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Measurement of the Lifetimes of the First Excited States of .

Na, K, Rb, and Cs by Means of the Phase Shift Method

John K. Link

TInorganic Matefials Research Division,
Lawrence Radiation Laboratory and
Department of Chemistry, University of Callfornla, .
Berkeley, Callfornla :

The‘lifetimes of the f;rst exéited states of the elements Na, K,‘Rb,
and Cs were meésured using"the phase shift method describéd by.Brewer; |
et el:t The data were taken_q?er‘a wide range of vapor densities-tolA
Iallow-theieffectslof radiétion entrapment and.§f Scattéred'exciting light:
to'be taken into account. The féllowing values were obtainedf . Na, 3p¥2P
16.1 + .3 nsec, X up P27.8 £ .5 nsec, Rb 5p 93/2 27.Q’i..5 ﬁséc{ and€ 

Cs 6p P 30 5 & v7“nseg. o

3/2
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INTRODUCTION

f@ﬁeimain‘advantage,of the direct determination of the lifetime of”u
an eﬁofted electronic state over other techniques for measuring atomic -
transition probabilities such as the hook method,2 the method of

3 the atomic beam method,u or the equivalent width

megneto-rotation,
method5 is that it is not necessary to know the vapor density of the-:;
spe01es belng studied. | 7

With thls version of the phase shift technlque, the state belng
studied is optlcally excited with intensity modulated llght for whlch
the period of modulatlon is of the order of ten tlmes the llfetlme belng
studied. The. phase shift between the exoltlng llght and fluorescent
iigﬁt A%, is related to the llfetlme, T, by the expressmon tan A¢-=‘w¢€

where w is the radial frequency of the exciting light.

THE APPARATUS

.

Figure 1 shows the opticai system drawn to scele_witﬁ-avlo tol
reduction along tﬁe optic exts.' The ultrasonic grating isbidentical with
that described by Breuer‘et a1t except that the lenses L, and L3 ate »
cemented directly to the walls of the taukvproviding 3.cﬁuepertures3 Thei
tank is filled with a 19% ethanol,-8l% water mixture es mentionedlby I.
.Demtroder6 to minimize temperature variation of the wave veloc1ty Light."
from the source was focused on the aperture stop, ST, by L The_aperture '
"stop was 156 cm in diameter. I then focused the image of the aperture |
stop into the center of the fluofeséent ¢ell. Osram spectral lamps were
used for light sources. Filter,'F, was used to isolate the emission linei

of interest,
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In order to maximize the fluorescent to scattered light ratio
(If/Is> it is necessary to avoid using exciting lines which are self-"
reversed. The Cs and Rb resonance lines, emitted from Osram lamps run

according to manufacturer's specifications, are appreciably self-reversed.

‘The Cs and Rb lemps were modified by removal of the outer glass envelopes .

e

. and excited by microwaves at 2450 Mc.using an umbrella shaped exciter.

The level of microwave power was adjusted to give max1mum percent absorp-',
tion when the light was passed through the fluorescent cell, heated to
give a vapor density of about 10~ -5 torr of absorblng atoms. The Na and
X lamps were run near rated power by a square weve generator, thus
greatl& reducing loﬁ frequency ripple in the ouoputs.

The multi?le slits Gi.aﬁd G2 were located at the focal points.of.l
L, and L3 and wefe adjusted to minimize the ligﬁﬁvpassing through the |

system when the ultrasonic grating was. turned off. Thus, light from the

zeroth diffraction order was rejected. Modulatioﬁ ratios (transmitted'

- light at 5.2 Mc/total transmitted light).of 0.5 were easily obtained.

This arrangement with”the multiple slits and short focal length lenses

gave e greatly increased optical speed. over that reported by Brewer et'al. ,

The glass plate, GP, was so located that the whole cross’ sectlon of
the llght beam was sampled by the reference photomultlpller. The modulated -
light output of the tank was max1m1zed by adjusting the wave reflector:R.

RCA 7265 photomultipliers with a § 20 spectral response and 5.cm‘f

photocathodes were used for Na, K, .and Ro. In the case of Cs the 7265

tubes have too llttle response at 8521 A to be useful, so RCA 7102 photo-
multlpllers were used whlch had S U4 spectral response and 3 2 cm photo-

cathodes. Cooling the 7102 tube wlth a stream of cold N2 gas, obtalned
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by placing a'heater in a Dewar of liquid N_, reduced the dark current by

27
a factor of 200 but the level was stlll hlgh enough to make measurement
‘of lifetimes at a fluorescent to scattered llght,ratlo of less than one
impossible. For Rb, at 7800 A, the 7265 tube gave a much better s1gnalv
to- dark current ratlo then the 7102 tube. |

Flgure.2 glves a block dlagram of the electronics. The 5.206 Mcli~” .
: ss1gnals are mixed w1th 5 205 Mc signals to give 51gnals at 1 kc whlch }t;
1conta1n the same phase.lnformatlon. The use of quartz crystal osc1lla;
tors and feedback control produces a l kc signal which is'stable to E
cps. ThlS procedure greatly reduces stray capac1tance problems and’
rallows use of hlgh gain narrow bandpassvampllflcatlon at l ke. The phase
null is attained when the two signals are 90 degrees.out of phase. The
clipping to square waves.of the 1 kc signals prior to detection which:f
was used by Brewer etvalluwas eliminated .to keep the operation of'the 3

'ﬂnull detector as amplitude 1ndependent and. reproduc1ble as possible.

Phase dlfferences of O 2 degrees (O. l nsec at 5 2 Mc) on clean 15 volt

' peak to peak 51gnals could be detected. The callbrated phase shlfters*

were carefully checked and any systematlc errors they might have 1ntro-

duced were less than l percent of the llfetlmes reported here.

. EXPERIMENTAL TECHNIQUES = o

. Na, K, Rb, and Cs were distilled 1nto large pyrex cells with flve
-cm. windows. The cells were sealed off from the vacuum line at re81dual
gas pressures of about 5 X lO -k torr. At no tlme was .there any 1ndlcatlon f

that the residual gas pressures 1ns1de the sealed cells was caus1ng any
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lifetime reductlon through quenchlng. Hulpke et al obtalned a cross

sectlon of 37 x 10 16 cm? for quenching of the 3p P state of Na by N2,
which would imply that no quenchlng could be observed at pressures of .
,Né less than .05 torr. | |
The maln body of each cell was wrapped w1th a layer of asbestos -

paper, heating wire, and an outer layer of asbestos.‘ A flnger extendlng
| below the main part’ of the cell was’ malntalned at a cooler temperature
than the windows to prevent condensation of the vapor onvthe windows. ;”
Datas were taken‘over a range in vapor pressures between a‘bout'lO'8 and3f.

10‘5

torr of the fluoresc1ng spec1es It was hoped when this work was's
initiated that it would be possible to control the vapor dens1ty of the
metal merely by-f1x1ng the bottom of the finger as the coolest part of
the cell. -However this proved to he impractical as the vapor,densities
were soO low that the rate of mass transport was very slow. Also the :T
alkall metals tend to adhere to pyrex and fUrther slow the attainment of
' equlllbrlum For example, it was observed with Rb that hlgh den51t1es
(107 -2 torr) would persist in the main part of the cell for many hours ir
the main part of the cell were heated to over 100° C with the flnger |
placed in a Dewar of liquid Ng. In practice the vapor density in the;j
'vcell could he varied at will by coutrolling both finger and cell body’
temperatures, but‘no attempt wasﬁmadedto actually determlne thebvaporrl
density from the'cell temperatures. I | . |
.Cells with cylindrical construction and cells with a curved Wood’s
horh in place of the exit window were used.b The cells w1th Wood's horn

exit windows8 showed no reductlon in light scatterlng as compared to
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the cylindrical'cells. In.either}case_the,observing photomultiplier
'“was so positioned that no directly scattered light from either exit or

entrance window could reach its face.

EXPERIMENTAL PROCEDURE

The llght source and llght modulator were left on.long enough
before actually taklng data to 1nsure that the amplltude of. modulated
. light dldn't drlft more than %O% over the course of a run (two hours)
VThls allowed the gain in the reference channel to be held constant 'ii*‘
throughout a single run.
Data points were,obtained in the\following way: The,fluorescent“f
cell was placed in front.of.the sample photonultiplier and. the photo- ;.fl

'multlpller voltage adausted to give the standard l ke sample s1gnal

(15 volts peak to peak) on the chart recorder. -The sample photomultlpller <5‘ﬁhf1‘

fvoltage, sample s1gnal size, and reference s1gnal size (on the chart |
recorder) werexrecorded. _The phase-difference, Awf, between reference
and sample signals wa.s measured. The fluoresoent cell was then removed

~and en 1dent1cal .cell contalning a dllute MgO scatterlng sol ‘was put in
exactly the same posmtlon. The photomultipller voltages and amplifler
gain controls were held constant Neutral density filters were 1nserted'.
" in the filter holder in front of the sample photomultiplier until thevj
standard 1 ke signal size uas obtained. Then the scattering sol to
‘reference phase difference,‘Awo,lwas read. The difference in these two _7”‘

phase readings, A¢ - N7 o) Was then used to calculate the llfetime Tn®

The galn of the sample photomultlpller as a function of voltage was

i
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calibrated and used with the'samplefto—reference 1 ké signal ratiqs o
'to pust the,samplevsignalsy.for each point of a single run, en,the same: 
relative amplitude scale. - | S

| Tests showed that the measured sample channel to reference channel o
ﬁhase dlfference remalned constant to less than 0. 2 degrees (0. l nsec)
while the sample 31gnal size was varied between 20 and 10 volts peak to
~ peak. This variation was achieved by keeping the photomultiplier foltege.'
_and amplifier gain controls‘fixed and varying; by means of neutral density
filters, the amount of light striking'the photocathode. This meant thet
the variation of measured phase difference with photomultiplier current

9

or with signal 51ze, as mentloned by Mhller et al, was.not'a'problem

~ if the sample 51gnal size was kept in the right range and the light flux
striking the photocathode was adjusted to be the same for both sol and
fluorescent phase readlngs The 1dent1ty of the sol and fluorescent
geometries eliminated errqrsvdue‘to‘yariation-in.photoeathode illumiﬁe_
tion éeometryvand due toIVariation in the phase ef the exciting light.
'.(~10 degrees) across the diameter of the’spot focused:in the center of
the fluorescent cell. Variation of'phase dse.to‘different electron
transit times with different,photomuiﬁiplier voltages ﬁas eliminated by
readihg_sol and fiﬁofescent phases atva,fixed‘multiplier voltage.._fhe-
two phase difference readings reeuired for each data point were always
teken within iess:than two minutes of eech:other to eliminate“eny errors o
~due to slow phase drifts in the electronics or'in’the temperature of ﬁheﬁ

. modulater liquidr
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THE SPEED OF LIGHT

The speed of light. was measured by using a helium-neon laser for '
| a light source. The small angular divergence in the lasar beam allowed :
use of a 660 cm difference in optical path corresponding to a phase

difference of gbout 4l degrees. TFrosted glass plates were placed

directly in front of thé photomultipliers to diffuse the smail spots of
‘laser light and thus to minimize variation in photocathode illumination
as the optical path was varied. Measured values for the speed of light

were always within 1% of the accepted value.

TREATMENT OF DATA

Lifetime megsuréments were.takén over a range of fluorescent
-intensities starting with pure scattered excitingllight (when the vépor
pressure in the celi'Was well below 10-8 torr) to the point where thé
_measu;edv;ifetime'beéan to incrgase markedly due t§ radiation entrapmgnt{:v_lkxjf}ﬁ

Tne following expression for the effect of scattered exciting light can

.be obtained from the relations given by Brewer et al. -

I Sin A,
T +I, " Sinbg,

mo.n  Cos“A¢s'-:f' _
I+I . Cos A@m: o
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Where T is the true lifetime, Tm the measured lifetime, Is ls the intensity
of scattered light,'lf the intensity of fluorescent light, 9_ is the aif_
ferenceAin phese between the scattered lightband that of the whole‘exclting
light beem, and A@m is tne difference in phese between. the excitiné'light
beam and that of the sum of scattered and fluorescent signals. In general,r
vaAQ will not be zero because the scatterlng nrocess doesn t necessarlly
give a representatlve sampllng to the whole exciting light beam, whlch'has o
'.phase variations of about 10. degrees over its cross section. Variatlons_‘
in A¢ from -2 to +3 degrees were observed but: careful focusing of the .
‘optlcs usually reduced it to less than 1 degree.

»

Figure 3 shows a representatlve set of uncorrected Tm values for K

tplot ed against l + If o The theoretlcal curve was obtalned from equatlon

(1) with o = Ise7 8 nsec, and If set equal. t0 0. 06 when T, = 0.
Im values near 1 + If javd 35, where theIfoects of entrapment flrst become
evident, are about 3; larger.than they would be in the absence of entrapment.l-
No attempt was made to correct for entrapment and’ p01nts in that regilon .
"‘were not used to calculate the true llfetlme.

The range of (1 + If/I ) whlch is free of entrapment is determlned
by the following considerations: the shepeuof;the excmtlng line (ratlo of'l,
total light to light capable ofiexciting fluorescence); how much'scatterinét
occurs in the.cell due to dirt end impe;}ections on the‘windows, and tne
shapejof the absorption line (the greater the Doppler wldth.and the greater ‘
\the number‘of seperated hyperfine structure and -isotope components the;
.greeter the range of (If/lé + 1) before'entrapment sets in). With a rengel‘n
' free.of entrapment of 35,'the correction:obtained from equation (1) isdnot -

more than Y4 percent for points with values of (1 + If/Is) immediately‘f

below the entrapment region.
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It should be noted:that the actual intenslty of fluorescence, 15;4'
‘,is,directly proportional to the density of fluorescing‘atoms,onl&.whenk
the amount of exciting light which is absorbed and therefore fluoresoei‘
*is directly proportlonal to the dens1ty of atoms This will be trueli ‘
when the absorptlon from a,D0ppler profile excmtlng line can be
described by thevflrst (llnear) term in the'curve of growth analysis“l

| - given by Kopfermann andlwessel.lq“lFor,K;?Withban'flvalue”of~Q;63-forﬂt
the 76694A line, the‘fluorescent intensityAshould be linearly relatedf |
to the atomvdensity (to an accuracy.of 5-percent)'np to a potassium:atomz
pressure of 5 x lO -7 torr. In Flgure 3 thls means that the range 3
'fébetween tm 5. 6 nsec and the beglnnlng of entrapment, 1.e., between i
(l + If/I ) = 1. hO and (l + If/I ) = 35, represents a varlataon of If;
-and therefore the den31ty of K atoms, over a factor of 8s5. Data fori;?t

one other elements was obtalned over similar ranges.

~ RESULTS
The lifetime of a state m is related o0 the various depopulating{

" transitions by the relation o
. o -

n mn'
where the sum over n covers all: states whlch are lower than state m
1n energy ' The £ value for absorptlon from state n to state m, fﬁm;”'
is related to the trans1tlon probability for spontaneous emlss1on Amn
by the following relation: .
. _ : : & A Amn A ‘ L Dot

nm 2
| | : g, 8ﬁ cr,




Table I

Experimental Lifetimes _'

, 9 T 9 Other. Values
7x 107 sec  , T x 107 sec

: T x 109sec ' .
2 .2 f ' f 2 Author
' 1/2-3/2 1/2-1/2 P
S S ' - 16.1 * .6 Stephensonll
Na 16.1 * . 16.1 * .3 .650 .325 15.9 # .4 Hulpke et all
‘ : 13.6 + .5 Ostrovskii and .
’ Penkinl?
X 27'.8& T oe27.8 £ .5 .639 .318 27-1 % .9 Stephénsonll
: - : - ' 25.5 + .8 Ostrovskii and
i Penkinl3
Rb 27.0 * }28.1 + .5'_ .675 -335 27.8 £ .9 Stephensonll
. - A 22.7 + .3 Gol'dbergllt
Cs 30.5 & 34.0.t .6 732 362 - 33.8 £3. Minkowski and
R : s : : S Mihlenbruchl>
28.0 * .3 Kvater & Meisterl6

—I'[_
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where &, and g, axre the statistical weights of the upper and lower.states

: fespectively, A is the wavelength of the~transition,_c is the speed of

13

;and r, the classical radius of the electron is 2.82 x 107 cm.

light;
. for’th.fresonance tranFitions in,the_élkali metals thé depopulating
transiﬁion is unique so T can be calculated from fnm direétly.
“For sodium and potassium, the two D-lines were not reéolved Wheﬁ ‘j‘
. measuring the lifetime. For sodiﬁm the relative f Qalues for thé two ‘
-lines feported by Kvatefl6 indicate thét'the lifetimes of the 3 zPl/gx'
staﬁes are thé samebto the accuracy of this experimeﬁt._ F§r

and 3>2P3/2

potassium the hook method results of Rozhdestvenskii quoted by Ostrovskii- .-

and Penkin,®> £1669/ Tr650 = 1976, sgain imply that the lifetimes of the -

two upper states are equal to within 1%.

The hook method dgtermines,Nf(for a givén:transitién,.ﬁheré N ié.?
the number density of atoms in the loweriétate.. FéfAtwé tfénsitioﬁs'l“
arising ffom a commbn lowér,state, as iﬁ tﬁehalkali.metals, the raiio.*:

’ 6f’f values can be determined witﬁont knowing either tﬁe vapor deﬁsifyl<
.or the temperatﬁre‘of.the absorbing gas column,.which are the major -

: sourceé of systematic e;ror.t.For these feaséns relative T valués

¥ | 16

obtained by the hook method were used in the cases of Rbly‘and Cs tof

) state.from the measured"

compute the lifetime for the unmeasured 3Pl/2

" lifetime .of the SP.,. state.

3/2 7 | o |
The last two columns in Table I give the.results‘obtained by other
investigators. Stephensonll used a modificatién of the magneto-

- rotation method which does not require precise knowledge of the vapor

- density. Hulpke et al7 used & phase shift technique quite similar o

TR T T T T e L e AT R

.

TS
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to the one employed'in thislwerk. Ostrovskll and Penkin used a

combination of the hook method with measurement of total absorptiony
Gol’dberglbr and Kvater end_Meisterl6 empldyed Just the hook method andf
so their results require use of vapor pressure data to obtain absolute’

f values. Minkowski and Miihlenbruchls

used magneto-rotation in the

usual way and thus reeuired vapor pressure dafa. .In cases where the e
papers cited do not directly report lifetimes, equations (2).and (3)”were‘
used to convert reported f values to lifetimes. | 2

'Both Kvater and Melsterl6 and Minkowski and.M&ihlenbruch15 measured
the product Nf as a function of temperature for the'cesium resonance |
transitions. However; they used»somewhat different vapdr ﬁressﬁre
curves to calculate absolute f values. To make a meaningful compariSon

- between their results, the thermodynamie datalon‘ceeium given'by Hultgren
et all7 was used to calculate'vapor densities 'as a function of teﬁ?ere-
ture. These densities were.then used o recalculate absolute T velﬁes'
from the Nf values reporﬁed by the two sets of authors. After this
adgustment, the absolute I values of Minkowski and Muhlenbruch were stlll
18% less than those of Kvater and Melster, well beyond the reported |

probable errors The recalculated absolute T values were not 81gn1f1— '

cantly different from those originally reported.
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Figure 1.

Figure 2{

- Figuré_3.
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| FIGURE CAPTIONS ~ -

Optlcal system, top v1ew, drawn approx1mately to scale W1th

10 to l reductlon along optlcal ax1s.~ S llght source L

g Loy and L, lenses, focal lengths 5, 1h 5, 1k, 5, 20 cm ,-°

resPectlvely, G and G , multlple sllts O 81 m w1de, spacedr:f'ﬂ"
by O. 96 mm, GP, glass plate R reflector, C, quartz crystal,tf,'l'
- F, light fllter FH, fllter holder ST, aperture stop '

Black diagram of electronlq system.

Experimental Tm‘valués for the kWp ?P state of K.
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