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Optical Pumping Transients in RU:bidium-87 

and Application to Disorientation Crose Sections*· 

Richard Marrus and Joseph Yellin 

Department of Physics and Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

June 23, 1.965 

ABSTRACT 

Detailed studies have been made of the light transmitted through 

rubidium-87 vapor during the optical pumping process, both with and 

without buffel" gas present. The observed transients are single expo .. 

nentials with no buffer gas present, and double exponentials with buf'fel" 

gas present over a wide range of pumping intensities and relaxation 

times. These results are in excellent agreement with the predictions 

based on phenomenological equations in which nuclear spin in included 

a.nd a single relaxation time is assumed. From a study of the amplitudes 

of the two exponential components of the optical-pumping transient, an 

effective cross section (] eff is deduced for the disorientation of 

2 . ' . 
rubid:ium-87 within the 5 P 1; 2 state a.s a result of its collision with a 

• I 

buffer-gas atom. It is shown that (] ef£ = C1 1; 2 + C1 3; 2• where u 1; 2 is 

the cross section for disorientation within the 5
2

P 1; 2 level, and a 3; 2 

is the cross .section for transfer from the 5
2

P 1./Z level to the S2P 3/2. 
level by means of collisions with the buffer gas. On the basis o£ recently 

measured values for u 3; 2 • values are deduced for u 1; 2. The cross 

sections are: u i/z(Rb•He) = 1..5{0 .. 8.)~10 .. 17 cm2, 

~ A •f7 2 · •f6 2 u 1; 2,Rb-Ne) =4.4{2.2)X.~.O em. and u 1; 2 (Rb .. Ar)=3.5(1..8)X10 em. 

These cross sections are deduced £rom a model in which the probabilities 

for Rb
87 

to relax from any hyperfine level to any other are aU equal. 
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'This model gives a better fit with the observed transients than the 

assumption that the electron, spin only is randomiz,ed in the P i./Z state 

with the nuclear spin unaffected. 

We show that accurate relaxation-time measurements can be 

made by measuring the time constants associated with the double ex

ponentials as a function of light intensity~ and e:~trapolating them to 

zero light intensity. Moreover, since no shutter is requiredo relaxation 

times < i 0 "' 3 sec can be easily obae:r.ved. From a study of the relax.a~ 

tion times as a function of buffer-gas pressure, disorientation eros~ 
. 2 

sections (u G. s. ~ have been obtained in the ground state (5 s1; 2). 

The_measured cross sections are: 

. ~22 2 
uG. S. (Rb .. Ar) = 3.3(1.0)X10 em 

o22 2 
uG.S. (Rb-Ne}=1.0(0.3)Xi0 em 

-19 2 uG.S. (Rb .. Xe)=i.8(0.3)X10 em 
I .. zo 2 

u G. s. (Rb-Kr) = 3.0 (0.5) X iO em ., 

The cross aeetions for krypton and xenon were measured directly. Com• 

parison of these cross sections with those obtained by other methods is 

made. 

'·. 

• 
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I.· INTRODUCTION 

" Although the. principles that determine the shape of optical pumping 

transients have been discussed for a long time, there has been no serious 

attempt to study them experimentally. On the theoretical side, several 

authors have written down the rate equations governing the shape of the 

transients and for a particular case they have solved them numerically. i 

Experimentally, there have been some attempts to extract information 

of physical interest from the pumping transients. Dehmelt made the 

first relaxation-time measurements based on the shape of the transients 
z . . 

in the limit of zero light intensity, and Jarrett used the transients in 

connection with a measurement of the Rb85 ·Rb87 spin-exchange c~oss 

section. 3 However, both these authors neglect nuclear spin, a doubtful 

4 assumption at best. • Bloom . showed thatthere are generally large un-

certainties in rela..."iation times determined by the Dehm.elt method. 

Information concerning .the amount of reorientation in the excited 
\ . . 

state is also contained in the shape of the transients. This was noted by 

Bender, S who obs0hred decre~se.s in the: :alkali polarization at high 

buffer•gaa pressure •. In this work we ar~ concerned with showing the 
. ' 

following: · First, the rate equations give a quantitatively accurate 

description of pumping transients under the experimental conditions in 

which they should be valid •. Second, qu~titative information can be ob

ta~n:ed concerning di~orientation in the exCited P i;z state. Third• ac• 

curate relaxation times can be obtained £rom the pumping transients by 

means of an extrapolation to zero light intensity. This method, in which i . . 
a shutter is not employed can be used to advantage in the range 

iO msec > T > 0.1 msec. The widely employed method developed by 

Franzen6 is generally limited to the range> iO msec. 6 Hence. the range 
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. over which relaxation-time measureme11~s can be made is. considerably 

extended. As an application of th~a· method, we have remeasured the 
~ . . ':Zf • . • • .. 

ground-state disorientation cros·s sections for Rb with the various noble 

gases. 

U. EXPERIMENTAL METHOD 

The basic al?paratus is the standard one used. in optical pumping 

experiments in which th_e pumping radiation is circularly polarized D 1 

light and the trans~itted light is monitored. A diagram of the apparatus 

is_ shown in Fig. 1 along with the associated electronics. The lamp was 

the Varian X49-609: resonance lamp 
7 with a bulb made of ~eparated Rb

87 

·isotopically enriche_d to 99.16%;. the res:onance cell also contained _ iso· 
. 87 . . . . 

topically et."lriched Rb . • Although the w_alls o!the cell were coated with 

Pa.raflintt no special care. was taken to achieve very long relru.:a.tion times.· 

The cellwas mount~d on a vacuum system and connected to a gas-flow 

system capable of admitting any buffer gas to the desired pressure as 

measured by either a mercury or an oil manometer. .The transmitted 

light was monito:red' by a eolar~cell detector. 

In order for the validity of the rate equations to be studied, several 

conditions must obtain in the resonance cell:' (a) The optical path length 

must be long compared with the dimension of the -cell; this requires 

extremely low densities of absorbing atoms. To assure this condition, 

the light absorbed by the cell was measured, .. and only cells with to_tal .. 

absorption < So/o we.re used. Cells with absorption of more than So/o 

had already begun to show_ trans!e~t distortion which could. be explained 

by optical thickness. {b) The. time for self-spin exchange collisions 

between rubidium atoms (:x' ex) must be long compared with T 1 ._ . The 

. requirement is that Tex >> ~ i o~ ifu exnv->> T 1.' Taking. 

. .. 

. ' 
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· T 
1 
~ 0.1 sec and v = 4X 104 em/ sec, and using the value of 1 o·14 cm

2 

87 87 . . . 8 
for u measured £or Rb -Rb · colhsiona by Moos and Sands, we 

ex . .. . . 

obtain n << 1011/cm3 aa the condition for neglecting self-spin exchange . 

This requirement is also adequate to ensure that mixing of the 
2

P i/Z and 

2P 
312 

states by collisions ~ith rubidium atoms in the ground state will 

not occur. 9 From total absorption measurements we estimate a den

sity of·~ 109 atoms/cm3 at our operating point at room temperature. 
. . . 

For the emission-line width, we have assumed Jarrett's Rb87 line 

profile, which was obtained from a similar lamp. Apart from the above 

two conditions, there are others that are important and that we w;.ll con ... · 

sider at the proper place in this paper. · 

Unfortunately, operating at room temperature at such low densities 

means very small signals except in the most favorable cases (long relaxa

tion time, high light intensity, and no reorientation in the e~tcited state). 

The usual technique of displaying the trahsient on an oscilloscope screen 

and photographing it would yield no qua.ntitative:iruormation. In order 

for a large signal•to-noise ratio to be a~hieved through the accumulation 

of data, a multichannel pulse-height analyzer was employed (Fig. 1, block 

. diagram). By this means an arbitraril~ largJS signal-to-noise ratio may 

be obtained, although as a practical matter 1000: 1 was deemed sufficient. 

Each channel o! the analyzer corresponds to a definite time after 

initiation of the transient, and accumulates data for an interval equal to 

the reciprocal of the: sampling rate. The sampling rate was deter• 

mined by the time-base oscillator which switched channels. linearly 

with time, establis~ng a correspondence. between each channel and the 
I , . 

time; e. g., the 30th channel is always reached at the same time in the --- . . 

evolution of the transient. Once the transient saturated, the rf gate was 
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turned on and the Zeeman levels were equalized by a. r£ pulse whose duration 

ie long compared.with the relaxa.Uon time. When the analyzer completed 
~ . 

its ~weep, the gate was turned off and a new transient allowed to begin 

simultaneously with the next sweep o! the a.ri.alyzer. The cycle was re"" 

peated many times a minute (the number depending on the lifetime of 

the transient and the relaxation time) for as long as was necessary to get 

the required si.gnal-to .. noise ratio. The digital output of the analyzer was 

fed into a computer for least .. squares analysis. 

It was important to have enough rf·. power to saturate the resonance, 

for otherwise the initial populations would not be equalized .. To determine 

the rf. power level, we made a plot such as ts shown in· Fig. 2. •. Here 

the transmission of light by the polarized vapor was J:t?.easured as a 

function of r£ current £or the maximum light intensity anticipated. The 

plot clearly shows saturation of the resonance •. A' simpler though adequate 

determination can be obtained from the · · rf•induced relaxation. The power 

level was a.djus ted so that the transient decays in a time T £ < < T . • . .. .. · · r pump1ng 

Successive signals were .almost identical, the differences being due to. 

(a) random noise, (b) nonrandom noise. and (c) ina.trum.ental drift. The 
. ,· . 

random noise obviously averages to zero whareafll nonrandom noise may 

lead to systematic errors if it is phase locked to the sweep of the ana-
. . 

lyzer; but phase locking can usually be avoided by proper selection of the 

sweep rate. The chief source of drift was the light source whose in· 
. . . 

tensity varied by 1 to 3o/o over the data-ac.cumulation time. . Only those 

transients were used for which the variation in light intensity during a 

run was < 3%. 

.~· 
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Ill. SIGNAL EQUATIONS 

In this section, we consider the equations that determine the shape 

of the optical pumping transients under the conditions described in 

Sees .. f and 2. As shown there, considerable care was taken to ensure 

that the following conditions pertained: (a) the optical path length was 

long enough that the light absorbed was proportional to the number of 

absorbing atoms; (b) the alkali density was low enough that the effect 

of Rb87 -Rb87 exchange collisions could be neglected. Under these con-

ditions, the shape of the pumping transients is determined by the rate 

equations. 

dpi \' . [ ., .. ; 1'' I:~ . 1 err= ·Pi L b .. :+:· b. .. p.-p.-~~+ p.·-T 
. lJ. Jl J- -lL T .. _. . .J ... 

. j . . j ; ''J j ~J j J 1 

(1) 

where pi is the. occupation probability of the !th hyperfine sublevel of 

the ground state; bi. is the probability for an atom to be transfer-red 
J . . . 

from the ith to the J!h sublevel by photon absorption a~ subsequent re-

'emission; and T ij . is the ·relaxation tb:n~ between the sublevels i and j 
. . 

as a. result of collisions with the buffer gas and with the cell walls. For 

1 = 3/2, these equations can be put into the forll;l 

·a 
dpi· f3o · V 
crt=s-L (2) 

. i=i 

where 13 0 is the average light-absorption probability per ~tom when the 

ground levels are equally populated, i.e.; ~O =! L bkj; and 
. . : . . . 8 k,j 

8 . . 8 [1 ~· ] \' · .. 
Bik = 

130
bik' i F k, Bkk = - i3'Q T +. L:-- bkj where L 

1 
denotes a sum . 

. . J . 
over alll~vels except the level k. It is assumed that the relaxation time 

T
1
.J. is the same for all levels i and j with T = 1/8 T. .. The assump-

. . -~ 

tion of a single relaxation time is supported by the fact that the 
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Franzen-type transients observed by many workers in the study of 
, .. 

.• 

ground-state relaxation phenomena· are very well fitted by single ex-~ 

ponentials. 

The photon flux at the center of the absorption line is taken as a 

constant independent of the levels being pumped~ The most accurate 

. measurem~nts bearing on this point are the line -profile measur~ments 

. taken by Jarrett on_ the Va:.rian lamp with.an Rb87 bulb. 3 His measure.: 

menta indicate that the light intensity frqtn: ea,ch.: of the hyperfine com-

ponents are nearly equal. Hence we believe no serious error is made 

when the flux is· taken to be the same for the two hyperfine states. These 

equations (2) have as solutions the form . 

8 
[ {3)' 
j=1 

where the reciprocals of the time constahts ,. ~ 1' are determined as· 
J 

eigenvalues from th~ matrix Bik' 
'·.: I . .· . . . . 

For· the extreme cas.es .of no mixing .. 
in the excited state and complete mixirig in the e:xcited state~ these . ' . ' 

matrices have been written do~n by Franzen and Emslie. 1 Of interest 
' • ¥ • ' • • 

to us here is the intermediate case when the excited-state mixing is in~ .. 
. - " . 

complete. Two processes are important; First, collisions with buffer-

gas <:~.toms can cause t.ransfer of excited alkali atoms fro~ the P f/2 to 
. ' 

the P 3/ 2 state (characterized by c. ross~ 'section q sjz>· Second, col-

lisions with buffer:-gas atoms_ can cause'·mixing among the P 
112 

~ubstates 

(u 1; 2>. We assume. that the probability.for an atom ,to go from one 

magnetic subs tate tq any other as the· result of a buffer-gas collision is 

. independent of the substate .. With this assumption we can define an 

average probability. o. for an atom in an excited sublevel -to be transferred to 

."; 

)o' 

~~ . 
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·another excited sublevel as a result of collisions with buffer-gas atoms. 

We obtain .£ n( 1 -a.) = nv T 1/ 2 u ef£' where q eff :: u i/2 + u 3/Z' n is the 

density of buffer-gas atoms, v is the average relative velocity, and 

T i/Z is the lifetime of P i/Z' In terms of a., the matrix Bik that 

nm em · nm. 
describes the situation is simply ( 1 - a.)~ik + a.Bik • where Bik 1a the 

matrix for no mixing and B~km is the matrix for complete mixing. It 
l . 

i follows that the time constant 7' is given by 

=(1-a.) 
1 1 

-+a.-.-. 1 
7'1 .,. 
nm em 

(4) 

where the subscripts refer to no mixing and complete mixing. Cases 

other than the one in which the mixing probability in the excited state 

is independent of substate are of interest. 

The solution of Eq. (1.) and the determination of the parameters 

A., C., and -r. were done on the IBM 7090 with the initial condition of 
J J J . . 

equal population in all the magnetic sublevels. We defer until Sec. IV 

a discussion of these results, however. 

IV. DATA ANALYSIS 

A. Relaxation- Time Measurement 

If we are. to adapt the foregoing equations to the observed transients, 

we must introduce values for the three parameters -the ground-state 

relaxation time (T), the average light-absorption probability {~ 0), and 

the probability for depolarization in the excited state (a.). The ground

state relaxation time can be easily determined after noting that in the 

limit ~ O - 0, the time constants 7' j all approach the value T. It is also 

easy to see that the time constants are inversely proportional to 13 0 and 

therefore to the light intensity. Hence our procedure was to observe the 
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transients at several different values o£ the light intensity. The light 

intensity was varied by putting fiat gl~ss plates (each of a'bout. i5o/o . ~ . ' 

attenuation) between the lamp ai¥i the resonance celL The relative 

light intensity was then measured by means of the de output of the solar ' ":: 

cell. Next the transients were resolved into their exponential time con-

stants, and for a particular cell the inverse time constants were plotted 

vs the light intensity. The resultant straight lines we1·e then extrapolated 

. to zero intensity. In Fig. 3, we show the results for two different bulbs 

with no buffer gas but each with a wall coating of Pa:r.aflint. The wall 

coating of the two bulbs differs in quality, and the relaxation times are 

considerably different. Fo1• both bulbs the pumping transients were 

single exponentials to a. high degree of accuracy for all light intensities. 

There was no trace of a second component (see Fig. 6). 

In Fig. 4 we show t~e results for three cella containing buffer gas. 

The shape of the pumping transients was found to be. very precisely 

double exponentials for all values o! the light intensity. As detailed in 

Sec. IV. B~ the transients were separated into their expo11.ential com-

ponents by ·computer and the resulting inverse time constants were 

plotted vs the light intensity. That both exponentials o£ these cells con

verge to the same value at zero intensity is predicted by the rate equa-

tiona and was always observed. 

An inspection of the graphs shows that this method gives quite 

reliable results for relaxation-time measurements in the range 

1.0 msec >T msec. The Franzen method requires.shutters whose open-

ing a'nd closing times are f.ast compared to T and cannot be conveniently 

applied in this range. In Fig. 5 we show the pumping transient for Rb87 . 

vapor in a cell with no buffer gas and no wall coath1g. The time con

StD.nt (0.6 miJ.<!)C) o£ th~ c:u::ponsntial is very <::loso to the relQ.xa.tion tbne. 

:~ 
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·From this value it is possible for one to deduce an average number of 

wall collisions for disorientation to take plate; on the average, about 

i.4 collisions with the wall are needed. The deviation from i might 
. . 

possible arise from a partial wall coating of diffusion-pump oil back-

streaming into the resonance cell.. In any case, it is apparent that the 

assumption of "zero polarization at the walls" is a good one. since on 

the average an atom bounces many times after .the first bounce before 

traveling many-mean-free paths away. 

B. Determination of ~O for Cells with No Buffer Gas 

For cells containing no buffer gas there is no relaxation in the excited 

state and the only parameters are ~o_·and T. The relaxation time may be 

dete rrnined as. in Sec. IV. A. To see if the theory ls valid for this case, 

we have chosen to proceed in the following way. Although we were pre-

pared to make multiexponential fits to the observed.data, it turns out, 

remarkably enough, that-~the data can be fitted very precisely by a single 

exponential. The transients for a number of cells corresponding to 

several relaxaticn times and different light intensities were fitted to 

single 'exponentials. For a particular cell, we then chose a value of ~O 

that made the .theory give a best fit for the data corresponding to an arbitrary 

value of the light intensity. For any other setting of the light intensity, 

the value of (3 0 will then_ be determined by means of the voltage output of 

the solar cell. Thus for a given cell, the relaxation time is determined 

as described in Sec •. IV. A, and ~O iS determin:ed by the ~ata at a single 

light intensity. Unfortunately, for two different cells it is not correct to 

say that the same voltage from the solar cell corresponds to the same ~ 0 . 

The quantity ~O is a measure of the photon flux through the vapor; 

Reflections on the faces of different cells can be considerably different, 
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. ·Since. it. is clearly desirable to caiib.;r,ate the lamp fo:t" all cells. ~ith one 

measurement,· we have atte~pted·to m•inimize thi~.difference by using . 
< • ' • ' • ., • • ' • .. 

similar constructio:n al;ld fiat faces for al~. the ~ells~ . In Fig. 6 we compare " 

the e~perimental and theoretical transients seen in two cells with dif:.. 

ferent relaxation times; these are the two cells with relaxation times 

of 42 msec and 250 msec, respectively, frc;;m which the data for. Fig. 3 

were obtained. Each of the transients was taken at a different light 
; 

·intensity. The points are the output of the analyzer and the lines through 

them are the theoretical fits obtained from the rate equations. The ob• 

served fits are e~eeUent, and ;:both the theoretical and experimental 
' . . . . . . . 

. transients are very precisely single exponentials. ·.We emphasize that . 

all nine theqretica.llines are obtained from only one adjustable parameter, 
. .. . 

the value of .13o chosen to fit one ~f the curves. The relaxation times 

are not parameters, since they are determined from the plot in Fig. 3. 

The t..lAeoretical transients were obtained on the IBM 7090 computer by 

solving the matrix B .. £or the eigenvalues and finding the coefficient 
. ' 1J ·. . . . ·. 

that mul,tiplies the e~rrepponding exponential term in the solution under 
. . 

the assur~lption of eqnd popciati.:>ns of the sublevels at t = o. 

C. Determination o£·130 and a. for. Cells with Bu!fer.Gas 

· The value of 13 0 remains approximately constantS() long as 

(Av)emission >>(8v)abso~ption' so that the value of 13 0 is the same. 

as that with no bu!fer gas. With( buffer gas the width of the emission 

line is about eight times that of the Doppler-broa_dened absorption line~ 

but the ratio (Av) i i /(Av) ·.b · t' becomes rapidly less favor .. . . em ss on a sorp :&on ·· · · · . · 
' . 

able as buffer gas i~ added to the absorption cell; thus 13 0 must be 

qorrected for pressure broadening. For the higher pressures (~3 em) 
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the Lorentz broadening is already appreciably larger than th? Doppler 

width so that we assume a pure Lorent~~g.n, absorption line. The half 
. ~ ' 

width of the Rb resonance Hne (P 1; 2> ha~ been measured by Shang~ Yi 
10 ., ' 

. Ch'en, Y>'ho finds 'tha~ for each em of He (Z5° C) the absorption-line 

half width increases by 0.0072 em - 1, whereas for each em of Ar (25° C) 

the increase is 0. 007 5 em -f. For the emission line we also aa sume a 

Lorentzian with a ~idth of 0. o9 em ·i. This is the width measured by 

Jarrett for a Varian lamp similar to ours. 11 We_ have then for 13 0 

i3 o cx:j co ---z,___i 1.-rli-v--. -.-.... 

1
z

(v .. v0) + ! em1Ss1on . 
•Of$ 'I \ 2 . •• • 

1' 
~--2--(~. ~r"_L_)"""Zo;- dv . 
(v- "o) + G 

The measured amplitude ratio A 2/ A 1 and 'the corrected values of 

p := 1/j30T are now used in conjunction with data such as that shown in. 

Fig. 7 to determine the values of a. corresponding to a given pressure. 

ln Fig. 8 are plotted the theoretical ~plitude ratios as a function of p 

and a.; these data w~re obtained by solving the signal equations for 

different values of 1
0. and p, averaging' the exact solutions over the. 

sampling interval, a..."'ld then fitting the ~v:eraged: :signals to two expo-

nentials by the method of. least squares. ThE; theoretical signals were 

calculated in units of 1/(30; therefore, in order to average the signals 

over the actual aampling intervals, it was necessary to know the value 
. ·. . -1 .. 

of f3 0. For example, if 13 0 was measured as 0.5 msec , then each 

unit of 1/(30:.equals:2msec. Thus if the multichannel analyzer was sam:

pling the transient in 1-msee intervals, the theo,retical curves were 

averaged over one-Pa.l£ unit (of 1/(30). In practic::e, this would mean 

that the signal was evaluated every one-:tenth unit (0.2 msec) and that' 

each group of five points wae averaged in succession before the signals 

( 5) 
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. . . 

were fitted to two exponentials. By so··a.veraging the theoretical signals, . 

we duplicated the.condition under ~hich the. transients ~ere sampled. 
• . • r '• • . 

V. RESULTS 

A. Shape of the Pumping Transients 

Figure 6 shows that both theoretically and experimentally the pump- . 

ing transients are singly exponential in the no-buffer-gas situation. It is· 

surprising that. the theoretical pumping trans~ents in the no-buffer•gas 

case are singly exponential when it is clear that the general solution is 

multiply exponential.. There seems to be no deeper :r.eason for thi·a than· .. · 
; . .· .· . . . . .. . 

it is .a mathematical accident that the gerieral solution can be well :repre-

sented by. a single exponential. at lea.'st for the range of values we have 

investigated. · 

Figure 7 shov1s a sequence of_ ~urves taken at ~iffer~nt buffer-gas, 

pressures in the same cell •. The appearance of. a second exponential is 

observed and it is seen that the theoret~cal and experimental shapes 

agree well. For high buffe:r..:gas pr~ssures, the values of f'o were 

. corrected for preao:ure-broadening effects as described in Sec. IV. 

All of the measur~ments w~re made in a single cell mounted directly 

on the vacuum system so that no errors were introduced in the value of 

· ; J3 o· The appearance of a second exponential was observed in all cells. 

with the addition o! buffer gas and ia interpreted by us as indicating 

mixing in the excited state. 

B. Excited-State Disorientation Cross Sections 

.. At different b~fer-gas pressures,. ;differe;nt values of the miXing 

probability a. pe:rtain. One of the features of the. doubly. exponential 

transients is that the ratio of the time coQ.stants is roughly independent 

~. ·. 

.• 

\_' .. ~ 
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'of the gas pressure. A more sensitive teat of the. value ·of a. is the 

ratio of the amplitudes at zero time. This ratio was used to determine 
• ¢7 

a. and the associated error. We showed, previously that. 

a. = 1 - exp [- nv T1; 2 u eff] , (6) 

where 

u e£! = u 1 I 2 + u 3 I 2 • (7) 

Thus a logarithmic plot of .a. vs buffer-gas pressure should yield a 

straight line whose slope is a measure of u eft" The plot so obtained 

for each of the three buffer gases is shown in Fig. 9 and the values de

duced for a eff are given in Table I. The values measured for· cr eff 

are decidedly smaller than the values obtained for fJ 312 by Jordan 
. 12 . ' 

and Franken in sodium-buffer•gas collisions. Recently Beahn et al .. 

determined the cross. section u 312 for rubidium collisions with buffer 

gas by measuring the ratios of D21D 1 radiation in the scattered light. 13 

Their results are c'onsistent with our small values for u eff' and enable 

us to deduce values for u 112· from our cross sections. These are given 

also in Table I. l 1: 

One of the assumptions made in thiS study is that there is equal 
, 

probability for scattering into any of the hyperfine levels. A reasonable 

alternative mechanism is that during collision the nuclear and electronic 

moments are decoupled and the nuclear state is unaffected. Such a 

mechanism is mad~ plausible by the fact, that the interaction energy 

is about 1140 eV, w~ich is considerably l.arger ~an the hyperfine split-. .. . :. 

ting. Accordingly we have analyzed our data on the assumption that in 

the complete-mixing case only the electron spin is randomized. Our 

results indicate that electron-spin randomization should produce only 

very slight changes in the shap~ of the transients from the .;no-buffer gas 



·, ' 
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case. Hence, we believe t.'l).at the r:a.echanism for mixing in the e:~::dted 

P 1; 2 _ state muDt involve ran9-o~ization o£ t.he nuclear sp!n as well. 

C. Ground...,State Disorientation Cross Sections 

By now the dio.or!cntation cross sections in the ground state have 

been measured by many workers. However, all of them employed the 

Franzen technique f.o1· measuring relax~tion times, and there is some 

disagreement among'the values. In addition,· there are no direct 

measurements of the xenon and krypton cross sections. It seemed 

desirable, therefore, for us to remeaaure these values with our technique 

!or measuring the relaxation times. 

Our method ciiffers from the usual method also in that our cell 

walls were coated with :Paraflint; ·hence the usual condition of zero 

polarization at the walls does not apply. However, the relaxation time 

can otill be written as 

1 No 
T-:- = sno 1\T + u G. s. l'{V' 

1 

where g is a geometdcal facto1·, n 0 is the diffusion coefficient~ and · 
' 

N 0 is the density ;.at :(atmospheric ~ressure. Therefore, a plot of 

N/T 1 vs N
2 sho~d yield a straight line whose slope is a measure o£ 

u Such a plot for the various buife1·-gases is shown in Fig. iO. G. s ... 
Note that our .xenon.and krypton me~surements _were ma.de· with un-

diluted gases •. This is made possible by our ability to measure short 

relaxation times. No attempts were made to determine the diffusion 

coefficients because of the wall coatings used here. 

In Table II we exhibit the results o£ our cross-section measurements 

and compare them with those of others. Our argon and neon cross 

sections agree with those of Fl·anzen, but our xenon and krypton-
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' 
transients are about five times theirs. However, Franzen's results 

were based on extrapolation to zer.o light intensities· without any 

attempt made to separate the exponential components. Hen.ce we believe 
~· 

our results to be more reliable • 

... •' 

. f 

·.' 
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Table 1. Crosa sections {Qr m~xing th.e P states of Na and Rb. 

Buffer N--(Xio-1·6 · 2 ) Q , em Rb(X1o·17 cm2) 

gas 
a . a. 

(J 3/2 (J 3/2, i/2 (13/2 (] 3/2, i/2 
(J 

eff cri/2 

He 23b 1.0c · 1.2c 2.5 1..5 

Ne 23.5b 2.4 2.4 

Ar 34b 40 40 

56c i26d 

a. The cross section 0' 3; 2 refers to the transfer of the alkali from the · 

P 3; 2 state to the P 1; 2 state as the result of a buffer-gas collision. 

b. See J. A. Jordan, Jr. and P. A. Franken, Bull. Am. Phys~ Soc. 

9e 90 { 1964). 

c. See Ref. 13 

d. See W. Lochte-Haltgrenen, Z. Physik 47, 362 (1.928) • 

~- I 
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Table ll. Ground-state disorientation cross sections for Rb-noble~gas collisions. 

Buffer Rb87 (25° C) Rb87 (44° C) Rb (50° C) Rb (67o C) 
gas 
-

He· 6 -25 .2X 10 em 
2 a . -25 

3.3X 10 em 
2h 

Ne LOX 10-22 cm2 1.6X 10-22 cm2 c s.zx io-23 cm2 d ... 3 v 10-24 2 b, c 
.;) • .r-, em 

Ar 3.3X1o-22 cm2 9 Xio-22 cm2 c 3. 7 X io-22 cm2 d 1.1X1o-22 cm2 b, c 

Kr 2.0X1o-20 em 2 5.9X 10·21 cm2 d 7.3Xio-21 cmZ .~ 

1.8X to-19 cm2 1.3X 10-20 cm2 d 
e· 

Xe 1.3X 1 o-1 9 cm2 '"' 

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, Phys. Rev. ···136, A643 (1964) •. 

d. See Ref. 6. 

e. See F. A. Franz, Phys. Letters _!l,123 (1964). · 
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Fig. 2. 
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FIGURE CAPTIONS 

Block diagram .of. apparatus. 

Determination of rf level needed to saturate resonance. 
,. . .· 87 ·.. . 

Determination of relaxation time for Rb in two wall-

coated cells with no buffer gas. The relaxation time is .the 

reciprocal o£ the zero light intensity intercept. 

Fig. 4. Determ.ina~ion of relaxation time for Rb 87 in three wall-

coated cells contain;.ng buffer gas. .The two lines fo.r;":each gas 

correspond to the two e::-..-ponential components of the pumpi11g 

transient •. 

Fig. s.. Observed pumping tran.sient in a cell containing no buffer. 

gas and no wall coating. 

Fig. 6. Observed pumping transients for .each of the points shown 

in Fig. 3. The points are experimental and the lines are the 

predictions of the theory. Both are single exponential. 
. . 87 

Fig. 7. Observed pumping transients in an Rb resonance cell as 

the buffer gas pressure is varied. 

Fig. 8. Theoretical . amplitude ratios as a function of p and 0:. 

Fig. 9. Plot of mixing probability a. vs buffer gas pressure for the 

three observed gases. 

Fig. iO. Determination of u from a plot of N/T vs N2 
G. S. · i · • 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, 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 disclos~d 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. 
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