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The hyperfine constants, isotopic level shifts, and a pressure self-broadening constant of the 7'P states of
"""'Tl have been measured by the Doppler-free two-photon absorption technique. The hyperfine constant of
the 7'P3/2 state is found to be greater than that of the 6'P, /2 state. This anomaly is tentatively attributed to a

sign change in the promoted core s-electron spin-polarization contribution to the hfs as calculated by Fermi

and Segre for the 6'P3/2 state. The isotope shift of the 7'P„.. state is 20%%uo smaller than that of the 7'P, /2 state,

confirming the nuclear volume effect of the p», electron. At higher pressures line broadening is observed as

the Tl density is increased.

I. INTRODUCTION

The atomic structure of neutral thallium is sim-
ple inasmuch as it is characterized by a single P
electron outside of otherwise closed shells and
subshells. The two isotopes which occur in nature,
"'Tl (29.5/, ) and '"Tl (70.5%), both have a spin-
—,
' nucleus. Thus the hyperfine-interaction Hamil-
tonian consists only of the single magnetic dipole
term A. ~ I ~ J, where I is the nuclear spin and J is
the total electronic angular momentum. In the
absence of an external magnetic field the 'P, /,
and 'P, /, multiplets split into two levels, the 'P, /,
into a I' = 0 and a F =1 level, and the 'P, /2 into a
F = 1 and a F = 2 level (see Fig. 1). Although the
large charge of the Tl nucleus introduces rela-
tivistic effects, these are readily taken into ac-
count by the semiempirical relativistic single-
valence-electron theory of Casimir, ' ' which
appears able to account for the hyperfine structure
(hfs) of all the hitherto measured n' , P, /, ~,

(n =6, 8, 9, 10) states except the 6'P, /, state. For
this state the single-valence-electron theory over-
estimates the size of the hfs by an order of magni-
tude. This was explained by the pioneering work
of Fermi and Segrk, ' who showed that the mixing
of the Gs7sGp configuration with the Gs'Gp'P,

&,
state could provide the requisite spin density at
the nucleus to nearly cancel the contribution of
the single P, /, electron.

For the n=6 ground 'P states Schwartz has im-
proved upon the Casimir work by using the more
realistic (but still semiempirical) screened po-
tential of Tietz and has found that the hfs inter-
action constants of the O'P, /, (O'P, /, ) state should
be increased (decreased) by about 20% over the
Casimir values. This result was important in
two respects: First, the spin-polarization con-
tribution (of the type calculated by Fermi and
Segrl} now required for agreement with experi-
ment was reduced by 3(Pj~, and second, the
Schwartz result led to a calculated 6'P hfs isotope

anomaly in agreement with experiment. ' For
n = 8, 9, 10 Qdintsov' measured n'P hyperfine con-
stants which were in rather good agreement with

the Casimir theory; in the light of the Fermi-
Segrk result this was somewhat surprising. Un-

fortunately, the atomic-beam method (used by

Odintsov) did not allow a study of the 7'P states,
since it would have required a sensitive infrared
detector to monitor the spectrum of the decay to
the lower 7'S, /, state. The advent of the Doppler-
free two-photon absorption (TPA) technique'
eliminates this necessity. Using this technique,
we find that for the n= 7 states the hyperfine
constants have those values which would be infer-
red from a simple extrapolation of Odintsov's re-
sults plotted against the fine-structure splitting,
which is the natural variable of the Casimir
theory. %'hat is unusual about this result is that it
yields a hyperfine constant for the 7'P, /, state
which is greater than that of the 6'P, /, state. "
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Thex'e are several other states of thallium8~ ~ and
indium' for which the hyperfine constant in-
creases in magnitude when the principle quantum
number is incx'eased by 1 unit, but in all these
eases, strong mixing wit a, nearby configuration
is believed to be responsible for the anomaly. In
contrast, there appear to be no perturbing con-
figurations energetically "close" to either 7 'P or
6 'P terms of thallium.

We analyze the existing hfs data for the '-I' states
in Tl using Schwartz's theory for n=6 and
Casimir's theory for n&6. Following Schwartz,
we assume that departures from calculated hfs
constants arise from promotion of core s and P
electrons, and we use the experimental hfs data
and the theoretical semiempirical values of the
hfs constants to determine the fractional contri-
bution to the hfs constants from both these pro-
cesses. We find that the relative contribution of
these processes is roughly independent of
principal quantum number and that the anomalous
behavior of the O'P, ~, state is due to a sign change
in the spin-polarization contribution from the
promoted core s electron.

Our measurements also show that the isotope
shift of the 7'P, ~, state is significantly smaller
than that of the 7'P, ~, state. This behavior, which
is similar to that found in the O'P states, ""sup-
ports the idea that the isotope shifts of the 'I', ~,
states receive a significant contribution from the
f. , ~, electrons.

We detect the two-photon absorption by monitor-
ing fluorescence to the nearly unpopulated O'P, ~,
state. The reduced self-absorption allows us to
work at considerably higher vapor pressures than
would otherwise be possible (or than would be pos-
sible by the atomic-beam method). We have found
that the two-photon linewidth increases linea. rly
with pressure when the Tl pressure is increased
above that corresponding to 10's atoms cm 3

This result is interpreted in terms of nonresonant
thallium-thallium collisional broadening,

Before discussing the above results in detail,
we will describe the experimental apparatus and
technique. We also include a section on our ob-
servation of the splitting of the two-photon ab-
sorption lines in a weak magnetic field. Finally
we have included two appendices in which we (i)
calculate the relative two-photon absorption rates
between different Zeeman and hyperfine levels,
and (ii) estimate the overall two photon absorption
rate.

II. APPARATUS

The experimental apparatus requixed in the
Doppler-free two-photon absorption (TPA) tech-
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FIG. 2. Schematic of the TPA experiment (see text).

nique is relatively modest and easily accessible
to most research laboratories. It consists of a
laser, a container for the material to be studied,
and a suita. ble detector which records the absorp-
tion taking place. This simplicity has attracted
considerable interest, and since its experimental
verification in 1974," "the technique has been
used to measure hyperfine splittings, isotope
shxfts, dc and optical Stark shQ'ts, and rnag-
netic field splittings" in several atomic vapors.
Many of the experiments reported to date have
either employed high-peak-power pulsed lasers
or have taken advantage of a, nearly resonant in-
termediate state to enhance the TPA cross sec-
tion. We work at higher atomic densities to
compensate for our nonresonant interaction
(-8000-cm ' mismatch) and weak laser excitation
(-100 mW).

The thallium vapor was contained in an oven-heat-
ed fused-silica cylindrical cell 15 cm in length
and 2.5 cm in diameter. The cell was prepared
by a bakeout at 1050'C for 30 hours, after which
thallium of 99.9999/q metallic purity was doubly
distilled into it. Care was taken during the intro-
duction of the thallium to avoid contamination by
thallium oxide. The oven was placed in a solenoid
so that a dc magnetic field could be applied along
the cell axis.

A schematic diagram of our apparatus is shown
in Fig. 2. The cw single-mode dye laser (Spectra
Physics 580) is pumped by 2 to 3 W of 5145-A
radiation from a cw argon-ion laser and is ad-
justed to lase at either 5853 or 5686 A. The
"580" laser ean be electronically scanned in fre-
quency. The 5853- and 5686-A radiation is
linearly polarized and its frequency is about
8000 cm ' from the O'P, ~,-V'S, ~, transition fre-
quency (see Fig. 1). The laser beam is focused
into a d traverses the sample cell. It is then re-
flected back on itself by a corner-cube and focused
down again so that good spatial overlap occurs be-
tween the oppositely propagating beams in a vol-
ume about 0,01 em in diameter and 2 cm in length.
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With the combination of the corner-cube and
lenses L„L4,and L„the opposing beams can
be made to cross at an angle of about 10 mrad; the
reflected beam is then spatially separate from the
incident beam at the laser, and feedback from the
reflected beam into the laser is avoided. In addi-
tion, this scheme provides good, relatively align-
ment-free spatial overlap, which may be monitor-
ed during setup by placing a 100-p. m diam pinhole
at A, a point conjugate to the overlap point 8,
and observing the relative intensity of the reflected
beam passing through the pinhole.

The beam-overlap volume is imaged by lenses
L, and L, onto the entrance slit of a grating mono-
chrometer. Mirror M„which is 1 cm in dia-
meter, serves as a laser-beam stop aside from
its function as reflector. Our signal, consisting
of 7 S,~,-6 P,~, 535.0-nm fluorescence emitted
around mirror M, in the forward direction, is
isolated by the monochrometer and detected by
an EMI 9635QB photomultiplier tube. The ad-
vantage of monitoring the TPA at 535.0 nm is that
the sample cell is optically thin at this wave-
length, since the 6'P, ~, terminal level is 7793
cm ' above the ground 6'P, y, level and is there-
fore only slightly populated. This allows us to
work at much higher number densities than would
otherwise be possible.

The output of the photomultiplier as a function of
incident dye-laser wavelength is displayed on an
oscilloscope. Signal, consisting of several narrow
lines on a Doppler-broadened background (see
Fig. 2), is observed at a dye-laser power of

approximately 100 mW (inside the thallium cell)
and a thallium vapor pressure of about 80 m Torr
or greater. The narrow-line signal has the ex-
pected characteristics of Doppler-free TPA,
disappearing when the retroreflected laser beam
is blocked and varying as the square of the inci-
dent laser intensity. The signal is large enough
so that there is no need of synchronous detection,
and in fact so large that it can be detected while
sweeping the dye-laser frequency through a
single Doppler-free absorption line in a few hun-
dred microseconds, a time short compared to
the period of most of the dye-laser noise. Thus
it is possible to observe an atomic absorption
linewidth of less than 12 MHz [full width at half-
maximum (FWHM)] on a single sweep.

Identification of the lines was made from the
known ratio of abundances of the two thallium iso-
topes and from the theoretical ratio of absorption
rates of the various hyperfine transitions. As we
show in Appendix A, these theoretical ratios de-
pend only on angular momentum coupling factors
relating the initial (6',P~, ) and final (7'P, &, ,&, )
states. The F = 1 -1 and F = 1-2 6'P, ~, -7 'P

~,
transitions, which have equal absorption rates,
were identified with certainty from their split-
tings in a weak axial magnetic field.

The dye-laser frequency could also be elec-
tronically tuned by hand either continuously over
a span of about 1 GHz or in discrete 508-MHz
jumps over a range of several tens of GHz. The
frequency jumps occurred when the spacing of an

intracavity etalon was adjusted piezoelectrically
to choose successive laser-cavity modes. The
mean frequency diff erence b, v„between successive
modes (mode jumps) was found to be constant to
within 1 MHz (see Sec. III) as long as the cavity
length was not significantly altered, as one ex-
pects from the formula a v„=c/21, , where c is
the velocity of light and I. the optical length of the
laser cavity.

FIG. 3. Upper trace: 535-nm fluorescence as a func-
tion of dye-laser frequency (increasing to the right),
showing the 6 I'~2-7 P3& TPA spectrum {I" =1—1 and
1 2 only). Horizontal scale: 240 MHz/div. The
smaller (larger) peaks correspond to Tl ( 5T1). (Cf.
Fig. 5). Note the Doppler-broadened backround. Lower
trace: Transmission of the dye laser through an iodine
vapor cell; again note the Doppler-broadened absorption.
Both traces were obtained on a single sweep (at about
20 msec/div) of the dye-laser frequency, as observed
on a dual-beam oscilloscope.

III. EXPERIMENTAL METHOD: FREQUENCY-DIFFERENCE
MEASUREMENTS

Part of the dye-laser beam was split off by a
beam splitter and was incident on an optical
spectrum analyzer (Spectra Physics model 470)
having a nominal spectral range of 8 GHz. A
triangular ramp voltage applied continuously at
about 25 Hz to the piezoelectric holder of one of
the spectrum-analyzer mirrors swept the inter-
ferometer resonance frequency through somewhat
less than three spectral ranges. Since the dye
laser oscillated in a single axial mode, the trans-
mission of the interferometer, observed on an
oscilloscope sweeping synchronously with the
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ramp voltage, consisted of narrow peaks separat-
ed (apparently) by the spectrum-analyzer spectral
range 6 vs„. The horizontal sweep of this oscil-
loscope could thus be calibrated in terms of 6vs„.

Differences in frequency between any two two-
photon resonances were measured as follows:
The dye-laser frequency was electronically tuned
to the center of the first absorption, while the
transmission of the (swept) spectrum analyzer
was continuously displayed on an oscilloscope.
The laser frequency was then tuned by an integral
number of mode jumps hv„until its frequency
was as close as possible (within 300 MHz) to the
second absorption line. After the position on the
oscilloscope sweep at which the laser frequency
was resonant with the spectrum analyzer (the
position of peak transmission) had been noted,
the laser frequency was tuned continuously to the
second two-photon absorption line, and the new
position of peak transmission was noted. The
difference A v between the two absorption fre-
quencies was thus measured in terms of Av„
and a measured small fraction of the spectrum-
analyzer spectral range. The measurement was
repeated many times, successive measurements
being made from the first absorption to the second
and back to the first. By this means the measure-
ment of hv was corrected for spectrum-analyzer
as well as laser frequency drift. (Both were on
the order of several tens of MHz per minute).

The laser mode jump hv„was measured in
terms of 4v~„asfollows: The position of a trans-
mission peak on the oscilloscope sweep was noted
before and after the laser frequency was tuned
discretely by 16hv„. The number 16 was chosen
be cause of the ne ar- coincidence between 166v„
and the spectrum-analyzer spectral range. By
using an expanded oscilloscope scale, we were
able to measure the difference between 16',v„
and 6vs„reproducibly to within 10-20 MHz.

Finally, the spectral range ~vs„was measured
by comparison with the 7.866-GHz spectral range
of a plane-parallel Fabry-Perot interferometer,
the fixed spacing of which was accurately known.
To make the comparison, we used the method
described above for the measurement of the fre-
quency difference between two absorptions, util-
izing the dye laser as a light source incident
simultaneously on both interferometers.

Some discussion of the sources of error in this
method of measurement of fr equency dif ferences
is in order. Location of the central frequency
of each two-photon absorption was limited by the
inherent linewidth of the absorption as well as by
laser frequency jitter. The former arises from
the natural and collisional atomic lifetime of the
excited 7'P level and from the rms time of flight
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in the 100-p. m-diam, 2-cm-long overlap volume.
At a thallium vapor pressure of approximately
100 m Torr, at which the frequency-difference
measurements were made, the main contribution
to the linewidth came from the laser jitter of about
+12 MHz. This jitter, which appeared as fluctua-
tions in the position of the transmission peak, also
limited the measurement of the peak position.
Finally, the assumption of linearity of the spec-
trum-analyzer sweep was used to make the fre-
quency-difference measurements. However, the
method employed ne cessitated measurement of
frequency differences which were always smaller
than about 300 MHz, which constituted less than 4%
of a spectral range, and only about 1% of the full
spectrum-analyzer sweep. We estimate the pos-
sible percentage error due to nonlinearity over
this small a sweep range as about 3%, i.e., 9 MHz
in 300. Since we averaged our data over several
positions in the spectrum-analyzer sweep, we do
not believe that the sweep nonlinearity contributed
any appreciable systematic error to the average
of the data.

The measured values of the various frequency
intervals are depicted in Figs. 4 and 5 and are
listed in Table I. From them we have calculated
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TABLE I. Measured frequency difference between
various two-photon transitions.

quantum number n to the derivative dW/dn of term
energy with respect to n, as follows:

Transition
Frequency
interval

Measured
value (MHz)

( )
a', F(j,Z;}, -d)}'„}
3 ' ' j(j+1) dn

n 2 PTo P)g2- f P}/2

6 P) /2-7 P3/2
2 2

f2 —f) —=f2~'
f43
f42

537.9(4.i. )
'

633(9)
9590(3O)

55 5,3(2.8)
517.3(3.i)
Zi5(is)
3&2(9)

&0 669(ig)
624(t2)

See Figs. 4 and 5 for definition.
~Numbers in parentheses denote standard deviations.

the hyperfine splittings and isotope shifts of the
Pj /2 and 7 'P, /, states. They are given in the

upper half of Fig. 6. As an independent check on
our measurements, we may compare our observed
value of the O'Py/2 hyperfine constants with the
high-precision microwave measurements of
Lurio. " From our measurement of the O'P, y,
7'P, y, spectrum we obtainA», ——21339(38),

A», =21126(45), and A», -A2O, =213(25}. Our
values are consistent with those of Lurio to within
our experimental error (see Fig. 6).

The relativistic semiempirical theory of
Casimir'' relates the hfs constant a&(n} of a
single-valence P&-electron atom with principal

8' T 1205 (70.5'/. )

P3/2 130{40)
)
620(16)

'I T 1203 (29.&'/. )

( 616{16)

P
I /2 J92 (40 )

2
0

2131(60)

I

j
2115(63)

0

6 P3/2 g&1320j
t 530.0766 (2)1

I'524.060 I (2)1

I

6 Pl/2 +(1215(39)~ [21310.835{5)]

FIG. 6. Hyperfine splittings and isotope shifts (in
MHz) of the 6 P and 7 P states of thallium, with reported
error bars. Numbers in brackets were obtained from
other works (see Tab1e II), while a11 other numbers are
based on this work,

Here n is the fine-structure constant, gr the re-
duced nuclear g factor, Z; the shielded nuclear
charge, and F, a relativistic correction factor.
To correct for the penetration of the p, /, electron
into the nucleus, a, /, should be multiplied by an
additional factor (1 —5)(1-e). ' dW„/dn is obtained
from a plot of the term energies of the 'P series
against n, while Z, is obtained from a plot of the
fine-structure splittings 5v„against dW„/dn.
According to the Casimir theory the Landd formu-
la" 5v„=(n Z;)'W„'~'/2 should be replaced by

(aZ;) ~ ( )
-dW„

1'

where 3C, is a relativistic factor. Equations (1)and

(2) imply a linear relationship between a, (n) and

5v„,which for thallium with Z; = 76.5 (see below),

g,' =1.755 x10 ' ('"Tl)," and (1- 6)(1-e)= 0.95,'
yields a)~, (n) = (6.9x 10 ')5v„,a,&,

= (8.0x10 ')6v„.
%e have listed the known hfs data for the 'P

states of Tl in Table II, and in Fig. 7 we show a
log-log plot of the hyperfine constants for the
J =-, and & states, respectively, as a function of
fine-structure splitting. In agreement with the
Casimir theory, the data (except for n = 6) fit
closely to a straight line of unit slope. Indeed,
the Casimir theory also succeeds in predicting
the magnitude, the straight lines in Fig. 7 being
Casimir's results for a shielded nuclear charge
Z; =76.5. For J =-,' experiment and theory agree
to within a few percent (for n &6) while for 4= —,

the experimental values are of the order of 50% too
high. For n = 6 the disagreement between theory
and experiment is marked, in particular for J = 2 &

for which experiment yields a, hyperfine inter-
action constant A,~, which is an order of magni-
tude too small. This discrepancy is understood
from the work of Fermi and Segrh to be due to
the contribution to the hfs from the Os7sOP state,
which is mixed in with the ground 6s OP configura-
tion by the exchange part of the interelect;ron
Coulomb interaction (spin polarization}. ' Fermi
and Segrh were able to show that the spin-polariza-
tion contribution to A, ,y, for the O'P, ~, state was
of the same order as and of opposite sign to the
contribution of the valence electron. The corre-
sponding effect on the J =-,' state is fractionally
smaller because the single-valence-electron value
of A, ~, is an order of magnitude larger than that of

Aside from the effects of configuration inter-
actions the relativistic single-electron theory does
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TABLE II. Tl n Pz isotope shifts and 5Tl hyperfine splittings (in 10 3 cm ).

Pr inc ipal
quantum
number

Exper imental
isotope shift

3 iJ=g J=2 2A3 y2 AI/2

Experimental
splittings

6
7a
8b
gb

iob

44.0 b

4.3(1.3)
—0.8
—0.1

—40.5 I, 1.3)
—3.1(1.3)
—0.4

17.68
20.68(0.53)
8.7
3.5
2.3

710 8
71.1(2.0)
26.3
13.1

This work.
Reference 6.

'Reference g.
Reference 5.
Reference 17.

w= i/(n*)',

where

(3)

n ~ = n —a —bW„—cR'„' (4)

and W„are the experimental values, " then for
a =4.182, b=0.4313, and c =0.4516 the fractional
differences between W and W„are less than 0.2%

very well in connecting theory with experiment,
and many measured 'P-state properties in Tl seem
to be simply described. For example, if we ex-
press the term energy 8'(in rydbergs) by the
Rydberg-Ritz for mula"

for all n such that 6 &n &11. Since relativistic
effects are important, the Lande formula for the
fine-structure splitting 5v should, according to
Casimir, be replaced by Eq. (2). The improve-
ment gained by the Casimir theory is shown in
Fig. 8, where we have compared plotting experi-
mental values of" Gv as a function of W' ' (Lande's
theor y) with the corresponding plot as a function
of dW//dn (Casimir's theory) using Eqs. (3) and (4).
For 7 & n & 11 the Casimir theory works very well;
normalization is obtained using Z; = 76.5. We take
this good behavior as support for the use of
Casimir's formula for the hfs for the 'P states in
Tl for n=7, 8, 9, 10. For n=6, Gv deviates from
the straight-line fit and Casimir's formula would
be more suspect. Fortunately, Schwartz has
signif icantly improved upon the Casimir calcula-
tion for n =-6 by using the screened nuclear po-
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FIG. 7. Hyperfine constants vs fine structure of the
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of dW/dn and ~ (R is the Rydberg constant).
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tential of Tietz to make a semiempirical calcula-
tion of the single-valence-electron wave functions. 4

He finds that the Casimir values need only be
changed by -20%. This relatively small correction
can be taken as additional support for the Casimir
work, and we are therefore motivated to use the
differences between the experimental hfs values
and the hfs values predicted by the semiempirical
theory of Schwartz (for n =6) and Casimir (for n

=7, 8, 9} in order to ascertain the spin-polariza-
tion contributions to the hfs. This is readily ac-
complished by writing the hfs constants in the
form'

(6)

where a, g, ,/, are the single-valence-electron hfs
constants Pp is the fractional contribution to
2 $ //2 3j, from polarized core P e1ectrons, and a
is the contribution from the polarized core s elec-
trons. The quantity I- y = (I- 6)(1—e), ignored in
Schwartz's work, corrects for the nuclear-charge
and magnetic moment distribution of the finite-
size nucleus; for Tl y=0, 05.~ In writing Eqs.
(5) and (6) we have, following Schwartz, assumed
that p-p' and s- s' excitations are the major
contributors to the core polarization. " From Eqs.
(5) and (6) we solve for R~ and a, for each value
of n, and we tabulate our results in Table III. The
three major results are that Rp is of the order of

(o,/n, J, )a,/a, /, )
and (R~ )

remain constant to
within about a factor of 3, and the sign of a, for
n =6 is opposite to that for n =7, 8, 9. The sign
change of a, is not surprising in view of the fact
that the various inner s shells may give nearly
equal but opposing contributions to the total value
of a, ."'" In addition we should not expect
a, /a, /, to become very small with increasing n

for the following reason: The fractional amount of
promoted s-electron wave function is inversely
proportional to an energy denominator W' —W„,

TABLE III. Summary of calculated hyperfine constants
and deduced core-polarization corrections for Tl (in
10 cm ).

where W' is the energy of a higher-configuration
state which is mixed into the n'P state by the ex-
change terms of the interelectron Coulomb inter-
action. ' This energy denominator decreases with
increasing n. Thus the tabulated values of a, and

Rp seem reasonable and are large enough to moti-
vate separate calculation. For n =6 the anoma-
lous result arises from a, =+a,~,.

VVe note that other authors6'0 have proposed tha
the Tl n 'P series (n& 6) hyperfine constants are
strongly perturbed by mixing of the various
6s'n'p(n' Wn} with each 6s'np pure configuration,
an effect associated with the nonvanishing of the
off-diagonal matrix elements of the spin-orbit
interaction. However, if this mixing were strong,
one would not expect the experimental fine-struc-
ture constants to lie on the straight line (of
slope 1) of Fig. 8, since the fine-structure con-
stants are also expected to be perturbed by this
type of configuration mixing (see Ref. 10). We
have therefore ignored the possible contribution
of this nP- n'P mixing in our analysis.

In calculating Bp and a„wehave also ignored
the correction to the normalization of the n '-P,

~2

and n 'P, ~, wave functions which arises from the
difference between the ri'P term energy and the
energy of each of these states. From the work
of Casimir, this leads to a fractional increase by
approximately 3(oZ) /(n —4) in the value of a, /2,

'

a&/, for the n'P states of Tl. The deduced value of
a, (Table III) is then increased by (10-30)~;;, while
that of R~ is decreased by (15-50}/~;. However,
the basic conclusions of this section remain
unchanged.

H= 5QG

Calculated Exper imental
Theory n a„,g, ~, A, g, A, /, R~' a,

H= 506

Schwartz
HF
OHFS
Casimir
Casimir
Casimir
Casimir

620 51
626 46
624 37
562 62
72 8.0
27 3.0
13 1.4

~Dimensionle ss.

711
711
711
711
71.i.
26.3
13.1

8.8
8.8
8.8
8.8

10.3
4.35
1.75

0.12 49
0.12 43
0.14 33
0.20 65
0.06 —1.9
0.07
0.07 —0.2

F=f ~P

FIG. 9. Tl 6 P~-7 P3/2 TPA splitting in a weak
axial magnetic field H for the three possible multiplet
transitions. Each oscilloscope trace represents a single
sweep of the laser frequency, increasing to the right at
approximately 38 MHz jdiv. Time scale: 2 msec/div.
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Fermi and Segrh' calculated an a, of +0.043 cm '

for n =6. This value, which mas obtained using
rough estimates of the physical parameters, mas

only to be thought of as an order-of-magnitude
estimate. In particular, they considered mixing
of only the OsVsOP mith the Os'OP configuration in
the 6'P states. Nevertheless, their result agrees
quite mell with the value a, = 0.048 em ' deduced
from Schmartz's work. Lmdgren and Hosen, "
using Hartree-Fock wave functions, have also
calculated the uncorrected hyperfine constants and
their results are also listed in Table III. Their
mork supports that of Schwartz.

V. SPLITTING OF THE TPA SPECTRUM IN A WEAK
MAGNETK FIELD

Photographs of oscilloscope traces of O'P, ~,
7 P3/2 TP A s ignal in the pres ene e of a weak
magnetic field applied along the direction of prop-
agation of the laser are shown in Fig. 9. To ob-
tain these traces„each of mhich represents a
single oscilloscope sweep, the dye-laser fre-
quency is swept at about 20 MHz/msec. and the
oscilloscope sweep is triggered synchronously.
On this time scale, laser FM noise contributes
little artificial broadening to the linewidths. The
FM noise does show up, however, as sweep-to-
sweep jitter (of about+ 10 MHz) in the position of
the TPA. It also contributes some nonlinearity
to the frequency sweep.

The observed magnetic field splitting of the two-
photon transitions mas in agreemert mith the theo-
retical calculation of Appendix A. Thus, for the
6 'P, ~, -7 'P, /, transition, the I = 0-2, I = 1-1, and

F = 1-2 lines were observed to split into 3, 3, and

6 components, respectively, the &I = + 1-+ 1,
I' =1-1 transition being too weak for us

to observe (see Table IV). The absence of the
M=0-0 component from the I = 1-2 transition,
which is apparently not due to any selection rule,
mas also conf irmed. The left-to-right asymmetry
in the magnitude of the transitions, evident in Fig.
9, was found to reverse upon reversal of the mag-
netic field; it mas probably due to a deviation of
the retroreflected-beam polarization from linear-
ity. Finally, no splitting or broadening of the
6'P, /, -7'P,

~2 transitions was observed in a mag-
netic field as high as 50 G, in agreement with

theory (see Appendix A).

VI. ISOTOPE SHIFT

From our data me find an isotope shift in the TI'A
transition frequencies of 1123.2(7.7) and 1084.8(8.8)
MHz, respectively, for the O'P, g, -V'P, /, and
O'P, ~,-V 'P, ~, transitions, respectively. In each
case the heavier isotope has the higher transition

frequency. To calculate the 7'P, ~,-state isotope
shifts appearing in Table II me have used the
ground-state isotope shift of Schuler, ' whose value
is in turn based on the measurements by Qdintsov. '
The latter defined all 'P-state shifts with respect
to the 10 P3/, state, m aking the re as onab 1e as
sumption that the 10' P,/, -state isotope shift is
negligible compared to his experimental error
(i.e. , less than a few MHz). Like that of the O'P-
state isotope shifts, the sign of the 7 'P shifts is
negative; that is, it is opposed to that expected
from the theory of finite nuclear volume. It may
be explained as occurring as a result of the shield-
ing of the Os electrons from the nucleus by the VP

electron. ' Our measurements indicate that the
7'P, ~, isotope shift is larger in magnitude than
that of the 7'P, /, state by 38 +10 MHz. This may
be explained as resulting from the nuclear-volume
effect in the 7'P, /, state. As Fischer has discus-
sed, "a similar situation exists for the O'P, ~, ,~,
states.

VII. PRESSURE SELF-BROADENING

The linemidth of the O'P, ~ -7'P, ~, I' = 1-1 transi-
tion ('"Tl) was observed as a function of the cen-
tral temperature of the thallium cell in the tern-
perature range 690-860"'C, To minimize artif ieial
broadening associated with laser FM noise, we
made the linewidth measurements by smeeping the
laser frequency at about 50 MHz/msec, so that a
10-MHz-wide line was traversed in only 200 p, sec.
The temperature was measured by a Platinel
thermocouple located near the outer surface of the
cell. It was found that the linemidth increased re-
versibly as the temperature mas increased.

The following sources (other than laser frequency
jitter) may contribute to the observed absorption
linewidth:

(a) The natural lifetime of the 7~P, y2 state, as-
sociated with decay to the 7'S, /, state. A Cou-
lomb-approximation calculation, utilizing the
tables of Bates and Damgaard, "yields 6.1 MHz
FRHM for the natural atomic linemidth.

(b} The rms atomic time-of-flight in the laser-
beam overlap volume. For an rms velocity of
3 &10' cm/sec and an estimated excitation radius
of 5 x 10 ' cm, the associated linewidth is about
6 MHz.

(c) Optical field Stark broadening of the levels.
For our peak laser intensity of about 1 kW/cm'
the broadening may be estimated as roughly 2 kHz.

(d) Broadening of the atomic line as a result of
collisions between the excited-state 7'P, /, atoms
and ground-state O'P, /, atoms.

Both (a} and (b) may contribute to the low-density
linewidth; (c) is negligible. (b) is very weakly
temperature dependent, while (d) is linear in
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FIG. 10. Observed linewidth of the 6 PfJ2-7 P~ I' =1
—1 205Tl TPA as a function of Tl vapor density. The
inferred atomic linewidth is twice as large.

atomic density. We expect the self-broadening
rate to be comparable to that of foreign-gas
broadening, since the responsible collisions occur
between atoms in states which are not coupled by
an electric dipole moment.

The frequency scale of the linewidth measure-
ments was calibrated in terms of oux measured
value of the F =1-1 '"Tl-'"Tl isotope shift. At
each value of cell temperature, many single-
sweep oscilloscope traces [similar to that of Fig,
9(c)] were taken. Those traces for which the line
shape was asymmetric (evidently because of a
rapid change of laser frequency during that parti-
cular sweep through the absorption line) were re-
jected. The linewidths of the others were mea-
sured and averaged. In Fig. 10 we have plotted
the mean width w (FWHM) of the absorption line
as a function of ground-state atomic thallium
density N; the vapor-pressure curve of Honig"
and the ideal-gas law were used to convert from
cell temperature to atomic density. If we assume
a linear dependence of linewidth ~ on density N,
that is ~ =I), + PN, we obtain the following from a
least-squares fit of the mean measured values of
w for each N: w, =6.50+0.35 MHz, P = (0.95 +0.09)
x10 "MHzcm'. These uncertainties do not in-
clude the uncertainty in the value of thallium den-
sity associated with temperature nonuniformity in
the cell and uncertainty in the vapor-pressure
curve. The experimental values of 2', is in rea-
sonable agreement with the estimate of residual
broadening due to (a) and (b) above. At a tempera-
ture of 860 C, corresponding to a thallium vapor
pressure of 1 Torr, the experimental value of 2p
corresponds to an atomic self-broadening of
16 MHzjTorr, which is of the order of magnitude
of typical foreign-gas-broadening coefficients, "
as we expected. The corresponding collisional
cross section is 2vP/V=1. 6X10 " cm', where V

is the rms atomic velocity.
We did find that the linewidth could in fact be in-

creased ix'reversibly by heating the ceB to the
temperatux'e at which it was ox'iginally baked out.
The atomic linewidth observed in a second thallium

cell, the temperature of which had been raised
above 1000'C several times, was found to be 60

MHz at the lowest temperature at which TPA could

be observed in this cell (about 700 C). The ap-
pearance of this additional broadening, which is
probably due to impurity gases outgassed from the
cell surfaces at the higher temperatures, demon-

strates the necessity of using clean cells for this

type of experiment. A small impurity contribution

to the linewidth 2MI, in our cleaner cell cannot be

ruled out, either.

VIII. SUMMARY AND CLOSING REMARKS

We have measured isotope shifts, hyperfine

splittings, magnetic field splitting, and nonres-
onant collisional self-broadening of the 7'P, ~, ,y,

states of thallium. We have also shown that it is
quite feasible to make measurements by Doppler-
free TPA using a cw single-mode laser even when

the laser frequency is many thousands of cm '

away from resonance with an intermediate state.
A good deal of improvement of the measurements

is possible. If one uses a stable confocal Fabry-
Perot interfermometer about 1 m long to analyze
the laser spectrum during a laser-frequency
sweep, one should be able to reduce the frequency-
measurement uncertainties below 2 MHz. " Fur-
ther improvement is possible using a double-res-
onance technique, with the laser simply used as a
source of excitation on (two-photon) resonance,
while suitably chosen dc and rf magnetic fields
are applied to the atoms. In addition, the self-
broadening measurements could be improved con-
siderably and extended to collisional frequency
shifts by simultaneously observing the TPA spec-
tra of two cells containing different densities of
thallium but irradiated by the same laser beam.
Foreign-gas broadening and shifts could be mea-
sured by this method, as well. '

We emphasize that our analysis of the hfs con-
stants of the n'P series of Tl indicates that the
surprising result A, y, (n = 7)&A, ~, (n =6) is not due
to an anomaly in the 7'P, g, state. We find, in

fact, that the hfs of the 7'P states conforms
rather well with previous measurements of the 8

and9Pst tae. s""' lt is the value of A, ~, ( = n)w6hich
is anomalously small, apparently because the
value of a, for this state is positive and of the
same order of magnitude as a,~,. For the states
n=7, 8, 9, however, this type of cancellation does
not occur, apparently because a, is negative for
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these states. A theoretical calculation of a, for
the various terms of the 'P series of thallium as
a confirmation of our analysis would certainly be
most desirable.
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APPENDIX A: RELATIVE TPA RATES

Our goal in this appendix is to calculate the
relative TPA rates for transitions between differ-
ent Zeeman levels and for transitions between
different hyperf inc levels.

Let 5 and 2 be the unit polarization vectors of
the incident beams of angular frequency (d, and

~„respectively. By assumption, the sum ~,
+ ~, is exactly equal to the transition frequency
between the initial atomic state ~a& and final state
~b& The. TPA rate is proportional to the absolute
square of a polarizability 8 which, in the dipole
approximation, is given by"

Q~' and 8~' are, respectively, the scalar and
second-rank tensor components of 8;,; the vector
or first-rank component 8' is given by the anti-
symmetric part of 8;, and hence vanishes identi-
cally. '

Let the states
~

a& and (b& be characterized by
the quantum numbers nJ, IE,M, and pJ, IE&Mf„
where I, J, and E denote the total angular mo-
mentum of the nucleus, electron, and atom, re-
spectively, M denotes the component of E along
a dc magnetic field H, z, and o, and P denote the
other atomic quantum numbers. In addition, we
define an operator A;, whose matrix elements are
the polarizability tensor 8;&. Following the nota-
tion of Messiah, "we introduce the spherical com-
ponents of the tensor, which we denote by Greek
rather than Latin subscripts. We thus have

8„„=+&lip v( JM) &PJ, IF M, ~A„~aJ,IF, M, ),
J', N

where (11p. v( ZM) is a Clebsch-Gordan coefficient,
and A ~ is the Mth component of a spherical-ten-
sor operator of rank J. Since the A;,. 's are linear
combinations of the A'„'s, it is clear that the
components of A" vanish identically.

Using the Wigner-Eckart theorem, we obtain

1 g &f Ip;ln&&nip, lu), &t Ip, l n) &nlj;lu&
n (dna

In the special case (dl = (d2 =43, to which we will
restrict ourselves here, we obtain

1 g &f'I p; ln& &nit~ Is&+&t IP, in& &niP;Iu&

Here i and j are Cartesian coordinates, &m~P; ~n&

is the ith component of the dipole matrix element
between atomic states m and n of energies k~
and h ru„, respectively; &u„,

-=~„—~, , and ( a),
and

~
n) are the initial, final, and intermediate

atomic states, respectively. If the initial and
final states contain degenerate levels, we must
also sum ( a) over them.

Following Placzek, "who treated the similar
ease of Raman scattering, we break 8&, up into a
trace 8" and symmetric traeeless part 8",, as
follows:

8„=5„8~'i+QP',

@ =g (-1)"y'~„&P~,IF, ][A"'~joZ.IF, &

x(-1)' &F,ZM, M(F,M,)(2F, +1) '~', (Al)

(-1)"y' „'=Q&lip )ZM)5 „e,(-1)"'". (A2)

Since the tensor operator A ' is independent of
nuclear spin, " it follows from Eg. (Al) that

1 )Ez+zz +z~-z (2F + 1)1/2

J, J Jq
x&F.ZM, M)F,M, &

Eq I E,
(A3)

where the symbol in curly brackets is a 6-J sym-
bol, while the double-lined matrix elements de-
note reduced matrix elements. From the 6-J sym-
bol the selection rules (J,'- Jt~/ ~Z, +4 and

~F, -F. (
&J~F, +F, may be deduced. Thus, for ex-

ample, the J =0 term vanishes unless J~= J, and

E~ =E, , while the J=2 term vanishes if J, +J,&2.
Some of these TPA selection rules have been noted
previously. "
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Applying these rules to TPA in thallium (I=-,'-),
we find that only the scalar polarizability (J=O)
contributes to the O'P, ~,-7'P, /, TPA. Thus only
the transitions F =0-0 and 1-1 are allowed, and

since oniy M= 0 appears in the sum in Eq. (A3), it
follows that only transitions in which M, =M~ may
occur. On the other hand, only the traceless
polarizability (t =2) contributes to the 6'P, I, 7'P-, I,
TPA. The possible transrtzons are now F =0-2,
1-1, and 1-2. In general, there are no restric-
tions on M, and M„except for those implicit in the
polarization coeff ic ients y '~~~.

Equation (A3) may be used to calculate relative
TPA rates in the presence of a weak dc magnetic
field II„z. We will restrict our analysis to the
6 P, /2-7 P, (2 3/Q thallium transitions which we

have observed experimentally.
We consider the possible splitting of the F=1-1

O'P, &,-7'P, &, (M = —1--1,0-0, 1-1)transition
in a weak field. We note immediately that only the
principal quantum number n changes in the TPA.
Since to a. very good approximation (LS coupling)
the splitting in a weak magnetic field is indepen-
dent of n, "we conclude that the F =1-1 transition
is not split, even though the state degeneracy is
lifted by the field. This situation is similar to
that observed in Na (3S -5S TPA) by Bloembergen. "

On the other hand, the O'P, ~,-7'P, ~, transition
will be split in a weak field, since Zt J,. If we
neglect the nuclear magnetic moment and assume
I.S coupling, the meak-field perturbation energy
sW (measured in Hz) of a level having quantum
numbers LSJFM is psH, gM/h, where

g=g~IF(F +1)+J(J+1)—I(I+1)][2F(F+1}] '.

(A4)

Here g~ is the Lande g factor, "p, ~ is the Bohr
magneton (1.38 MHz/G), and L and S represent the
quantum numbers of orbital and spin angular mo-
mentum of the atomic state. From Eq. (A4) we
obtain g factors of 1, —,', and - in the 7 'P, g,
F=2, 7'P,&, F=1, and O'P, &, F=1 states, respec-
tively.

We may now calculate the relative TPA rates of
various Zeeman-level 6 P, ~,-7'P, ~, transitions,
which, according to Eq. (A3}, are proportional to
Iy „

I' (F, 2M, MI F~M,&' For simpl. icity we con-
sider the ease 5 =~ =x, that is, linearly polarized
light in a plane perpendicular to the magnetic
field. A straightforward calculation yields

The relative TPA rates for linearly polarized
light are given in Table IV. For arbitrary ellip-
tical laser polarizations normal to the magnetic

TABLE EV. 6 Pj~~-7 P3~~ Zeeman splitting and rela-
tive TPA rates for linearly polarized excitation.

Mult ipl et M~ —Mg

Relative
TPA rate

Relative
position

0 —0
0 —+2

71
+1—+1

Units are 3 p&HO, where p&
——1.:38 MHz /G, and Ho is1

the applied axial magnetic field.
Vanishing of this matrix element is not due to any

simple selection rule.

field Eq. (A5) should be replaced by

4 Jg I'
x(2F, +1}(2F~+1)(24+1) '

(AV)

For transitions for which either the J =0 or J = 2

terms (but not both) contribute (because of the
selection rules implicit in the 6-j symbol), the
relative TPA rates are simply proportional to the
square of the appropriate 6-J symbol multiplied
by (2F, + 1)(2F„+1)." For 8= 0 this factor reduces
to (2F, +1}(2Z,+1) '5z ~, 5r r, for 8 =2 it is most
convenient to look up the 6-J symbol in a table. '"

Applying these results to Tl, we find that for the
O'P, /, -7'P, g, TPA, the F =0-0 and 1-1 absorp-
tion rates are in the ratio 1:3, while in the
O'P, y, -7'P, y, TPA, the F=0-2, 1-1, and 1-2
absorption rates are in the ratio 2:3:3. The same

(A6)

Note that M=+1 transitions are forbidden, since
each of the two photons must contribute either
+1 or -1 units of angular momentum to the atom
undergoing the transition.

We now consider the general calculation of rela-
tive TPA rates of different hyperfine multiplets
for arbitrary polarizations 5 and e. Squaring Eq.
(AS), summing over M, and M, and making use of

a Clebsch- Gordan orthogonality relationship, we

obtain
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conclusions follow from intensity sum rules"
applied to transitions between the hyperfine multi-
plets.

In the most general case of TPA, both the J = 0

and 4=2 terms contribute, and therefore it may be
expedient to have an explicit expression for the
reduced matrix elements in terms of reduced dipole
matrix elements:

Jg 4 J
f&pJ IIA& ~ffaJQI2=4(2J+1)

' &»~IIPII«. )&». lit II»D '
1 1 ii(&u„,—v)

(A8)

The polarization coefficients may also be calculated
explicitly as

fy(0)f2 1
I
8. e f2

(2} (P) 1 ~ 1+1 ~+.&
P

Finally, we note that the magnitude of a dipole
matrix element &~ ffpffnJ„) may often be evaluated
from experimentally measured values of the line
strength S(PJ~-nJ} or oscillator strength f(nJ„,Pd~)

I& p'J
ll pllWI'=s(pJ -~.)

= ';r, hc'(2J; + 1)(o„,' f(nJ„,PJ,),

where x, is the classical electron radius. However,
the sign of the product of reduced dipole matrix
elemen«&pJ II&II ~.) &nJ. II pllo'J„) is quite often un-

measured, "'"even when the magnitude is known.

Noting that in our experiment the incident laser
frequency is some 8000 cm ' away from the near-
est single-photon resonance, as opposed to only
400 cm ' in sodium, we see that the thallium cross
section for TPA should be lower by a factor of
about (8~00~0)' -=400 than that of Na. Clearly, how-

ever, this reduction may be compensated for by
using an atomic thallium density several orders
of magnitude larger than that used in the sodium
TPA experiment.

%e can estimate the Doppler-free TPA rate as
follows: For an incident laser beam of angular
frequency &o and intensity f (ergs/cm' sec), the
Doppler-free TPA rate by a single atom having
resonance frequency (do-=2+ may be written4'

Nf 8 I P (dg(2(d-(do)/h c

lpga

(B2}

This result, which is independent of r„holds in
the limit in which tbe longitudinal extent l —= 2r', &o/c

of the laser beam is much smaller than the length
of the vapor, so that the most intense part of the
beam is contained within the vapor. 4'

For the O'I', ~2-7'I', ~»~, TPA in thallium we

have u/2iic =3.5x 10' cm ', and we estimate 8 to be
roughly 3x10 "cm'. Thus, for g(0)=10 ' sec
(including laser frequency jitter), a power of
P = 10' ergs/sec ' (0.1 W) should yield an excita-
tion rate dn/dt of 4x10' sec ' at a number density
X=2 x10'~ cm ' (about 0.1 Torr of thallium).
Taking into account the solid angle within which the
fluorescence was observed, the transmission of
the collection optics, and the detector quantum ef-
ficiency, we expect a signal of about 4&10' photo-
electrons/sec on two-photon resonance. The
magnitude of the experimental signal was com-
parable with this estimate.

r((u) = [4v'/(bc)'] g(2(o —(o,) I
8 I'I',

where 8 is a polarizability defined in Appendix A,
and g(2&v —&u, ) is a line-shape factor normalized
to 1; e.g. , if the transition linewidth is Lorentzian
and is determined by the lifetime of the excited
state then g(0) =2/vy, where y is the inverse life-
time of the excited state. For perfect overlap be-
tween two opposing Gaussian laser beams, each
having power P and a (coincident) minimum waistr„integration of Eq. (Bl) over all space yields
the following value for the number of atoms, dn/dt
excited per second within a vapor containing
N atoms/cm' in a single nondegenerate state:
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