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Optical Pumping Transients in Rubidium-87

and Application to Disorientation Cross Sections™

Richard Marrus and Joseph Yellin
Department of Physics and Lawrence Radiation Laboratory

University of California
Berkeley, California

June 23, 1965
ABSTRACT
Detailed studies have been made of the light transmitted through

rubidium-~87 vapor during the optical pumping process, both with and
without buffer gas present, The observed transients are single eXpo~
nentials with no buffer gas present, aﬁd- double éxponentials with buffer
gas present over a wide range of pumﬁtsg‘; intensities and relaxation
times. These results are in excellent agreement with the predi_ctions‘
based on phenomeno).ogica'l equations invwhicl;x nuclear spin in included
and a 3iz‘zg1eb relaxation tiine ié assumed. ‘me a study of the amplitudes
of the two exponéni:ial components of the opﬁcal-puinping transient, an
effective cross section O g5 is deduced for the disorientation of
rubidﬁum-sf within the 'SZPi/Z state as & result of its collision with a
buffer-gas atom. It is shov&;n. that O sg = Gﬁ/’z + 0’3/2, where; 01/2 is
the crose section for disorientation within the SZPi/Z level, and “3/2 |
is the cross 'section for transfer from the 52131/2 ‘level to the '52P3/2;
level by means of collisiéns with the buffer ga.s.v On the basis of recently
measured values for o3/20 .w'ralues are deduced for T4 /2 Thé cross

sections are: ¢ i/a(Rb'»He) = 4.5(0.8) X 10‘17 cmz,

-17 -16 2

o 1 /o(Rb-Ne) =4.4(2.2)X10 em®, and 742 (Rb-A7)=3.5(1.8)X 107" cm®,
These cross sections are deduced from a model in which the probabilitiecs

for Rb87 to relax from any hyperfine level to any other are all equal.
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'This model nges a better ﬁt with the observed transaents than the
assumption that. the elec&ron spm Only is randomia.ed; in the P 1/2 state
with the nuclear spin una_.ifected. B |

We show thatvaccurat-e relaxation-time méasufements can be -
made by measuring tﬁe time ‘constants _a.ssociated- with the double ex-
ponentials as a functién of light intensity, an& e*ftrapola)tmg them to
zerc light intensity, Moreover, | since no shutter is required, relaxation

times < 1073

sec can be easily okserved. From a study of the relaxa-
tiocn times as a function of buffer-gas pressure, disorientation crom
sections (0‘ _S. ) ha,ve been obtamed in the ground state (5 Si/z)

The *neasurcd cvozm secﬁ:mons are:

0. g, (Rb-Az) = 3.3(1.0)x1of22 cm® s, (Rb-Ne)=z.o'(o.3)x10"22cmi2 |

2 «20_ 2

o-G S' (RbeXe)%:i.B(O.S)XiO'19cm “.s. (Rb-Kz) = 3.0{0.5)X 10~ em?

The cross sectxons for krypton and *enon were meaaured dzrectly Com-‘”
parison of these crosg sections with those obtained by oth_er methods is

made.
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1. 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
vauthors have writtén down the ’rate ‘equations governipg the shape of the
transients and for a particular case they have éolved them numerically. 1
Experimentally, thére have beén some attempts to extract informa.tion
of physical ‘interest from the pumping tfa.nsients. Dehmelt made the
‘first relaxation-time ineaadrements based on the shape of the transients
in the limit of zero light intensity, 2 and Ja.n;ett used the tra.nai,ehts in

85 rp¥?

connvection with a measurement of the Rb spin-exchangé cross
section. 3 Howe\}er. both vthese authors neglect nuclear spin, a doubtf}zl
assumption at best, - Bloam‘}.' showed that there are generally large un-
' certainties in relaxation times determined by the Dehmelt method.
Information concerning thé amount éf ;eorientatién in the excited
state is élso céntaiﬁfed in the shape of the:__\tra.nsi,enta. This was noted by
Bender, 5 who obsexved decreahse‘s in the i‘a,lkzv,li polarizaiioﬁ at high
buffer-gas pressure'. " In thi_s work we a’z"é-coxfxcerned wiﬁh showing the
following:"'Fi_rst, the rate equationé give ,vavquantita:tivel.y accurate
description of pumping transients under the exp'erimen’tal conditions in i
which they should be valid. . Second. qua.ntitative informatxon can be ob-
tamed concermng disorientation in the excited F’1 /2 state Third, ac-
curate relaxation times can be obtained f;‘om the pumping transients by '
means of an extra.polatién-to zero light intensity.__ This methpd. in whichvf
a shutdter is not employed cé.n be used t.d advanﬁ;agé in the range

10 msec > T > 0.4 mséé. Thfe widely employed methed developed by

' 13‘:»:aumae'en6 is generally limited to the range >10 msec.6 .Hence;the range
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: évér v?hic.h.relaxai:_iOxi;-time measurements can be rﬁa&e is _yco_nzaiderably "
| 'extend'c:d. As zn application Qf this’ method, ‘w_éhéve.reméasuxed the
'grozmd-sté.te disoi?.e;xitatiqﬁwdros'é 'secti:;ms for Rb wit}; th.é~ vaxioua’noble N
gases. - | R | |
1. EXPERIMENTAL .MVIVEHTHOD

The basic aléi)a,ratué is thé standard ohe used.in optica.l pumping
| exﬁpeximents in which thc pumping radiation is circularly polarized Di
~ light and the txansfx!xitted- light ié moniﬁoréd; ; A diagram of the_' apparatus
is. whown invFig. i é.long wiéh thah' associated éiectronics. The 1a.mp was
the Varian 1(49 609 resonance 1amp7 wzth a bulb made of aepa.rated R.b87 , |
'asotomcally enriched to 99 ié%. the resonance cell ,.-n.lso contamed iso-

87 Although the wa.lls of ﬁhe cell were coated with

topxcally enriched Rb
Pa,raﬂmt, ‘no speczal care was ta.l'en bo achieve very long relaxation txmes.’
The cell was mounted on a vacuum system and coxmected to a ga° ~flow
system capable of a.dmittmg a.ny buffer gas to the desn'ed pressure as .
measured by exther a mercury or. an 011 manomet.er. The tranamﬁted
light was monitored’ by a solar-cell detector. . |

In order for the vahdity of the rate equations to be studr.ed several
- cond.ztz.ons.must obtain in the xesona.x}ce. c_:el). (a) The optxcal pa.th length
must be long compared 'with the dimériéion of the Acen' this requxres
'eytremely low densities of absorbmg atoms To assure thxs condxtxon. o
the light absorbed by the cell was measured, _and only cells with total B
absorptz.on < 5% were. used Cells with absorption of more tha_n 5%
‘had a.lready begun to show trc.nsient dzstortnon which could be. explained
by optzcal th:.ckness. | (b) The time for self-spin exchange colhsxons |

between rubidium atams (T ) must be long compared with T, i' The :

.reqmremem is that ’I‘ >_> Ti‘ o:g ,i/o'exn.v->,> T,. Taking



-3 L UCRL-16065

~14 2

T, = 0.4 gec and ¥ = 4X 10% cm/sec, and using the value of 107" cm

for o ox measured for Rb87-Rb87' collisions by Moos a.nd Sands. 8 we

3

obtain n << '.lO“/cm ‘as the condition for neglectmg self-spin exchange.

This requirement iz also adequate to ensure that mixing of the 2Pi/2 and

2P3/2 states by qollisions with rubidium atomse in the ground state will

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

9

atoms/ cm? at our operating point at room temperature. -
87

sity of = {0
For the exﬁiﬂsion—line width, we have assumed J’axvret_t's Rb™ " line
profile, which w'asiobtainedv from a similar lanib. Apart from the above
twWo éonditions, there are others that are important and that we will con-
sider at the proper pla.ce in this paper. |
Unfor»unately, operatmg at room tempexature a,t such low ciensxtxe.»
means very small signals except in the most favorable cases (long relaxa-
tion time, high light intensity, and no reorientation in the excited state).
The usual technique of &iapla.ying the t.fahsient on an oscinoscdpe gcreen
and photographing it would yield no qﬁaﬁtitativef:iﬁformation. In order
for a large signal--éb-noise ratio to be aé‘hieVed through the accumulation
of data, a multicha.nnel pulse-height a.nalyzer was employed (Fig. 1, block
‘diagram). By this means an a.rbltrarily la.rgﬁ signal~- to-noise ratio may
~ be obtained, although as a practical matter 1000 1 was d\.emed sufficient.
Each channel of the ana.lyzer correspondl to a definite time after
imtzatxon of the traﬁsient, and accumulates data for an mterval equal to =
the recxprocal of they_ sampling rate. The aampling ra.te was deter~ _ |
mined by the time-base oscillator which switched channels. linearly :
with time, gstablishg.ng a co:respondencé, bétwee;z each channel and l'the '
time; e. g., the _:'}_ch channel is al@a'ys reached at the same tirﬁe ip the

evolution of the transient. Once the transient saturated, the »f ga.t'e’was
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'turéed ;m and ﬁhe" Zeemanllévels were e;?;.ualivz_ed’ by a ©f pulse whose duration
is long compaxed wxﬁ:h. the relaxatmn time. When the analyz'er completed -
ats sweep, the gate wa,s turned oxf and a new tra.nsieni: allawe& to beg:m
mmulta.neousiy with the next sweep of the analyzer. The cycle was ree- b_
peated many times a minute (the nﬁmbar depending on the lifetime of
the tranaiem. and the relaxation time) for ac long as was neéeasary to get
the required ségnal-to-noise' ratio.v The dﬁgita.l output of the a.nalyzer was
.fed into a computcr for leaatesquares a.nalysis. ‘

It was impor?ant to have cmough rf powexg to saturate the resonance,
for oﬂ:herwx.»c the initial popula,tions would not be equahzed ’I‘o determine
~the zf power level. we ma,de a plot such as ia shown in Fxg Z. Here
tne transmission of light by the polanzed va.por was mea,sured as a N
function of rf current for the maximum iight mtensxty anticipated. The
plot clea.r;ly shows .satura,tion of the_ resona.nce. " A simplerx though a.dequa;,te |
determination can be obtainéd from thé_rﬂéi-induéed.#elaxation. The ﬁowér
»Eevel was adjusted so that the transient‘ deca.iy.sv in a time T of << Tp’ﬁm pﬁ’xné‘

Successwe szgna.ls were almost identical, the differences being due to .
{a) z'ardom noise, (b) noxvrandom noiae. and (c) inatrumental driﬁt. The
random nome obvﬁously averages to zero whaream nonrandom noise may
- lea.d to systematic errors ii it ie phase locked to the sweep of the ana-
iyzer, but phase locking can usually be avoided by pxoper aelection of thev

eweep rate. The chief scurce of drift was the light source whose in- v

o ’tenmty va.ried by it 3% over the data-accumulation time. , Only thoae

tx a,nsuents were used for which the variation in light intenmty during

run was < 3%.
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III. SIGNAL EQUATIONS
In this section, we conside-r' the equatiohé that determine the shape
of the Opticél p'umping transients under _’ﬁhe conditions described in
Secs. 1 and 2. ‘As shown there, éonsiderable care was taken to ensure

that the following conditions pertaihed: (a) the optié_al path length was

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

': absor_bing atoms; (b) the alkali density was low enough that the effect

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

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

equations.

"’piz ZleJ-pZT ZPJT | | f(i).

where P; is the occupatmn probabﬂity’ of the ith; hyperfine sublevel of ‘

- the ground state; bij is the probability for an atorh to be transferred
 from the ith to the jth sublevel by photon‘absorption and subéequent re-

‘emission; and -Ti_) is the ‘relaxation timé betwcen the sublevels '.ﬁ and j.v

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 form

o : 8 R . ¢
'dPi"_ Po Y U ‘. - 21
5 o S (2)

' where QO is the avera.ge light—absorptzon probability per. atom when the

ground l.evels are equally populated. i.e.; 430 =3 Z bkj‘ and

Bik‘é ﬁ& l g if X, Bkk = -E-— [ +§, bkj] where }: denotes a sum f
over all levels except the level k. It is aesumed that th_e relaxation time
Ty; is the same for all levels i and j with T =1/8 ng;
tion of a single relaxatnon time is 8upported by the fact that the |

The assump-
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-6" .
Franzen-—type transients observed by many workers m the study of
. Vground state rela.xa.txon phenomena are very well f:tted by smgle ex-
»ponentna}.s. .

~ The photon flux at the center of the absorption );ine is taken as a -

:consta,nt md.ependent of the levels being pumped The most accurate

o measurements bea.rmg on this point are the line-prolee measurements R

taken by Jarrett on the Va.nan la.mp thh an Rb$7

bulb 3 His measure- . _:‘ '
ments mdica.te that the light mteneity from ea.ch of the hyperfme com- S
' ponents are nea.rly equal Hence we beheve no serious error is ma.de

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

'equatxons (2) have as eolutions the form o

SERN Age -t-/'r{”_ci_t R N

‘where tlie recxprocals of the time coustants 'rJ. b are dei:er"ﬁ.iirie.d a'sv'v‘
"eige-walues from the matrix B ik For the extreme cases of no mimﬁg R
~ in the excited state a.nd complete mixing in the excited state, these
N nietrices have been wntten down by'Franzen and Emshe i Of mterest

to us’ here is the intermediate case when the excited-state mixing is m-'x. . e
complete Two processes are 1mporta.nt First, colhsions with buffer-
 gas atoms can cause > transfer of exczted alka.h atoms from the Pi/z to. o
the P3/ : state (charactenzed by cross section 03/2) Second col-
| ‘heions with buffer-gas atOms can cause mxxing a,rnong the P, /2 8 substates |

(0' 4 /2) We a.ssume tha.t the Probability iox an atom to go from one |
",.'ma.gnetic substate to any other as the result of a buffer gas collision 15 - o

o mdependent of the substate. : With this assumption we . can defme an .

a,verage probabihty e for an atom in an excited sublevel to be transferred to
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‘another excited sublevel as a result of collisions with buffer-gas atoms.

We obtain £n{d -o_.')v:: n-‘;Ti/.Zoeff" where 'O‘eff = 01/2 + 10’3/2, n is the
density of buffer-gas atoms, Vv is the average relative velocity, and
1/2 is the lifetime of Pi/Z‘ In termé‘of e, the matrix By that
describes the sxtuatmn is simply (1 - c.)B m oy B k , where BY k is the
matrix for no mixing and Bik .is the matrix for complete mixing, It

follows that the time constant s given by

S =ttea) Petaf- @
T : 'Tnm "rcm_ .

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

other than the one in which the mxxmg probability in the excited state '

is mdependent of substatc are of interest,

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

Aj’ Cj' and T.i were done on the IBM 7090 with the initial condition of

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

a discussion of these results, however.

I1IV. DATA ANALYSIS

A. Relaxation-Time Measurement

If we are to adapt the fbregoing‘equations to the-obsérved tranéients,
we must introduce values for the three parameters-—tﬁe grdund-stat_e
relaxgtion time (T), the average light-absorption probability (‘BO), and
the probability for depolarization in the excited state (a). T’he\ground—
state relaxation time can be easily determined after noting that in the
limit B o~ 0 the time conétagts T all approach the value T. It is also
easy to seeAthat ghe time constants are inversely proportional to 50 -and

therefore to the light intensvity. Hence our procedurelwas to observe the
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‘transients at several different values of the_light'inée'ris'ity, The light
” _i.ntensity ﬁvas varied By puttiémg flat glé.s’s plates W(éach'of ahout 15% |
attenuation) between the landp and the resénance-cg‘u._ The relative
lighi: intensity was then méasured by means of the dc output 6f the solar
celi Next the transients were res olved into thexr exponential time con-
| stants, and for a particular cell the inverse time constants were plo&ted,
vs the light intensity. The rgsultant straight lines were then extrapolated
‘to zero intensity. In Fig. 3, we show the results for two different bulbs
with. no buffer gé.s but each with a wall cdatling of Paraflint. The wali
coating of the two bulbs differs in quality;v and thevrelaxa,tion times are -
- conside_era.bly différe_nt. E§r Both bulbs the pumping transients \‘vez.-e'

.”single expoﬁentials to a high _degz;ee of accuracy for all light inténsities. '
- There was no trace of a second component {see Fig. 6).
| In Fig. 4 we show the reaults for three cells contammg buffer gas.
The ahape of the pumping transients was found to be very precxseiy »
doﬁble exponentials for all values of the 'lightv intensity. As detailed in
See. ‘IV. B, the transients were separated into their exponential com- |
ponents by computer and the resultifxg inverse time consf:antswére -
" plotted vs the light intensity. That both exponentials of thesé cells con-
verge to the same value at zero intensity is prre'dicﬁed by the rate equé.o
tions and was always observed B

| An mspeci.s.on of the graphs shows that thm method gives quite |
reliable results for relaxation-tzme meaaurements in the range
40 masec >’I msec. The Franzen method ‘requxres.shutters whose bper.x-
iﬁg and closing times are fast compared to T and cannot be convehienﬂy
applied in this range. In Fig. 5 we show the pumping transient for rRuST
vapor in a cell "v'w.'ith no buffer- gas and no __‘wal}. coating. Theb ti:mve' éon-

stané (0.6 msaec) of tho oxponential is very close to the relaxation tirme,
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‘From this value it'is possible for one to deduce an average number of

wall collisions for dzsonentatxon to ta.ke place, on the average, about
1.4 collisions w1th the wall aire needed. The deviation from 1 might
possibie arise from a partial 'walll coating of diffusioh-pumé oil back-
streaming into the resonance cell. In any case, it is apparent thatl the
assumption of ‘;'zex."o .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. - 4

B. Determination of B, for Cells with No Buffer Gas

For cells containmg no buffer gas there is no relaxatzon in the excited
state a.nd the only parameters are BO and T. The relaxat:.on tzme may be
determined as in Sec. IV.A. To see if the theory 1is valid for this case,

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

| pared to make multzexponentxal fits to the observed data, it turns out,

remarkably enough, that:the data can be fitted very precisely by a smgle _

exponential. The transaents 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 50

+

that made the theory give a best fit for the data correspondmg to an arbxtrary
value of the light mﬁenmty For any other settmg of the hght mtenazty.

the value of B 0 will. then ‘oe determmed by means of the voltage output of
the solar cell Thus for a given cell, the relaxatzon time is determined

as described in Sec. IV.A, and po is determmed by the da.ta at a single
light intensxty. Unfortunately. for two dif.ferent cells it is not correct to

eay that the same voltage from the solar cell corresponds to the same ﬁo.

" The quantity po is a measure of the photon flu.x through the vapoz.

Reflections on the faces of different cells can be considerably different, .



o Smce it 1s clearly desxrable to calibrate the lamp for al.l ccua wath one

measurement, we ha.ve a.ttempted to mmxmize thzs difﬁerence by using

L]

anmzlar construction and flat £aces for all the cells. In Fig. 6 we compa.re" ‘

the- expenmental and theoretxcal txansients seen in two ceus wi.e:h dif- ‘
ferent relaxa.tzon times these are the two cella with relaxatmn times

cf 42 msec and 250 msec, xespectively. from which the data for Fig. 3

‘ were obtamed Each of the txansienta was taken at a different light

o wtensz.ty ‘I‘he points are the output of the analyzer and the lmes through
them are the theoretical fits obtamed from the rate equations. The ob= . -

- served fz.ts are excellent, and both the thearetxcal and expenmental

;.-T.I-v.‘v_transients are very precisely single exponentaals.. We cmphaszze that o

all nine theoretical linea are obtained from only one adJustable paramcter.v —

- the value of p 0 c.hosen to fxt one of the curves. The relaxation txmes
are not parameters, aince they a.re determincd from the plot in Fig 3
The theoretzcal tra.nsients were obtained on the IBM 7090 computer by
' solving the matnx B for the ezgenvalues and fmdmg the coefficr.ent
that multxplies the corrcspondmg exponential term in the solutxon under

the assumption of eqaal populations of the sublevels att= 0.

C. Determinatiqn of Bg and a for- Cens with Buffer Gas

» “The value of | [30 rema_izis approxima.tely constant 80 lorig é.s "
(Av) >>(4v)

emission , 80O that the value of ‘30 is the sa.me
' as that with no buffer gas. With: buffer gas the width of the emxsszon

absorptzon

. lme is about exght times that of the Doppler-broa.dened absorpuon lme,

but the x'a.tzo (Av) becomes rapidly less favorﬁ |

} emiesion/ (A bsorptzon
; able as buffer gas 15 added to the absorpnon cell thus B, must be

corrected for pressure broaaemng For the hzgher preseures (> 3. cm)
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~ "the Lorentz b'roade_hing is already appreciably larger than the Doppler -

width so tha;f,,we assume a pure Lorentzian: absorption line. The half

width of the Rb resonance iine (P 1 /2) hag been x:-neéévure'd by Shang-Yi

10-who fin‘dsv?thai_: for each cm of ‘He (25" .'C) the absorpl_tion-line

half width increases by 0.007_2.cm'1, whereas for each cm of Ar (25° C)

the increase is 0,0075 em™t, For the emission line we also assume a
_ . :

Lorentzian with a width of 0.09 cm™". This is the width fneasured-by

i1

Jarrett for a Varian lamp similar to ours. We have then for {30

s
SR 1 - S
P ch | (v~v0)2+ s’jAvemissiqn 2 T -v‘ 2 Bvy, 2_ e o
- e It S B
| Thé rﬁéaé\iréd arr.;plitucllve" ratio AZ/A iandithe correctéd va\zlulesv of
P ‘?. '1/{30T are now used in cdnjun;tion with data such aé that"shown in
Fig. 7 to determine_the values of a corfeépondihg to a given pressure.
In Fig. 8 are plotteé;' the theoretical a;;nplitude ratios as a £§ncﬁi6n of p

and a; these data were obtained by solving the signal equations for

~ different values of 'a and p, averaging the exact solutions over the. = . |
- sampling interval, and then iittitig the étivéraged’fsignals to two expo-~

" nentials by the method of least squares. The theoretical signals were

calculated in units of 1/ ﬁo; therefore, in order to average the .s‘igna'ls S
over the actual sampling intervals, it was neéessa:{y to know thé value -

of Bo» For examplé, if Bo vw)as measured as 0.5 msec'i. thexi each .

unit of 41/ By equals.2 mse‘c.‘ Thus if the multichafxnel analyzer was sé.m,_-’-

pling the transient in 1-msec intervals, the theoretical curves were |

averaged over one-half unit (of 1/[50). In‘prac:ti_gﬁé, this would mean '

" that thebe'ignal was evaluated every one-;féhth-unit (0.2 méec) and that

each group of five points was averaged in Succes@sidn before the sigﬁalé
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| . were fitted to twov exponéntialé. By 80 averaging the theoretical signals, R

we duplicated the conditxon under which the tra,nsients were sampled. .

V. RESULTS =

A. :‘Shape of the Pumpinlg Transients :

| Figurc 6 shows that both thcoretxcally and experxmentany the pump- o
ing trananents are singly exponentml in the no-—buffer -gas cxtuatmn it is-
- .surprismg that the theoret:;cal pumpmg tranaients in the no—buffer-gas .
. case are smgly expcnentxal when it is clear that ‘che general f-;oh,tmn is

multxply exponentxa.l There seems to be no deeper reason for this than L

- itisa mathematlcal accident that the general solution can be well repre- -

sented by a smgle exponenual at leaat for the range of values we have
mvestxgated | o -
| Fzgure 7. shows a seque;nce of curvesi taken at dszerent buffer-ga,s B
.' préssures in the same cen The appeam.nce of a second exponentxal is
ngsgrved and it _13 s_een.that:the theoretical and expenmenta} shapes o
agree well. f‘or'high-buffeKans pré.sﬁuiés. the val‘i;es‘of ;30 Wevre“ e

corrected for pressure-broadening effect:a as described in Sec. IV

All of the measurements were made in a Bingle cell mounted directly S

on the vacuum system s0 that no erroxs were inﬁroduced m the va,lue of
8 0 'I‘he appearance of a second exponential was observed in all cells
" with the add:-.tion of buffer gas and is interprcted by us as indicatmg -

' mmmg in the excited state.

B Excxted-State Disonentatwn Cross Sectxons

At dlfferem buffer-gas pressures. dxi'ferent va.lues of the mlxmg
-probab1hty a perta.m. One of the features of tne doub};y exponential

transxenta is that the ratio of the tlme constants is roughly mdependent
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‘of the gas preésure." A more sensitive test of the value of a is the

ro time. This ratio was used to determine

&

ratio ‘of the amplitudes at ze
a and the associa&e;d error. We :ahc»v.'e@E previously that.
o= 1 - exp[-n?T.i/z'O'eﬁ] ] | . (6)
where | |
 Teir = 71/2 +O3/50 -
Thus a logarithmic plot of .a vs 'buffer'-gas préasure should yield a
straight line whose slope is a measure of O ogt’ The plot so obtained
for each of the thrée buffer gases.ia shown; in Fig. 9 and the values de-
duced for C ogf é,re given in Table I. The values measured for O ofs
, are decidedly smaller than the valueg vqll)ftained‘ for o3 /2. By Jordan
and ]?‘ra,nd:cen12 in sodium-bu'ffér—ga.s collisions. Recently Beahn et al..
determined the cro‘ss,sectién o3 /2 for rubidi@ colvlisions 'w-ith buffer
gas by measuring the ratios of ’ DZ/ D, radiation in the scattered light. 13
Their results are c‘Onsistent;vi'th our smail valﬁes for aeiff' and eﬁable
us to deduce values for 01/2' from our cross Sectio-ns. These are given
also in Table I. : ' B
One éf the assuinptions madé in this sttidy is thai: there is eqﬁal
| probability for scattering iﬁto any of the ﬁypérfine levels. A reasonable
alternative mechanism is that dﬁring‘ colli's-iclm‘ the nuclear and electronic
moments are decoupled and the nuc;.lea.r state is ur;a.ffected. Such a
mechanism ie made plausible by the ‘fact,_thé.t the interaction energy -
is about 1/40 eV, ‘w:hich is considerably lgrger than thé hyperﬁlne split-
ting; - Accordingly we bave analyzed our data on the assumption that in
the complete-miging case only the electron spinﬁis randomized. Our
reéulté indicéte that electroﬁ-spin randomization should pfodﬁce ‘onlf

very slight changes in the shape of the transients from the .nd-buffer gas
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‘case. Hence, we believe that the mechanism for rmixing in the excited

P, /2 state must involve ran@ohiization of the nuclear spin a8 well,

C. Ground«State Disorientation Cross Sections
By now the diborientatién cross sections in éhe ground state have

been m’eésured by many workers. Ho‘\}ve'vetr, all of them empl_ldye.;d the -
Franzeh techniquerfor measuriﬂg :i:'elaxja;tian ‘timgs. and there is gome -
' vdxsmgreemem among the values. In ad&iﬁdn,- ﬁhere are nb direct
measurements of the xenon amd kryptan cross sections, lt; s'eemed»
desirable, thereforg for us {0 remeasure 'these.value... with éu'r techn.ique.
£or measurmg the mlaxamoxx times. | | |

|  Our method dszex'a from the usua,l me,thod also in that our cell
walls were coated with Pa,ra,ﬂint; hence the usua.l condition of zero
" polari'zatian at the walls does hot_ apply. "'Hov&m're‘r, the relaxation timfej

can 5till be written as

i -°'D ---—-No '+.0 N~
T, 80 N G.S.

where g is a geometr*cal factor, ,Db is the diffusion coefﬁcxafzt, vé,x;xd

'NO is the densxty Jat © atmospheric pressure, Ther@fore. a.plct of |

N/'I‘ vs N2 should yxeld a straight line whose slope is a measure of
%G.s. Such a plot for the various buffex gases is shown in Tig. 10

_ ‘\Iote that our xenon and krypton measurements were made with un-
dxluteq gases. ‘Thzs is made possible by our abz.hty to measure short
.reiaxatlon times. No attempts were made to détexmine the diffﬁéiori
coefficients because of the wall coatings used hefe. | |

in Table II we .exhib'it the resulis of ,ourvv crdés-‘seéti‘c;nvfneés‘ﬁféxﬁeﬁté‘ }
| and 'compare them with those of others. Our a_.rgdn a.nd neon ¢ross o

sections agree with those of Franzen, buﬁ our xenon and krypton’
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transients are\about five times theirs. However, Franzen's results
were based on extfapolation to zero light_intensitiea' without any

attempt made to separate the exponential components. Hence we believe

our results to be more reliable.
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Table I. Cross sections for mixing the P states of Na and Rb.

e,

Buffer Na(x1018cm?) - . Rb(x10°17 cm?)
gas | o . - |
9372 93/2,1/2  93/2 - 93/2,1/2 Tets T1/2
He | 23° N W 2.5 4.5
Ne 235" - 24 24
aAr . 3a® | | | 40 40
o o56° 1268 o

 a. The cross éection “3/2 refers to theitransfer of the alkali from the
?3/2 state to the Pz/z state as the result of a buffer-gas collision.

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

9, 90 {1964). -

c. Sce Ref, 43

d. See W. Lochte-Haltgrenen, Z. Physik 47, 362 (1928).

e ot o —
—e —— e —

|



Table II. Ground-state disorientaiion cross sections for Rb-noble-gas collisions.

. Buffer ruST (250C) RbS (44° ) " Rb(50°C) Rb (67° C)
gas ‘
‘He - 6.2x1072% cm®®  3.3%1072% cm?

- Ne 1.0%1072% cm?  1.6x1072% cm2 € 5.2x10-23 cm? ® | 3.3%10°24 cm? P €
Ar . 33X1022cem? 9 X10722 em? € 3.7%x10722 em? ¢  1.4X10722 ep2 P €
Ke o 2.0x10°20 cm® ¢ 5.9%x10°2% em® 9 7.3%10721 cm2 ®
Xe 1.8x10" 9 em® - 13x107%%em?? 13%10719 cm? ¥

a, V‘See R. A. Bernheim, J. Chem. Phys. 36, 135(.'1962)_.

b. See F. A. Frénzl, Phys. Rev. (to be published); |

c. See M. Arxditi and T. R. Carver, Phys. Rev. 136, A643 (1964).. |
d. See Ref. 6. ) , o _ . '

e. See F. A. Frang, ‘Phys.b Letters 13, 123 (1964).' k

~6%~

$9091~-190N
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 FIGURE CAPTIONS . =
Fig. 1. Block diagﬁra‘.m of apparai{le
Fig. 2. Determma.tmn of rf level needed to samrate resonance. '

87 i.n two wa.ll-

Fig. 3, Determmatmn of relaxatxonvtime for Rb
coated cells with no Buffer gas; ’fhe reiaﬁzatien time is the
recwrocal of the zero lzght mteﬁaity mtercept

Fzg. 4. Determmatwn of relaxation tzme for R987 in three wan-

~ coated cella containing buffer gas. The two lines £q.r;%each‘ gé:s _' |
- v com‘espbnd to the twd :e:-:ponential éombonents of the.pu'mping
.transient. .

' Fig 5, 'Observéd pum‘pi.nr! ti’anéieﬁt in a cell ¢ontéinir;g no buffer - :.' -

: - gas and no wa.n coating . . | |

Fig. 6. Observed pumpmcr trana;enta for each of the pomts shown. '
in F;g. 3. ’I’he po&nts are e*»:perimental and the lines are the  '
prediciions of the theory. -.Both a_.re smgle exponentml. a ‘

_Fig. 7. Observed pumping tfansients in an Rbsj resonance éeii aé.

the buffer gas pressure is varif*d | | |

i Fig 8. 'I‘heoretmal ,Aamphtudev'ra.txoa as a function of panda.

- Fig. 9. Plot of mixing probabilityé. ve buffér gas presistll::e fo;;j the

three observed gases. | | _ | , | A o

ilrlorh a plot of N/Ti ve VNZ, B

Fig. 10. Deterngation of CG. s,

e’
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