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t . 
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ABSTRACT 

Details ·of·a new atomic beam method for the study of the Stark effect in 

optical transition are presented. The method is then applied to a study of the 

. 2 2 . 2 2 
transitions 6 p1/ 2, 3; 2 .-. 6 s1; 2 ~n cesium and 5 p1; 2, 3; 2 ~ 5 s1; 2 in 

rubidium. The splitting by the electric field of the p
3

/ 2 level into two levels 
' 

·~f ·. is observed~ It is shown that the characterization of the Stark effect in the 

.... _ 

. ,. 
~ ··. ' 

'.J 

p levels by a simple scalar and tensor polarizability does not hold. Fine-

2 2 
.;tructure effects giving rise to differences of the p1; 2 and p

3
/2. r.adial 

. 2 
!.'unctions are sufficiently strong so that the Stark effect of the p level must 

' 2 
lJe expressed in terms of three parameters. If the polarizabili ty a(n P.flJ) is 

2 E2 2. 
defined by the relation ~(n P.flJ} = - 2 a(n P.flJ), where E is the electric 

f'ield and t:M the induced energy shift, then the following values of the polariza

hilities are deduced. For cesium, a(62p1; 2 ) = 187(29) X 10-24 cm3; 

rt(62p
3

; 2 ± ~) = 196(30) X lo- 24 cm3 ; and ~(62p3/2 ±· ~) =. 273(42) X lo-
24 

cm3. 

For rubidium, a(52p1; 2 ) = 112(17) X 10- 24 cm3 ; a(5
2
p

3
/ 2 ± ~) = 102(15) X 10-

24 
cm3 ; 

2 1 -24 3 :.tnd 0(5 p
3

; 2 ± 2) = 148(23) X 10 em • The polarizabilities are compared with 

results deduced from Stone 1 s recent oscillator strength calculations for cesium 

and with values deduced from the method of Bates and Damgaard. 

' . 
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.. . · . . INTRODUCTION 
... 

Recently, there·has been a considerable revival of interest in the study·of 

the Stark effect. New ·theoretical techniques have been developed for studying 

the infinite sums appearing in the expressions for the Stark shift.1 From the 

experimental point of view, new techniques have been developed for observing 

small frequency shifts in hyperfine and Zeeman transitions. 2 
J 

In this paper, details are given for an atomic beam technique for studying· 

the Stark effect in optical transition~. Th~ method is then applied to measure-

ments of the Stark effect in the D line transitions in both cesium and rubidium. 

A detailed theory of the Stark effect in these states is developed with which 
I 

the experimental results are compared. These results are of -interest as a test 

of a recent calculation of cesium oscillator strengths. They also serve as an 

.. . 

important preliminary to the measurement of the cesium and rubidium isotope shifts 

in the D lines. 3 

Surprisingly, there seems to have been no Stark-effect work on the cesium 

and rubidium D lines. Measurements have been made on the 6p-5s transitions in 

4 rubidium and the 7p-6s transitions in cesium. However, in this work the splitting 

of p3; 2 into the predicted doublet ~ms not observed, and is not useful as a test 

of the theory of the Stark effect. 

THEORY 

The perturbation of an energy level by an external electric field E is 

described by the Hamiltonian 

Ji• = - p·E -- , (1). 

where.E is the induced dipole moment and is· given by ~ =- e fx1, £1 being the 

position vector ot the ith electron. It is assumed that polarization of the 
I, 

nucleus is negligible. Specializing to an alkali for which ~e neglect perturbation 

. : :• 

... ·. 
·' .. .. ·:' 

' -~. ... 
,!;" _: ~ 

' ·, -· . ~ ) . ' · ... 
·, .... ' 
~ . ., .. 

. '. 

., 

.; 

.. 
' . 
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of electrons in closed shells, then p = - er, r being the position vector of .... . ., -
the valence electron. 

If the. total Hamiltonian is denoted byM, then M = M + M•, and we ask 
0 

what terms it is appropriate to consider as part of M
0 

for the states under 

investig~tian here. For the 
2 2 . 

s1; 2 and p1; 2 states of rubidium and cesium, 

we include 1nM
0 

all terms through the hyperfine structure~ More specifically,· 

M
0 

includes the central field, the spin-orbit effect, and the hyperfine-structure 

operator. The inclusion ot: hyperfine structure is important for s1;2' since the 

Stark shifts induced are of the same order as the hyperfine structure. Fbr p1; 2, 

the Stark shift is considerably larger (by about an order of magnitude) than the 
I ' 

hfs, but it is no inconvenience to include hfs in the zeroth-order Hamiltonian. 
2 . . 

For p
3
; 2, the hfs is an order of magnitude smaller than the Doppler width of 

the lamp, and almost two orders of magnitude smaller than the induced shifts. 

Ac3~rdingly1 hfs is neglected tor p3; 2• 

'2 2 
A. Application to s1; 2 and P1; 2 

It is well known that for states of well-defined parity the Hamiltonian 

Eq. (1) produces no first-order shift. Hence·we can vrite the second-order 

shift due to Eq. (1) as 

(2)' 

The electric field in this experiment is parallel to the fields and field 

gradients in the A and B magnets and may be taken along the z axis. It is 

convenient in evaluating Eq. (2) to employ spherical tensor methods. Therefore, 

we write 

, (3) 

.. 

· .. 

'i 
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·...rhere Y~ ~s the. zerot~ component· of the spherical harmonic of· rank one. The 
. . 

''orm of Eq. (3) limits the states 'If to those having the same In:F as the initial 

.:tate.. Thus, we rewrite Eq. (2) as· 

&l(J = 1/2) = 43rr e~2 2: 
n',.e',J' 

F' 

(4) 

If we use standard tensor identities relating 3j symbols and the Biedenharn

illiott sum rule,5 it can be shown that Eq~ (4) is independent of the quantum 

:.umbers F an~ In:F1 . provided only that the hyperfine energy of the states 1Jr is 

'1cglected in the denominator of Eq. (4). Under this circumstanc:;e, Eq. (4) can 

''<! written 

I:M(J = 1/2) = 23rr e~2 2:. 
n',ll',J' 

2 .ur the case n s1/ 2 .th1s becomes 

I (n' 
2 
.il},llrY1 IIn2 

.t1/ 2 ) 12 

bE(wn' ,.e• ,J.;~) 
(5) 

(6) 

'lte reduced matrix elements are related to integrals over radial va.ve functions .. 
!11 the usual va.y; i.e., 

~ . ' 

.:here the radial part of the wave function is R/r. The square of this radial 

:ntegral is proportional to the oscillator strength. Hence the study of the 

... 

. ~. 
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Stark effect can ~ regarded as a method for the study of oscillator strengths 

or as a method for checking theoretical oscillator strengths. 

2 B. Application to p3; 2 

As discussed above, it is reasonable to neglect hyperfine structure for 

2 the p
3
/ 2 states. Thus, the Stark perturbation takes the form 

l(n' 2£j,mJirY~In2p3;znJ>I
2 

AE 
(8) 

2 It follows that the splitting is proportional to (mJ) , so that states with the 

same absolute value of mJ remain degenerate under the action of the stark field. 
2 I " 

Therefore,, the p
3
; 2 energy level is split into two levels under the action of 

the Stark field, corresponding to mJ = ± 3/2 and mJ = ± 1/2. The evaiuation 

of Eq. (8) leads to 

(10) 

We now define polarizabilities (a) for each of the above energy levels 

according to the usual relation 

(11) 

·~ :bj 

So far as it is possib;J..e to neglect differences in the radial wave fUnctions for 

2 2 d ,2 ,2 n P1; 2 and n p3; 2 an fo~ n d3; 2 and n d
5
; 2, the following simple relation 

among the polarizabilities holds: 

'.: l 
··~ 
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(12) : . ~- ~ 
.·:r 

· .. 
Such a'relationcan be.deduced, mcire directly from a decomposition of the Stark 

. ' ... ·. ' . : 6 . . · . 
. operatOr into scalar and tensor parts. As we will see, however,. such a relation · > ·: '· 

does not hold for the cesium 6p state and the rubidium 5P states. Fine-structure 

effects are appreciable, and three parameters are needed to characterize the 

Stark effect in each of these levels. 

.EXPERIMENTAL METHOD 

·The method used here 1:::-·t!'..a.t outlined by two of the authors. in a recent 

letter.3 The apparatus employed is a co~ventional atomic beam machine with 
. 1 

flop-in magnet geometry. The C region consists of a pair of electric field 

plates, with a 0.036-in. gap, capable of sustaining large electric fields. The 

space between the plates is illuminated by filtered resonance radiation from a 

Varian X49-609 spectral lamp (see Fig. 1). For the cesium work, a lamp filled 

with 133cs was employed; for rubidium,· a lamp of isotopically enriched 85Rb 

was used. For both the D1 and D2 transitions in rubidium and in cesium the lamp 

output consists of a resolved doublet separated by the ground-state hyperfine 

structure (see Fig. 2). The excited-state hfs7 is about 10~ the ground state 

hfs for p1; 2 and even smaller for the p
3
; 2 state. It makes no essential 

. ,, . 

~ .. : ·. 
r _,; 

~-:~ ... . . ' 
' ' 

.. , .. ' 
; ,•' ., : 
r' { • ··.:· 

'· 
'0 

' ,.: ~ , ,., 
,1· ,I • 

difference in the discussion and is ignored. . .. 

Measurement of the Stark effect proceeds according to the following 

principles. It is well known that an atomic beam apparatus refocuses atoms 

that undergo the tran~ition mJ = + 1/2 ~ mJ = - 1/2 in the C region. 

Consider now the action of a beam atom of the same isotopic species as the 
~-: ~ ~ 

atom in the resonand~ lamp. At zero electric field the absorption lines of 

atoms in the beam coincide with the center of the emission lines in the lamp. 

. . Consequently, resonance absorption of photons takes place. In the subsequent 

\ 

. ·\ 

' .. 
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decay half of the atoms will Wldergo spin flip a.nd will contribute to the flop-in 

signal at the detector. We describe the action of an electric field on-the beam 

absorption lines for each of the two transition lines separately • 

. A. 

It is shown in the section on theory that to second order in the Stark 

perturbation all the hyperfine levels arising from a state with J = 1/2 are 

shifted by the same amoWlt in the presence of an electric field. The relative 

shifts of the hyperfine levels and of the Zeeman sublevels can be deduced from 

2 recent measurements to be smaller than the gross shift in the levels themselves 
I 

by at. Jeast four orders of ma.gni tude. Accordingly, an electric field serves to 
' 

decrease in energy both the p1; 2 and s1; 2 levels and to decrease the net transition ' 

energy. When the transition energy is lowered by an amoWlt equal to the emission 

linewidth of the lamp, the flop-in signal goes to zero. However, when the electric 

field is sufficiently large so as to shift the absorption lines by an amount equal 

to ,the groWld-state hyperfine structure, a new overlap of the absorption lines 

with the emission lines of the lamp occurs (see Fig. 2) and another flop-in 

signal is observed. 
. 2 

From the known ground-state hfs and t~e E dependence 

characteristic of the Stark effect, the difference in the polarizabilities of 

the p1; 2 and s1; 2 states can be det~rmined. 

B. 

As pointed out in the section on theory, the hfs of the p
3
; 2 state is 

negligible. To this approximation the p3; 2 level is split into _two. levels 

corresponding to ~J = ± 3/2 and mJ = ± 1/2. As the difference in energy 
.. 2 

between each of th~se levels and the s1; 2 level is shifted by an amount equal 

to the ground-state hfs, new flop-in signals are obs~rved (see Fig. 2). Hence, 

'I 

. . in addi ticn to the :!e:rc field signal two new signals should be observed. From 

.• . 
,. ' 

/ .. · . . ' 

; l ~ . 

.. 
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• ' ., • ~·' ~ t . . . • 

. a knowledge· o:f the· electric. :field at which ·these peaks occur and the grOWld- .1. .< 

' state h:fs, .the polarizabilities can be deduced •. 
':·. 

DATA ANALYSIS AND RESULTS 

A. Cesium ~. '• 

In Figs~ 3A _and 3B are shown the signals observed. _The . :following qualitative . .. 

features are o:f importance •. First, there is only one :flop-in peak observed with .' · ·. :~. 
; •. ; ~ . 

the n1 optical line incident on the beam and two flop-in peaks With the D2 optical:' ' ' 
. . . ' ~· . 

line_incidenton the beam. This confirms the predictions made in the theory ~.r:~ . '~:: ·. 
"'. 

section. Second, the heights of the peaks are in agreement with theory; and 

third, the width of the peaks agrees with an independent measurement of the "\, . ~ 

.· ••. ~:· ' l .-·.: ' 

linewidth of the lamp. Perhaps the most important feature is the fact that the 

single pl/2 lies significantly higher than the average of the_two p3; 2 peaks. 

This is in violation of the prediction of Eq. (12) and must be taken as direct 

.. 
' .. 

' '~ 

i ~ : ' • ~ :. .. 

.... 
. ~ 

evidence for the importance of spin-orbit effects on the radial wave functions. . , : 

In order to understand the feature of the data we can use the well-known ,. . 

fact that the radial matrix elements involved are the same as those that determine . 

the oscillator strengths for the transition.· If spin-orbit effects modify the 

radial wave functions so as to invalidate relation (12), then this must show up 

in the oscillator strengths in the following way. Oscillator. strengths from 

P3; 2 and p1; 2 to the same lower state must differ from the ratio of the statistical 

weights. Similarly, oscillator strengths from a common upper level to each of 

the p states must differ from the ratio of the statistical weights. Bearing on 

8 this point are recent calculations of the cesium oscillator strengths by Stone. 

Stone's wave functions include spin-orbit effects and the resulting oscillator 

strengths for tran~~tions to each of the 6p states from a common upper level 
.... 

which differ substantially from the appropriate weight factor. Using Stone's 

oscillator strengths and Eqs. (6), (7), (9), and (10), we have calculated the 

J• 

'·' 
'_t 
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polarizabilities for each of ~he observed levels. These are compared in Table I 

with the polarizabilities detemined from our results. Our values for the 

polarizabilities of the· 6p state are based on recent measurements of the ground

state polarizabilities by Bederson et a1. 9 We also give in Table I results for 

10 the polarizabilities based on the method of Bates and Damgaard. It is seen 

that the theoretical polarizabilities of both Stone and Bates and Damgaard are 

in excellent agreement with experiment • 

B. Rubidium 

In Figs. 4A and 4B are shown the rubidium signals with D1 li~t and D2 light 
. . 8 

incident, respectivelye A lamp of separated 5Rb was used and a beam of separated 
~ . ~ . 

Rb was employed so as to avoid complication from Rb signals. Qualitatively, 

the results are similar to the cesium results. There are two features worth 

pointing out." First, the polarizabilities are smaller. Second, Eq. (12) is 

much better satisfied than in the case of cesium. This corresponds to the fact 

that the spin-orbit splitting in rubidium is much smaller than in cesium. In 

Table II the measured polarizabilities are compared with calculations based on 

the Bates-Da.mgaard method. Agreement here is also excellent. 

The electric field was taken from the relation E = V/d. Our plates are 

sufficiently narrow relative to the length and height that this expression 

should hold to about 1%,. 

.. 

• 
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Table.I • 
4 . 

Cesium polarizabilities X 102 cm3 • 

_ . a(6z1; 2)- a(6p1/2) a(6p
3
; 2 ± 3/2) a(6p

312 
± 1/2) 

... y 

Stone 65 187 200 273 

Bates and Da.mgaard 56 192 191 246 

Measured a 52·5(6.5) 187(29) 196(30) 273(42) 

a. The measured value for a(6s1/ 2) is taken from Ref. 9· , 

' 

... 
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Measured a 
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. 24 3 
Rubidium polarizabi1ities X 10 em • 

46 

40(5) 

116 

112(17) 

1o8 

102(15) 

. . a. The measured value 1'or a(5s1; 2 ) is taken from Ref. 9. 
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151 
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· FIGURE CAPTIONS 

Fig. 1. Schematic diagram of atomic beam apparatus for studying Stark effect. 

Fig. 2. Schematic diagram of energy levels. The lines A and Bare both present 

in the lamp. ·At zero electric field the absorption lines 1 and 2 coincide 

with the emission .line B. Signals are also observed at electric fields 

such that the lines 1 and 2 are made to resonate with the line A • 

Fig. 3· ·. A) Observed cesium signal with D1 radiation only. 

B) Observed cesium signal with n2 radiation only. 

Fig. 4. A) Observed rubidium signal with D1 radiation only. 

B) Ob'served rubidium signal with D2 radiation only~ 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any pe~son 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. 






