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OBSERVATION OF THE 6 P1 / 2 

.-v--

2 7 P
112 

TRANSITION IN THALLIUM 

Steven Chu 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Physics, University of California 

Berkeley, California 94720 

ABSTRACT 

2 2 
This thesis describes a measurement of the 6 P112 + 7 P112 for-

bidden magnetir. dipole matrix element in atomic thallium. A pulsed, 

linearly polar\;t:Zed dye laser tuned to the transition frequency is used 
2 . 

to excite the thallium vapor from the 6 P112 ground state to the 

2 
7 P112 excited state. Interference between the magnetic dipole 

Ml amplitude and a static electric field induced El amplitude results 

2 in an atomic polarization of the 7 P112 state, and the subsequent 

circular polarizatiofi of 535 nm fluorescence. The circular polarization 

is seen to be proportional to (Ml) /(El) as expected, and measured 

2 for several transitions between hyperfine levels of the 6 P112 and 

2 
7 P 

112 
states. The result is 

< Ml > = -(2.11±0.30)x10-5 
2
leln 
me 

in agreement with theory. 
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I. INTRODUCTION 

Neutral currents, originally predicted by gauge theories of weak 

interactions of Weinberg (Wei, 67) and Salam (Sal, 1968), have been 

observed in high energy neutrino experiments at CERN, (Has, 73), FNAL 

(Ben, 74), (Bar, 74) (Bar, 75b), ANL (Bar, 75) and BNL (Lee, 75). 

Details of the experiments are given in a review by Cundy, (Cun, 74). · 

The experiments all measure muon-less reactions between muon neutrinos 

v]J and nucleons of the form 

V + N -+ V + N' . 
]J ]J 

(1) 

Although the neutral current may have the familiar V-A form of the 

charged current, various combinations of V and A have been suggested 

as alternatives to the Weinberg-Salam model (Wei, 71), (Sak, 74), 

(Che, 74). Other authors have observed that scalar, pseudoscalar, and 

tensor terms are also consistent with the data, (Kin, 74, 75), 

(Kay, 74), (Yan, 74), (Big, 74). 

Tests for parity violation of neutral currents in high energy 

.. physics have been limited so far to the measurement of the ratio, R .v 

of the neutral current cross-section, given.by Eq. (1), and the charged 

current cross-section, 

(2) 

By comparing R to the corresponding ratio R-, the Harvard-Penn.,. 
\) \) 

Wisconsin group (Ben, 76) l1as found that muon neutr·ino-nuc1eon neutral 

currents are consistent with a pure V-A interaction, but the resu]ts 
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are three standard deviations from that expected for purely vector or 

axial vector couplings. Further work is in progress at FNAL to improve 

the cross-section measurements, but there are some reservations about 

conclusions that are drawn from these exper,iments. The calculations 

require that the reactions of V (v) to nucleons differ only by their left 

(right) handed helicities. Also, Rv and Rv are assumed to have the same 

energy dependence, but there is only fragmentary evidence to support 

this claim. 

A. Neutral Currents in Atomic Physics 

In contrait to the reactions in Eq. (1) neutral current weak 

± ± 
interactions between the charged leptons ~ , e and hadrons have not 

been observed. A great deal of effort is now being spent on tests of 

these currents in atomic physics (Jar, 74), (Bro, 76), (Bou, 76). 

Although parity violation due to v7eak interactions was first suggested 

by Zel'dovich more than fifteen years ago (Zel, 59), and subsequently 

discussed by Drell and Sullivan (Dre, 65) and Curtis-Michel (Mic, 65), 

intense interest did not develop until a series of papers by M.A. and 

C.C. Bouchiat (Bou, 74a, 74b, 75a). Experimental efforts are now in 

progress in Oxford (Lov, 75), Seattle (Sor, 76), Berkeley (Chu, 76), 

and Ann Arbor (Lew, 75) as well as Paris (Bou; 75b, 76a, 76b). 

The basic idea behind neutral current phenomena in atoms is 

simple enough. Just as a lepton can interact with a nucleon in 

electromagnetic interactions via a photon, (Fig. la) it may also interact 

via the weak lll'IJtral current in lowt'St orckr (Fig. lb). Trispect:ion of 

the Feynman diagrams leads ~s to expect a potential of magnitude G6
3

(x)A, 
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\ .. where G is the weak coupling constant, and a is the nuclear mass number. 

Even without neutral currents, higher order diagrams permit a weak 
(/ 

Electromagnetic Interaction (Fig. la.) 

e,lJ (Z ,A) 

Propagator 
2 

_1__=> A (-~ 0) in 
2 11 r 

q 
coordinate space. 

e,lJ (Z ,A) q momentum transfer 

Neutral Current Interaction (Fig. lb.) 

(Z ,A) 

Propagator 

e,lJ (Z ,A) 

Charge Current Interaction (Fig. lc) 

e,lJ (Z ,A) 

w± 

\ ..... \) 

--u}±--

e,ll 
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charged coupling between leptons and the nucleus (Fig. lc.), but these 

effects are smaller by a factor of aG relative to the neutral current 

diagram, and are too small to be observable. 

The parity violating potential between the valence electron and 

the nucleus follows from a non-relativistic reduction of a relativistic 

current-current interaction. We use the simplest version of the su2xu
1 

gauge model (Heinberg-Salam model) in the limit where the mass of the 

intermediate vector boson Z is infinite. Then, the effective 
0 

Hamiltonian density JC(x) is given by 

JC(x) _.9__ J (x)Jll(x) 
li ll 

(3) 

and the current J (x) is split 
. ll 

into the relevant leptonic part J £(x) 
ll 

h 
and hadronic part J (x): 

ll 

J .Q, ( x) 1 [e (x)y ll e(x)(4sin2e -1) 
ll 2 (I) 

- ~ ( x)y y e ( x) + (e -+ ll, \) -+ 
ll a e 

J h(x) 5 2sin
2e J 3(x) + J 3 (x) 

ll ll, lJ,_ 

\))] (4) 

w 
J em(x) 

ll 
(5) 

Here, e(x), v (x), etc .•• represent the Dirac fields of the electron, 
e 

neutrino, etc •..• ; J em(x) is the electric current density for hadrons, . ll . 
5 

and Jll, 3 (x), Jl-1,
3 

(x) are the usual hadronic isospin (axial isospin) 

operators. The two-component reduction (see Appendix III of (Bou. 74b)) 

gives the resu:lt for the parity violating non-relativistic potential 

ve.N. 
p.V. 

G 

m 
e 

(6) 
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-[(4sin
2

G - l)Z + N] 
t.ll 

1 
m, 2 hQ, £ and x are the mass, spin,· momentum and position of the 

(7) 

electron, Z, (N) are the number of protons (neutrons) in the nucleus, 

and 8 , the so-called Weinberg angle, is a parameter in the gauge 
(1) 

theory we are using. 

. 2 
a value for sin e 

(JJ 

The \! -e scattering experiments (Rei, 76) give 
e 

. 29 ± .05. 

The general form of the Hamiltonian can be given a physical 

interpretation. First of all, the only pseudoscalar, time-reversal 

invariant quarit.,ity that can be constructed from the operators ~. £• and Q 

is £"£· 
3 . 

The o (,t) factor follows from the short range of the weak 

interaction, and Q exhibits the additive effect of the nucleons 
w 

coupling to the electron. Since the electron wave function at the 

nucleus scales -z, the momentum P of the electron scales -z, and 

the quantity Qw in Equation (7) scales -z, the parity violating 

potential has -z3 
dependence; thus, the parity-violating effects are 

enhanced in heavy atoms. 

There is also a parity violating electron-electron potential and 

a term for interactions involving nuclear spin, but these contributions 

are shown to be small (Bou, 74a). Finally, there is a parity conserving 

term 

Ve.N. 
p.C. 

(8) 

that will be responsible for very small energy shifts of the order of 

3 
G(mZa) Z. \Vhile it is in fact possible to measure energy splittings 
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to the desired·accuracy,(in hydrogen, the effect in the ground state 

hyperfine structure is predicted to be 10
4 

times larger than the 

experimental ~mcertainty (Jar, 74)) it would be impossible to disting~ish 

the weak interaction shifts from nuclear and quantum electrodynamic 

effects. 

The parity-violating potential given in Eqs. (6) and (7) might 

give rise to physically observable effects. The potential mixes states 

of opposite parity, and transitions forbidden by electromagnetic parity 
. 2 

selection rules are allowed to order G . Similar effects in nuclear 

transitions hav~ already been studied (Gar, 73), (Fis, 73), (Mck, 70). 

However, if transitions can proceed by both.the normal electromagnetic 

channels and by the parity mixing of the weak Hamiltonian, ·interference 

effects, linear in G, will appear. For example, matrix amplitudes that 

are normally only magnetic dipole will contain a small electric dipole 

admixture, and the interference of the two amplitudes will give 

circular polarization effects that are proportional to El V /Ml. 
p. • 

The present experiments in search of parity violation due to 

neutral currents are either optical rotation experiments or absorption 

experiments, but they all exploit the possibility of ·interference 

effects enhanced in heavy atoms. The optical rotation experiments look 

for a very small rotation in Bismuth vapor due to an interference 

between an allowed Ml transition and the parity violating El transition. 

Thj s 1 nterf(c•n•nc(• produces a J .ifferencl:' in the refractive index for 

right and left circularly polarized light and leads to a rotation of 

the plane of polarization of linearly polarized light. The rotation 

... 
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4TI(n-l)L 
A 

-iEl V p. . 
Ml 

(9) 

where n is the index of refraction, L is the path length, and A is the 

wavelenth of the transition. Ml is much larger than Elp,. V. and is 

a real quantity, while El V is imaginary given a conventional choice p. • 

of phase. The quantity ¢ should follovJ a dispersion curve about the 

absorption line, and has been calculated by Khriplovich (Khr, 74), and 

Henley and Wilets (Hen, 76) to be a few times 10-7 radians per absorption 

length based on the s'imple Weinberg model. Both Fortson (For, 76) 

-7 and Sandars (San, 76) have already reported.upper limits of 10 rad./abs. 

len'gth. However, due to the extremely small rotation, the experiment 

is very delicate and subject to serious systematic effects. 

The alternative class of experiments uses highly forbidden Ml 

transitions to further enhance the parity violating effects, which 

scale as El/Ml. In these experiments, a difference in the absorption 

-4 between left and right circularly polarized light is expected to be 10 

-3 to a few times 10 of the total absorption, and has been calculated 

by M.A. and C.C. Bouchiat (Bou; 74b, 7Sa) and Khriplovich (Khr, 76) 

in the case of cesium, and by Neuffer (Neu, 76) for thallium. Although 

the parity violating effects are relatively large, the small Ml ampli-

tudes present many experimental problems, and it is a formidable task 

just to ohser~e these transitions. This thesis represents the first 

step in our group's effort to detect parity violation in atoms due to 

neutral currents. 
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For the sake of completeness, brief mention should be made of 

other tests for parity violating transitions. Muonic atoms are being 

considered since the muon wave function at the nucleus is approximately 

two orders of magnitude larger than the corresponding electron wave 

function. A number of calculations have been made (Fei, 74), (Mos, 74), 

(Ber, 74) and circular polarizations as large as 10% are estimated for 

muoriic Li and Be. Heavy helium-like ioris are also being examined 

theoretically (Gor; 74, 75) and may soon be in the realm of experi~ental 

possibility. Finally, scattering experiments with polarized electrons 

are now in the planning stages (Hug, 76), (Ott, 76) and could yield 

results in the next few years. 

B. Status of Parity Violation in Atomic Transitions 

Measurements of static electric dipole moments in elementary 

particles, atoms, and molecules have already placed stringent limits 

on any interaction that violates both parity and time reflection. For 

more details, we refer the reader to reviews given by Sandars (San, 75) 

and Commins (Com, 71). Following the reasoning of Yang and Lee in 

their paper suggesting the possibility of parity violation in B - decay 

(Lee, 56), we can estimate the magnitude of the dipole moment d as 

d - eF x (dimension Gf system) (10) 

where F is the degree of mixing of states of opposite parity. The 

experiments on heavy atoms by Sandars, ~ al. ·(Car, 68), (Pla, 70), 

-24 
(Har, 69), (Gou, 70) have placed a lower limit of EDM 1 ~ 10 e-cm, e ectron 

-15 which gives a value for F ~ 10 . Ram·sey (Ram. 76) has recently 

.. 
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reported a comparable upper limit on the electric dipole moment of the 

neutron. Although the Weinberg model of neutral currents are P and C 

instead of P ~nd T violating,the extremely small upper limits on the 

electric dipole moments c~n be reinterprctc(l to yield information on 

the nature of the weak interaction coupling. We describe the parity 

violating neutral current intera~tions between electrons and nucleons 

as 

x = ~ iCKG(~nrKwn)(~erKYsWe) 
K=V,A,S, 

(12) 

P,T 

where K spans the usual set of vector, axial vector, scalar, pseudo-

scalaF and tensor combination of Dirac matrices. The first two terms 

are the familiar V ,A interactions, (cf Eq. 4) '"hile the final three 

terms violate both parity and time reversal invariance. C. Bouchiat, 

(Briu, 75c) and Hirids, Loving, and Sandars (Hin, 76) have concluded 

that the dipole moment measurements require the coupling constants 

for any scalar-pseudoscalar or tensor-pseudotensor interaction between 

electrons and nucleons to be at least three orders of magnitude less 

than the Fermi constant. 

The limits on parity violating interactions that may be time-

reversal invariant are not as stringent. Previous work on forbidden 

transitions in 02 , 30 
Pb, 31 and Tm

32 
has been reviewed by the Bouchiats 

(Bou, 74h). In fact, the current work being done in Paris, Oxford, 

Seattle, and Berkeley represents the best test of parity violation in 

atomic electromagnetic transitions by several orders of magnitude. 
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C. Outline of th~ Experimen~ 

We now outline the experiment to measure the forbidden Ml transi-

tion ;1mplitude in thallium. The lowest lying energy levels are indicnted 

schematically in Fig. 2. In going from the 62P 
112 

to 72P 
112 

states, 

the only possible single photon transition for an unperturbed atom is 

an Ml transition, but since the magnetic dipole operator is given by 

eh 
u = -2-- (L+2S), the orthogonality of the non-relativistic radial wave ""' me ~ ............ 

functions gives a zero Ml matrix element. Only by including relativistic 

effects and hyperfine mixing, or co~figuration mixing does the Ml rate 

become non-zerp_ 

A tunable laser is used to excite the Tl atoms to 2 the 7 P
112 

state via 292.7 nm light. The atoms then cascade first to the 7
2s

112 

state, and then go to either the 6
2

P
312 

state or back to the ground 

state. Although the branching rates for the latter transitions are 

approximately equal, the 377.6 nm radiation to the ground state is 

resonantly trapped at our typical operating densities and converted 

into 535 nm light. 

A large non-resonant background prevents us from scanning the 

frequency of our laser around 293 nm to search for an increase in the 

amount of 535 nm light detected by the phototubes on resonance. Follow-

ing a suggestion by Bouchiat and Bouchiat (Bou, 75a), we measure the 

M.l amplitude through its interference with an El rate induced by a 

static electric field that mixes the P-states \llith neighboring s
112 

and n
312 

states. The interference between the Ml and El amplitudes 

2 results in an atomic polarization of the 7 P
112 

state along a direction 
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292.7nm 

377.6nm 

XBL 768-10237 

Fig. 2. Energy level scheme for the lowest lying states of 

thallium. 
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perpendicular to both the static field and the direction of propagation 

of the incident light. The atomic polarization is measured by the 

subsequent emission of circularly polarized light. (see Fig. 3). If 

the atomic polarization is oriented along the positive z-axis, the 

radiation emitted in that direction will be predominately left

circularly-polarized, while radiation emitted along the negative z-axis 

will be right circularly polarized. When the electric field changes 

sign, the atomic polarization also reverses and the interference is 

seen as a difference in the counting rates for positive and negative 

electric fields. Two detectors are used to provide an added degree of 

symmetry: since both phototubes can detect ·only left-circularly

polarized light, when one tube counts higher for an equivalent amount 

of unpolarized photons the other counts lower and the polarization can 

also be seen as a difference in the absolute counting rates of both 

detectors. This technique of taking "differences of differences" has 

proved to be very powerful and makes it possible to avoid a great deal 

of instumental asymmetry. For example, the effects of fluctuations 

in the thallium density or in the incident power of laser light are 

cancelled. 
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" ~,y 

XBL 768-10240 

Fig. 3. TI1e incident light has linear polarization kl or £2 , 

and wave vector ~· The electric field is along the y-axis 

and the final-state polarization is directed along the 

2-axis. Both detectors have left-circular ~olarizers 

in front of the photomultiplier tubes. 
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II. THEORY 

A. Outline of the Ml Calculation 

The single photon magnetic dipole transition (Ml) follows the 

selection rules f::.J = 0, ±1., no parity change. However, the usual 

form of the magnetic dipole operator 

eh 
2mc <-& + Q) (1) 

vanishes when :taken between two states of different principle quantum 

numbers, in the non-relativistic approximation, and a more detailed 

calculation is necessary. Measurements of forbidden magnetic dipole 
I 

transitions in normal atoms are limited to the 23s - 1
1s 1 0 transition 

2 
in helium by Woodworth and Noos (Moos; 73) and the 6 s

112 
2 

- 7 ~1/2 

transition in cesium by Bouchiat and Pottier (Bou, 76a). Beam-foil 

techniques, first used by Schmieder and Marrus (Sch, 70), have extenrled 

the measure~ents of ·"forbidden" magnetic dipole transition rates in 

hydrogen and helium-like heavy ions to a range of more than 12 orders 

of magnitude (Sel, 76). 

1. Relativistic Corrections 

There are many calculations of hydrogen and helium-like forbidden 

Ml decays (Fei, 71), (Bei, 71), (Dra, 71, 72), (Fen, 72), (Joh, 74), 

2 2 
(Sch, 70); and recently, estimates have been made for the 6 s

112
- 7 s

112 

transition in cesium by Bouchiat and Bouchiat (Bou, 75b, 76a) and 

Khriplovich (Khr, 76). A more detailed calculation using Dirac wave 
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1'. 
0 

functions for thallium and cesium generated numerically from a modified 

Tietz potential has been carried out by Neuffer (Neu, 76). The 

calculation is done using the fully relativistic notation of Berestetskii, 

Lifshitz, and Pitaevskii (Ber, 71) and it would be' inappropriate to 

outline the calculation in this work. Instead, a more intuitive 

approach ~n calculating the forbidden Ml matrix element will be taken, 

in which first order relativistic corrections to the Pauli approximation 

are used. This treatment is taken from the work of Schwartz. (Sch, 70) 

The general procedure begins with the Dirac equation for an 

electron in an electromagnetic field, (h=c=l) 

JC = £" (I~.-e~) + Sm + e¢ (2) 

and application of the Foldy-Wouthoysen transformation is used to 

decouple the Dirac equation into two-component equations; one reducing 

to the Schrodinger-Pauli description in the non-relativistic limit, 

and the other describing the negative energy states. The transformation 

yields the hamiltonian 

JC = m + JC
0 

+ JC' 

g-e6 2 
( 2m ) 

J(' 

~ a•B + e¢ 
2m - -

e ---
2 

Rm 

ie - a• (V'xE) 
8m2 - -.-

Except for the additional terms in ~. ~ in Jf', the Hamiltonian 

(3) 

is identical to the standard textbook formula. (Bj o, 64) Indeed, the 
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terms involving the relativistic mass increase, the electrostatic and 

magnetic dipole energies, the spin-orbit interaction and the Darwin 

terms can all be easily ide~tified. Keeping terms linear in A and ~, 

we get 

JC = Tl + T2 , 

2 . e e1w 
- -. -2 Q" (:£¢)x~ + -2 (2·~) 

4m 8m 

(4) 

where 

• 
A iwA (5) 

~ 

Now, set A= £e-i~·x with f·t = 0 and perform the standard multipole 

expansion in order to pick out the magnetic dipole part, 

~(Ml) (6) 

We then get 

J( = - i ( ~}9 "l: ' 

where the magnetic dipole moment operator is 

(7) 
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w 
The term -

4 
a can be dropped since it is only a multiple of the 

m~ 

non-relativistic term, and will giv
1
e no contributions when sandwiched 

between "non-relativistic" wave functions. (Note that there are two 

kinds of corr('ctions to the Ml m<1trix element in the Paull approxim<1tion: 

One is the relativistic correction to the magnetic dipole operator 

extracted via the Foldy-Wouthuysen transformation, and is of order z2ci. 
The other is the correction to the wavefunctions due to relativistic 

terms in the atomic Hamiltonian and is of order z4
a 4 .) The terms from 

the finite wavelength (k2r 2) of the photon (the so-called ''retardation 

effects" due to the phase difference between the waves emitted at 

different points of the atomic volume) have ·been kept only in the T
1 

part. The remaining term with w can be reduced by the following 

commutator tTick: (Sch, 70) 

w = E - E 
i f 

Finally, we get 

From the form of g in the last equation, we can see how relativistic 

corrections have introduced operator terms that affect the radial 

( 8) 

(9) 
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portion of the Ml matrix element. Drake (Dra, 71) has shown that a 

relativistic treatment using the formalism found in Berestetskii, ~ al. 

(Ber, 71) (and similar to the pioneering work of Breit and Teller, 

(Brc, 40) who unfortunately neglected to include the retardation terms) 

yields the same numerical result as the Pauli approximation for 

hydrogenic wave functions. 

The angular integrals can be written as averages over the spatial 

variables p and r. Typical terms reduce as follows 

where 

Thus, 

1 f drl ( fl:e,x(Qxr) li> 47T p 

417T f dSG < fl (£"2)£- (Q .. £)£1 i) p 

< f I~ 2 
p Q - P

2
Qii> 

--4
1 f drl (n·o)p. = ·~3 J.p

2 
7T pA;..~ J. 

2 
.E_~ 
2m ~ 

2 
+ Q(l - l k2r 2 - 1£_ + ~ (~·Y¢)) ]. 

6 3m 3m ·- -

\.Jhen ,& = 0, Eq. ( 11) reduces to the formula u~ed by Bouchiat and 

(10) 

(11) 

2 2 . 
Bouchiat (Bou, 75b) to estimate the 6 s

112 
- 7 s112 Ml matrix element 

of cesium. The matrix elements ( 72P
112 

F,mpll:!.I6
2

P112F,m
0

) of thallium 

are calculated by writing the initial and final state as the product 

of a radial wave function and angular momentum part constructed from 

·. 
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wavefunctions of nuclear spin, electron spin, and orbital angular 

momentum, using the usual vector addition of angular momenta. The parts 

of the matrix elements involving l and Q are easily evaluated, and we 

are left with radial integrals of the form 

* f 2 
7 pl/2 

2 
p f 2 

6 pl/2 

2 
f dr, etc. 

The radial wavefunctions are generated by Neuffer (Neu, 76) by 

(12) 

assuming one electron orbits in a spherically symmetric Tietz potential. 

The parameters of the potential are adjusted to produce wavefunctions 

that are consistent with the known energy level structure of thallium. 

As a check, the wave functions are then used to calculate oscillator 

strengths, fine structure and hyperfine structure splittings and 

compared with experimental values. From these checks, we believe the 

radial integrals are accurate to at least 10%. 

Once we have the wavefunc.tions of thallium, a numerical integration 

can be performed to evaluate Eq. (12) 'and the complete matrix elements. 

~ 2 2 
Neuffer finds that the relativistic contribution to the 6 P

112 
- 7 P112 

Hl matrix element of thallium is 

2. Hyperfine Mixing 

( ~} = -1.81XlQ-S ~ 
2mc 

There are other effects that could possibly effect the Ml rate, 

notably hyperfine mixing and configuration mixing. In the case of 

hyperfine mixing, the perturbing Hamiltonian is given by 

J~ = const. x l·I 

(13) 

(14) 
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where 1 is the spin of the nucleus and ..L is the total angular momentum 

of the electrons. The perturbed wavefunctions can be written approx-

timately as 

and 

(15) 

The magnetic dipole transition amplitude can then be written as 

(16) 

The first term in Eq. (16) is our original Ml matrix element, 

while the second term consists of a product of a g-factor for either 

2 2 
the 6 P

112 
or 7 P

112 
state and the off-diagonal terms of the hyperfine 

splitting matrix elements. FromE = l + .J_, we can write 

1·..r ; [F(F+l) - I(I+l) - J(J+l)] 

) 
(17) 

= ~ [F(F+l) - 3/2] 



0 0 . ' -t 9 

-21-

Also, in the non-relativistic approximation 

(18) 

so the second term of Eq. (16) can be written as 

g { <7F' ,m...' lconst.Xl ·II6F'mF')- ( 7F,mF• lconst. x I'JI6F,mF)}. (19) 
E7P-E6P r 

From the operator 1,·,! given in Eq. (17), we immediate+y can write the 

selection rules for the non-zero hyperfine mixing contribution as ~F+D 

Finally, it can be shown that 

< 7P IJf' I6P > ~ I< 7P pc• I7P > < 6P !Jc• I6P > , 

so that the scale of the hyperfine correction is of the order 

hyperfine splitting 
E7P - E6P ~B 

-6 -5 
(10 -10 )~B 

A detailed calculation by Neuffer shows that the hyperfine cor-

re.ction gives a 16% change for ~F=l transitions in thallium and no 

change for ~F=O transitions (Neu, 76) 

( ~ ) hyperfine = 

-2.5Xl0-
6 I~BI 

-6 
+2. SxlO ' I ~B I 

for F = 0 -+ 1 

for F 1 -+ 0 

2. Configuration Mixing 

The perturbation of electrostatic interactions 
2 

e I 
i=Fj r ij 

were 

first considered in relation to atomic g-factors. The experiments 

(20) 

(21) 
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measuring nuclear magnetic moments done by Millman and Kusch (Mil,41) 

hnd assumed that the gound state alkali atoms had a gJ = 2 to the 

precision of their experiments, wltich was better than one part in 3000. 

(The value of the gyromagnetic ratio follows directly from a single 

s-electron moving in a central field of the nucleus and core electrons 

and the non-QED g-factor of the electron). At that time, Margenau 

(Mar, 40) showed that relativistic corrections could only cause 

~ 
g 

gatom - gelectron ~ 
10

-S 

gatom 
(22) 

in cesium. Ph~2lips (Phi, 41) examined the electrostatic interaction 
2 

that would give configurations with excited core states, but since 
e 

r .. 
1] 

mixes only those states having the same orbital angular momentum and 

spin, the higher configurations could only be states differing in 

principle quantum number. Hence, the usual orthogonality of these 

states would demand that the g~factor would not be affected. After 

the anomalous magnetic magnetic moment of the electron was recognized 

(Kus, 47, 48a, 48b), (Sch, 48), Phillips reexamined perturbations of 

atomic g-values due to conf·iguration mixing by extending the perturbation 

calculation to sufficiently high orders until ~ * 0 (Phi, 52). 
g . 

In 

her second attempt, Phillips found that the combined perturbation of 

H' 

and 

H' 

2 
e 

r .. 
lJ 

(20) 
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to fourth order was necessary. The calculation has been performed in 

detail by Neuffer (Neu, 76) and only the barest outline will be presented 

here. 

The unperturbed ground state of thallium hns the configuration 

(21) 

1 
where the two 6s electrons may be thought to form a s

0 
state, which 

2 
then combines with the 6p state to form the P

112 
state. The interaction 

2 
e /r .. gives non-zero matrix elements of the form 

1] 

2 2 
( 6s 6p l-e-l6sns6p ) , 

r .. 
lJ 

2 2 
( 6s 6p l-e-l6sns7p ) , 

r .. 
lJ 

2 
( Sd

10
6s26p l-e-lsd

9
6s

2
6pnd ) , etc. 

r .. 
lJ 

(22) 

Let us consider only configurations that involve higher s-states. For 

example, 

where 

and a is the usual first order perturbation coefficient. Recall that 

e
2
/rij commutes with both I and~ so the total state must still be 

2
P112 , 

and <~f~~~~i> will still be zero. We can now include the L·S 

4 
perturbation which allows a spin change, and hence a total state r 112 . 

Phillips shows that only second-order wave functions are needed for 

the fourth order calculation. As far as the magnetic dipole transition 
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is concerned, the general expression 

I~> 
llfi .> <- 1)J • 1-e-1111

0 
> 

1 1 r .. 
11/J )) + ): . --------'-1~-~:.1__- + J. 

( ., '() - 'i .. 
I ,_) 

(24) 

reduces to wavefunctions of the form 

I 2 2 + a
3 

6s 7p P
112

> , 

Orthogonality of the wave functions 16P) and llp) gives the relation 

Hence, 

(25) 

The single particle states are calculate~ separately by assuming 

that each electron orbits in a central potentiai. A several-electron 

wavefunction is then formed by combining the single electron functions 

in the proper antisymmetric state, and the a and b coefficients are then 

calculated by evaluating the integrals (Eq. 17) numerically. Neuffer 
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finds thnt the configurnton mixing is responsible for a 5% change in the 

Hl matrix e] omt~nt. 

The configuration mixing calculation is uncertain. First of all, 

it is not a bona-fide many-particle calculation as in the Hartree-Fock 

type calculations, and while the central potential approximation is 

perfectly adequate for a single electron outside a closed shell, as 

in the case of the 6s electron in cesium or the 6p electron in thallium, 

it may not be as justifiable for the inner electrons. (One of the 6s 

electrons in thallium would hardly be expected to see a central potential 

due to the other 6s electron and the 6p electron.) Furthermore,· the 

configurations involving excited d-states may play a significant role 

in the mixing and cannot be neglected ~ priori. In fact, Phillips 

(Phi, 52) surmised that the d-state contribution would be larger than 

that of the s-states, but their inclusion make the calculation extremely 

difficult. A summary of Neuffer' s Hl calculations ts given in Table I. 

B. Interference Between the Magnetic Dipole Amplitude and the Electric 
Dipole Amplitude Induced by a Static Electric Field 

As we have stated in the introduction, a large, non-resonant back-

ground (see section V for more details) prevents us from observing the 

Ml rate directly. Following a suggestion by Bouchiat and Bouchiat 

(Rou, 75a) we measure the Ml rate through its i~terference with an El 

rate induced by a static electric field, a technique also used by 

2 2 
Bouchiat and Pottier (Bou, 75b, 76a) to measure the 6 s

112 
- 7 s

112 

transition is cesium. The calculation of the signal we expect from the 

Ml-El interference will be outlined here, using straightforward but 
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Tahle I. 
2 

Contribution to 6 P
112 

2 7 P
112 

Ml.matrix element of Thallium. 

Relativistic contribution 

Hyperfine mixing contribution 

( Ml ) -.25xl0-S ~~BI for F 

+.25Xl0-S ~~BI for F 

0 -+ 1 

1 -+ 0 

0 for F 0 -+ 0 or 1 -+ 1 

Configuration .m.fxing contribution 

2 2 
The parity violating El matrix element for the 6 P

112 
- 7 P

112 

transition is also calculated by Neuffer: 

Using 

and 

!Asymmetry I 21 Elp. v. I 
IMll 

. 28 s1n = .29 w 

-5 
2.1 10 Ow 

~[(4sin2 e - l)Z + N] 
w 

136 

-3 2.9x10 • 
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unsophisticated te~hniques. For, more elegant treatments in a general 

tensor notation, the reader is referred to the publications by 

Bouchiat and Bouchiat (Bou, 75b) and Neuffer (Neu, 76). 

The Hand ltonian describing an Ml and El transition is given by 

JC' d·E + ]J"B 
(1) 

Using the coordinate system shown in Fig. 3, photons directed along the 

x-axis will have some polarization 1: at an angle e with respect to the 

y-axis, 

y case + z sin8 . 

Since 

X X ~(~, t) , 

the Hamiltonian can be written as 

JC' e£"f + :g•(x'X _0 

e(ycose + zsin8) + ~ . z 

The magnetic dipole operator can be formally written as 

We will use the spherical operators 

=-(~"!_y)_ 

12 

llo 

d 

~ 
2mc 

-~~--::.ci y )_ 

12-

(2) 

(3) 

(4) 
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Thus, 

i 
JC' e[J-i (d+ + d_)cos8 + zsin8] 

+ ll f (L +2S ) easEl + -
2
i (L++S+) sin8 - 1

2
. (L +2S ) sin8) 

0 7. z 
(5) 

Because of the· perturbation of the sta-tic E-field in the y-direction, 

the initial and final states are 

where 

E - E 
6P

112 
n 

lnF'm'>< nF'm' leEyi6P
112

F0m
0
> 

66 

lnF'm'){ nF'm' leEyi7P Fm ) 
1/2 F 

E 
7Pl/2 

E 
n 

and the sum is over all S and n
312 

states. 

Our task is to evaluate the matrix elements 

(6) 

The nuclear spin I of thallium is 1/2 and the two states of interest 

have an electronic angular momentum J = 1/2. The total state IF,~) is 

constructed out of the wave functions in l.· ~' and l using the usual 

rules of vector addition of angular momentum. The Hl part of 
F,~ 

is a 
Fo,mo 

easily calculated and given in Table II. 



• 

Table II. Hl matrix elements IF, ~) 

Final 7Plf2 
States 

Initial~ 1 o ,o > ll' 1 ) ll '0 ) 
State 6Pl/Z 

1 o ,o > 0 i . e -ll - s1.n 
eff /2. lleff case 

ll '1 ) i . e 
lleff case 

i . e l1 ff - sl.n -ll - s1.n 
e !i eff 12 

ll ,0 ) lleff case 
i . e 0 l1 ff - s1.n 

e /2 

ll,-1} l1 ff .i. case 0 . i . e 
l1 ff - s1.n 

e 12 e 12 
fl' 

't 

ll,-1 ) 

-ll ~ . 
eff !i sme 

0 

.J:._ sine 
-lleff 12 

-lleff case 

I 
N 
\0 
I 

0 

c 
..,. 
~'=""~ 

0 ' 

.1':1.. 

0'· 

c 
·~~' 

f~ 

·(,.1 

CAi 
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A similar table is constructed for the static field El amplitudes. 

Although such a table would be too lengthy to inc.lude here, a few 

comments are j_n order. First; simplifications result from the fact 

that d+ and d_ are proportional to the spherical harmonics Y11 and Y1_1 

and behave like raising and lowering operators for 1 and hence I· The 
F,mF 

operators in a 
Fo,mo 

appear as combinations of d+, d- which connect 
- + 

states of ~mF = 0, and as combinations of d±~ z which combine states 

of ~mF = ±1. (The static field El amplitude may be thought as a two-

photon transition, where one of the photons has a very long '"ave length. 

However, the analogy is not strictly true since ~~ = ±2 transitions 

do not appear. The possible transitions are fl,-1}-+ 11,1} and 

ll,+l) -+ ll,-1}, but the nuclear spins for the ll,l} and ll,-1} states 

are orthogonal.) Second, the angular integrals reduce to an integral 

of a product of three Yn 's, and these integrals have been tabulated 
. x, ,m 

in standard books on angular momentum. (Ros, 57) 

where 

The general form of the Ml-El matrix elements are of the form 

(Ml PART) + canst. x [ I R
7 

R 
6 

x (energy denominator)] 
ns pns ns p 

x I <F,~Io!F'm' ><F'm'lo!F0m0 > 
F' ,m' 

(7) 

+ a similar term for the D-states, 

J 
;, 2 

I{ = r rf r dr and 0 :is the operator d·~- or z. 
7PnS 7p ns 

( 8) 

• 
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We define 

D6 I R7PnD RnD6P 
1 

E - E nD 6p n 

07 I R7PnD RnD6P 
l 

E - E 
nD 7P n 

s6 I R7PnS RnS6P 
1 

E6P - E 
nS n 

s7 R RnS6P 
1 

nS 7PnS E7P - E 
n 

(9) 

and the coeffic;ients 

2 
a(8=0) = e E (S + s 7 + zn6 + 2D

7
) 

9 6 

S(8=n/2) e
2
E 

(S6 - S + D - D6) 9 7 7 
(10) 

We summarize the possible Ml-El transitions for laser polarizations 

both parallel and perpendicular to the electric field in Table III, and 

indicate the selection rules in Figs. 4 and 5. The quantities a and B 

are calculated from the radials integrals supplied by Neuffer and the 

coefficients s 6 ,
7 

and n
6

, 7 are evaluated by both an explicit sum over 

the nearest neighboring S and D states and by a Green's function 

technique that includes all discrete and continuous S and D states. 

(Neu, 76) The energy denominators are taken from the values of energy 

levels of thallium listed in the NBS table compiled by C. Moore. (Mar, 52) 

The results are (in atomic units) 
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0 +I 

a fL 
a fL 

F= I 
' + 

2.13 GHz 
-*-
F=O 

F= I 
T 

21.2 GHz 

_1_· 
F=O 

XBL 768-10235 

Fig. 4. l1atrix elements for laser polarization E parallel to~-
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0 +I 

• 

- .1!.. ({3-u) 12 r-

XBL 768-10234 

Fie. 5. l~trix elements for laser polarization f perpendicular to!· 
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·Table III. 

., 

Incident Transition Theoretical Calculated 
Light 2 2 Intensity Relative Intensity 6 pl/2 -+ 7 pl/2 Polarization Assuming E Large 

F -+ F a/f3theor = . 80 
0 

f II E 1 1 3 2 1 2 
3 -+ -a +-]1 

~0 4 4 

0 -+ 0 a
2

/4 1 

0 -+ 1 il4 0 

1 -+ 0 i/4
2 

0 

f 1 ko 1 -+ 1 1 f32 1 2 l +-]1 
2 ·2 

1. 92 

~ 1 0 1 f32 1 2 
-+ +-]1 

4 4 

0 -+ 0 0 0 

1 0 1 f32 1 2 
.64 -+ +-]1 

4 4 

·• 



Incident 
Light 

Polarization 

E II ~0 

A 1 J<' E k
0 

·-

Transition 
2 2 

6 pl/2 -T 
7 pl/2 

F -T F' 

1 -+ 1 

0 -+ 0 

1 -+ 1 

1 -T 0 

0 -T 1 

Table IV. 

2 
The or. 7 P 

112 
Polarization 

4rr•a 
2 2 

3a +2m 

0 

-mS ) 
S2+m2 ( 

0 

-2m'S 

i32+m2 

\ 

m' = 1.15 m due to 
ufs correction. 

. 

2 
Theor. 7 P1 ; 2 

Polarization for 
large E0 , assuming 

S/a = .84 
e::-.-o. 

p = 
-~-~~ 

4 m 
3 a 

0 

Only partially resolved 

pl ..,.2m' ::: -2.07 P
11 s 

0 

c( 

--""'w~ 
,-., 
"'-/." 

.l:: .. 

·(J'>. 

c 
c.~ 

r-..;; 
I 

w (.;-' V1 "' I 

lrl 
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2 
e E 2 

e E 
0 (3469.2), 13 

0 
(2777.7) Ct 

9 9 .. 
a/B = .80 (11) 

2 
The atomic polarization of the final state 7 r

112
, i~ defined to be 

p (12) 

where J(' is th~ Ml-El Hamiltonian given in Eq. (1) and the wave functions 

I 2 . 6 pl/2' Forno>, I72
Pl/2 F,~) are given in Eq. (6) . We average over the 

mo sublevels of the unpolarized 6
2r

112 
state. The relative populations 

of the mF levels can be taken directly from Figs. 4 and 5, and the 

results are given in Table IV. The calculations predict that the 

F = 0+1, El E atomic polarization should be slightly more than twice as 

large as the F = 1+1, Ell.!2_ polarization and of the opposite sign. Also, 

the F = 0+0 transition clearly cannot yield any final state polarization 

since there is only one mF valve. 
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III. EXPERIMENTAL METHOD 

The expe~imental apparatus is shown schematically in Fig. 6, and 

photograph of the apparatus is given in Fig. 7. A flashlamp pumped dye 

laser (1) running at 10-15 pulses per second with energies of 5-10 

millijoules per pulse in .5 11sec, and in a bandwidth of a ~ 2 GHz is 

focused into a 2-cm long ADA doubling crystal (2). The visible light 

is blocked by a Corning 7-54 absorbing filter (3) that transmits 

apptoximatel~ 80% of the 292.7 nm, light. The laser light then passes 

into a quartz .:S~prasil cell (9) containing the thallium. The electric 

fie] d is produced by a pair of tantalum electrodes (7) 34 mm long 

by 12 mm wide <md separated by a distance of 6 mm, placed inside the 

·cell and connected to the outside world via tungsten feedthroughs·. A 

stainless steel oven (8) surrounds the cell and is kept at approximately 

950°K, corresponding to thallium densities of a few ti~es 10
14 

atoms/cm
3

. 

A stressed quartz half wave plate (5) is used to rotate the plane of 

polarization of the laser light with respect to the electric field 

plates. The fluorescent radiation is collected by an f-1 lens, 

directed through a 5350 A interference filter,~ 2nm fwhm (10), a Polaroid 

· HNCP37 left circular polarizer (11) and finally into an RCA 8850 

phototube. A Chronectics 169 fast linear gate {13) triggered by a 

photodiode and discriminator (4) is used to reject any signal not 

coincident with the laser pulse. The signal is then integrated, 

amplified, digitized and stored in scalars. After every thousand 

pulses, in which data are taken alternately with positive and negative 
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13 
12 

y . I 

z 

XBL 767-8826 

Fig. 6. Schematic diagram of the experimental apparatus. 



Fig. 7. Overall view of apparatus showing from left to right laser trigger rack, 
doubling crystal, thallium cell-oven structure, and counting electronics. 
aluminum channel that runs above the apparatus is a grounding bus-bar. 
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electric fields, the contents of the scalars are punched out onto paper 

tape, and the process is repeated. After approximately 30-40 groups 

of 1000 laser pulses, the data on paper tape are converted onto computer 

cards and analyzed with the help of a small off-line computer. 

A. Description of the Laser 

The light source chosen to excite the 6
2

P112 + 7
2

P
112 

transition 

in thallium is a flashlamp-pumped dye laser. The choice of the laser 

was dictated by the need of high average power, (much higher than 

nitrogen laser pumped dye lasers) but with a low duty cycle so that 

blackbody radi~t:ion into the detectors is not a problem. Also, since 

the ultraviolet light is generated by a non-linear doubling technique, 

high intensities of at least a f~w kilowatts are required. The basic 

principles of dye lasers are contained in many reviews, (Sna, 69), 

(Sor, 69), (Sch, 73) so only a description of the laser used will be 

presented here. 

1. The Laser Head and Dye System 

A diagram of the laser head and dye flow system is shown in Fig. 8. 

The laser head purchased from Carl Zeiss, Inc., (Model FL3B) is a 

polished aluminum double elliptical cavity 10 em long flooded with 

distilled water, with each ellipse having a major axis of - 24 mm and 

a minor axis of - 21 mm. The end windows are quartz flats set at 

Bn•wstc~r's ;m)',IC' ;mel tlw qt1:1rtz dyC' ('IIV(•ttl' h:1s <I 3.4 mm inn,~r 

diameter x 10 mm outer di<1meter with its inner surface matted to prevent 

"whispering" modes from 1;-~sing. Rhodamine 6G from New England Nuclear 

-4 
is used in a l.SxJO molar so]n in 200 proof ethanol; the concentration 
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Distilled Water 

Fig. 8. Laser head and dye-flow system. 

Dye 

Reservoir 

XBL 768-10246 
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adjusted to maximize the power a t 590 nm. The dye is circulated from 

a 5 gal. rese~voir through a 5 micron Millipore t eflon filter used to 

remove scatterin g centers which would decrease the laser output, 

(Bun, 72) and lh e n into a heat exchanger where both the water flooding 

the ellip tical cavity _ and the dye solution are brought to identical 

temperatures. If a heat exchanger is not used, the thermal gradients 

result in a distorted optical path in the dy e cell, due to changes in the 

index of refrac tion from local temperature fluctuations. After passing 

through the h ea t exchanger, the dye goes directly into the laser head 

and is finally. ~eturned to the reservoir. A Model 12-84-303 Micropump 

gear pump is capable of maintaining a dye-fiow of approximately three 

liters/min. 

The large reservoir of dye is necessary because of the deterioration 

of R6G from the intense ultraviolet radiation of the flashlamps. We 

have ge nerally been able to operate for 50,000 pulses with 10 joule s 

of elec trical e n e rgy per pulse. The problem is well known, (Ipp, 71), 

(Be e , 72) (Hil, 74) but is far from solved. Hidebrand (Hil, 74) has 

reported that oxygen is spent in the decay process, and by bubbling 

oxygen in the dye solution, the deterioration is slowed by a factor 

of 70. However, when tried on our system, no appreciable increase in 

the dye lifetime was seen. Filtering of the ultraviolet light below 

320 nm with the use of Pyrex dye cuvettes is helpful, but since much of 

the RoG absorption is below this wave length, the power out of th e 

laser is decreased. Rece ntly, dye curvettes made from rare-earth 

dop e d quartz ltnve been introduced hy Lambda-Physik and Chromatix, and 
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will he incorporated into our next generation laser. These doped quartz 

cells absorb the harmful UV radiation, but fluoresce strongly in the 

bl.ue region, und hence can extend the dye lifetime without appreciably 

decreasing th e output laser power. 

2. Electrical Discharge Circuit 

The flashlamps are Model L2339 lamps manufactured by ILC, and have 

a 3 mm bore, 2 mm thick wall, 4 inch arc length, and are filled with 

450 torr of Xe non. In our application, these lamps have shown life

times in excess of 4 and 5 million shots \vhen 10 joules are discharged 

into two paral,lel lamps in approximately 1 lJsec. The lamps age by 

showing a very gradual decrease in output light accompanied by the 

collection of quartz powder around the electrode region as the hot 

plasma ablates the walls of the lamp. 

The very long life of the flashlamps results from a rather 

elaborate discharge circuit that also increases the power output of the 

laser. Ever since the earliest work with dye lasers, submicrosecond 

flashlarnp pulses were considered desirable because of the eventual 

relaxation from the excited singlet states to triplet states and the 

subsequent quenching of the laser output (Sch, 73). Another reason 

for using short pulse, high current lamps is to produce more radiation 

in the visible and ultraviolet since it was f~und that higher current 

densities increase the temperature of the plasma discharge and the 

lamps become better radiators at these wavelengths (Hol, 70). 

The discharge circuit can be modeled as capacitor in series with 

an inductor n.nd a non-linear resistance due to the lamp (Gon, 65). 

(sec Fig. 9) 
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Fig. 9. t!odel of dischar~e circuit. 
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Fig. 10. Timing circuit for prepulse and main pulse flashlamp firin g . 
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The "resistance" parameter k0 scales with the geometry of the flashlarnp 

Q, . 1/2 
k d ohrn(arnp) (1) 

where Q, is the length of the lamp in ern, d is the bore diameter in ern, 

and k is a function of the pressure and type of gas used in the lamp. 

Typical valves of k are 1.1-1. 3. ~-lith careful design of the discharge 

geometry, the use of a new class of extended-foil, low inductance 

capacitors, and low inductance spark gaps, the bulk of the inductance 

and "resistance'' is found to lie in the flashlarnps. Furthermore, it 

has been long ichown that the discharge does not begin uniformly across 

the entire bore of the lamp, but a very thin streamer is first started 

and then grows to fill the lamp. (LeC, 56) During the initial growth 

of the streamer, the circuit independence is much larger than the full 

volume discharge as given by the empirical Eq. (1). 

By running the lamps in a sinunering mode, (Jet, 74) in which the 

lamps always have 40-50 rna of current flowing through them, a thin 

streamer is nlready established. The simmer current also apparently 

reduces the electrode sputtering on to the walls of the flashlarnp, 

hence, greatly increases their lifetime. Finally, the time and amplitude 

jitter of the discharge is greatly reduced. The speed of the discharge 

is further enhanced by incorporating a small prepulse several micro-

seconds before the main pulse (Orn, 74). The small discharge does not 

produce enough light to significantly alter alter the populations of 

the energy levels of the dye molecules, but the growth period for the 

plasma to fill the lamp is greatly reduced. The most effective delay 
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between the pre pulse and main pulse seems to be approximately 10 ~sec, 

but the output of the l ase r is insensitive over delay changes of a few 

microseconds. 

The timing circuit is shown in Fig. 10. The main controller also 

sequences the data handling electronics. The intermediate pulse 

generator acts as a buffer, and is needed to boost the logic pulse 

from the main controller in order to trigger both the prepulse trigger 

and the delay ga te. (Ortec 416A). Both the prepulse and main pulse 

trigger units are basically SCR's that discharge a .5 ~F capacitor 

charged to approximately 600 volts. Considerable diode protection is 

necessary since the reaction pulse generated when the laser fires 

could easily destroy the SCR or the transistor used to trigger the SCR. 

The flashlamp firing circuit is shown in Fig. 11. The main dis

charge circuit consists of a .2 ~F, 35 kV capacitor (Condenser Products, 

L - 10 nh) in series with a spark gap and two ILC flashlamps connected 

in parallel. The spark gap consists of two 1-1/2 inch diameter elkonite 

electrodes. (a 30% copper - 70% tungsten alloy obtainable from Mallory 

C<>rp.) with an adjustable gap, and triggered by a spark plug (see 

Fig. 12.) Dry nitrogen is cycled through the gap at pressures of 

roughly 3/4 atmosphere. The spark gap, built to replace a EGG 41-B, 

worked reliably for over 10
7 

shots without the need to clean the 

electrodes. TI1e spark gap is triggered by a 30 KV pulse from an EGG TR-60 

trigger transformer isolated from the discharge circuit by 30 kV, 

400 pF ''TV-doornob'' capacitors. A ballast resistor before the trigger 

pin allows the high triggering voltages to develop, hut prevents large 
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currents that would generate RF noise. The prepulse circuit is similar 

to the main discharge circuit, except that the energy discharged into 

the flashlarnps is 5 times less and the speed of the discharge is not a 

consideration. The trigger pins for both discharge circuits are iso

lated from each other by placing the pins on the side of the spark gap 

away from the lamps. This geometry prevents the prepulse from also 

triggering the main circuit. The capacitor is a slow .04~F, 30kV GE 

Pyranol capacitor. The simmer supply is an unregulated 2500V, 500 rna 

surplus supply, isolated from the discharge circuit by a 10~ resistor, 

20 Hy inductor, several rf chokes, and ten 996A diodes. The simmer 

current usually draws 80-100 rna at +1500V, and the actual voltage drop 

across the lamps is only a few hundred volts. The main high voltage 

power supply used to charge the capacitors is capable of +25kV at 200 rna 

but normal operating conditions call for ~lOkV at 40 rna, RMS. 

Characteris·tics of the sirnrner-p!epulse circuit are shown in 

Figs. 14a and 14b. Since the output power at 293 nm is produced by 

non-linear "doubling" of 585 nm radiation, the power of the second har

monic varies as the square of the intensity of the fundamental frequency. 

Hence, even modest increases in the laser output power will result in 

substantial increase in doubled power. 

RF noise is not a trivial problem: discharge currents of tens 

of thousands of amps in a microsecond or less are placed in the same 

room with sensitive counting electronic with 300 MHZ bandwidths. Our 

solution is shown in Fig. 11. The laser head and discharge circuit 
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XBL 768-10236 

Fig. 12. Schematic view of the sparkgap, showing the sparkplus 
trigger pin, the adjustable sap spacing and hose 
attachments for flowing N2 . 
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XBB 768-7332 

Fig. 13. The laser head and discharge circuit. The main capacitor 
and spark gap are to the right, while the prepulse capacitor 
and s park gap are to the left and rear. The trigger trans
formers for both circuits are stacked on top of each other 
and are to the left of the main spark gap. 
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Fig. 14. Flashlamp output with simmer but without prepulse is
shown in the trace on the left, and with simmer and 
prepulse in the right-hand traces for two delay times. 
The signal is form an RCA 931 photodiode and the sweep 
speed is 2 ~s/div. 

XBB 769-8096 

Fig. 14b. Laser output with simmer and both with and without 
prepulse. The larger pulse corresponds to 
approximately 7 mj. Sweep speed is 2 ~s/div. 
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is surrounded by an aluminum box and "Tee" RF filters are inserted 

between the discharge circuit and connections to the outside world. 

The timing el~ctronics that triggers the laser are placed in a rack 

separate from the counter electronics, and are also electro-optically 

isolated from the main controller. Ground connections connect to a 

common point at the rear of the aluminum box, and the ground is strapped 

firmly via an aluminum channel beam to the copper pipe gas system that 

runs through the building. Similar common grounding procedures are 

used for the power supplies of the counting electronics. Finally, the 

phototubes and their bases are electrically insulated from the table 

holding the oven and thallium cell in order·to reduce the antenna pick up. 

3. Optical Cavity 

The optical configuration of the laser is given in Fig. 15. The 

laser cavity is defined by a totally reflecting mirror (1) (R = 6m) 

and a 50% output coupler (R = 00 ) (2). Tuning is accomplished by three 

elements. An interference filter (4) (90% transmission, 3 nm fwhm from 

Carl Zeiss) n a rrows the broadband lasing to - .6 nm with a 30% reduction 

in power. A 0.2 mm thick quartz etalon (2) (80% reflecting, from 

Burleigh) further reduces the bandwidth to 5-6 GH with another 40% 

power reduction. A final low-finesse thick etalon (3) (1 em thick, 

20% reflectin g from Coherent Radiation) brings the linewidth down to 

1-2 GH, with an additional 40% decrease in power. With clean optics, 

new dye, and a freshly polish ed elliptical cavi t y the dye laser is 

capahle of producing more than 50 mj/pulse in a 6 Qlz band width at 

4 pulses/second. (Capacitor charged to 20 kV). However, for reliahle 
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7 
performance for greate r than 10 shots, the laser is run a t 8-10 kV at 

10-15 pulses per second, a nd produces 5-10 mj/pulse in a 2 GHz band-

width. 

L,. U-V Cenerntion 

After le aving the output coupler, the laser beam is focused into 

an ADA crystal (10) (6 mm x 6 mm x 2 em from Cleveland Crystal) and 

5-10% of the intensity at th e fundamental frequency is converte d into 

292 .7 nm light. The efficient doubling results from 90° phase matching 

accomplished by t emperature tuning the crystal. (Adh, 73). (For a 

basic introduction to non-linear doubling, see (Yar, 75)). An aluminum 

oven keeps th e crystal at a tempera ture of approximately 30°C, constant 

to better than .05°C per °C change in the ambient room temperature. 

The t emperature is sensed with a thermistor ( emb e dd ed in the oven) that 

forms one leg of a modified A.C. Wheatstone bridge (from Oven Industries). 

The output of the bridge is an error signal that is used to drive an 

immersion heate r that heats water which then flows through the aluminum 

block. Th e hydroscopic ADA crystal is protected from moisture by a pair 

of 0-ring-sea l e d brewster windows and dessicant placed in the oven 

cavity. A 30 em focal length lens (9) focuses the laser light into the 

crystal. The focal length is determined by the damage threshold of the 

2 
crystals, and although damage levels of up to.300 megawatts/em have 

been claimed for ADA, we have been unable to obtain crystals of such 

hi gh purity. TIH' Pntire oven ,1sse mbly is mount t> d to permit small 

adjustments along all six degr ees of freedom. 
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Th e 585 nm l ·i ght is blocke d by a Corning 7- 54 glass filter (11) 

thnt .:-tllows ~ 80% of the 293 nm li ght to pass through. A 25 em f.l. 

qunrt z lens (1 2 ) r eco llimates the beam and directs it into the oven 

chamber conLtining the tllalllum. The zlg-zag path of the light is 

purely a convenience t 1, a t permits the laser and doubling crys t al to 

sit on a sing le 3 ft x 6 ft table. 

The doubled light is polarized perpendicular to the undoubled 

light, and normally enters the thallium cell parallel to the static 

electric field. If we desire the polarization to be perpendicular 

to the electric field, a half-wave plate is inserted after the 25 em 

f.l. quartz lens. By rotating the fast-slow axis of the half-wave 

plate with respect to the l aser polarization, the plane of polarization 

of the 293 nm light can be rotated by an arbitrary a mount. The half

wave plate is made from a stressed fused quar tz disk, one inch diameter 

x 3/8 inch thjck. A UV glan-laser prism (Karl Lambrecht) placed before 

th e normali zing photodiode is used t o check the ef fective rotation of 

the polarization. When the stress axis of the qu a rtz disc is parallel 

to . the light ~olarization, there is no rotation and the analyzing glan

prism transmits maximally. Wh en the stress axis is rotated 45° away 

from the incident polarization, maximum extinction occurs. Typical 

extinction ratios a r e 100 t o 1. Since the stress on the quartz will 

relax a ft e r a long period of time, the extinction ratio js always 

meas ur e d just before an d immed:i.nte]y af t er a run . 
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B. Thallium Cell and Oven 

An elaborate quartz cell was constructed to obtain ultra-pure 

thallium in an effort to reduce the background. Although the complete 

system was not used in the eventual experiment, a brief description will 

be included since it will be pertinent to a discussion of the background. 

A quartz cell system is the natural choice since quartz is chemical-

ly relatively inert, transparent at 293 nm and 535 nm, workable using 

conventional g l ass -blowing techniques, and able to withstand the high 

temperatures nee ded to produce the necessary vapor pressure of thallium. 

After some preliminary work with sealed-off cells, it was realized that 

the quartz walls were overly permeable to air in the temperature range 

of 900° - 1000°K (Dus, 62) and we feared that the thallium might combine 

chemically with hydrogen, nitrogen, and oxygen. Consequently, the 

entire system was surrounded by a crude mechanical pump vacuum of 30 

microns. Also, a means of vacuum distilling thallium into the cell 

was devis ed , using a s e t of three electromagnetically operated quartz 

valves. 

Figure 17 shows a schematic view of the thallium cell and bake-out 

system, while Figs. 18 and 19 give views of the vacuum system and cell-

oven structure. The procedure for filling the cell goes as follows: 

An initial bake out hegins \vith all valves open and no thallium placed 

in the system. Region A. is brought to 600°C while regions B and C 

are kept at 750°-800°C for several hours. The rest of the vacuum 

system up to a Varian Bakeahle valve is kept at - 250°C, The system 

is allowc•d to cool down .1nd a fl'W milligrnms of 9().9999% pure thallium 
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XBB 768-7334 

Fig. 18. View of the north phototube, crude vacuum chamber, and 
vacuum pumping apparatus. The vac-ion pump is in the center 
of the photograph and the sorbtion pump is seen in the lower 
right hand corner. A cryolite trap is at the lower corner , 
and connects to a mechanical pump. 
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Fig. 19. View of the south-side of the apparatus with the phototube 
and vacuum chamber panels removed. Coils fo r lifting the 
quartz valves are shown above. Half of the radiation shield 
has been removed to show the main oven. The stem-radiation 
shiel d is visible below the main oven assemb l y . 
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XBB 768-7338 

Fig. 20. Detailed view of the thallium cell. Half of the main oven 
is removed to reveal the electrode structure in the cell 
and the feed-thru system used to produce the electric 
fields. The bottom portion of the quartz valves are also 
visible. 
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metal (Alfa Vcntron) is placed in a side arm. Valve 2 is then shut 

while valves 1 and 3 are left open and the oven regions are again 

brought to hi~h bake-out temperatures for a few more hours. Thallium 

is finally distilled into the stern in region C by closin g valves 1 and 

3 and opening valve 2. Regions A and B are kept hot while the stern 

is allowed to cool down. Four to eight hours are required to distill 

enough thallium into the stern in order to maintain densities of a few 

. 1 014 I t1rnes . . atoms cc. Periodically, valve 3 is opened to allow any 

"volatile" impurities to escape from the cell. After a few days of 

-10 
running, the cell becomes very clean and pressures below 10 torr at 

the pump are commonly obtained when th e system is allowed to cool. Even 

when the cell is run at 950°K, vacuums at the pump are generally 

-8 
around 10 torr. The pumping speed of our cell, calcula ted from 

standard formulas found in Dushrnan (Dus, 62), is about 1-2 liters/sec. 

The details of the quartz valves are shown in Figs. 19 and 20. 

The valve is basically a ground ball joint connected to a quartz rod 

and finally to a steel slug vacuum-sealed in a quartz vial. An 

e lee trornagnet, made from about 60 turns of no. 14 copper wire wound 

in 3 layers, is placed around the steel slug. Approximately 12-15 amps 

are required to lift the valve open. Normally used insulating materials 

are not capable of withstanding the 600°C used in the distilling 

procedure. The coils are kept from shorting by winding the copper 

around a teflon form, springing it slightly and applying several coats 

of dilu.te SeuPrc· ·isen ceramic cement (from the Sauereisen Cement Co.). 

After the cemPnt dires, another layer of wire is wound and painted 
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with the cement. 

Despite all our attempts to produce ultra-pure thallium, the 

background JH.·:~·dsted, and we now know that such elaborate procedures 

are unnecessary. The current procedure is simply to place the thallium 

dir~ctly in the stem, hake regions A and B f.or a few hours while leaving 

C and ~he rest of the plumbing cold. The cleanliness is not completely 

lost since the cell.can still he periodh:ally purged of any impurities 

liberated from the quartz walls or the thallium metal. A small amount 

of Getterloy (an effective hulk getter that is an alloy of titanium and 

zirconium) is also placed in a small pocket of the cell to help speed 

up the clea~ing procedure. 

The thallium cell, stem, and side-arm constructed from Suprasil 

quartz, (Amersil) a high purity quartz which is more inert chemically 

than commercial grade quartz. The remainder of the valve assembly 

is made of commercial grade quartz. The main oven, (Region B of Fig. 17) 

made from stainless steel is shown in Fig. 20. (~copper oven was 

originally used, hut the copper reacted with the quartz cell at high 

temperatures, and frosted the quartz.) Heater elements, made from 

No. 18 nichrome wire, are wound helically and the toroids are then 

arranged aro1.ind the oven to further cancel magnetic fields. The conical 

section between the cell and the quartz lens,-and the tube extending 

after ihe lens are used to reduce radiation losses from the center of 

the cell. Otherwise, these_ losses could cool the cell to the point 

where thallium would condense on the sides walls and block the 535 nm 

1 ight. A separate counten10und hPl:ical coil is used the heat the stem 
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that extends below the cell. Under operating conditions, the stem is 

kept approximately 50°C cooler than the main oven. A 3-Liyer, stainless 

steel heat shield surrounds both the stem and main oven. The shield 

provides a factor of 2 to 3 reductioh in the radiation 16sses. 

Typically, 75 volts D.C. at 11 amps are needed to heat the main oven 

All temperatures are monitored by chromel-alumel thermocouples 

using an ice bath reference and read by a digital voltmeter. Calibration 

curves are taken from the AIP Handbook (Aip, 63). The density of 

thallium is then estimated from the known vapor pressure of thallium 

(Nes, 63) using an effective.stem temperature, and a perfect gas law 

approximation using the cell temperature. 

C. Counting Electronics 

A block diagram of the counting electronics is given in Fig. 21 

along with a schematic of the experimental apparatus already described 

in the introduction of this chapter. The signals coming from the two 

phototube channels (12) and the normalizing RCA 935 vacuum photodiode 

(14) are fed into integrators (18) (modified charge sensitive preamp, 

LBL II llx4830) that sum the total charge in each pulse. A charge of 
-4 

2.10 coul.is converted into a -1 volt voltage pulse. The voltage 

pulse is amplified and shaped by a high rate linear amplifier (19), 

(LBL fll1x5501 P-1) and the peak voltage is held by a pulse stretcher 

and linear delay (also 19) (LBL # 1Jx9421 P-2). The signals are then 

sent sequentially into a mixer, (LBL·U llx5511 P-1), and an ADC 

(Nuclear Data Model 560). From the ADC, the signals are stored in 
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either one of t\vo sets of scalers, (Ortec Model 40) corresponding to 

positive or negative electric fields in the thallium cell (7). A 

controller (17) that runs from an internal clock (555 timer) coordinates 

the laser triggering circuits (06) and Fig. 9) with the electric field 

switcher (23) and the sequential analog to digital conversion. The 

scalers are gated on and off (24) so that one set of scalers (21) stores 

positive electric field signals and the other set (22) stores negative 

electric field signals. After 1000 shots, the contents of the scalers 

are printed out on paper and also punched on paper tape by a Teletype. 

The electric field switcher can reverse the electric field every n laser 

pulses (n = 1 to 10), but is generally set to switch the field after 

every pulse. After each run of -40 iets of 1000 laser pulses, the data 

on paper tape is punched out onto computer cards and fed into an IBM 

1620 computer. 

D .. Data Handling 

\.Je measure the quantities 

scaler counts in the north (-z) direction taken 
on resonance for + and - electric fields 

scaler counts in the south (+z) direction taken 
on resonance for + and - electric fields 

normalizing photodiode counts 

and similar quantities 

for off resonance data 
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off 
n± 

off 
p± 

, etc. 

A small correction is applied to all the data because the ADC gives a 

slight positive baseline offset when the signal out of the ADC is 

plotted as a function of the signal in. The correction is approximately 

5-10% of the total number of scaler counts. 

The experimental asymmetry is defined to be 

As a check on our data handling procedure, we also analyze the 

data in terms of an.asymmetry 

where 

, etc. 

• The guantitiestc.+,- and tc.N,S always are found to agree with each other 

to better than 1%. 
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IV. THE EXPERIMENTAL RESULTS 

A. The Electric Field-Induced El Transition 

The transitions between the various hyperfine levels of the 62
P112-

2 
7 P112 states of thallium in the presence of an electric field are 

measured with the circular polarizers removed. The reader is referred 

to Figs. 4, 5 and Table III in part B of section II for a summary of the 

various predicted selection rules and transition rates for the field 

induced transitions. 

In Fig. ~. the results of a frequency scan are shown. The laser 

has only one etalon inserted in the cavity so that the bandwidth does 

2 
not resolve the 7 P112 hyperfine splitting. The polarization of the 

laser 

tions 

is parallel to the electric field (£II ~), and the allowed transi-

2 
from the two 6 P112 hyperfine levels are clearly resolved. .. 

The ground state hyperfine splittings are well known: 

2 203 
11v(6 P

112
, Tl) 21.1 GHz, 

2 205 
11v(6 P

112
, Tl) = 21.3 GHz. 

The horizontal frequency scale is taken directly from divisions on the 

differential screw used to tilt the etalon, and the vertical scale is 

counts in arbitrary units. The 3 to 1 ratio in the rates for the 

F = 1~1 and F = 0+0 transitions shown in Fig. 22 is simply the ratio 

of statistical weights. The non-resonant background can also be seen 

. 
as an upward shift of the resonance curves by one unit. Each data potnt 

corresponds to 200 sh6ts and the entire scan is completed in about 

3 minutes. 
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Figure 23 shows a simultaneous scan of the £11.!2_ transition F = 1-+1 

and the (1 }i transitions F = 1-+0, 1. Both etalons are used in the 

laser, and the linewidth is estimated to be 2 GHz. For each differential 

screw setting, 200 laser shots were taken for both polarizations of 

292.7 nm ligl)t. The incident light polarization is rotated using the 

stressed quartz half-wave plate. The distorted line shape of the 

2 perpendicular polarization shows a barely resolved 7 P112 hyperfine 

splitting. 

Figure 24 shows transitions originating from the F = 0 ground state 

2 
of 6 P)/ 2 for both parallel and perpendicular polarizations. The 

selection rules only allow F = 0-+0 when E II ~ and F = 0-+1 for c 1 ~· and 

the upper state hyperfine splitting becomes clearly resolved. This 

splitting has been measured recently by Flusberg, et al. (Flu, 76) 

using a two-photon doppler free spectroscopy method, and is found to 

be 2.13 GHz. The widths and separation of the resonance curves in 

Fig. 24 actually provide the best measurement of the linewidth of the 

doubled laser light. If ~.Je assume that the laser width is a gaussian 

distribution, the total line width measured is given by 

f..vtot ./(1'-.vl )2 + (f..vd, 1 )2 aser opp er 
(1) 

From Fig. 24, 2.56 GHz. f..v = 1.13 GHz 
doppler 

at 950°K. Hence, 

f..v = 2.3 GHz • 
laser 
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The ratio B/ct can be determined from Figs. 23 and 24. From the 

rates calculnl:l'd in part B of section II, we have 

(2) 

and 

(F 

(F 
(3) 

The curves in Figs. 23 and 24 are integrated numerically and are 

found to agre~-with each other. They yield 

l • 84 ± • OS • 
a expt. 

The estimated error arises primarily from the u~certainty in the base-

line shift due to the background and slow temperature drifts in the 

tuning etalons ihat select the frequency of the laser. 

The angular dependence of the F = 171 line should vary as 

2 2 2 . 2 
a cos e + B s 1n e , (4) 

where 8 is the angle between E and~- The results are shown in Fig. 25. 

The solid line is the equation acos
2

8 + bsin
2

8 where b/a = .81. 

Although, there is. reasonably good agreement with B/a) the expt. 

angular dependence measurement is not very reliable since the stressed 

quartz plate is slightly wedged and a rotation will shift the laser 

beam position in the cell. Hence, the lenses will collect light with 
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Relative fluorescent signal vs. rotation anglP e 
between f and R. The solid line is acos2e + hsin2e 
for a/b = • 81. 
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different efficienc~es. 

The results of the induced El measurements are summarized in 

Table V with the predictions already given in Tnhle III. These 

measurements provide an independent check on the radial integrals 

calculated by Neuffer. Since a and B are the sums of the products 

of two radial integrals, B/a should be approximately proportional to 

the fourth power of these integrals. 

B. El-Ml Asymmetry Results 

The asymm~try data is analyzed according to the procedure given 

in part D, section III, and plotted as a furiction of 1/E in Fig. 26. 
. . 

The· error bars are purely statistical "errors in the mean," and 

represent a 50% probability that the "true" value is within the range 

given. The dotted lines represent a least squares fit to the asymmetries 

for the different F-+F' transitions. The 0-+0 transition shows no 

asymmetry that scales as 1/E, and the ratio of the F = 1-+1, £II Ji , and 

the F = 0-+1, [l.Ji asymmetries agrees with the experimentally measured 

valve of B/a. It is gratifying to note that the agreement is very good 

only if the 15% hfs correction to the Ml rate is included. Furthermore, 

all three 1 ines have a connnon intercept, as expec.ted. The results are 

summarized in Table VI along with calculated behavior already given 

in Table IV. The reason for the slight offset from zero has not been 

determined, but since all the other aspects of the data are consistent, 

we overlook tl1is small peculiarity. 
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Fig. 26. Asymmetries, t.(F-+F') for laser polarizations,!;;. both 
1 and II to t plotted as a function of 1/E. The dashed 
lines are least squares fits to the data points and the 
error bars represent probable errors in the means. 
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S . P - 4 m k f .1.nce II '""'J a, nowledge o the slope of the line in Fig. 26 

allows us to calculate both the sign and magnitude of the forbidden Ml 

matrix elemen~, m. It remains to convert the asymmetry measurement ll
11 

into a value for the atomic polarization P
11

• (Only the F = 1-,.1, E II ~ 

data will be used to determine m, while the other data can be regarded 

as a consistency check.) There are various mechanisms that dilute the 

atomic polarization so that the magnitude of ll
11 

is smaller than ~I , 

and these corrections will now be considered. 

1. Cascade Depolarization 

The circu.lar polarization of the 535 mm radiation is proportional 

to but smaller than the polarization of the"7
2P

112 
state. Also, only 

2 
about half of the atoms in the 7 s

112 
state decay to the 6P 312 state, 

while the remainder return to the ground state. In this case, the 

polarization is lost, as shown in Fig. 27. 

2 
Define the populations of the 7 P

112 
state as A, B, C for F = 1, 

~ = 1,0,-1 a·nd D for F =0, ~ = 0. Similarly, the populations of the 

i 
7 s

112 
states are label~d a,b,c for F = 1, mF = 1,0,-1 and d for 

F = 0, ·~ = 0: (see Fig'. 28) From the Higner-Eckart theorem, we can 

easily calculate the relative branching ratios for the mF transitions. 

These ratios must be proportional to the square of Clebsch-Gordon 

coefficients, since the reduced matrix elements are all the same. 

2 
Suppose \.JC hnve <ln initial pol<lr-iZ<ltion in the 7 P

112 
state defined 

by 

P. 
lOt 

1\.-C 
A+B+C 

(5) 
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Fig. 27. Suppose an Tl atom (1) is polarized in the 7Sl/2 state along 
the +z-axis (mF = +1)~ If it emits 535 nm light, the photon 
escapes carrying negative helicity and no polarization informa
tion is lost. If on the other hand, the atom decides to emit 
338 nm light, the photon is quickly reabsorbed by a nearby 
ground state atom (2) Angular momentum is conserved so that 
the second atom is also polarized in the same direction. If 
the second atom emits 535 nm radiation along +z direction, 
the polarization will still be preserved. However, an equally 
likely possibility is for atom (1) to excite atom (3) which 
then gives off RCP 535 nm light along +z. Hence, any atom 
that decides to take the 378 nm road will give no polarization 
information. 

.. 
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2 
Tilen the 7 sl/2 state polarization will be 

and 

a-c p 
a+b+c+d ' 

a = 1_ (A+B) 
3 . ' 

1 
c = - (B+C) , 

3 

A+ B + C 1, 

b = ~ (A+C) 

1 
d = j (A+B+C) , 

a + b + c + d = 1 

(6) 

(7) 

(8) 

From the 7s112 states, we use Fig. 28 and add up all the RCP, LCP and 

2 linear polarizea light the goes to the 6 P
312 

state: 

RCP 

LCP 1 +lb +l + l d = a c 
2 3 6 3 

(9) 

LIN 1 +lb +l +ld 
3 

a •J 3 
c 

3 

The dipole angular distribution of the 535 nm radiation is 

sin
2

8 for ~m = 0 transitions 

1 2 2 (1 + cos 8) for ~m = ±1 transitions, (10) 

where 8 is the azimuthal angle from the z-axi6. For detectors of 

infinitely small solid angle, no linearly polarized light will be seen, 

and the asymmc!try between left and right circularly po] arized 1 ight is 



.. 

0 0 '' 0 ,I,J {. !' 

RCP - LCP 
RCP + LCP 

6 0 (._); 

f;J 

1 1 l 1 
_,(~a+ 3 b + 2 c + 3d) 

(A a + -l b + } c + -j d ) 

1 - 3 (A-C) 

2 (A+B+C) 

lp 
6 int 

~ 
j4 

:J 9 
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- .(-l a+ l b + l c + _!_ d ) 
2 3 6 3 

( l 1 1 1 ld) + -2;-- a + -3- ) + --- c + -6 3 . 

(11) 

where Eqs. (5) thru (9) were used. The correction for the finite solid 

angle of the detectors, assuming an f-1 lens geometry, leads to 

1 
6. 333 pint 

2 2 2 
Finally, the branching ratio from 7 s

112 
to 6 P

312 
or 6 P

112 
levels 

must be included. We use the value measured by Gallagher and Luria 

in a thallium atomic beam (Gal, 64) 

Thus, 

6P3/2 

6Pl/2 

A-coeff. 

7.0S±.32XJ0 7sec-l 

7 -1 6. 25±. 35Xl0 sec 

-.0837 P. t 
. 1n 

2. Resonance Trapping of 535 nm Radiation 

Relative Intensity 

.53 

.47 

If the 535 nm light becomes partially trapped, the detected 

asynunetry t. will decrease still further.' We will now make a crude 

estimate of the degree of resonance trapping that can be expected in 

(13) 
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typical operating conditions. The absorption coefficient ~. defined 

by 

I 
-~!1, 

I e 
0 

(14) 

where I = intensity of the light after beginning with intensity r
0 

and 

traversing a distance Jl,, is given by 

A 
-n 
!-:.v 

-7 -1 9 where A= 7.05±.32xlO' sec , !-:.v = 10 Hz, A= 535 nm and n is the 

. 2 
density of the 6 P

312 
state. 

2 
The 6 P

312 
density is related to the 

total density by a simple Boltzmann factor 

-!-:.E/kT 
n(P

312
) = n(Pl/ 2)x2xe c 

(15) 

(16) 

2 2 
where !-:.E is the 6 P

312 
6 P

112 
fine structure splitting and Tc is the 

cell temperature. n(P
112

) ntot can be calculated from an empirical 

vapor pressure formula 

ln n 
tot. 54.3 - ~9 · 4 

3,s 
(17) 

where T
3 

is the stem temperature-of the cell in °K/10 3• The formula 
,s 

is fit to the vapor pressure data given by Nesmayanov (Nes, 63) and 

the perfect gas law, p = nkT. Figure 29 shows a plot of e-~JI, for 

various values of cell temperatures. Although the stem temperature 

is kept 3mV = 75°C less than the cell temperature, the difference in 

temperatures ·is not as great since the thermocouple that measures the 

stem temperature is not in good thermal contact wi.th the stem. Therefore, 
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we assume an effective stem temperature that is 25°C less than the cell 

temperature. The length 9, is the radius of the cell. 

We have also me<1sured the asymmetry of the F = 1+1 and F = 0-+0 

Cll E_ transitions at 200 v/cm for various cell-stem temperatures above 

our operating temperature of - 950°K. We then take the difference, 

6l+l - 60-+0' to eliminate the asymmetry due to our apparatus. The data 

is also shown in Fig. 29, and although the statistics are not very 

good, there is good evidence that there is very little resonance 

trapping and subsequent depolarization at our usual operating thallium 

densities. The change in density between.T 
c 

= 946°K and T 1043°K 

14 3 15 3 is 2.9xlO atoms/em to 2.1x10 atoms/em ; 

c 
-ll£ (Strictly speaking, e 

does not describe the depolarization due to resonance trapping, hut the 

crudeness of the data does not warrant a more careful treatment.) 

3. Collisional Depolarization 

When the thallium atoms are in the excited 7
2
P

112 
and 7

2s
112 

states, collisions with other atoms are possible and a subsequent 

depolarization will occur. A simple estimate can be made by comparing 

the average time the atom spends in these excited states and the mean 

time between atom-atom collisions. The lifetimes of the relavant 

excited states are 

2 
7 sl/2 

2 
7 pl/2 

-8 
.75xlO sec 

-7 
. 58xlO sec • 

The mean time between collisions can be roughly guessed as T 

where 
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9, free path 1 
and mean 

nO 

\_) rms velocity {¥ :::::: 3.4Xl04 
em/sec . 

Take cross-section a to be the geom~tric cross-section, a :::::: 30xlo-16 cm2 . 

Then 9, ""' 1 em and T ""' .3xl0-
4 

sec. Since the mean time between 

collisions is approximately 500 times longer than the lifetimes of the 

ex~ited states, there is virtually no chance for collisional depolariza-

tion to occur. 

4. Instrumental Depolarization 

The most 1ikely ~ource of instrumental depolarization should come 

from the Polaroid circular polarizers. The HNCF37 left circular 

polarizers used have characteristics shown in Fig. 30., provided by 

Polaroid Corporation. These very inexpensive plastic polarizers are 

ideally suited for work at 535 nm and the extinction ratio is far better 

than we need for the present level of accuracy. However, the quarter-

wave plate part of the polarizer necessarily has a secant 8 dependence 

for light that. enters at an angle e from the normal of the filter. 

In our experiment, 8 is kept small (cf Fig. 6) since the laser beam 

is placed at the focal spot of the lens. In fact, the interference 

filters can only accept 535 nm light if it is within 5° of normal 

incidence. Thus, the secant error is constrained to be less than a 

.3% correction. 

Other, unforseen effects can be examined directly by using the 

techniques given by Bouchiat and Pottier (Bou, 76a). They calibrated 

their apparatus by also measuring a known asymmetry that is created 
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Fig. 30. Polaroid HNCF37 left circular polarizer. 
Curve A gives the transmission characteristics 
of unpolarized light at normal incidence, and 
curve B gives the rejection characteristics of 
right circularly polarized light. 
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when the incident laser light is circularly polarized. This creates an 

atomic polarization along the direction of lase~, and a d.c. magnetic 

field parallel to the static eLectric-field is then used to rotate the 

ntomic state polarization in line with the phototubes. This is actually 

the Hanle-effect, a well-known optical pumping technique. (Hap, 72) 

This technique has not yet been used, but will be tried in the near 

future. 

5. The Experimental Value for the Ml Hatrix Element 

We will use Eq. (13) of this section to calculate the Ml matrix 

2 2 
element between the 6 P

1
/

2 
and 7 P

112 
states of thallium. The values 

of a and B are given in Eq. (10) of Section·II. The least-squares 

fit to the data in Fig. 26 give the following values for ~: 

Slope Intercept 

Ll(0->-1) -.147±.025 
-4 -4 -1.58Xl0 ±2.4Xl0 

Ml~l) +.0693± .0072 -2.81Xl0-4±J.l2Xl0-4 

Ll(0-+0) -.00177± .017 
-4 -4 

-2.21Xl0 ±2.01Xl0 

Care must be exercised in calculating the sign of ( 1-1). We must remember 

that left circular polarizers are used, the north channel is looking in 

the negative z-direction, and the E-field is negative when the top 

plate has a positive voltage on it. When all.of these effects are 

included, we get 

- (2.11±0.30)xlO-s k2e~ me 



-90-

in reasonable agreement with Neuffer's calculation (see Table I) of 

< ]J ) . 
thea. 

The error in < ~) rises from approximately equal uncertainties in the 

theory .and in the slopes of Fig. 26. The result can also be expressed 

as an A-coefficient 

A 
4 

3 
2 

- ~ I< ]J> I 
3 t 3 

-6 -1 
1.4xlO sec ~ 8 day lifetime , 

lC 

or and oscillator strength 

f 
A 

--::-2--A 
87T ca 

0 

-15 
1. 8xlO , 

where A, w are the wave length and frequency of the transition, and a 
0 

is the Bohr radius~ 

To the best of our knowledge, this is the smallest atomic 

oscillato~ strength ever measuted. 
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V. BACKGROUND 

\~e previously stated that a large non-resonant background prevents 

liS from measuring the Ml rate by scanning the laser frequency through 

2 2 
the 6 P

112 
- 7 P

112 
transition. From the interferense me~hod we use 

to measure the Ml matrix element, we estimate that the number of photons 

due to the Ml transition we would detect at zero electric field would 

be approximately 1/300 of the total number of photons detected. Indeed 

much of our experimental work has been directed towards understanding 

and reducing t:'he background. 

A. Backgrounds Not Involving Thallium 

There are actually many components to our background, but many 

portions are not significant. For example, dark counts from the 8850 

phototubes and amplifier noise contribute in negligible amounts. 

Gating of the phototube output to be conincident with the microsecond 

laser pulse eliminates counts from blackbody radiation and extensive 

RF filtering eliminates noise from the laser. 

At the thallium densities we normally operate, laser light scat-

tering or fluorescence from the quartz cell creates about 15-20% of 

the total unwanted counts. This component of the background is 

measured by condensing the thallium vapor in the stem while keeping 

the main oven at 950°K and measuring the signal from the phototubes 

coincident with the laser pulses. Apparently, the intense UV light 

from the laser creates transient color centers in the Suprasil windows 
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and the scdttering and especially fluorescence from these color centers 

in a region around 535 nm can pass through the interference filters 

and be detected by the phototube. (Bro, 71), (1-lol, 69) The light 

scattering incn~ases whc~n the· ce11 is al]owct.l to cool to room tempera-

ture, presumably due to a longer lifetime for the color.centers at 

lower temperatures. 

Also, small fraction of the scattered light background is due to 

293 nm light scattering into the 535 nm interference filter and causing 

the glass substrate of the filter to fluoresce. (Also see part D of 

this section for a discussion of Raleigh scattering) 

The remaining sources of background require the presence of laser 

light and cell and stem temperatures necessary to produce an appreciable 

density of thallium. Our efforts to produce an ultra-clean environment 

for the thallium (see the description of the cell and oven in part B 

of section Ill) indicate that the background is reduced by using a 

cleaner cell, but after a certain level of cleanliness, nothing is 

gained. ( 11 Cleanliness11 is measured by the pressure measured at the 

vac-ion pump when the cell is hot.) Thus, we are lead to believe that 

the background is generated in the cell by the action of the 293 nm 

laser light on thallium atoms and/or molecules involving thallium. 

Our attempts to reduce the background have lead us to experiment with 

a variety of cells. The earliest versions were sealed off cells, made 

from conunercial grade quartz and filled with thallium by standard 

vacuum distillation techniques. (Gib, 70) The sections of the quartz 

in contact with macroscopic amounts of thallium (for example, the bottom 



0•. or_ u 0 6 4 

-93-

of the stem) appeared slightly_ frosted by the thalliwn. When the 

quartz was replaced with Suprasil quartz, the frosting decreased and 

we surmise that the ·chemical ·reactions of the. thaJTium ·and quartz. at 

elevated temp('ratures were reduced by using higher purity quartz. 

Later cells, all made from Suprasil quartz, included a valve system 

(see Fig. 17) that enabled us to pump away contaminants freed from the 

walls of the cell by the high temperatures. Finally, a tantalum 

envelope was placed in the quartz stem so that the bulk of t_he thallium 

was in contact with the tantalum and not the quartz. A molybdenum 

stem, connected directly to the quartz via a "Housekeeper" seal (copied. 

from the ''Moly Cup" design, manufactured by·Bomco Inc.) was also d·ied, . . 

but with unsatisfactory results. (See the discussion on the electric 

field dependent background.) The eventual cell design also calls for 

a small amount of getter material placed in the cell. 

Crude measurements indicate that the eventual background level 

is approximately 50-100 times lower than the level of the first sealed 

off cells. 

B. Electric Field Dependent Background 

A small fraction of the background is present only when an 

electric field is on. Figure 31 shows a plot of the field dependent 

2 2 
background taken with the laser tuned away from.the 6 P

112 
- 7 P

112 

line. The abscissa ·is the electric potential across 1 em x 2 em 

electrodes inside the cell separated by 1 em, and the ordinate is the 

south channel background signal S - S where S 
0 

is the background with 

the field on and S is the field independent background. The 
0 
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.. background exhibits a sharp threshold around 5 volts and rises to a 

relatively constant level at voltages of 15 volts or more. We believe 

that this behavior can be explained by the intense ultraviolet light 

of the laser i.onizing'thallium atoms in a two-photon ionization process 

(Zer, 64), (Kla, 72) or a single photon excitation of more loosely-

bound molecules involving thallium. The electrons are then accelerated 

by the electric field and collisionally excite thallium atoms which 

then radiate 535 nm radi~tion. Indeed, the curve in Fig. 31 shows a 

remarkable similarity to typical graphs of cross-sections between slow 

electrons and atoms or molecules (Mot, 69). 

We believe that the electric field-dependent background results 

from the ionization of molecules involving thallium. Cells which allowed 

the bulk of the thallium to touch the quartz had roughly an order of 

magnitude higher field-dependent background than cells with a tantalum 

liner. Moreover, the background level seemed to increase in proportion 

to the amount of time the cell was hot, indicating that some undesirable 

chemistry was happening. The cell with the molybdenum stem also showed 

a steady deterioration of the noise level, and after roughly 100 hours 

in which the cell and stem were hot, the ratio of the field-induced El 

rate to the off-resonance field-induced background at 50 volts/em went \ 

from less than .05 to 1.2. The cells in whic'h tantalum liners were 

used showed no appreciable time-dependent increase in this component 

of the background, and the primary background is a field independent 

component. 
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C. Electric Field Independent Background 

A cell using a tantalum liner shows no appreciable increase in the 

field-dependent background as a function of experimental running time, 

and most of the background is from a field-independent component. This 

portion of the background remains the most difficult part to deal with, 

but before considering speculations as to the cause of the background, 

we review our present knowledge. 

(1) The background appears to be the result of a non-resonant 

broadband absorption. The signal to background ratio measured when the 

laser is oper~~ng with 1 etalon (linewidth -5 GHz) is approximately 

2 times smaller than with the laser running with 2 etalons. (linewidth 

2.5 GHz) \~e have.also made measurements at several laser frequencies, 

2 2 
tens of thousands of GHz away from the 6 P

112 
- 7 P

112 
transition 

frequency. There is some frequency dependence to the background, but 

we see nothing resembling the .1.1 GHz absorption width of a thallium 

atomic line. (A continuous scan was not made since the wavelength 

at which the ADA crystal operates efficiently is a function of its 

temperature, and the crystal oven was not set up for temperature 

scanning.) 

(2) The fluorescent radiation does not exhibit the broadband 

absorption features. By tilting the 535 nm interference filters with 

respect to the phototube axis, it is possible to look at wavelengths 

a few nanometers away from the atomic line~ wavelength. In Fig. 32 

off-resonance data for various tilt angles of the interference filter 

is shown together with on-resonance data with the electric field-induced 
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signal at 133 volts/em. At these high electric fields the background 

is less than 10% of the total signal. Thus, Fig. 32 allows us to 

conclude that.the background fluorescence is the same frequency as the 

535 nm atomic line, to within the- 1 nm resolution of the interference 

filter. 

(3) The background signal scales linearly with the intensity of 

the laser light over an order of magnitude (see Fig. 33). Thus, non-

linear effects that scale as the square of the laser power are not 

contributing to the background. 

(4) The b.ackground varies approximately as the atomic thallium 

density to the 1.8 power over a factor of 10 change in the thallium 

density (see Fig. 34). The atomic density is measured by monitoring 

the:Y~eld ind~ced El rate at 58 volts/em for stem and cell temperatures 

and comparing the on resonance signalS to the off-resonance~ackground B. 

The quantity· S~B' is taken to be linearly proportional to the atomic 

density. The vapor pressure in the cell is allowed to stabilize between 

temperature changes by waiting for several minutes after the thermo-

couple readings reach their new values. However, the temperature 

dependence measurement of the background must be treated with caution. 

First of all, the stem and cell were never kept at temperatures over 

950.°K for more than a few hours and the less volatile impurities 
:.:.• 

may not have been pumped out before the measurements were made. 

Secondly, enrl·i er (and perhaps less careful) measurements of the 

temperature dependence indicate that the background is proportional to 

the thal1ium dc•nsity to the 1.5 power, and the two sets of data are 

not consistent with each other. 
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Fig. 32. B<~ekground counts (arb. units) VB. the tilt anr,le 
of the 535 nm interference filter. 
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D. Possible Sources for the Non-Resonant, Zero-Field Background 

1. B_<?_Y.leigh Scattering 

Nearby a~lowed electric dipole transitions have broad Lorentzian 

wings in their. absorption curves that extend over the 292.7 nm Nl 

transition. If we assume that an atom first absorbs a 292.7 nm photon, 

is excited to a D or S state and then cascades down in the usual manner 

and emits a 535.0 nm photon, the process will not conserve energy. For 

example, if an atom absorbs a photon, is excited to the 72s
112 

state, 

and then returns to the ground state, the re-emitted photon cannot be 

a 377.6 nm pho.ton. The correct treatment of the absorption process is 

not a 2-step first order process but a second order 1-step process. We 

then find that the proper description is Rayleigh scattering 

and the 292.7 nm light is elastically scattered. The narrowband 

int·erference filters should reduce this background to levels far below 

the Ml signal. 

2. 
2 

Raman Scattering from the 6 P312 State 

2 2 
Raman scattering can occur from the 6 P

312 
state to the 7 P

112 

states via virtual intermediateS and D states (see Fig. 35). The 

formula for the total, cross-section for Raman scattering from 

unpolarized atoms in an initial state a to a final state b is 

2 2 ' 2 
2 

a ~ (~) (-) Ram rom w 3 I? 
<x }b. ( x >. w. .w. 

1 1a b1 1a 

E.- E - hw 
1 1 a 

(4) 

where the sum is over the S and D-states. The classical electron 

2 2 
radius r is defined by r = e /me , and w = laser frequency, and 

0 0 
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Fig. 35. The most si~nificent Raman scatterin8 transitions 
that contribute to the background. 
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w' is the frequency of the Stoke's line w' = w- tllab" If we consider 

the states giving the largest contribution to the background: 

2 
a = 6 P3/2 b 

a 
Ram 

2 
7 pl/2' i 

2 
em 

This cross-section should be compared to the Ml cross-section 

defined by the transition probability 

(5) 

The ratio of background due to Raman scattering to the Ml signal 

is then 

a 
Ram 

aMl 
X 

-4 . 7xlO , (6) 

2 2 
where n(6 P112 , 312 ) are the atomic densities of the 6 P

112
,
312 

states. 

Note that if tl1ere was significant Raman scattering from the ground 

state, the scattering background would be an order of magnitude 

larger than the Ml signal. 

3. Collision Induced Transitions 

Two colliding thallium atoms will induce· dipole moments in each 

other and the electric field produced by one atom will mix states of 

opposite pad ty j n the other atom. lienee, a call isionally induced El 

transition ciln occur between the 62
P

112 
and 72P

112 
states of thallium. 

This background can be estimated by calculating the probability P(r) 
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of a transition of one atom from one photon as a function of the 

distance r between atoms, and the distribution n(r) of atoms that will 

exist at any i,;i.vcn :instant of t.lme. Then Lite tral1sition probability 

is proportionnl to P(r) is calculated by finding an 

expression for the Van der Waals (induced dipole-dipole) attraction 

between two thallium atoms. Once we have the electric field of the 

induced dipole as a function of r, the treatme~t of p~rt B, section II 

can be used to calculate P(r). 

The difficulty in treating collision induced transiti6ns lies in 

finding a suitable expression for the a.tomic distribution n(r)·. If 

there are no forces between the atoms, n(r) ·• 4nr2n, where n is the 

mean atomic density. However, the Van der Waals attraction will make 

the collisions "sticky" and n(r) will be larger for small values of r. 

Since.P(r) ~s such a strong funttion of r, the collision-induced rate 

is a very sensitive function of n(r) and a reliable calculation would 

· he very difficult to perform. 

A problem related to sticky thallium-thallium collisions is that 

of thallium-noble gas collisions. (He would expect collisions between 

thallium and noble gases to be less sticky than collisions betweeen 

thallium and thallium.) Using the apparatus outlined in Fig. 36, we 

introduce small amounts of helium and neon into the cell. The 535.0 nm 

background is measured for different pressures of the noble gases and 

plottl'd in Fig. 37. We find that the backp,round due to a pure thallium 

f 2 ·to13 1 3 · · 1 ~ 11 · + b k density o. - x atoms em 1s equ1va .ent to a t11a .. 1um neon ac -

ground when the neon density is -Sxlo
14 

atoms/cm
3

. 
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Fig. 37. Background due to sticky collisions and/or metastable 
molecules of thallium and the noble gases helium and 
neon for various noble gas pressures. 
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Other related work on metal vapor - rare gas collisions has been 

done by Penkin, et al. (Pen, 73) and Bouchiat, ~~ al. (Bou,. 69, 7Sd). 

l'L·nkin and co-vJOrkers consiclcr the broadening of resonance lines of 

Ca, Tn, Tl atoms due to collisions with atoms of inert gases, while 

Bouchiat, et al. measure the relaxation of polarized Rb atoms in 

encounters with rare gases. 

4. Background from Thallium Dimers or Molecules of Thallium and Other 
/\tomic Spedes 

In addition to the two body collisions considered in the previous 

section thallium dimers or molecules of thallium and other atomic species 

may contribute to the background. These molecules may be stable or they 

may he metastable in the sense that they are very loosely bound and 

are broken up by thermal collisions with other atoms or with the cell 

walls. The quasi-molecules would be formed by either a 3-body collision, 

(necessary i:o conserve energy and momentum) or by a 2-body collision 

2 
that includes a thallium atom in the excited 6 P

312 
state. A senario 

l 

for the background might be as follows: The molecule will absorb the 

laser radiation in a band around 292.7 nm, but once in the excited 

state, it will predissociate into its component atoms. (See Hertzberg 

(Her, 50) for an elementary discussion of predissociation.) One of the 

atoms might be an excited thallium atoms which then produces 535.0 nm 

radiation. 

We have found no experiments that demonstrate the existence of 

stable thalli.um d:imers. Hamada (Ham, 31) observed broadband emission 

spectra from thallium metal placed in a hollow cathode D.C. arc 
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discharge and ~ttributes the ~and structure to thallium molecules of the 

form Tl . However, given the conditions of the disclwrge, the spectra 
n 

is hard to interpret and could have been due to other molecular species. 

In any case, other researchers (e.g. Rec, 65) have not reported band 

structure due to thallium molecules, and since the level of background 

we see in our experiment is.roughly 10 orders of magnitude less than a 

typical allowed-El transition, it would be very doubtful if it could 

be detected by conventional spectra-photographic techniques. 

Hany molecules (Tlp, TlH, etc.) involving thallium are known to 

exist at high temperatures, and it would be impossible to rule out .. . 

possible contributions to the background due to these molecules. 

Finally, we feel there is a strong possibility ~hat metastable 

Van der Waals molecules (Tl 2 ) ~.xist. The experiments of Bouchiat,. 

et al. (Bou, 75d) provide strong evidence for Rb-rare gas Van der Waals 

molecules, and there seems to be no reason why there should not be 

similar weakly bound thallium dimers. Clearly, there is room for more 

experimental and theoretical work in this area. 
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VI . FUTURE EXPERIMENTS 

Work is now under way to improve several features of the experi-

ment in the hope that an asynnnetry in the absorption of left and right 

circularly polarized light at 6
2
P112 - 7

2
P

112 
transition frequency due 

to weak neutral currents can be detected. Improved light collection 

and a multiple-pass geometry should give us more than an order of magni-

tude larger signal\ Also a more sophisticated counting system will 

reduce instrumental asymmetries. Finally, we plan to increase the 

• output power dt the laser by an order of magnitude and simultaneously 

narrow the band\ddth of the laser to less than 1 GHz by cw laser 

injection into a flashlamp pumped forced oscillator. (The forced 

oscillator scheme has been reported using a variety of lasers for 

injectors. For example, see (Vre, 72), (Eri, 71), (Mag, 72), (Mae, 72) .) 

Experiments are also under way· to generate cw UV-light by means of 

intracavity doubling in a cw dye laser. We hope to improve the results 

of Gabel and Hercher, (Gab, 73) and generate a few milliwatts of 

continuous uv light at 293 nm in a single longitudinal mode with a 

bandwidth of approximately 10 Wlz. A very narrow band dye laser might 

make an atomic beam experiment feasible; and consequently, we could 

expect a drastic reduction of the absorption width of the 6
2
P112 - 7

2
P112 

line. Since the background is broadband, the signal-to-background 

ratio may improve by over two orders of magnitude. 

. •. 
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