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ELECTRIC FIELD EFFECT IN THE RESONAI CE LINES
OF INDIUM AND THALLIUM
”«Théﬁas Richard Fowlerf and Joseph Yellin
" Lawrence Radiation Laboratory

University of California

Berkeley, California 94720

September 1969

ABSTRACT

The atomlc beam method has been used to study the Stark effect in the

5102 A 2
(6s _51/2 > 5p _Pl/z)

). The difference between the atomic polarizability:

resonance llnes of 1nd1um :

3776 A M6 A ¢,

and thallium

>
(7s S'1/2 1/2

of the 281/ state and that of the °P state [Aa(sp)] has been determined

| 1/2
and compared wlth calculatlons in the Couloxb abpro>1matlon For indium we

2h 3 2k 3

find Ao(sp) = 138(11) x 10 and for thallium Au(sp) = 115(12) x 10 " em

Details of thevexperlment and resulfs are presented.
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I. INTRODUCTION
.Although'the perturbation of atomic levels by electric fields was

First obsérved more than forty years ago, 1'there hasbbeen little progress

_by way of a systematlc study of the Stark effect on free atoms until the

<

present decade., ThlS has been due to the experlmcntdl difficulties of
measuring small_freqnency shifts and attaining high electric fields, as well
as_theorétical difficulties in.calcnlating and interpreting experimental’

results. Unlike the Zeemén effect, which dépends only on the angular part of

. the wave functidnland can be calculated acéurately for any atomic state,

the calculatibnlbf:the Sfafk‘effect involies infinife sums.of radial integrals
réquiring'accufate‘fadial wave functions for éxcited stétes.

Recentiy’there hés bsen é resurgence of interest in the eléctricvfield
effect. The rsnewéd activity is due to the successful application of new
experimentsi.tecnnidues tO\fhe Stark effect and to theoretical.deﬁelopments.
In addition, interest has been generated by the application of the Stark
effect to the searsh for electric dipble moments in eiementsry particles;2’3’h
and the meésurémént of isotope shifts5 and hyperfins structnre nf>excited
6.7 On the experimsntsl side atomic beanl,8 level cros51né;9 lo’and.
optical double resonance11 techniques have been used to observe differential
Stark shifts between levels of an atomic state as Well>as snifts between levels

belonging to two different states (optical'StarkAshift).l2

shifts within a state = 10—8 to 10_6 Hz/(kV/cm)2 require relatively low

The differential

"~ electric fields (< 100 kV/em) to observe due to the precision attainsble in radio-

frequency spectroscopy. The Stark shift.inYOPtical transitionerequires‘

large electric fields (> 100 kV/cm) to observe and measure due to the line
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widths associated with optical transitions and the calibration procedure which

3 MHz. Thus techniques had to

involves large Stark shifts, approximately 10
be developed for achieving: high electric fields. Qn the ﬁheofetical_side,

methods have been developed for treating- the infinite sums appearing in. the

13,1k 15

Stark effect and calculating the radial integrals needed.
In the present experiment the atomic beam mefhod was used to investigate
"the Stark shift in the 4102 A line of indium and the 3776 A line of thallium.
This experiment‘seyVes as -an important'preliminary to the measurement of iso-
tope shifts in indium by the atomic:beam method.
' I7. EXPERIMENTAL METHOD

The expetrimental method employed here has been described previously

lines of cesium,

in connection with the Stark shift measurements in the Dl

12,16 °

rubidium, and.pdtaSSipm. The apélieation of'the me£hOd to indiumvand
thallium deserves some adaitional discussion due to the diffefent enefgy level
structure and Heﬂcejwe will,review tﬁe methode using'indiuﬁ as an exemple. |
The basic idea is oﬁe of a tuning experiment in which optical absorption |
lines.of beam atoms are tuned by an electric.field to emiseion lines of the
same atoms. The atomie.beem apparafus is used to detect the spin-flip which
accompanies tuning. For a description of the atomic beam‘apparatue we refer
to the literature.17
An atomicvbeam apparatus with flop-in geometry is employed. In the
C-region a pair of electric fieldvplates replaces the'usual C-magnet end an

optical photon source (resonance lamp) replaces. the usual radio-frequency

photon source (signal generator). The electric field plates may be used to
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select a particular m

trajecforyband:We assume this fo be the.case Such
state selectlon S1mp11f1es the anslys1s but is not uecessary‘and‘was not used
in this experiment. | | | |

| ‘Imagine a beam of/indium stoms in ﬁhé ground state.level
|5 ePl/2 me = - 1/2) 15 the C—region aud with'uo electrlc field. The energy
level diagram is shown iu Fig. 1. 1If the atoms are 1llum1nated with resonance
radlatlon 4102 A, they will be ex01ted to the 6s l/e.stete and decay back -

-9

(t = 7.5 x 10 sec) to the 2P1/2 state’ asvwell as to the metastable 2P'

A 3/2
state. It is clear that of those atoms returnlng to the P /2 state, one half
will be in the m.J = 4 1/2 level and w1ll thus be refocused at the detector
Some of the atoms termlnatlng in the 2P3/2 state w1ll also undergo trans1t10ns

m_ = - 1/2 to m_ = + 1/2; however, due to the different gJ of the 2P

J J 3/2

state, these atoms w1ll not be deflected properly and we may ignore them for

the present. Thus, w1th no electrlc field applled in the C—reglon, a flop—ln
signal is observed at the detector. To con31der what happens when an electrlc
fleld is applied to the beam atoms we have to take the hyperflne structure 1ntov
account. The hyperfine structure associated'with the 4102 A line of indiuml8’19
is shown in Fig. l.' Also, reference to the Breit-Rabi dlagram shows us that
90% of the indium atoms are in the lower (F = L4) hyperfine state prior to

being flopped. We neglect the remainiug 10% for s1mp11c;ty~and assume that all
the atoms afe in the F =L hyperfine state. The beam stoms then hsve.two
hyperfine absorption lines While_fhe lamp emission line haslfour hyperfine
components. The situation is depicted in Fig. 2a. Application of an electric
field to the beam atoms decreases the transition frequencles of the lines

o' and B', detuning them from o and B. &' and R' are decreased by the
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same amount within the approximation described in the next secfién.‘ ﬁence;

the flop-in signai diminishes.' However, for the appropriate values of the
eléctric field, o' . and B; caﬁ~be broﬁght into resonance with other hyperfine
components as shown in Fig. 2. .Each time that o' or B' is made coincident
with an emission line component the flop-in sigﬁal-increases. The frequency
shifts associated with each of the diagrams in Fig. 2 and fhe electric fields
at which they occur are shown in Table i. Similar results hold for thallium

(I = 1/2) except that the B-component of the hyperfine’transitioﬁs ié for-
bidden and hence fewér resonances occur. The energy level diagram for
thallium is shown in Fig. 1. The possible resonances fbr thallium are shown

in Fig. 3 and summed up in Table IT.

III. THEORY

In this secfion'we obtain an expression for the Stark shift Avs »
in an optical line. A comprehensivé treatmént of the Stark effect may. be
found in the literatureﬂl’zq

The interaction of an atom with an external electric field, E,
directed along the z-axis, is described by the Hamiltonian

=y (rcto,0),E | (1)

1 0"’ i A ) _

i .

’ : .y .th > .

where we have expressed the position vector of the i electron, ., in terms

of the spherical tensors Cé(6,¢).21

We treat m& as a perturbation on the
atomic Hamiltonian which includes the central field, spin-orbit, and hyper-

fine structure operators. The hyperfine interaction is included since
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N
A ( P1/2) << Avhf( 172’

and

A‘\’s( 31/2) AJA“ £ 51/2)

for both indium and thallium.
The first non-vanishing cohtribution of ﬁi to the energy is given
by second-order perturbation theory,

2 2 l(y F'mFl(rc IyFm >|

Aw(y! F',YF)

AvS(YFm

Y'F' i
where
AW(Y'F’,YF) = W(y'F') - W(yF) .

Considerable simplification can be achieved by conSidering the magnifude of
the hyperfine struéture and hyperfine Stafk effect20 in relation to the
energies of the electronlc configurations and the Stark shifts induced in the
electronic configurations. We note first that AW(Y'F',YF) differs from the
energy denominator without hyperfine struéture, AW(y',y), by order

(&v. )/(Av_ ) #1077 and hence the hyperfine structure may be neglected in

hf opt

AW. TNext we examine’the hyperfine structure Stark effect. The frequency

shifts induced by an electrlc fleld in the hyperfine tran51t10n .

(F =0, me = 0) #(F =1, mp = 0) of the 6p %p state of 205Tl has been

1/2
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" measured and is given by &(Av) = 3 x 10;7 B Hz where E vi; iﬁ %rol’c/-cm.el2
Similar results may be expected in other transitions in the 2P1/2
as the 281/2 state. This is to be compared with. the frequency shlft 1nduced
by an electric field in the electronic tran51tloni 6s ( S)?s -> 652(18)6p
of thallium which can be readily estimated to be 8(Av(6p-Ts)) % 10 1 5 g,
and to the line-widths z-lO9 Hz inherént in. the present.experiment. Similar.
remarks apply,té indium. = Thus for the purposes of this experiment, hyper-
fine structure effects may be neglected. All hyperfine states are dispiaced
by the same amount by the‘applicafion of an electrie field. The amouﬁt by
which they are displaced depends only on the electrohic quanﬁum'nﬁmbers'within

the above approximations, and is given by

I(a J'my ](rC IaJm | _ | _
A\)S(OLJIII Z Z 'J',O!J) » | . (3)

o'J! i

In the present case we are dealing with a single electron coupled to a
SO core ‘and hence to the extent that the transition electron does not

polarize the core

2.2 N A | I !
AV (nfsm.) = &2 Z (22+1)(28'+1) (25+1) (23 '+1) |
s 4 L : : J 3" s m,. -m, O
n'Q/’j' . J' J'
R Kn'a'glelngg) |2 W
o o o M (n' 2737, nL])

A number of authors have evaluated the angular féctors in Eq. (3) for particular

state as well
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vvalues of ljmj;23’2u but inlfact we can reduce Eq. (B)Ito a 31mple
formula that sums up the Stark effect for any alkall—llke transitions. For,
due to the selectlon rules on l,vand j and rememberlng that j equals
L*1/2, there are at most three non—vanlshlng terms in the angular part of
the summatlon.. Furthermore, the _3J and 6] eoefficients are of a particularly
simple kind and may be readily’éxpreseed'in termseof their arguments. Thus

we arrive at

, 22 - 2
S 2. 2 J . m
Av (nf g= 1/2 m,) = ehE - J R(2-1,3~l nlg) + ————j———-R(Q—l,J,nKJ)
J h .2 ‘ 2 2
o | J (J+l)
(3+1)° | - | |
+ ———————ET-J-R(z+1,J+1 nzj) ' (5)
(j+1) :
where
R(2-1,35-1;n04) = Kn'go1,-10rlngy ) |2
~1,d-1inkj) = AE(n'2-1,5-13;n83)
n' : :
n'#n

and similarly for the other terms. The * sign in the second term on the right
is to be used with j = & t.1/2.

- . x . o5 |
Applying Eq. (5) to am‘sl/2 and a Py /o state ve get

252
Avs(nsl/Q) = 9h [R(pl/Q’nsl/2) f 2R(pl/2’nsl/2)]

Avg(npy ) = _[R(sl/z’npl/2) * 2R(a 3/2’“91/2)]

g

!
1
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. - . 3 . <___‘>
or.for_the shift in the .optical line nlsl/2 ~n2p1/2

e

_‘5(n181/2 <> ngpy o) = S5 [R(sy jpingpy f0) - R(py /p30187 /)

+ 2(R(d3/2;n2p1/2) - R(p3/2;nlsl/2))], .
If ﬁe define the a@oﬁic poiarizaﬁilityLag usgal by pAvs % — %—dEg,“then
28(n.s <—> n_p )hE-2>= Aa(n p" sn.s. )
| 171/2 - 2¥1/2 : | 2°1/2°71 1/?:‘
where

Au(ngpl/g;nlsl/z) ='¢(n2pi/2)'— a(nlsl/Q) .

IV. APPARATUS .

The atémic'beam apparatus is conventiongl, except for the electric
field plates, and'will not be discussed here. : The electric field. plates,
thevhigh—voltage poﬁef suppiy, and the associated read-out equipmentvhave
been describedvpreviously and no further discussion is needed.26 We limit ouf

discussion to the beam source, detector, and light sources.

A. - Production and Detection of Beams

Beams of indium and thalliumFWere produced by electron bombafdment 6f_
a tantalum oven containing indium or thallium and having a O;O30‘inch slit.
Aﬁproximatély 30 wattsv(electron bombardment ) wefe réquiréd to produce thalliﬁm
beams and 60-wat£§ were required for indium. The oven témperature was not

measured, but Was'estimated at approximately 1200°K. The populations of the

IR SN
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metastable'gPB,./2 state can be calculated from the Boltzmann factors and is
negligible for thallium, while about 15% of the indium atoms are in the
2P3/2 state. | | | | | |

, Detecﬁion of ihdium and thallium was accomplished with an iridium
hot-ribbon surface ionlzatlon detector, 1 inch X 0.1 1nch x 0. 0015 inch.
Irldlum was used because of 1ts hlgh work. functlon (5 9 eV) ahd the fact thatv
it is inherently quieter and less troublesome than the more usual surfeces.
Typical background from the hot-ribbon was around 2 X 10_12 ampvwith.a noise
< 10_13 amp. A Keithy LiT7 high—speed picoammeter was used to measure the

ion currents. =

VB. Resonahce Lamps

The measurehent of the Stark effecf by atomlc beahs requires llght
sources hav1ng a high spectral dens1ty Slnce the atomic beam is illuminated
at right angles to its direction, the absorptlon w1dth of beam atomsvls the
natural width Av % lO MHz. The light source must_put.out enough photons
within this'width,to flop a substantial number of atoﬁs..'An intense electrode-
less discharge‘lamp was developed for this purpose. |

The low vapor pressure_of indium makes it impracticai to discharge the .
metal directly; consequently, indium-iodide was used. The high vapor pressufe
of iodine, which is produced in the.dissociation of the.iodide, causes the
discharge to become unstable, so it is necessary to use microscopic amounts
of the iodide in.order to limit the iodine vapor pressure. To this end the
iodide was formed in the.presence of an argon discharge so that formation of

the iodide could be monitored through the appearance of the indium blue line.
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27

The proéedufe is similar to that used by Cunningham and Liﬁk with two exceptions:
1) we distilled the indium to insure purity,vand 2) we reacted the indium with
iodine prior to séaling off-the lamp. After forming tﬁe~iodide the argon'was
pumped out énd the lamp refilled with spectroséopic grade xenon at a pressure
of 1 Torr and sealed off. The thallium lamp presented nobspeéial problem and
thallium—chloriderwas used.

The quartz lamps were cyliﬂders 5 cm in diameter aﬂd 6 mm long. They
were outgassed under.vaéuum at aroun& 900°C fbr_at-leasﬁ~10.hours before

T

filling. The.pressure prior to filling was approximately 2 X 10 ' Torr.

Excitation of the lamps was achieved WithléilOC watt diathermy unit.
with a type A antenna. The lamé'to be excited Was-plaéed in an oven, one ;
end of which cﬁnsisted of the microwavé antenna. A bofdn nitriae holdef
fixed the lamp inside the oven. A séhematic of tﬁe oven is shown in Fig. k.
Normally the diéthermy unit was operatea at 6O%Vto 80% power and the lamp
temperature maintained about 210°C for indium and about 2hO°C_forvthallium.'<
The lamp profiles'were scanned with the atomic beam appératus as previously
described.va scan of the indium lamp line is showh in Fig. 5 where the
frequency scale has been established from the known hyperfine structure of
18,19,28

the 5p 2Pl/gland 6s 281/2

is actually a composite since a number of absorption lines are simultaneously

states. The intensity distribution shown
scanning the lamp. It is clear from the width of the lamp line that less than
1/2% of the available light is effective in pumping. The number of photons
which would be available for pumping an absorption cell would be increased

. f\J 3 : ~ o] .
by a factor AvDoppler/AvN 100 assuming a cell temperature 6QO C



11— . s UCRL-19337

V. EXPERIMENTAL RESULTS

‘The measurement of the Stark shlft consists of scannlné tne lamp
line with the atomic beam apparatus, as prev1ously descrlbed, identifying
the various resonances and us1ng ‘them to determlne the frequency shlft as a
functlon of the applled voltages, V. All that remains to be done is measure
the:electric fieldvgap, d,'and determine tne electnic field from V/d. The
illumination region is sufficiently small-compared to the dimensions cf the
plates that fringing effects may be . neglected. Details of the plates Wefe
: nreviously _publis}_u:;d..g6 The voltages were supplied by a Samsgg 50 kV,‘
supply.and read by a digital volt meter usingva‘Parks3o_vcltage divider.
Overall accufacy cf,thelvoltage system was < O.l%. The electric field gap
was measured with a feeler gauge which was checked against a mlcrometer The

value of the gap was, d = 0.825 £ 0.024 mm. We Present -below, separately,

the results for indium and thallium.

A. Indium

. TYPiéal results for indium are shown in Fig. 5 and are summarized in
Table III in terms of the polarizabilityAdifference. Aa(62 81/2,52 P1/2)' Also’
shown are the theoretical values of the polarizabilities which are based on |
Eq. (5) and the Baﬁes-Damgaard (B-D) Coulomb approximation which was used to
-calculate the radial integrals.

The resonance lamp and beams were made from naturally occurring

indium. In natural abundance, indium consists of two 1sotopes 115I_n (96%)

In (4%). The hyperfine structure of these isotopes differs by

&~ 25 MHz28 and may be neglected for our purposes. The isotope shift
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=.270 MHZ31 is a small fraction 6fbthe line—widtﬁ and may be neglected
particularly in view of the low abundance of 113In.

Two features of Fig. 5 are rather conspicuous and.deserve comment.;
First, the abéehce of a peak at 297h MHZ and second, the near equaiity of |
the three high-field peaks. These features can be understood with reférence
to the last row of Table I where we show the signalAintensities. The signal
intensities are calculated by muitiplying togethef the transition probébilities
of‘overlapping lines. Theoretical transition prdbabilities were uséd.‘ We
see that if we did not select the F = L  hyperfiné state but instead had
both the F = L and T = 5 hyperfine states present in the beam (no state
selection) the signal intensity at 297k MHz would be = 9% of the zero electric
field éignél’intensity. In view of the line—width we Wduid ngt expect to
observe this peak. Furthermore, the signal intensities at 8435 MHz, 11,410 MHz
and 19,845 MHz would be equai; Indeed, due to the small g = 0.67 of the

2

P state -and thé high'velocity of the beam atoms, state selection cannot be

1/2
accomplished with»the size of the electric field gap employed.

B. Thallium
Results for thallium are shown in Fig. 6 and summarized in Table III.

All measurements were made usingvnaturally occurring thallium which consists

of two isotopes'203Tl (30%) and 2

"large fraction of the line-width amounting to ~ 1600-1800 Miz

OSTl (70%). Here the isotope shift is a
32,33 and
consequently the thallium resonances are broader. The difference in the

hyperfine structure3h (=~ 200 MHz) which could lead to a more complicated

pattern may be neglected.
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The.expefimental resuits are in good}agreemenf niﬁan-D ealculations

but were found to be lowef than B;D by = 6%vin all measuremen’ns.35 We can ob-
:tain a reaeenabiy good value for :a(ZP 22)> by relatlng a to the oscillator
strengths, f, and using experlmental f-values. If we use the f—values of Penkin
and Shabanova36 we get for 1nd1um and thalllun respectlvely d(s Pl/2) =

h.5(1.5 x 10 2hc 3 | (6 P, 1/2 ) 3 5(1) x 10 2h 3._ From these values of the
ground state polarlzabllltles we can deduce the exc1£ed‘etane.polarlzabllltles..

-24 3

We get, for indium and thallium respectively, d(6 S ,,) = 1k2(12.5) % 10 cm

_ _ 1/2
: 2 y -2h 3, : v .
and a(T‘Sl/Q) = 118(13) x 10" 'em” in very good agreement with B-D (Table III).
We have calculated also the polarizabilities of the metastable state, .
d(2P3/2imj), from the f-values of Penkin and Shabanova and find then to be in
faif agfeement with the B-D values.
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Table I. Frequency shifts, electric fields, and
- signal intensities associated with indium.

 Indium F=lk F =
Overlapping lines a'=a B'=y o' =8 oa'=y a'=8 y' =y y'=3§¢

B'_=B Br=6v §' = §
AvS(MHz) : 0 2,9Th. 8,435, 11,&10._ 19,845, 0 8;&35.
" Approx. kV/cm 0 162 oth 319 ks 0 27k
Signal intensity = 1.132 0.242  0.364 1.030  1.000  1.hkk  0.667
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Table II. Fréquency“shifts, electric fields, and
’ signal intensities associated with thallium.

Thallium : R No state_selection
Ovérlapping‘lines ca' = v Y' =396 o' = vy a' =6

. Y =y,6"'=396 |
AvS(MHz) _ 0 - 12,090 21,311 33,401
Approx. kV/em 0 366 185 610

Signal intensity 1.50 0.50  0.50  0.25
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FIGURE CAPTIONS
Fig. 1. Ihdiﬁm dhd thallium énergy levels.

Fig. 2. .Pdssible overlaps.betﬁeen abéorptidn.liﬁes of.iﬁdium beam atoms
(primed) ahd indium iamp lines (unprimed). | | |
Fig. 3. Poésiblé ovérlapé bétween absorptionilines of thallium beam atoms
i(priméd) aﬁéwfﬂ;ili;ﬁ laﬁp lihes (unéfimed). o o |

Fig. b. Details of the indium and thallium lamp oven.
'_(l)ﬁHeé§y Dufy,-Ihc. heater | -
(2) boron nitride lamp holder
(3) copper screen
v(h) asbestos
(5) cOpber shell
(6) type A antena
(1) eléc&rical feed-thru.
Fig. 5. Inﬁiﬁﬁ stark shift data. Overlapping lines are”indicated above the
resonances. | | | |

Fig. 6. Thallium stark shift data. Overlapping lines are indicated above

the resonances.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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