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OBSERVATION OF THE 62P1/2 - 721’1/2 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
1/2 > 7 Pl/Z for-

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

: 2
This thesis describes a measurement of the 6P

linearly polarized dye laser tuned to the transition frequency is used

to excite the thallium vapor from the 62P1/2 ground state to the

2
7 Pl/Z excited state. Interference between the magnetic dipole

Ml amplitude and a static electric field induced El amplitude results

in an atomic polarization of the 721’1/2 state, and the subsequent
circular polarization of 535 nm fluorescence. The circular polarization
is seen to be proportional to (Ml ) /{El1 ) as expected, and measured

for several transitions between hyperfine levels of the 62P

2 .
7 Pl/Z states. The result 1;

1/2 and

(ML) = -(2.1120.30)x10™° szl-([;l .

in agreement with theory.
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I. TINTRODUCTION

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 Cund&, (Cun, 74).
The experiments all measure muon—less reactions between muon neutrinos

vu and nucleons of the form

v +N =+ v +N' . (1)
H M

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 havelobserved that scalar, pseudoscalar, and
tensor terms are also consistent with the data, (Xin, 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,

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

current cross-section,

vyrN o N" . (2)

By comparing Rv to the corresponding ratio RG’ the Harvard-Penn-
Wisconsin group (Ben, 76) has found that muon neuatrino-nucleon neutral

currents are consistent with a pure V-A interaction, but the results



are three standard deviations from that expected f6r<purely vector or
axial vector couplings. Further work is in progress at FNAL to improve
the cross—secgion measurements, but there are some reservations about
conc]usions that are drawn from these experiments. The calculations

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

(right) handed helicities. Also, R

v and RG 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 contrast to the reactions in Eq. (1) neutral current weak
interactions between the charged leptons ui, eir and hadrons have not
been observed. A great deal of effort is now being spent on tests of
these currents in atomic physies (Jar, 74), (Bro, 76), (Bou, 76).
Although parity violation due to weak 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 phénomena in atoms is
simple enough. Just as a lepton can interact with a nucleon in
¢lectromagnetic interactions via a photon, (Fig. la) it may also interact
via the weak neutral current in lowest order (Fig. 1b). Tnspection of

the Feynman diagrams leads us to expect a potential of magnitude G63(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
kY

Elcctromagnetic Int

e,u
>WW\/'\/\_

Neutral Current Inte

————— Propagator = 1 ~
2—-1\12 M2
Z0 VAY

Charge Current Intera

eraction (Fig. la.)

(Z,4)
2
Propagator = ;%-= AU = (- Z%~, 0) in
q
coordinate space.
(7,A)

q = momentum transfer

raction (Fig. 1b.)

(Z,A)

[

= Amp ~ G687 (x)A

(Z,A)

ction (Fig. 1lc)

e, (Z,A)
ot
v (Z',A) Amp oG 6 (%)
- -
e,u (Z,A)




charged coupling between leptons and the nucleus (Fig. lc.), but theée
effects are smaller by a factor of oG relative to the neutral current
diagram, and are too small to be observable.

The pari&y 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 SUZXU1
gauge model (Weinberg-Salam model)vin the limit where the mass of the
intermediate vector boson Z0 is infinite. Then, the effective
Hamiltonian density J((x) is given by

Hx) = =1 IM& (3)
/2 M

and the current JU(X) is split into the relevant leptonic part Jug(x)

and hadronic part Juh(x):

JUQ(X) = %‘[E(X)Y“ e(x)(&sinzem—l)

- eV Yge() + (e >, v, > V)] (4)
M) =T L0 4T 20 - 2sin?0 I S™(x) (5)
u u,3 u,3 w M '

Here, e(x), ve(x), etc... represent the Dirac fields of the electron,
. en , , -
neutrino, etc. ...; Ju (x) is the electric current density for hadrons,

and J (x), 5(x) are the usual hadronic isospin (axial isospin)

J
H,3 u,3

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

gives the result for the parity violating non-relativistic potential

e.N. G 3 3
v = ———— [g°p 87 (x) + 67 (x)Q°plQ (6)
p.V. Ly2 m £

-
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with

. 2
Q, = -[(4sin"0 - 1)z + N 7

m, %—hg, P and r are the mass, spin, momentum and position of the
electron, Z, (N) are the number of protons (neutrons) in the nucleus,
and em, the so-called Weinberg angle, is a parameter in the gauge
theory we are using. The Ge—e scattering experiments (Rei, 76) give
a value for sinzem = ,29% .05,

The general form of the Hamiltonian can be given a physical
interpretation. First of all, the only pseudoscalar, time-reversal
invariant quantity that can be constructed from the operators x, D> and g
is g*p. The 53 (xr) factor follows from the short range of the weak
interaction, and Qw exhibits the addi;ive effect of the nucleons
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

\Y

e.N. _ 3
- b, T 68T, ®

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

C(mZa)3Z. While it is in fact possible to measure energy splittings




to the desired‘ accuracy, (in hydrogen, the effect in the ground state 3
hyperfine structure is predicted to be lO4 times larger than the h
experimentalAuncertainty (Jar, 74)) it would be impossible to distingﬁish
the weak interaction shifts from nuclear and quantum electrodynamic
effects.

The parity-violating potential given in Eqgs. (6) and (7) might
give rise to physically observable effects. The potential mixes states
of opposite parity, and transitions forbidden by electromagnetic parity
selection rules are allowed to order G2. Similar effects in nuclear
transitions have 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 interferencg of the two amplitudes will give

circular polarization effects that are proportional to El /M1,

p.V.
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 '
betweén an allowed Ml transition and the parity violating E1 transition.

This interfercence produces a difference 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



is gfvcn by
¢ = 4n(n-1)L —1E1p.V.
A M1,

(9)

where n is the index of refraction, L is the path length, and A is the
wavelenth of the transition. M1l is much larger than Elp v and 1is

a real quantity, while Elp is imaginary given a conventional choice

V.
of phase. The quantity ¢ should follow 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 simple Weinberg model. Both Fortson (For, 76)

and Sandars (San, 76) have already reported upper limits of 10"7 rad./abs.
length. However, due to the extremely small rotation, the experiment
is very delicate and subject to serious systematic effects.

The alternative class of experiments uses higﬁly forbidden Ml
transitions to further enhance the parity violating effects, which
scale as E1/Ml. 1In these expefiments, a difference in the absorption
between left and right circularly polarized light is expected to be 10—4
to a few times 10_3 of the total absorption, and has been calculated
by M.A. and C.C. Bouchiat (Bou; 74b, 75a) 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 observe these transitions. This thesis represents the first

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

neutral currents.




For the sake of completeness, briefimention should bé 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'
mﬁonic Li and Be. Heavy helium-l1ike ions are also beiﬁg examined
theoretically (Gor; 74, 75) and may soon be in the realm of experimental
possibiiity. 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 placéd stringent limits
on any interaction that violates both parity and time reflection. TFor
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 of system) (10)

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

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

4
imi < -
(Har, 69), (Gou, 70) have placed a lower limit of EDMelectron 10 e~-cm,
-15

which gives a value for F < 10 Ramsey (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 and T violating, the extremely small upper limits on the
electric dipole moments can be reinterpreted to yleld Information on
the nature of the weak interaction coupling. We describe the parity
violating neutral current interactions between electrons and nucleons
as

W= 2 iCKG(EJnFKwn)(;peFKYSwe) (12)

K=V,A,S,
P,T

where K spans the usual set of vector, axia% vector, scalar, pseudo-
scalar and tensor combination of Dirac matrices. The first two terms
are the familiar V,A interactions, (cf Eq. 4) while the final three
terms violate both parity and time reversal invariance. C. Bouchiat,
(Bou, 75c) and Hinds, 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 ﬁucleons 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

30 31

transitions in O Pb, and Tm32 has been reviewed by the Bouchiats

2,
(Bou, 74b). 1In 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 the Experiment

We now outline the experiment to measure the forbidden M1l transi-
tion amplitude in thallium. The lowest lying energy levels are indicated

T T o 2 2
schematically in Fig. 2. In going from the 6 Pl/2 to 7 P1/2 states,

the only possible single photon transition for an unperturbed atom is

an M1 transition, but since the magnetic dipole operator is given by

h
u = ;;c (L4~2§), the orthogonality of the non-relativistiec radial wave

functions gives a zero M1l matrix element. Only by inclﬁding relativistic
effécts and hyperfine mixing, or configuration mixing does the M1 rate
become non-zerp.

A tunable laser is used to excite the Tl atoms to the 72P1/2

state via 292.7 nm light. The atoms ;hen cascade first to the 7281/2
state, and then go to either the 62P3/2 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 operatipg 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 (Boﬁ,'75a), we measure the
Ml amplitude through its interference with an El rate induced by a
static electric field that mixes the P-states with neighboring Sl/Z

and D3/2 states. The interference between the Ml and El amplitudes

. . . . 2 . -
results in an atomic polarization of the 77P state along a direction

1/2
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Fig. 2.

Energy level scheme for the lowest lying states of
thallium.



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 atbmic 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 lowef and the polarization can
also be seen as a difference in the absolute counting rates of both
detectors. This technique of ;aking "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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The incident 1light has linear polarization gl OT £,
and wave vector K. The electric field is along the $-axis
and the final-state nolarization is directed along the

Zz-axis. Both detectors have left-circular nolarizers

in front of the photomultiplier tubes.
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IT. THEORY

A. Outline of the M1 Calculation

The single photon magnetic dipole transition (Ml) follows the
selection rules AJ = 0, *1, no parity change. However, the usual

form of the magnetic dipole operator

¥= ;jc @+ (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

3 1

transitions in normal atoms are limited to the 2 S1 -1 SO transition
2

in helium by Woodworth and Moos (Moos, 73) and the 6281/2 -7 81/2

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

techniques, first used by Schmieder and Marrus (Sch, 70), have extended
the measurements 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 apd helium-like forbidden
Ml decays (Fei, 71), (Bei, 71), (Dra, 71, 72), (Fen, 72), (Joh, 74),
(Sch, 70); and recently, estimates have been made for the 6281/2 - 728l
transition in cesium by'Bouchiat and Bouchiat (Bou, 75b, 76a) and

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

/2
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functions for thallium and cesium generated numerically from a modified

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

calculation ig done using the fully relativistic notation of Berestetskii,

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

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

approach in calculating the forbidden M1 matrix element will be taken,

in which first order relativistic cofrections to the Pauli approximatioh

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=1)
I = qe(p-eA) + Bm + ed (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 1imit,

and the other describing the negative energy states. The transformation

yields the hamiltonian

I =m+ I, + I

0
. = (gle—é)z € 5B +
0 2m " 2m 2R e
e [(p-eA)2 - eCS'B]2 - =5 g+ (V*E)
3 R ~~ 2~ =
8m . 8m
- _,9.2_ QoEX(E—eQ) - —% (Y'L‘:) (3)
4m 8m

Except for the additional terms in A, B in J(', the Hamiltonian

~

is identical to the standard textbook formula. (Bjo, 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 identified.

we get
=T +7T, ,
T. = =S [ + A'p + 0-B]
1~ 2m 'BRTRRT RIS
T =—L(p2T +Tp2)——e—@-—Q'B+e—1Q07AXR
2 2 1 1 2 ~ 2 ~~
4m 8m 4m
e2 eiw
- ——= 0 (Vp)xA + (V-A)
2 ~ VTR 2 R
4m 8m
where
A= iwhA .

ik-x

Now, set A = Qe_
expansion in order to pick out the magnetic dipole part,

i 2
2

A00) = 3 (e¥oxe (1 - 5 K0+ L)

We then get

where the magnetic dipole moment operator is

e 1 .22 12201 .2
p? w iw e
Iy
T2 (o) + 3-8 = 5, xx(Bx0) - 70 xx(Y¢x0) ]

Keeping terms linear in A and B,

(4)

(5)

with €-k = 0 and perform the standard multipole

(6)

(7
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The term fﬁ-g can be dropped since it is only a multiple of the

iwp

non-relativistic term, and will give no contributions when sandwiched

¥ between "non-relativistic" wave functions. (Note that there are two
kinds of corrections to the ML matrix element in the Paulil approximation:
One is the relativistic correction to the magnetic dipole operator
extracted via the Foldy-Wouthuysen transformation, and is of order szz.
The other is the correction to the wavefunctions due to relativistic
terms in the atomic Hamiltonian and is of order 24u4.) The terms from
the finite wavelength (kzrz) 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 T1
part. The remaining term with w can be reduced by the following
commutator trick: (Sch, 70)
w = E_i - Ef
w(f|px(px) |1 = CE][xx(pxa), CIRES!
= (£]-1erx(UpxQ) + 2 px(pxg) |1 ®
Finally, we get .
p= 200 - 35 K g - k5D + o
c .
2 . .
- B (1) + =5 px(px0) - £ 1T 9)
2m 4m ~
Qﬁi} From the form of i in the last equation, we‘can see how relativistic

corrections have introduced operator terms that affect the radial
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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, et al.

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

(Bre, 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

Loy a0 ¢flpx(pxo) | 1)

1 ; .
w [ 4o, CEleroe - (rpigli)

= (£]2 p’g - pg|D)

where
1 1.2
LT o0, - o
Thus,
e 1 2 2 2
8= 5y [0 - 55 KT - ot
1.2 2 292 e
+ g1 - g KT - e+ o (V) ]

When £ = 0, Eq. (11) reduces to the formula used by Bouchiat and

Bouchiat (Bou, 75b) to estimate the 628 - 72

1/2 S1/2

of cesium. The matrix elements (72171/2 F’mF|E!62P

of a radial wave function and angular momentum part constructed from

l/ZF’mo

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

(10)

(11D

Ml matrix element

> of thallium




"

“d

g}
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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 £ and § are easily evaluated, and we

Fl

are left with radial integrals of the form

* *

f f k2r2 f rzdr, f f p2 f fzdr, etc. (12)
2 2 72P 62P

1/2 1/2 1/2

The radial wavefunctions are generated by Neuffer (Neu, 76) by
assuming one electron orbits in a sphericélly 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 use& to calculate oscillator
strengths, fine structure and hyperfine structure splittings and
compared with experimental values. TFrom these checks, we believe the
radial integrals are accurate to at least 10%.

Once we have the wavefunctions of thallium, a numerical integration

can be performed to evaluate Eq. (12)‘énd the complete matrix elements.

‘\,
Neuffer finds that the relativistic contribution to the 62P1/2 - 72P1/2
Ml matrix element of thallium is '
- h
(p) = -1.81x10 5 lelh (13)

2me

2. Hyperfine Mixing

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

' = const. X I-J (14)



0 | -

where I is the spin of the nucleus and J is the total angular momentum .

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

Y
timately as
6F' > (6F' H7F! )
|7P1/9F‘,mF> = I’]Pl/zF' ,n]_F) + , ’mF ZF ,—mg, |7 ’rnF ,
- ‘ 7P~ 6P
and
|7F,m_) ( 7F,m_|3" |6F,m_)
e i3 3 Ty
6P, ,_F,m. ) = |6P. , F,m ) + _ . (15)
1725 F1/270 " Egp-Eop
The magnetic dipole transition amplitude can then be written as
- [
Cud = «7p pF umpfufer, Fome)
= 1
= (7P oF ,mFly_[6Pl/2F,m_F)>
_.____];.___.— |l ) 1 1)
+ s WF ,mFIJC l6F ,m) ¢ 6F ,mFlEl6F,mF)
7P 6P
~ (7F ,mF|E|7F,mF) ( 7F,mF|JC' |6F,mF) } (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
the 62P1/2 or 72P1/2 state and the off-diagonal terms of the hyperfine .

splitting matrix elements. From f = L + J, we can write

N[

13 [F(F+1) - T(I+1) - J(J+1)]

an

[F(F+1) - 3/2] : @

1
NI
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Also, 1in the non-~relativistic approximation
- n}] - ' 3
g = (6F ,mFIEI6F,mF) (7F ,mFlEl7T,mF) .

s0 the second term of Eq. (16) can be written as

F——EE__ {(7F',mF’|const.Xj;-g|6F'mF')— (7F,mFIconst. XI'J|6F,mF)} .

“7P 6P

(18)

(19)

From the operator I-] given in Eq. (17), we immediately can write the

selection rules for the non-zero hyperfine mixing contribution as AFH0

=0.
and AmF

Finally, ir can be shown that

(7P| |6P) ~ A TPJH"[7P) (6P[IC"[6P )

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

hyperfine splitting ~ 109—1010Hz

< b
Eap ~ Egp B 10

~ -6 -5
15 Mg~ (10 "-10 )uB
Hz

A detailed calculation by Neuffer shows that the hyperfine cor-
rection gives a 167 change for AF=1 transitions in thallium and no

change for AF=0 transitions (Neu, 76)

~2.5x107° lugl for F=0-1
(uv .=
hyperfine +2.5x107° lugl for F=1-+0
2.. Configuration Mixing
. . . e2
The perturbation of electrostatic interactions 2 T were
i#] ij

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)
had assumed that the gound state alkali atoms had a By = 2 to the
‘precision of their experiments, which 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

- gelectron ~ -5

g
ég_= atom- 10 (22)

g g

atom

in cesium. Phillips (Phi, 41) examined the electrostatic interaction

that would give configurations Qith excited core states, but since f%—
, 1j
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 configuration mixing by extending the perturbation

calculation to sufficiently high orders until %f # 0 (Phi, 52). 1In

her second attempt, Phillips found that the combined perturbation of

2
H' = ) -
i#F§ "ij
and
nr= § L1 dd, (20)
2 r dr ~i ~1i
i 2m
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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 has the configuration

.21 2
|w0> = 65" ( SO)6p P ) (21)

1/2

where the two 6s electrons may be thought to form a lSO state, which

. . 2 . .
then combines with the 6p state to form the P1/2 state. The interaction

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

) 2
(6s“6p|=—|6snsbp ),
I‘iJ

9 2
{ b6s 6pf§i—[6sns7p >,
ij

2 .
(54 %65%6p|2—[5d°65 6pnd ) , ete. (22)
ij

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

example,

=
1}

]wo> + alwl)

where

- 6s7s(331)6p 2p

<
-t
~
|

1/2 ° (23)

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

2
e2/rij commutes with both J and § so the total state must still be Pl/2’

and <wflulwi) will still be zero. We can now include the L°'S
4
perturbation which allows a spin change, and bence a total state Pl/Z'

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><¢i|;%f1wo> [¢k><¢k|gk~§l¢i><¢i|;$T[¢O> | 5
hp) = |w0)+ )-v~~ v ] + 5 Ly (24)

i ERRLE i (BT ) (BT )

reduces to wavefunctions of the form

[6p) = |6s%6p °p )+ a |6s7s6p P,

4
1/2 2>+ a216s7s7p P, ,.?

/ 1/2

+ a3|6sz7p 2p ) >

1/2

| 7p)

2,2 4 4
|6s°7p P, 2>+b1|6s7s6p Pyt b2|6s7s7p L

/ /

+

2.2
b3|6s 6p P, )

Orthogonality of the wave functions |6p) and f?p) gives the relation

alb1 + azb2 + a3 + b3 =0

Hence,

= ~ oy 4 4 4 4
(7plulep) = a b ¢ p1/2|u[ Pljo) + aghyl pl/zlul Pi/o)
2 2 2 2
+ agl Pl/zlul Pijp) ¥ by Pl/zlu] L
= (ab, +ab) (g ) - g(PP., )] (25)
T 810 T APl 18R Fyyp) TRV Hyppld - -
The single particle states are calculated separately by assuming - o

that each electron orbits in a central potential. 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

ca]culatéd by evalﬁating the integrals (Eq. 17) numerically. Neuffer
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finds that the configuraton mixing is responsible for a 57 change in the
Ml matrix elcment.

The configuration mixing calculation is uncertain. First of all,
it is not a bona-fide many-particle calculation aé 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 a 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 M1l calculations is given in Table T.

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
(RBou, 75a) we measure the Ml rate thtrough its interference with an El
rate induced by 5 static electric field, a technique also used by
Bouchiat and Pottier {(Bou, 75b, 76a) to measure the 6281/2 - 7281/2

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

M1-El interference will be outlined here, using straightforward but




26—

Table I. Contribution to 62P1/2 - 721’1/2 Ml matrix element of Thallium.

Relativistic eontribution

(MY = =1.7x107 |y

Hyperfine mixing contribution

(ML) = ~.25x107° '“Bl for F=0~>1

1-+0

+.25%107 fu | for F

= 0 for F

0+0o0r1->1
Configufation mixing contribution

(ML) = =0.1x107 |y

: - 2 2
The parity violating El1 matrix element for the 6 P - 7P

1/2 1/2

transition is also calculated by Neuffer:

. -10
ElP.V. = 11.9x10 QWUB
v 2181, y | -5 -3
Asymmetry| = ——=2.110 ° Q, = 2.9x10

M1 |

Using 2
sin 8 = .29
w

and

. 2 _
Qp = ~[(bsin™8 - 1)Z + N} = 136
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unsophisticated techniques. 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 Hamiltonian describing an Ml and El transition is given by

' = dE + u-B .
LA (1)

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

%-axis will have some polarization € at an angle 8 with respect to the

y-axis,
N £ =9 cos® + 2 sinf . (2)
Since

E(z,t) = % X g(z,t) >
the Hamiltonian can be written as

H!

exte + ue (X Q)

e(ycosb + zsinB) + uz

The magnetic dipole operator can be formally written as

Ielh
R= UO(E+Z§) ? pO T 7 2me ‘ -3

We will use the spherical opérators

It €. ') N €. o2 52 B (4)

d
+ V2 - V2
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Thus,

i
i o= e[;% (d+4-d_)cos8 + zsin0]
i . i .
+ uo[(1,2+2sz)cose + 5 (L#S)sind - 5 (L_+25_)sind] . (5)

Because of the perturbation of the static E-field in the y—-direction,

the initial and final states are

; lnF'm')(nF'm'leEy[6P F.m.)
|62p Foom) = |6%, F. ,m) + Z; 1/200
1/2°0°70 1/2°0°70 i A
n,F ,m 6
F'm"{nF'm'|eEy|7P. , Fm_)
2 1.2 > [ 1/2°"F
|7 Py jpFam) % |7 Py pFamg) + . A (6)
n,F',m 7
where
A, = E ~ E and A, = E -E
6 6Pl/2 n 7 7P1/2 n

and the sum is over all S and D states.

3/2

Our task is to evaluate the matrix elements

F,mg 7
a

2
= !
ooy (7 Pl/zF,mFl ' |6 P1/2F0m0>

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 lF,mF) is
constructed out of the wave functions in L. S, and I using the usual

F,
rules of vector addition of angular momentum. The Ml part of a F

is
Foamg

easily calculated and given in Table II.




Table II. Ml matrix elements |F, m )

-}

Final 7P3/3p

States
Initial [0,0) 1,1 [1,0) [1-1
State 6P1/2
i
[0,0) 0 - .. —— sin® U cos8 U oo— sin®
eff /7 eff e,ff/Z_
) . 1 .
Il,l > _Ueff s sin6 ueff cosf ueff 7 sin® 0
Il,O ) u cosB U ~— sinb 0 u - sinf
eff eff /E eff /E'
Il,-l > Mogf g cosb 0 ueff :/—_2— sin6 “Hogg cosb

_62._
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A similar table is constructed for the static field E1 amplitudes.
Although such a table would be too lengthy to include here, a few
comments are jin order. First, simplifications result from the fact

that d+ and d_ are proportional to the spherical harmonics Yll and Y1~1

and behave like raising and lowering operators for L and hence F. The

F,m

operators in on appear as combinations of d,, d which connect
0’0

states of AmF = 0, and as combinations of d,, z which combine states

of AmF = *1. (The static field E1 amplitude may be thought as a two-
photon transition, where one of the photons has a very long wavelength.
However, the analogy is not strictly true since AmF = *2 transitions

do not appear. The possible transitions are |1,-1) » |1,1) and

|1,+1) - |1,-1), but the nuclear spins for the |1,1) and |1,-1) states
are orthogonal.) Second, the angular integrals reduce to an integral
of a product of three Yg,m's, and these integrals have been tabulated

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

The general form of the M1-El matrix elements are of the form

Famp

= + . X 2 x 1
aF,m (M1 PART) const [ Z R7pnspns6p (energy denominator) ]
0 ns ‘
Tty et
x F'zm' (F,mFIO|F m' ) {F'm |0|F0mo> (7)
+ a similar term for the D-states,
where

R

2 - .
R7PnS= f I7Prfnsr dr and 0 is the operator d, or z. (8)
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. We define

1
- Dg = ) Ropnp Ronép B, - E
nD 6p n
1
D, = ) R R e
7 L "7PnD "nD6P E_, - E_
1
s, =) R R —
6 5 7PnS nS6P F ., - E_
S, = R, R 1 (9)
7 nS 7PnS nS6P E7P - En
and the coefficients
e2E :
a(6=0) = —5—-(86 + S, + 2D6 + 2D7)

2

B(B=m/2) = E-9-5(5 - S_+ D, -D) (10)

6 7 7 6

We summarize the possible MI-E1l transitions for laser polarizations
both parallel ané perpendiculaf to the electric field in Table III, and
indicate the selection rules in Figs. 4 and 5. The quantities o and
are calculated from the radials integrals supplied by Neuffer and the
coefficients 86,7 and D6,7 are evaluated by both an explicit sum over
the nearest neighboring S and D states and by a Green's function

T 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. (Mor, 52)

@ The results are (in atomic units)
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—
F=0
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2l.2 GH:z
F=0

XBL 768-10235

Fig. 4. Matrix elements for laser polarization € parallel to E.
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6'P,
—,ﬁ-(Bm))\/\,%(B—p)

XBL 768-10234

Fig. 5. Matrix elements for laser polarization € perpendicular to E.
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Table IIT.
Incident Transition Theoretical . Calculated
Light «2p N 72P Intensity Relative Intensity
Polarization T T1/2 1/2 Assuming E Large
Fo > F OL/Btheory = .80
3 2 1 2
£ |l EO 1~+1 Lo + ;M 3
0~+0 oaz/a 1
2
01 u/4 0
1+0 w274 0
€1 E 1+1 %82+%u2 ?
© 1.92
1,2 1 2 S
0->20 0 0
1 .2 1 2
10 4 B™ + 4 u .64
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Table IV.
. o 2 2
Incident Transition Theor. 7P Theor. 7Py /9
; 1/2 e v
Light 62P R 72P Polarization Polarization for
Polarization 1/2 1/2 large E,, assuming
F-~+TF' B/a = .84
_ exp.
£ 11 ";j’a—f P!’=%E
30 42m ' o
0->0 0 0
¢ s = |
Brm Only partially resclved
10 0 ,S
- ' .
0~ 1 sl P - 20 = -2.07 P,
’ B +4m
m' = 1.15 m due to

ufs correction.

_gg.—



-36~

2
e F e2E
0

a =5 (3469.2), B = ——5l1 (2777.7)

af/B = .80 (11)

The atomic po]arization of the final state 72?1/2’ is defined to be

E 2 2 2
mF|(7 L F,mF|}C'|6 L FO,mO)I
Tr> Mo
P = (12)

:E 2 2 2
ya <7 P1/o F,m |7 |6 LS Fomy)]
>0

where H' is the MI-E1l Hamiltonian given in Eq. (1) and the wave functions

2 . .
P1/2’ Fomo), |7 Pl/2 F?mF) are given in Eq. (6). We average over the

sublevels of the unpolarized 62P1/2 state. The relative populations

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

F

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

0-+1, €1 E atomic polarization should be slightly more than twice as

large as the F = 11, €|L§'polarization and of the opposite sign. Also,
the F = 020 transition clearly cannot yield any final state polarization

since there is only one m_, valve.

F
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ITT. EXPERIMENTAL METHOD

The experimental 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 usec, 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
approximately 807% of the 292.7 nm light. The laser light then passes
into a quartz Suprasil cell (9) containing the thallium. The electric
field is produced by a pair of tantalum electrodes (7) 34 mm long
by 12 mm wide and 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 times 1014 atoms/cm3.
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 1inéar 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. Aftef every thousand

pulses, in which data are taken alternately with positive and negative
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XBL 767-8826

Fig. 6. Schematic diagram of the experimental apparatus.
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Overall view of apparatus showing from left to right laser trigger rack, laser and
doubling crystal, thallium cell-oven structure, and counting electronics. The
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 62?1/2 - 72P1/2 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 thén
nitrogen laser pumped dye lasers) but with a low duty cycle so that
blackbody radistion 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 few 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 cm long flooded with 2
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
Brewster's angle and the quartz dye cﬁvotto has a 3.4 mm inner
d'iameter~>< 10 mm outer d’i.ameter with its inner surface matted to prevent
"whispering'" modes from lasing. Rhodamine 6G from New England Nuclear

-4
is used in a 1.5%10 molar soln in 200 proof ethanol; the concentration
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Fig. 8.
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Laser head and dye-flow system.

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

a 5 gal. reservoir through a 5 micron Millipqre teflon filter used to
remove scattering centers which would decrease the 1aser.output,

(Bun, 72) and then into a heat exchanger’where both the water flooding
the elliptical 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 dye cell, due to changes in the
index of refraction from local temperature fluctuations. After passing
through the heat exchanger, the dye goes directly into the laser head
and is finally. returned to the reservoir. A Model 12-84-303 Micropump
gear pump is capable of maintaining a dye-flow of approximately three
liters/min.

The large feservoir of dye is necessary because of the deterioration
of R6G from the intense ultraviolet radiation of the flashlamps. We
have generally been able to operate for 50,000 pulses ;ith 10 joules
of electrical energy per pulse. The problem is well known, (Ipp, 71),
(Bee, 72) (Hil, 74)Vbut 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. TFiltering of the ultraviolet light below
320 nm with the use of Pyrex dye cuvettes is helpful, but since much of
the RAG absorption is below this wave length, the power out of the
laser is decreased. Recently, dye curvettes made from rare-earth

doped quartz have been introduced by Lambda-Physik and Chromatix, and
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will be incorporated into our next generation laser. These doped quartz
cells absorb the harmful UV radiation, but fluoresce strongly in the
blue region, and hence can extend the dye lifetime without appreciably
decreasing the output laser power.

2. Electrical Discharge Circuit

The flashlamps are Model 12339 lamps manuféctured by ILC, and have
a 3 mm bore, 2 mm thick wall, 4 inch arc length, and are filled with
450 torr of Xenon. In our application, these lamps have shown life-
times in excess of 4 and 5 million shots when 10 joules are discharged
into two parallel lamps in approximately 1 usec. 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 tbat also increases the power output of the
laser. Ever since the earliest work with dye lasers, submicrosecond
flashlamp pulses were considéred desirable because of the eventual
relaxation from the excited singiet states to triplet states and the
subsequent quen&ﬁing of the laser output (Scﬁ, 73). Another reason
for using short pulse, high current lamps is to produce more radiation
in the visible and ultraviolet since it was found that higher current
densitiés 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 and a non-linear resistance due to the lamp (Gon, 65).

(sce Fig. 9)
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Fig. 9. Model of discharge circuit.
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Fig. 10. Timing'circuit for prepulse and main pulse flashlamp firing.



-5

The "resistance' parameter ko scales with the geometry of the flashlamp
as

/2 1)

2 1
ko =k g ohm(amp)

where £ is the length of the lamp in cm, d is the bore diameter in cm,
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. With 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 flashlamps. TFurthermore, it
has been long nown 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 simmering mode, (Jet, 74) in which the
lamps always Bave 40-50 ma of* current flowing through them, a thin
streamer is already established. The simmer current also apparently
reduces the electrode sputtering on to the walls of the flashlamp,
hence, greatly increasés theirllifetime. Finally, the time and amplitude
jiﬁter of the disﬁharge is é%eatiy reduéed. The speed of the discharge
is further enhanced by incoquratiﬁg a small prepulse several micro-
seconds before the main pulse (Orn, 74). The small diséharge 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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be;ween the prepulse and main pulse seems to be approximately 10 usec,
but the output of the laser 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 gate. (Ortec 416A). Both the prepulée and main pulse
trigger units are basically SCR's that discharge a .5 UF capacitor
charged to approximately 600 volts.  Considerable diode protection is
necessary since the reaction pulse generated when the laser fires
could easily destroy ﬁhe 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 UF, 35 kV capacitor (Condenser Products,
L ~ 10 nh) in series with a spark gap and two ILC flashlamps connected
in parallel. The spark gép consists of two 1-1/2 inch diameter elkbnite
electrodes. (a 307 copper - 70% tungsten alloy obtainable from Mallory
Corp.) with an adjustable gap, and triggered by a spark plug (seg
Fig. 12.) Dry nitrogen is cycled through tﬁe gap at pressures of
roughly 3/4 atmosphere. The spark gap, built to replace a EGG 41-B,
worked reliably for over 107 shots without the need to clean the
electrodes. The spark gap is triggered by a 30 kV pulse'from an EGG TR-60
trigger transformerfisolated 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, but 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 flashlamps is 5 times less and the speed of the diécharge 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 fhe main circuit. The capacitor is a slow .04uF, 30kV GE
Pyraﬁol_capacitor. The simmer supply 1is an wnregulated 2500V, 500 ma
surplus supply, isolated from the discharge circuit by a 10k resistor,
20 ‘Hy inductor, several rf chokes, and ten 996A diodes. The simmer
current usually draws 80-100 ma 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 ma
but normal operating conditions call for ~10kV at 40 ma, RMS.

Characteristics of the simmer-?repulse 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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Fig. 12.

XBL 768-10236

Schematic view of the,sparkgap, showing the sparkplug
trigger pin, the adjustable gap spacing and hose
attachments fOr'fldwing'N2.
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XBB 768-7332

The laser head and discharge circuit. The main capacitor
and spark gap are to the right, while the prepulse capacitor

and spark 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. 1l4. 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 us/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 us/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 electronies 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 aiuminum channel beam to the copper pipe gas system that
runs through the building. Similar commén grounding procedurés 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 507% output coupler (R = ©) (2). Tuning is accomplished by three
elements. An interference filter (4) (90% transmission, 3 nm fwhm from
Carl Zeiss) narrows the broadband lasing to ~ .6 nm with a 30% reduction
in power. A 0.2 mm thick quartz etalon (2) (80%Z 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% reflecting from Coherent Radiation) brings the linewidth down to
1-2 GH, with an additional 49% decrease in powef. With clean optics,
new dye, énd a freshly pqlished elliptical cavity the dye laser is
capable of producing more than 50 mj/pulse in a 6 GHz band width at

4 pulses/second. (Capacitor charged to 20 kV). However, for reliable
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performance for gréater than 107 shots, the laser is run at 8-10 kV at

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

width.

4. U-V Generation

After leaving the output coupler, the laser beam is focused into
an ADA crystal (10) (6 mm x 6 mm X 2 cm from Cleveland Crystal) and
5-107% of the intensity at the fundamental frequency is converted into
292.7 nm light. The efficient doubling results from 90° phase matching
accomplished by temperature tuning the crystal. (Adh, 73). (For a
basic introduction to non-linear doubling, see (Yar, 75)). An aluminum
oven keeps the crystal at a temperature of approximately 30°C, constant
to better than .05°C per °C change in the ambient room temperature.
The temperature is sensed with a thermistor (embedded 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 heater that heats water which then flows through the aluminum
block. The hydroscopic ADA crystal is protected from moisture by a pair
of O-ring-sealed brewster windows and dessicapt placed in the oven
cavity. A 30 cm focal length lens (9) focuses the laser light into the
crystal. The focal length is detérmined by the damage threshold of the
crystals, and although damage levels of up to.300 megawatts/cm2 have
been claimed for ADA, we have been unable to obtain crystals of such
high purity. The entire oven assembly @is mounted to permit sméll

adjustments along all six degrees of freedom.




The 585 nm light is blocked by a Corning 7-54 glass filter (11)
that allows ~ 80% of the 293 nm light to pass through. A 25 cm f.1.
quartz lens (]2) recollimates the beam and directs it into the oven
chamber containing the thalllum. The zig—-zag path of the 11{;1‘1t is
purely a convenience that permits the laser and doubling crystal to
sit on a single 3 ft X 6 ft table.

The doubled light is polarized §erpendicular 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 cm
f.1. quartz lens. By rotating the fast-slow axis of the half-wave
plate with respect to the laser polarization, the plane of polarization
of the 293 nm light can be rotated by an arbitrary amount. The half-
wave plate is made from a stressed fused quartz disk, one inch diameter
x 3/8 inch thick. A UV glan-laser prism (Karl Lambrecht) placed before
the normalizing photodiode is used to check the eéfective rotation of
the polarization. When the stress axis of the quartz disc is parallel
to the light polarization, there is no rotation and the‘analyzing glan-
prism transmits maximally. When the stress axis is rotated 45° away
from the incident polarization, maximum extinction occurs. Typicél
extinction ratios are 100 to 1. Since the stress on the quartz will .
rélax after a long period of time, the extinction ratio is always

measured just before and immediately after 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 feduce 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 glass-blowing techniques, and able to withstand the high
temperatures needed 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 devised, using a set 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 begins with 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 Bakeable valve is kept at ~ 250°C. The system

is allowed Lo cool down and a few milligrams of 99.9999% pure thallium
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Fig. 17. Schematic view of thallium cell and distillation system.
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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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XBB 768-7335

View of the south-side of the apparatus with the phototube
and vacuum chamber panels removed. Coils for 1lifting the
quartz valves are shown above. Half of the radiation shield
has been removed to show the main oven. The stem-radiation
shield is visible below the main oven assembly.




Fig. 20,
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XBB 768-7338

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 Ventron) 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 high bake-out temperatures for a few more hours. Thallium
is finally distilled into the stem in region C by closing valves 1 ahd
3 and opening valve 2.. Regions A and B are kept hot while thé stem
is allowed to cool down. Four to eight hours are required to distillA
enoughbthallium into the stem in order to maintain densities of a few
times']:O14 atoﬁs/cc. Periddically; valve 3 is opened to allow any
"volatile' impurities to escape from the cell. After a few days of
t rﬁnning, the cell becomes very clean and pressures below 10-‘10 torr at
the pump are commonly obtained when the system is allowed to cool. Even
when the cell is run at,9506K; vacuums at the pump are generally
around 10—8 torr. The pumping speed of our cell, calculated from
standard formulas found in Dushman (Dus, 62), is about 1-2 liters/sec.
The details of the quartz valves are shown in Figs. 19 and 20.
The vqlve is basically a ground ball joint connected to a quartz rod
and finally to a steel slug vacuum-sealed in a'quartz vial. An
eléctromagnet, . made”from about 60 turns of no. 14 copper wire wound
in 5 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. ihe coils are kept from shorting by winding the copper
around a teflon form, springing it slightly and applying several coats
~of dilute Scucreisen ceramic cement (from the Sauereisen Cement Co.).

After the cement 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 persisted, and we now know that such elaborate procedures
are unnecessary.  The current procedure is simply to place the thallium
directly in the stem, bake regions A and B for a few hours while leaving
C and the rest of the plumbing cold. The cleanliness is not completely
lost since the cell can still be periodically purged of any impurities
liberated from the quartz walls or the thallium metal. ‘A small amount
of Getterloy (an effective bulk getter that is an alloy of titanium and
zirconium) is also placed in a small pocket of the cell to help speed
up the cleaning 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 frbm Stainléss steel is shown in Fig. 20. (A copper oven was
originally uSéd; but the copper réaéted with the quartz cell at high
temperatures: andbfrosted the duaftz.) 'Heater elements, made from
No. 18 hiéhfome'ﬁiré, arekﬁéﬁhd hélicaliy‘aﬁd the toroids are then
arranged around'fhé oven tobfurthéf ééncelrmagnetic fields. The conical
sectionﬁﬁetween tﬁe cell and'fﬁe quértz lens,-and the tube extending
after thé iens are used to féahcé radiation losses from the center of
the cell. Otherwise, these loéses could cool the cell to the point
where tha]lium would condense on the sides walls and block the 535 nm

light. A separate counterwound helical coil is used the heat the stem
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that extendS'belbw the cell. Under operating conditions, the stem is
kept approximately 50°C cooler than the main oven. A 3-layer, Stginless
steel heat shield surrounds both the.stem and main oven. The shield
provides a factor of 2 to 3 reduction in the radiation losses.
Typically, 75 volts D.C. at 11 amps are needed to heat the main oven

up to 950°K.

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 # 11X4830) that sum the total charge in each pulse. A charge of
2.10—4 coul. is converted into a ~1 volt voltage pulse. The voltage
pulse is amplifiea and Shaped‘by a high rate linear amplifier (19),
(LBL #11%5501 P-1) and the peak voltage is held by a pulse stretcher
and linear delay (also 19) (LBL # 11x9421 P-2). The signals are then 4;;}

sent sequentially into a mixer, (LBL # 11x5511 P-1), and an ADC

(Nuclear Data Model 560). From the ADC, the signals are stored in
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cither one of two sets of scalers, (Ortec Model 40) corresponding to
positive or negative electric fields in the thalliﬁm cell (7). A
“controller (17) that runs from an internal clock (555 timer) coordinates
the laser triggering circuits ((16) and Fig. 9) with the electric field
switcher (23) and thebsequential analog to digital conversion. The
scalers are gated on and off (2Z4) 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 sets 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

We measure the quantities

n, = scaler counts in the north (-z) direction taken
B on resonance for + and - electric fields
on . . .
s, = scaler counts in the south (+z) direction taken _
on resonance for + and - electric fields .
on - ,
P, = normalizing photodiode counts

and similar quantities

?ff, :ff, Piff for off resonance data
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The normalized signals are

non noff
+ +
NOn = s NOff - , etc.
x on + off
Pi Pt
Now define
off 0 off
A ““im - Ny ) (Stn - S, )
t ff £f,  °
IS ‘i) BN € FEE Sl

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 cqrrection 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

Noff

I D U )
A= -~ , etc.
N (Nin _ Niff) + (Ngn _ fof)

The quantities A

A, _ and AN é always are found to agree with each other
> b

to better than 17.
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IV. THE EXPERIMENTAL RESULTS

A. The Electric Field-Induced E1 Transition

The transitions between the various hyperfine levels of the 62P1/2—
72P1/2 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. 22, the results of a frequency scan aré shown. The laser
has only one etalon inserted in the cavity so that the bandwidth does
not resoive the 72P1/2 hyperfine splitting. The polarization of the
laser is paraliel to the electric field (£Il E), and the allowed trdnsi-
tions from the two 62P1/2 hyperfine levels arevclearly resolved.

The ground state hyperfine splittings are well known:

20
1/2°

20

Av(6%P 301) = 21.1 GHz, Av(6%P >T1) = 21.3 CHz.

1/2°

The horizontal frequency scale is taken directly from divisions on the
differential screw used to tilt the etalon, and the verticallscale is
counts in arbitrary units. The 3 to 1 ratio in the rates for the

F =11 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 point
corresponds to 200 shots and the entire scan is completed in about

3 minutes.
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Figure 23 shows a simultaneous scan of the @H’E 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 light. The incident light polarization is rotated using the
stressed quartz half-wave plate. The distorted line shape of the

perpendicular polarization shows a barely resolved 72P1/ hyperfine.

2
splitting.

Figure 24 shows transitions originating from the F = 0 ground state
of 62Pi/2 for both parallel and perpendicular polarizations. The
selection rules only allow F = 0>0 when €Il E and F = 01 for €1 E, 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. TIf we assume that the laser width is a gaussian

distribution, the total line width measured is given by

- v ;., 'f 'j* i
AYtot {(Avlasei) +'(A\)doppler) D
. < 2 _ 2 -
From Fig. 24, Avtot 1.2 Avhfs(7 P1/2) = 2.56 GHz. Avdoppler 1.13 GHz
at 950°K. Hence,
WY = 2.3 GHz .
laser
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Fig. 22. 535 nn fluorescence intensity in arbitrary units vs.
wavelength of the incident laser li~ht in etalon
nicrometer settincs for gll E.
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The ratio B/a can be determined from Figs. 23 and 24. TFrom the

rates calculated in part B of section 1T, we have

3 g2
_(1“_:-—__1{1,__0_) = 4 (2)
(r = 1—)])” é uz 1y

A

and

1,2
(F = 0-*'1)l ) Z'B Y
(F=00), 1,2 (

{l % R

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

found to agree.with each other. They yield

Qo

expt.

The estimated error arises primarily from the uncertainty in the base-
line shift due to the background and slow temperature drifts in the
tuning etalons that select the frequency of the laser.

The angular dependence of the F = l+1,line should vary as
uzc0826 + stinZG, (4)

where 0 is the‘angle between £ and E. The results are shown in Fig. 25.

The solid line is the equation acoszﬁ + bsin2§ where b/a = .81.
Although, there is reasonably good agreement with B/a)expt. the

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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different efficiencies.

The results of the indgced E1l measurements are summarized in
Table V with the predictions already given in Table II1. Thesc
measurements provide an independent check on the radial integrals
calculated by Neuffer. Since o 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. E1-M1 Asymmetry Results

The asymmetry data is énalyzed according to the procedure given
in part D, section III, and plotted as a furction 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, €Il E, and
the F = 0>1, €L E 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 1ines'ﬁave a common infercept, as expected. 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 this small peculiarity.



Table V.

Incident v Trahsition Theoretical . Calculated ) .. Observed
Light 62P N 72P Intensity Relative Intensity Relative
Polarization 1/2 1/2 Assuming E Large Intensity
F> ¥' B/a = .80 (See Section V.)
- theory

~ 3 2,1 2 '

g go _ 1->1 7 o + 3 3
0~>0 o2 /4 1 _ 1
0-~+1 u2/4 0 -
1+0 RN 0 | -

EL R, 1-+1 %82+%u2 :

1.92 2.1
1,2, 1 2
1-+0 4 BT + 7 U
0-+0 0 0 -
1+ 0 Lg? st 64 .70

_.9[_




Table VI.

Incident Transition Theor. 72P1/2 Theor. 72P1/2 Observed
Light 62P N 72P Polarization Polarization for Asymmetry
Polarization 1/2 1/2 large Eo’ assuming
F~TF' B/a = .84
exp.
el E, 11 3" P =50 4
° 30 +2m
0~+0 0 0 0
£ 1 E 11 mf
~o : B2_’_mz
i only partially resolved
1+0 0
l} _ [
0+ 1 - - f P, = Zg = -2.07p, 8~ -2.120
S B +m

"= 1.15 m due to
hfs correction




78~ N @

{/E, cm/V

005 .0030 .0045 .0060 .0075 0090 .0lI05 0120 0135 .0150
002
i [ I I l l I i | |
) A1) |
- \ ~ %’/
— -~
- e
~
ool 47t
— -~
B b
-
~
T -~
.000—— ~ ¢ +
e
S 7 _o— i _____________ —
- + ; N
— \’ A”(O’O)
N
- 001+ ~
o b *
- N l
B N
B AN
-002— .
B A (0=
[ 1 N
- AN
—.003}— N
I A I ! _.
667 333. 200 167 133 100 67 £ vem
XBL 767-8831 -
Fig. 26. Asymmetries, A(F»F') for laser polarizations g both

1 and ! to E 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. c;;>




-79-

Since P“ ~ %—g , knowledge of the slope of the line in Fig. 26

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

f
(Only the F = 121, €Il E

matrix element, m. Tt remains to convert the asymmetry measurement A
into a value for the atomic po]arization'P“. ‘
date will be used Lo*determine m,ewhile the other data can be regarded
as e consistencybcheck;)“There are various‘mechanismé'that dilute the
atomic poiarizatioevso that the magnitude of A” is smaller than P“,

and these corrections will now be considered.

1. Cascade Depolarization

The circular polarization of the 535 mm radiation is proportional
to but smaller then the polarization of the'72P1/2 state. Also, only
about half of the atoms in the 7231/2 state decay to the 6P3/2 state,
while ;he remainder return to the ground state. In this case, the
polarization is 1ost, as shown in Fig. 27.

Deflne the populatlons of the 72P / state as A, B, C for F =1,

L

= 1,0, —l and D for F = O ;mF ,iﬂ Slmllarly, the populatlons of the

i

b c for F —‘1 mF = l O 1 and 4 for

F=0, mf' (see Flg 28) From the W1gner—Eckart theorem, we can

r nChing*ratios~for the mF transitions.

Afo’the square of Clebsch Gordon

&

coefficieﬁtS’ 31nce the reduced matrlx elements are all the same.

Suppose we have an 1n1tlaT‘p01nr1znt10n in rhe-? P state defined

1/2

A-C
Pint T OMBHC (5)




Fig. 27.
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Suppose an Tl atom (1) is polarized in the 78179 state along
the +z-axis (mp = +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. I€
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.

1
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Then the 7 S]/2 state polarization will be

where
a=
C=
)
and
A+

From the 751/2 states,

1
3 (A+B)
1
3 (B+C)
B+ C-=

o

a—¢
T a+b+et+d (6) ‘
, b = 1 (aA+C)
| 3
X \
, d =3 (AB4C) (7)
1, a+b+c+d=1 (8)

we use Fig. 28 and add up all the RCP, LCP and

the goes to the 62P

linear polarlzed‘llght 3/2 state:
1 1 1 1
RCP = ¢ 2 + 3 b + 5 ¢ + 3 d
-1 1 1 1
LCP = 5> a + 3 b + g ¢t 3 d (9)
-1 1 1 1
LIN = 3 a +_3 b + 3 c + 3 d
The dipole angular distribution of the 535 nm radiation is
.2 L
sin 6 for Am = 0 transitions
1 2 A : B
E-(l + cos"8) for Am = *1 transitions, (10) ©

where 6 is the azimuthal angle from the z-axis. For detectors of -

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

and the asymmetry between left and right circularly polarized light is

-
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_ RCP_- LCP
RCP + LCP

1 1
(6

1
((). a

1
a+3P+2 c+ =d) - (
1 1
3

1
5 a-+
1
2

1 1

3b-+ c+ 4 d)
1
3

3
oy

LR

-+
2

d) + (Gra+ b+ -

1
3
1
3 d)

1

6

1

6
1

-3 (A-C)

2 (A+B+C)

i

1
T T 6 Pint" (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
b==%333 Pine
Finally, the branching ratio from 728 to 62P or 62P levels
i ° 1/2 -7 3/2 1/2 ©

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

in a thallium atomic beam (Gal, 64)

A-coeff. Relative Intensity
6P ©7.05¢.32x107sec” 53
372 .05% , .
6P, /5 6.25¢.35x10 sec ! 47
Thus,
A = -.0837 P, (13)
int - ) .

2. Resonance Trapping of 535 nm Radiation

If the 535 nm light becomes partially trapped; the detected
asymmetry A will decrease still further. We will now make a crude

estimate of the degree of resonance trapping that can be expected in
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typical operating conditions. The absorption coefficient u, defined
by

I=1ce , ' ‘ - (14)

where T = intensity of the light after beginning with intensity IO and

traversing a distance &, is given by

' A A
W= %r av Mo (15)
-7 -1 9 .
where A = 7.05%.32x10 sec , Av = 107 Hz, A = 535 nm and n is the

density of the'6«2P3/2 state. The 62P3/2 density is related to the

total density by a simple Boltzmann factor

-AE/KT
n(P3/2) = n(Pl/Z)XZXe ¢ (16)

, . -2 2 , o .
where AE is the 6 P3/2 6 P1/2 fine structure splitting and TC is the

cell temperature. n(Pl/z) ~ n_ . can be calculated from an empirical

vapor pressure formula

19.4
1n noop. T 54.3 - T . (17)
3,s
where T is the stem temperature of the cell in °K/103. The formula

3,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_uz for
vgrious values of cell temperatures. Although the stem température
is kept 3mV = 75°C less than the cell temperature, the differeﬁce in
temperatures is not as great éince the thermocouple that measures the

" stem temperature is not in good thermal contact with the stem. Therefore,

S b e s A Ao i A i = 0 a5 b 58 e e e v e o e e o

€
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we assume an effective stem temperature that is 25°C less than the cell
temperature. The length £ is the radius of the cell.

We have also measured the asymmetry of the F = 11 and F = 00
¢l L transitions at 200 v/cm for various cell-stem temperatures above
our operating temperature of ~ 950°K. We then take the difference,
A1+1 - AO»O’ to eliminate the‘asymmetry due to our apparatus. The data
is also shown in Fig. 29, énd although the statistics are not very
good, there is good evidence that there is very little resonance
ﬁrapping énd subsequent depolarization at our usual.operating thallium
densities. The change in density between Tc = 946°K and T, = 1043°K

is 2.9X1014 atoms/cm3 to 2.l><10l'5 atoms/cmB: (Strictly speaking, e

—ul
does not describe the depolarization due to resonance trapping, but the

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

3. Collisional Depolarization

When the thallium atoms are in the excited'72P and 728
. : 1/2 1/2
states, collisions with other atoms are possible and a subsequent
depolarization will occupk*”A]siﬁﬁle'éstimate can be made by comparing

the average time thejatomiéﬁehdéliﬁ;tﬁéSé excited states and the mean

time between aﬁéﬁéatdmfcpllasidnsy‘xThéilifetimes of. the relavant

excited ‘states are.’

L

.4"-:,3‘11 2 5
, 7 F 1/2

The mean time between collisions can be roughly guessed as T = 2/6,

where



(x107)

Ay~ Doso

| |

l 1 1 L L

900 946

Fig. 29. The asymmetry A1+1 -

995 1043 1091  °K

- XBL 768-10244
AC o 35 8 function of the thallium cell temperature.

_98_



-87~

1
2 = mean free path = pong and
U = rms velocity = Eﬁl ~ 3.4x10" cm/sec .
0 . . , . -16 2
Take cross-section O to be the geometric cross-section, 0 = 30x10 cm .

Then £ ® 1 cm and T = .3><10—4 sec. ‘éince the mean time between
collisions is approximately 500 times longerAthan the lifetimes of the
excited states, there is virtually no chance for collisional depolariza-
tion to occur.

4. TInstrumental Depolarization

The most'iﬁkely source 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'présent level of .accuracy. However, the quarter-
wave plate part of the pola?igerahgééSSarily has a secant 6 dependence
for light that enters at‘ép:;nglézbkfﬁémifhe normal of the filter.

In our experiment, e;ié kepgéégéiifééf_fig; 6)-since'fhe laser peam
is placed at the focél‘sboé‘éfftﬁé?iéné;  In faét, the interference

filters can only accept SBSLﬁﬁfligbt iffit is within ~ 5° of normal

-

incidence. Thus, the secant ‘error’isiconstrained to be less than a
- L]

.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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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 circulgrly polarized. This creates an
atomic polarization along the direction of laser, and a d.c. magnetic
field parallel to the static electric-field is then used to rotate the
atomic 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 Matrix Element

We will use Eq. (13) of this section to calculate the Ml matrix
element between the 62Pl/2 and 721’1/2 states of thallium. The values

of o 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 A:

Slope Intercept
A(0~1) ~.147%.025 ~1.58x10" %2, 4x107
A(1-1) +.0693%.0072 ~2.81x10 %1, 12x107%
A(0-0) -.00177+.017 ~2.21x10™ 2. 01x10™

Care must be exercised in calculating the sign of (u). We must remember
that left circular polarizers are used, the north channel is looking in
the negative zZ-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

. ._5 lelh
= - + —
(p)expt (2.1120.30)x10 Yo



0- -

-in reasonable agreement with Neuffer's calculation (see Table I) of z

} -5 lefh
(U)théo. 1.8x10 2me

The error in (1) 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

m3 2 -6 -1
-3 |(u>I = 1.4%x10 = sec = = 8 day lifetime ,

he

o=
1]
|~

or and oscillator strength

£ = ——%‘—— A=1.8x10"1

81n ca
o

where A, w are the wave length and frequency of the transition, and a,
is the Bohr radius.
To the best of our knowledge, this is the smallest atomic

oscillator strength ever measured.
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V. BACKGROUND

We previbus]y stated that a large non-resonant background prevents
us from measuring the Ml rate by scanning the laser frequency through
the 62P1/2 - 72131/2 transition. From the interference method 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 wéuld
be approximately 1/300 of the total number of photons detected. Indeed

much of our experimental work has been directed towards understanding

and reducing the 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 thé'scattering and especially fluorescence from these color centers
in a region ;found 535 nm can pass through the interference filters
und.be detected by the phototube. (Bro, 71), (Hol, 69) The light
ﬁuuttcrihg increases when the cell is allowed to cool to room tempera-
ture, presumably due fo 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 flporesce. (Also see part D of
this seétion 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 thailium. Our efforts to produce an ultra-clean environment
for the thallium (see the description of the cell and oven in part B
of section IIT) indicate that the background is reduced by using a
cleaner cell, but after a certain level of cleanliness, nothing is
gained. ('"Cleanliness" is measured by the pressure measured at the
vac~ion- pump when the cgll is hot.) Thus, we aré lead to believe that
the background is generated in the cell by the aétion 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 commercial 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
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of the stem) appeqred slightly“frosted by the thallium. When the
quartz was replaced with Suprasil quartz, the frosting decreased and
we surmise that the chemical reactions of the thallium and quartz at
elevated temperatures 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 the 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 tried,
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. TFigure 31 shows a plot of the field dependent
background taken with the laser tuned a&ay from.the 62P1/2 - 72P1/2
line. The abscissa is the electric potential across 1 cm X 2 cm
electrodes inside the cell separated by 1 em, and the ordinate is the
south channel background signal S_ - SO where S_ is the background with

the field on and SO is the field independent background. The
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background exhibits a sharp threshold around 5 vﬁlts 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 ionizing 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 radiation. Indeed, the curve in Fig. 31 shows a
remérkable 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 ievel seemed to increase in proportion
to the amount of time the cell was hot; indicating that some undesirable
chemistry was happening._ Ihe cell with the molybdenum stem also showed
a steady deterioration of ghe no}se level, and after roughly {OO hours
in whi;h the cell and stem were hot, the ratio of the field-induced E1
rate to thg_off-resonapce fié}d-iggpced background at 50 volts/cm went
from less than .05 to 1.2.. The cells in which tantalum liners were
used showed no appreqiable-pimé-depengnt increase in this component
of the backgrdund, and tﬁe primary background is a field indepeﬁdent»

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 componént. 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 backgréund appears to be the result of a non-resonant
broadband absorption. The signal to background ratio measured when the
laser is operating with 1 etalon (linewidth ~5 GHz) is approximately
2 times smaller than with the laser funning.with 2 etalons. (linewidth
~ 2.5 GHz) We have also made measurements at several laser frequencies,
tens of thousands of GHz away from the 62P1/2 - 72Pl/2 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 ihtgrference filters with
respect to the phototube axis, it is possible to look at wavelengths
a few nanometers away From the atomic line wavelength. 1In 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

af
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signal at 133 volts/cm. At these high electric fields the background
is less than 107 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 effécts that scale as the square of the laser power are not
contributing to the background.

(4) The background varies approximately as_tﬁe atomic thallium
density to the 1.8 power over a factor of 10 change in the thallium
deﬁsity (se;‘Fig. 34). The atomic density is measured by monitoring
the field induced El rate at 58 volts/cm for stem and cell temperatures
and comparing the on resonance signal S to the off—resonance'background B.
The quéntity S—ﬁ 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 miﬁutes 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°Klfof moré fhan a few hours and the less wolatile impurities
may not have been pumped out before the measureﬁents were made.
Secondly, earlier (and perhaps less careful) measurements of the
temperature dependence indicate that the background is proportional to
the thallium density to the 1.5 power, and the two sets of data are

not consistent with each other.
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Fig. 33. Background signal vs. laser intensity in arbitrary units.
At  the highest laser intensities, the RCA 931 photodiode
used to measure the .laser power is beginning to saturate.
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Fig. 34. E-Field induced signal vs. background for various

“thallium densities in the cell. The background
varies as the El1 signal to the 1.8 power.
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D. Possible Sources for the Non-Resonant, Zero-Field Background

1. Rayleigh Scattering

Nearby allowed electric dipole transitions have broad Lorentzian
wings in their absovption curves that extend over the 292.7 nm M1
transition. .If we assume that an atom first absorbs a 292.7 nm photon,
is excited to a D or S state and then cascédes down in the usual manner
andbemits a 535.0 nm photon, the process will not conserve energy. For
example, if an atom absorbs a photon, is excited to the 7281/2 state,
and then returns to the grouné state, the re-emitted photon cannot be
a 377.6 nm photon. The correct treatment of the absorption process is
not a 2-step first ordef process but a second order l-step process. We
then find that the proper description is Rayleigh scattering
and the 292.7 nm light is elastically scattered. The narrowband
interference filters should reduce this background to levels far below

the M1 signal.

2
2. Raman Scattering from the 6 P State

3/2

. 2 2
Raman scattering can occur from the 6 P state to the 7P

3/2 1/2
states via virtual intermediate S 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

) .
~ 202 (@ (3)2 ) R TR T, Y P ()
Ei—Eq—hw

Ram 0 w3

where the sum is over the S and D-states. The classical electron

2 .
radius T, is defined by r,=e /mcz, and w = laser frequency, and
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Fig. 35. The most significent Raman scattering transitions
that contribute to the background.
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w' is the frequency of the Stoke's line w' = w - mab' If we consider

the states giving the largest contribution to the background:

2 2 .
a=67Py,, b=7P i=7D

This cross—-section should be compared to the M1l cross-section

defined by the transition probability

Cart I(w) i« )|2 ) Oy T (W) (5)

hw .

U1 T The Aw

The ratio of background due to Raman scattering to the Ml signal

is then

2 .
n(6 P3/2) 4

g
Ram ~ L7x10 ", 6)
)

o x 2
M1 n(6°P

1/2

2 . - 2
where n(6 Pl/2,3/2) are the atomic densities of the 6 P1/2,3/2 states.

Note that if there was significant Raman scattering from the ground
state, the scattering background would be an order of magnitude
larger than the M1 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 parity in the other atom. Hence, a collisionally induced El
transition can occur hetween the 62P and 72P states of thallium,

1/2 1/2

This background can be estimated by calculating the probability P(r)

s
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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
u*ist at any given instant of ctime. Then the transition probability
is proportional to {ﬁ)P(r) n(r)dr. 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 treatment of part B, section II
can be used to calculate P(r).

The difficulty in treating collision induced transitions lies in
finding a suitable expression for the atomic distribution.n(r). If
there are no forces between the atoms, n(r) - = Aﬂrzn, where T isvthe
mean atomic dehsity. However, the Van der Waalslattraction will make
the collisions "sticky" and n(r) will be larger for small values of r.
.Sinée.P(r) is such a strong function of r, the collision—induced rate
is a very sensitive function of n(r) and a reliable calculation would
be very difficult to perform.

A problem relatea to‘sticky thalliumfthallium collisions is that
- of thallium—noble.gas collisions. (We would expect collisions between
thallium and noble gases to be less sFicky than collisions betweeen
thalliﬁm and thallium.) Using the aépérétus ouﬁlined in Fig. 36, we
introduce small amounts éf heliuﬁraﬁd,neoh into the cell. The 535.0 nm
background is measured for diffefent pressures éf the noble gases and
plotted in Fig. 37.  We find that the background dqe to a pure thallium
density of ~2><1013 atoms/cm3 is equivalent to a thallium + neon back-

ground when the neon density is ~8X1014 atoms/cm3.
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Fig. 37. Background due to sticky collisions and/or metastable
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Other related work on metal vapor - rare gas collisions has been
done by Penkin, et al. (Pen, 73) and Bouchiat, et al. (Bou, 69, 75d).
Penkin and co-workers consider the broadening of resonance lines of
Ga, 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
Atomic Species '

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 be 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 to conserve energy and momentum) or by a 2-body collision
that includes a thallium atom in the excited 62P state. A senario

3/2

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 bé an excited thallium atoms which then produces 535.0 nm
radiation.

We have found no experiments that demonstrate the existence of

stable thallium dimers. Hamada (Ham, 31) ohserved broadhand emission

spectra from thallium metal placed in a hollow cathode D.C. arc

A s e - . e e e e e e e
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discharge and attributes the band structure to thallium molecules of the
form Tln. However, given the conditions of the discharge, the spectra
is hard to interpret and could have been due to other molecular species.
Tn 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.

Many molecules(?ﬁzo, T1H, 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 that metastable
Van der Waals molecules (le) exist. 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 asymmetry in the absorption of left and right
: . o2 2 o

circularly polarized light at 6 P1/2 -7 P1/2 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 of the laser by an order of magnitude and simultaneously

narrow the bandwidth 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. TFor example, see (Vre, 72), (Eri, 71), fMag, 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 MHz. A very harrow band dye laser might
make an atomic beam experiment feasible; and consequently, we could

2

1/2 = " P1y2

line. Since the background is broadband, the signal-to-background

expect a drastic reduction of the absorption width of the 62P

ratio may improve by over two orders of magnitude.
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