 07752 o. 72255 

0.070 0.02168 o. 01702 0.02063 0.02751 0.04111 0.00527 o. 00814 0.01065 6.01844 0.04071 0.08112 o. 70719 

0.075 0.02289 o. 01803 0.02182 o. 02897 o. 042 94 0.00562 0.00865 0.01130 0.02003 0.04279 0.08450 0.69244 

0.080 0.02406 0.01900 0.02297 0.03088 0.04408 0.00597 0.00915 0.01194 0.02109 0.04478 0.08768 0.67827 

0.085 0.02520 0.01996 0.02409 0.03174 0.04633 0.00631 0.00965 0.01256 0.02212 0.04670 0.09065 0.66466 

0.090 0.02631 0.02090 0.02518 0.03305 0.04789 0.00665 0.01013 0.01318 0.02313 0.04854 0.09344 0.65157 

0.095 0.02739 0.02181 0.02625 0.03432 0.04937 0.00699 0.01061 0.01378 0.02411 0.05030 0.09607 0.63897 

0.100 0.02843 0.02270 0.02729 0.03555 0.05077 0.00733 0.01109 0.01437 0.02507 0.05200 0.09853 0.62685 



Table A-15. Equilibrium population for Rb
85 

pumped with c,.+n1 · resonance radiation, assuming 
complete mixing in the excited state. 

P(mF) 

F=2 F = 3 

_P_ -2 -1 0 1 2 -3 -2 -1 0 1 2 3 --
0.005 0.01381 0.00695 0.00465 0.00349 0.00279 0.00233 0.00279 0.00349 0.00465 0.00695 0.01381 o. 93428 

0.010 0.02556 0.01297 0.00869 0.00653 0.00523 0.00437 0.00523 0.00653 0.00869 0.01297 0.02556 0.87765 

0.015 0.03567 0.01823 0.01224 0.00922 0.00739 0.00617 0.00739 0.00922 0.01224 0.01823 0.03567 0.82835 

0.020 6.04444 0.02286 0.01539 0.01160 0.00931 0.00777 0.00931 0.01160 0.01539 0.02286 0.04444 o. 78502 

0.025 0.05209 0.02699 0.01821 0.01374 0.01103 0.00922 0.01103 0.01374 0.01821 0.02699 0.05209 o. 74665 

0.030 0.05882 0.03068 0.02075 0.01568 0.01260 0.01053 0.01260 0.01568 0.02075 0.03068 0.05882 o. 71242 

0.035 0.06478 0.03400 0.02305 0.01744 0.01402 0.01172 0.01402 0.01744 0.02305 0.03400 0.06478 0.68170 -0.040 0.07007 0.03702 0.02515 0.01905 0.01533 0.01282 0.01533 0.01905 0.02515 0.03702 0.07007 0.65396 ~ 
00 

0.045 0.07479 0.03976 0.02708 0.02053 0.01653 0.01384 0.01653 0.02053 0.02708 0.03976 0.07479 0.62879 I 

0.050 0.07902 0.04227 0.02885 0.02190 0.01765 0.01478 0.01765 0.02190 0.02885 0.04227 0.07902 0.60585 

0.055 0.08283 0.04457 0.03049 0.02317 0.01868 0.01565 0.01868 0.02317 0.03049 0.04457 0.08283 0.58485 

0.060 0.08627 0.04670 0.03201 0.02435 0.01965 0.01647 0.01965 0.02435 0.03201 0.04670 0.08627 0.56555 

0.065 0.08938 0.04866 0.03243 0.02546 0.02056 0.01724 0.02056 0.02546 0.03343 0.04866 0.08938 0.54776 

0.070 0.09221 0.05049 0.03476 0.02650 0.02142 0.01797 0.02142 0.02650 0.03476 0.05049 0.09221 0.53130 

0.075 0.09472 0.05218 0.03600 0.02748 0.02222 0.01865 0.02222 0.02748 0.03600 0.05218 0.09478 0.51602 

0.080 0.09712 0.05376 0.03717 0.02840 0.02298 0.01930 0.02298 0.02840 0.03717 0.05376 0.09712 0.50181 

0.085 0.09927 0.05525 0.03827 0.02928 0.02371 0.01992 0.02371 0.02928 0.03827 0.05525 0.09927 0.48854 

0.090 0.10123 0.05663 0.03931 0.03011 0.02439 0.02050 0.02439 0.03011 0.03931 0.05663 0.10123 0.47614 

0.095 0.10303 0.05794 0.04030 0.03090 0.02505 0.02106 0.02505 0.03090 0.04030 0.05794 0.10303 0.46452 

0.100 0.10468 0.05917 0.04124 0.03165 0.02568 0.02160 0.02568 0.03165 0.04124 0.05917 0.10468 0.45360 

'· "' ~ .. 



Table A-16. Examples of transient optical pumping signals for an alkali 
with nuclear spin I = 5/2 and I = 7/2 and p = 0.05. 

I= 7/2 I = 5/2 
No mixing in Complete mixing No mixing in Complete mixing 

P state in P state P state in P state 

A a A a A a A a - - - - - - -
1.17137 o. 95583 2.00767 0.012 78 1.21469 -0.44955 1. 98806 0.02027 

1.00833 0.04160 1.71327 0.02516 1.08704 0.44649 1. 59008 0.04023 

0.27759 -0.87730 1.44601 0.03463 0.35033 -0.35580 1. 22907 0.05831 

1.17781 -o. 73523 1.18177 0.04488 1.27016 0.19594 o. 87093 0.08229 

1.10137 -0.57893 o. 91823 0.05776 1.05628 0.01834 o. 50992 0.12544 

0.69583 0.44668 0.65399 0.07657 1.01612 -0.03292 0.11194 0.3 5996 

0.64446 -0.00286 0.38673 0.11145 0.68570 0.47288 o. 00000 0.31351 

0.4 7948 -2.21656 0.09233 0.27794 0.60762 -1.03347 

o. 58490 o. 50716 o.ooooo 0.35884 0.4336 7 0.08739 

1.07240 -0.02198 0.27925 1. 28828 

1.03359 0.51153 0.85779 0.16508 

0.81859 -0.09916 o.ooooo 0.19734 

0.41537 1.11922 

o. 23974 1. 71166 

0.00000 o. 23231 

• • 

I ,_. 
~ 
-..o 
I 
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I= 5;, 
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0.08 0.10 

MU-36353 

Fig. A-1. EquiHbrium absorption probability !3(oo)/139 for Rb
85 

optically pumped with circularly polarized D1 hght. Curve 
a, complete mixing in the P 1/Z state. Curve b, no mixing 
in the P 1; 2 state. 
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1.0 

0.8 a 

0.6 

0.4 I = o/2 

0.2 

0 
0 0.02 0.04 0.06 0.08 0.10 

p 

MU.J6372 

Fig. A-2. Equilibrium polarization of Rb
85 

optically pumped with 
circularly polarized D1 light. Curve a, no reorientation in 
the P 1/

2 
state. Curve b, complete mixing in the P 1; 2 state. 
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Q). 

0.02 0.04 

MU-36373 

Fig. A-3. Equilibrium absorption probability ~( oo )/~ 0 for Cs 133 

optically pumped with circularly polarized D
1 

light. Curve 
a, complete mixing in the P 1/

2 
state. Curve o, no mixing 

in the P 1/ 2 state. · 

.. 
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1.0 

0.8 

a 
0.6 

I = 12 ° b 

0.2 

0 
0 0.04 

MU-36374 

Fig. A-4. Equilibrium polarization of Cs 13 3 optically pumped with 
circularly polarized D1 light •.. cur_ve a, no mixing in the l1;z 
state. Curve b, complete mnnng 1n the Pi/Z state • 
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or since J = 1/2, 

\"'"' -. - . 

. pelectron = 2 L _ _, p(rnF) L IlJ' IC(F} I;mFrnJml) 1
2 

· 
mF IlJ'rYJ 

Similarly 

however, there is no need to calcuiate both P 1 and P 1 t 
nuc ear e ec ron 

since IF ) = IJ +I ) = IJ ) +(I ) = (mJ) P 1 t + (mi) \ z \' z z \' z . z max Le ec ron max 

p nuclear = (mF)max ptotal where ptotal ·= m ~p(~)/(~)max. 
The calculation of the polarization is greatlyFsimplified if we note 

that P 
1 

t = 1 - f3. Electronic and nuclear polarization for Rb
85 

e ec ron 
are shown in Fig. B-1. 

C. Method of Solution of the Rate Eqti~tions 

The $ystem to be solved is, in vector form, 

£.+b·e = _!__ I 
nT-

where pk, k = 1, 2, • • ·, n is the population of the kth state, b .. is the 
- lJ 

transition rate per unit time via the excited state from state i to 

state j, T is a relaxation time, and I is the unit vector (I. = 1, 
- J 

j = 1, 2, • • ·, n). 

To solve the homogeneous equation we substitute 

puttipg 

where I --

~kt 
£. = a.e 

kt - -kt 
- ka.e- · + b ·.a.e = 0 or (b - ki) ·a. = 0, 

,.,.,.. ·- C' 

,.,.,.. ·~ 

is the identity matrix I .. = lJ 
= 0 .. 0 

lJ 
A nontrivial solution 

exists if det (b - kl) = 0. - -- -
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o~a 
a 

c:: 
0 0.6 

b 
c -0 

N d 
~ 0.4 

I = % 0 
a.. 

p 

MU-36354 

Fig. B-1. Electronic and nuclear polarization for Rb 85 optically 
pumped with circularly polarized light. (a) Nuclear polar­
ization with no mixing assumed with the P 1 12 state. (b) Elec­
tronic polar~zation ':'ith_no .. m_ixing assum_ea_u~ the P 112 sta_te. 
(c) ElectronlC polanzatlOn Wlth complete mlXlng assumed ln 
the P 112 state. (d) Nuclear polarization with complete' mixing 
assume a in the p 1/2 state. .· . 
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·If the eigenvalues are all distinct the solution of the hotnoge­

neous equation will be 

t 
i = 1 

-kit a. a.. e 
1-1 

where a.. is the normalized eigenvector belonging to eigenvalue k., 
-1· . ·1 

and the superposition coefficients a. are determined by; the initial 
,1 

conditions. 

If, on the other hand, there is degeneracy among the eigen­

. values, eigenvalue ki having multipliCity yi' the solution will be 

\ Yz Y 

L 
i-1e-k1t I i-1e-k2t Ln . i-1· -k t 

p =. A. t + A.+ t t · • · + A.+ + ·+.· t e n . 
- . . . --,.1 -1. y1 -1 '11 •• •. y -·1 

i = 1 i = 1 i = 1 · .. n · 

For a special solution we make _P = const. ·=,p and upon 
-s 

substitution get 

b·p 
1 

I 
L 

b 
-1 

I . = nT 
or p -· hT 

. 
=··:;_s -. ;..s --

In component form 

n 
1 L 

~1 

<E.s\ = nT 
b .. 

1J 
j = 1 

The complete solution in which distinct eigenvalues are assumed is 

then 

i 

a.a.. e 
1-1 

-k.t 
1 1 b-1 . 

+ nT - ·1_, -
and similarly if the eigenvalues are slegenerate. 

'·· 

. ,, 



"' 

-157-

To determine the coefficients · a. we have initially p(O) = -n
1 'r, 

1 - -
hence 

If the populations are not equal initially, then 

If a. .. denotes the _j_th component of the i_th vector, then 
J1 

n 

\a.a. .. = n1 (1- T1 L 1 J1 L -1 
b .. ), j = 

J1 
i i=1 

The solution of this system is 

a- = 
1 

1 
det a. .. 

1J 
det a. 

1, 2, ••. , n. 

where a.!-. is the matrix formed by replacing the ith column of the 
1J 

matrix a. .. by 
1J 

! (1-! 
n T 

n 

2: 
j = 1 

-1 
b,. ), i = 1,2,···,n. 

,1J 

D. Response Time of the Voltage-to-Frequency Converter 

We can estimate the effect, on the gross count, of the dead 

time occurring between application of a voltage and the response of 

the V -to-f if we assume that the response time 'T equals 1/f. 1 , 1na 
where f. 

1 
is the final frequency of the V -to-f. H the response of 

1na 
the V -to-f were instantaneous, the gross count between t and 

t + .6.t would be . 

t+L::.t 

L::.N = I V(t)fdt = V(t1 )f.6.t , t <t 1 <t +.6.t. 
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_From this we- must subtract the count lost in· stepping up the voltage 

from V(t) to · V(t + .C.t). The count lost is 

. - T(t+.6.t) . J 
.6.NL = J . fV(t) dT 

f(t) . . . . 

and the actual count is .6.Na = .6.N - .6.N L" Now 

so 

and 

1 
dT· = d(--) = fV(t) . 

dV(t) = 
V(t) 

dV(t) 

f[V(t)] 2 ' 

.6.V 
v (t" ) 

t < t 11 < t + .6.t 

It is evident that . .6.NL can become quite large if V(O) = 0 •. In that case 

.6.N'L - 1 as t - 0 whereas .C:.N itself approaches unity. This is the 

reason the signal is jacked up on a constant de voltage· V0 , which is a 

large fraction-of the V -to-£ range, for then 

.6.N = L 

Suppose. we ·a;~ obs~r~ing ~.transi~nt V(t). = V(1-'e -At) with 

I 
-1 

L= 1. 10 msec , ·. V = 0.1, and a sampling time of· 1 msec. If VO = 0, 

. then 

10- 2 X 1 . 
2 ( C 0 S h t I / 1_0 - 1 ) ' ... 

··' 
:•\ 
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and, for the fifth channel corresponding approximately to 4, 5 msec, 

b.NL/ b.N ~ 0.05 or 5o/o~ The worst case occurs in the first channel 

where · t 1 ~ 0.;5 msec; however, there the approximation breaks down 

because the response time is ~ 1/10 sec. The V -to -f ··is then not able 

to follow the signal and in all likelihood &NL/ b.N ~ 1. If instead of 

V(, = 0 we take V 0 = 0.9, then· 

b.NL 
~ 

b.N 
VA -At rv; e ~ 

-5 -3 
10 or 10 o/o. 

E. D.j.ffusion Theory of pisorientation 

The general features of the relaxation times in optical pumping 

were accounted for by Franzen on the basis of a diffusion theory. He 

assumed that disorientation is due to two processes, collisions with 

the wall and collisions with the buffer. gas. Collisions with the wall are 

inhibited by <;liffusion and their effect on the polarization is described 

by a diffusion equation. If n is the number of polarized atoms of Rb
87

, 

for example, and D the diffusion coefficient characteristic of the Rb
87 

buffer -gas system, then 

·n n 2 " = D""', aT"". v n 

·if wall collisions alone destroy the polarization. The disorientation 

due to Rb 87 buffer -gas coHis.ions is taken into account by adding a 

sink term - aNv, where a is the cross section for disorienting a Rb
87 

atom through collisions with a buffer-gas atom, N is the density of 

buffer-gas atom, and v is the relative mean velocity of the colliding 

pair. The equation to be solved is then 

on . - 2 -1ft" ~ D :\7. n - a Nv • 
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·Some assumptions must be .rriade about the initial distribution-of n 

and the boundary conditions~ ·It is generally assumed that the density 

. of polarized atoms is uniform initially (when the polarization is in 

~quilibrium due to.the action of the pumping light andthe relaxation, 

io e., before the pumping light is turned off in a Franzen experiment) 

and that the p0larization vanishes at the walls. The last assumption 

is valid provided the mean free path is very much smaller. than the 

physical dimension of the cell. But the first assumption is strictly 

true only in an evacuated cell where the diffusion time (;::;0.1 msec) is 

much smaller than the pumping time (;::;1 msec), with a conventional . 

pumping source assumed. If a buffer gas is present but the intensity 

of pumping light is uniform over the cell, the assumption of uniform 

polarization is still valid. Many experiments reported in the liter­

ature involved high alkali densities that resulted in appreciable ab­

sorption of the pumping light, in which case the pumping rate becomc:!S 

a. function of the distance through which the light has traveled in the 

vap()r· as well as a .function of the time, since the transparency of the 

vapor changes with time. The situation is complex and it is by no 

·means dear that the condition of uniform polarization· is satisfied, 

especially as the diffusion time is on the order of seconds for high 

buffer-gas pressures. In our experiment low alkali densities arein­

volved (ceH temperatures of;::; 22°C) and the cross section of the light 

beam is about the same as that of the cell, so it is possible that both 

assumptions involved.in the solution of the diffusion equation are valid. 

In cylindrical coordinates r, q,, z;, the diffusion equation for a 

cylindrical ce.ll becomes 

on . (a 2 n 1 a n 8 2. n) -
-- . = D -- + - - + ---z - o-Nv . at . <:I 2 r or <:I ' 

ur vZ 

with n(r, z, o) = no, r < a, Jz 1 < b, n(a, z, t) = o, n(r, ± b, t) = o, where 

a is the radius of the cylindrical cell and 2b its length L. Separating 

coordinates, ~r, z, t) = R(r)Z(z)T(t), we get three equations. 
"' r• 
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1 dT - 13 2 
T dt = = const. , (a) 

d
2

R 1 dR + a 2
R 0, 2 = const., --2- + dr = a 

dr 
r 

(b) 

d
2

Z .!_ (13 2 2 
o-Nv)Z 0, --2- + -a D- = 

dz 
D 

(c) 

with R(r< a)Z( lz I< b)T(O) = Do• R~a)Z(z)T(t) = 0, and R(r)Z(± b)T(t) = 0. 
-13 t-

The solution of (a) is T(t) = Ae ~; the solution of (b), which does not 

va.'lish on the z axis, is R(r) = BJ0 (ar); and the solution of (c) is 

Z(z) = C cos-y.13 2/D)-a2-(aNv/D} z. From the boundary conditions 

J (a a} equals 0, and b[ ~(13 2 -a 2 D- o-Nv)] -/
2 

equals (2m-1)TI/2, m = 1, 

2, 3, · • · . Solving for 13 
2 

and letting 2b = L, we find that 

13 2 = D[ {(2m-1)_C }
2+ a 2

] + o-Nv. The general solution is obtained by 

summing over m and a, 

\\ 2 [ 'IT 
n(r, z, t) = L L Ama exp( -13ma. t) J 0 (ar )cos 2m-1) L z], 

m a 

and A 
ma 

is determined from the initial condition. The dominant mode 

occurs for m = 1 and the first zero of the Bessel function J 0 (ar). For 

this mode the polarization decays with a rate 

Note that D is the diffusion coefficient at buffer-gas density N, and 

that it is related to the diffusion coefficient at the operating temperature 

and atmosphere pres sure Lb by D = ~ (N 0/N), where N 0 is the density 

at the operating temperature and atmosphere pressure. The dependence 

of the relaxation time T = 1/13 
2
1 

on buffer- gas density can now be 
a1 

written 

{ [
'IT 2 l,/ -}-1 T= DoNo(r,) +a1J N+aNv 
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and some. useful relations obtained: 

lT 2 2 
where k = (y;,) + a. 1 

where · (.6.N) i/Z is;the~width at half 

maximum of the relaxation 

curve. 

.. 



\ .. 

1. 

2. 

3. 

4. 

-163-

FOOTNOTES AND REFERENCES 

P. L. Bender, Th€LEffectoL B:uffer.: Gaf3 (m tbe OiptitaLOrie:fu.ta­

ti'on ;Pr:o"cies.s in so:diu:rh; (Ph, D.' T:he:sis),-·P:rin:eef6n:Uhi·viersity, 

t 95,6, (unp"ubi:ished). 

James A. Jordan, Jr., 'CoUi.sl;tm;:.::.:rnduced~·:Mixing in the First::'Ex­

·cifed·'Sti<it:es o:f~·he•;Alkalis,-•(Ph., n: .. Thesis}, _;U:ni)\T,erl:riJt:y:;of:iMic.h'igan, 

·1964ilunpub~is,h~d). 

G. V. Skratskii and T. G. Izyumova, Soviet Physics Usp. 

(English trans!,)~-' 177 (1961). 

E. U. Condon and G. H. Shortley, The Theory of Atomic Spectra 

(Cambridge University Press, Cambridge, 1963). 

5. For a detailed treatment that takes into account the spectral dis-

tribution of the emission line, see W. Beitler, The Quantum 

Theory of Radiation (Clarendon Press, Oxford, 1954), Sec. 20. 

6. W. Franzen, Phys. Rev. 115, 850 (1959). 

7. W. Franzen and A. G. Emslie, Phys. Rev. 108, 1453 (1957). 

8. This was brought to my attention by Professor W. A. Nierenberg. 

9. At the low alkali densities involved in our experiments, the 

effect of spin exchange on the distribution of the ground-state 

populations may be ignored. 

10. See Allan C. G. Mitchell and Mark W. Zemansky, Resonance 

Radiation and Excited Atoms (Cambridge University Press, 

Cam bridge, 1934). 

11. 

12. 

13. 

14. 

See Morris Edgar Rose, Elementary Theory of Angular Momen­

tum (John Wiley, New York, 1957), Chapters V and VI. 

E. R. Andrew, Nuclear Magnetic Resmnance (Cambridge Univer­

sity Press, Cambridge, England, 1956). 

Hans Kopfermann and Hubert KrUger, z. Physik 103, 485 (1936). 

The cross section 0"1/
2

, 
3

/ 2 for Rb in collision with noble gases 

was recently reported by T. H. Beahn, H. I. Mandelberg, and 

W. J. Condell, Jr., Bull. Am. Phys. Soc. i_Q_, 459 (1965). 



-164-

15. The rf is maintained on for longer than the measured relaxation 

time; however, the D.F =1 relaxation rate is not known although 

there is evidence that it is smaller than the .6.F = 0 relaxation 

16. 

rate. 

Obtained from S. L. Abbot Company, Los Angeles, California. 

Paraflint is a saturated hydrocarbon similar to paraffin but 

having a longer chain and an average molecular weight of 750. 

17. H. G. Dehmelt, Phys. Rev. 105, 1487 (1957). 

18. For a discussion of the Dehmelt method, see Arnold L. Bloom, 

Phys. Rev. 118, 664 (1960). 

19. The program was adapted by Claudette Rugge of the Lawrence 

Radiation Laboratory Mathematics and Computing group (Berkeley). 

20. Self-spin exchange cannot alter the polarization but does alter the 

population distribution, in particular, in the limit of 

T h < T . , p. ~ exp( -m. c) where c is a constant. exc ange pump1ng 1 1 
See for example L. Wilmer Anderson, Francis M. Pipkin, and 

James C. Baird, Jr., Phys. Rev. 116, 87 (1959); and L. Wilmer 

Anderson and Alan T. Ramsey, Phys. Rev. 132, 712 (1963). 

21. H. Warren Moos and Richard H. Sands, Phys. Rev. 135, A591 

(1964). 

22. 

23. 

The vapor pres sure of Ba is 
-8 

<10 mm Hg at 25° C. 

Varian AssoGiates, Palo Alto, California. 

See William E. Bell, Arnold L. Bloom, and James Lynch, 

Rev. Sci. Instr. ~ 688 (1961). 

24. The densitometer trace was obtained by John Conway of the 

Lawrence Radiation Laboratory, Berkeley. 

25. The cells were made of three pieces, cylindrical surface and two 

windows. At the joint between the cylinder and windows the glass 

was thicker than at other points in the cylinder. The poor con­

ductivity of glass makes this type of construction subject to ex­

treme stress unless great care is taken to heat the cell uniformly. 

For this reason the cell was not outgassed at as high a temperature 

as one could attain with a spherical cell limited only by the soften­

ing of glass. 

c; 
·: 

• 



'"' 

' 

-165-

26. In practice we find that the Vidar 240A had an inherent noise of 

about 14 cps, which would limit the sensitivity below the quoted 

1f.LVOlt. 

27. G. Stephenson, Proc. Phys. Soc. (London) A64, 458 (1951). 

28. For an elementary discussion of least squares, see Hugh D. 

Young, Statistical Treatment of Experimental Data (McGraw-Hill 

Book Company, Inc., New York, 1962). 

29. CHen Shang-Yi, Phys. Rev. 58, 1051 (1940). 

30. S. M. Jarrett, Phys. Rev. 133, A111 ( 1964). 

31. We should point out here that if the ground state relaxation were 

by electron randomization then the signal will consist of two ex­

ponentials in the limit of zero light intensity. Extrapolation will 

than yield two relaxation rates which differ by a factor of about 

9. This can be seen by noting that the ground state population are 

governed by the matrix shown in Table II-4 if the relaxation is by 

electron randomization, where accurate data has been obtained 

extrapolation of the pumping time has lead to a single relaxation 

time. 

32. Hyatt Gibbs, (Ph. D. Thesis), University of California (Berkeley), 

19 56 (unpublished). 

33. F. A. Franz, Phys. Rev. (to be published), F. A. Franz, Physics 

Letters ~. 123 ( 1964). 

34. L. Legowski, Journal of Chemical Physics±!_, 1313 (1964), 

and F. A. Franz and E. Liischer, Phys. Rev. 135, A582 (1964). 

35. R. Wood and F. Mohler, Phys. Rev. 11, 70 (1918). 

36. W. Lochte -Holtgreven, z. Physik 47, 362 (1928). 

37. R. Seiwert, Ann. Physik 17' 371 (1956). 

38. G. D. Chapman, L. Krause, and I. H. Brockman, Can. J. Phys. 

42, 535 (1964). 

39. Except for possible coating of diffusion pump oil. 

40. M. A. Bouchiat and J. Brossel, Compt. Rend. 257, 2825 (1963). 



This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1SS10n, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






