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The lifetime, coherence narrowing, and collision broadening of the 725, /2 excited state of

atomic thallium has been studied by the technique of zero-field level-crossing spectroscopy.
The lifetime of the 7231/2 state is determined to be 7.55(0.08) nsec. The full coherence-
narrowing effect gave a branching ratio, from F=1 of 7 251 /2 to the ground state, of 43%. The
cross section for thallium-thallium resonance-broadening collisions is g1 =5.38(0.49)

% 10~8/5 cm?. The effect of 426-torr helium on the thallium lifetime, coherence narrowing,

and resonance broadening was also investigated.

From the low-thallium-density region the

cross section for helium depolarization of the thallium 7 %S state is oqyge =7 X 1071%/7 cm?.
There is also indication of a buildup of population in the metastable 6 2P; /2 thallium state.
From the data, the cross section for the process T1(62P;,,) — T1(6 2P;,) by helium collisions

is o ~1x 102! ecm?.

The Tl branching ratio in the presence of helium is 39%.

It was also

found that the thallium~-thallium resonance-broadening cross section is oq. 1 =4.04 (0.32)
x 10-%/% cm? in the presence of 426 torr of helium. In the presence of 113 torr of He, the reso-

nance-broadening cross section was found to be gqy_py=5.22 (0.13) x 10%/7 cm?.
of Ar as the buffer gas, opya,=8x 10713/7 cm?.

I. INTRODUCTION

Resonance fluorescence in atomic thallium under
level-crossing conditions leads to the observation
of several physical effects: the free decay of excited
atoms; radiation-trapping coherence narrowing;
and depolarization of resonance radiation by colli-
sions. In this paper we report on level-crossing
studies with thallium and with thallium in the pres-
ence of helium and argon.

Because there are two well-separated fine-struc-
ture branching states (see Fig. 1) in the atomic
thallium ground state, 3776 -A resonance radiation
can be used for excitation and 5350-A scattered
cross-fluorescence radiation can be used for detec-
tion of the level crossing between the F=1, |[Mgl=1,
and M =0 levels of 7 281/2. This avoids severe de-
polarization of the detected photons since the system
may become optically thick for 3776-A photons while
it is nearly always optically thin for the 5350-A
photons. The experiment may therefore be carried
out from low atom densities, ~10'° atoms/cm®, to
relatively high densities 2x10'® atoms/cm?®, and into
the collision broadening region.

In the experiment, the linewidth is observed in-
dependently of the Doppler effect. Thus, at low
atomic-thallium densities, the decay of essentially
free atoms leads to a measurement of the excited-
state natural lifetime.' As the atomic density is in-
creased there is an evolution to a loose many-body
system in which a coherence narrowing of the ex-
cited-state levels occurs (one form of radiation

|

%, In the case

trapping); and finally, owing to the dominance of
the large resonance-collision cross section betwee
thallium atoms, there is a collision-broadening
contribution to the linewidth. The addition of a
foreign buffer gas provides the opportunity of ob-
serving competing processes between the gas and

thallium. At low thallium-atom densities and a
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FIG. 1. Energy levels and their separations of interest
in thallium.
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constant buffer ~gas density there is both the process
of independent thallium-atom decay and buffer-gas
collisional depolarization of thallium, This in-
creases the width of the level-crossing signal from
the thallium excited state and yields a measurement
of the cross section for the process. At higher Tl
densities, ~10'2 atoms/cm?, the helium collisions
interfere with the coherence-narrowing process.
This arises in two ways: (a) The presence of helium
removes an important relaxation process (wall
collisions) which maintains thermal equilibrium be-
tween the two fine-structure states of the 2P multi-
plet in thallium, thus allowing another channel for
radiation trapping. (b) The presence of helium ap-
parently alters the branching ratio of the thallium
transition. Finally, as the resonance-collision pro-
cess dominates, it is observed that, in the presence
of helium, the apparent cross section for thallium
deexcitation by thallium is reduced.

Systematic studies using the level-crossing tech-
nique, besides those of measuring lifetimes and g
factors, are limited. The only complete study of
the lifetime, coherence narrowing, and resonance
broadening was made by Saloman and Happer on the
3p, state of lead.®3 However, the effect of rare-
gas atoms on the coherence narrowing and resonance
broadening processes has not been studied pre-
viously. At present, both the theory and experi-
mental data are for atoms in vacuo. In our experi-
mental work, we first explore the interaction of free
thallium atoms. Later we extend the technique to
thallium atoms in the presence of helium and argon.

II. THEORY
A. Level-Crossing Signal Line Shape

It has been a standard procedure to derive the
expression for the level-crossing signal line shape
starting from the so-called Breit equation.*® In
the case of the thallium 72, ,, state, having J=3,
the derivation by Rose and Carovillano turns out to
be clearer for the deduction of selection rules. ®
The detailed calculation of the selection rules is
presented in the Appendix. In order to obtain a
level-crossing signal, in the presenf experiment,
both the incident and detected light beams must be
circularly polarized. In the notation of the Appen-
dix, only the v=1, | u-pu'l=1 level-crossing signal
is allowed. For our experimental setup, 3776-A
incident light is used and 5350-A scattered light is
detected. The signal expression is taken to be

(£)(+)sinb, sing,
1+ (Eu ut T)z

X [COS(¢)1 _¢2) +Euu ’ TSin(¢'l —¢2)] ’ (1)

S=A-B

where the constants A, B are for the incoherent part
and the coherent part of the signal, respectively;
() refers to the sense of circular polarization of the

J. C. HSIEH AND J. C. BAIRD 6

incident and detected light beams, e.g., (+) for
right-circular polarization and (=) for left; E,, . is
the energy separation between the two excited-state
crossing sublevels u, u' ; 7 is the mean lifetime of
the excited state; 6;, ¢, are the polar and azimuthal
angles of the incident light beam; and 6,, ¢, are
corresponding angles for the detected light beam.

Equation (1) is equivalent to Eq. (13) from Galla-
gher and Lurio, Ref. 7, except that (i) the magni-
tude of the coherent part of the expression is differ-
ent. [This is because Eq. (13) of Ref. 7 was de-
rived by assuming scattered 3776 -A light was de-
tected, instead of 5350-A light, and so the values
of the phase factor in Eq. (A4) are different.] (ii)
The magnitude of the coherent part of the signal B
is smaller than the value in Eq. (13) of Ref. 7 be-
cause the values of the J,-dependent 6; symbol in
the M,-matrix element [cf., Eq. (A4)] are different
in the two cases.

When 6, 6,=+90° and (¢, — ¢,)=+180°, Eq. (1)
reduces to the usual Lorentzian signal result. Sim-
ilarly, when 6,, 6,=+90°, and (¢, — ¢5)=+90°, Eq.
(1) reduces to the dispersion-shaped signal expres -
sion.

Since E, . =gribs(p — u)H/fi=grupgH/ and gp
=1, the lifetime 7 is obtained in the form

T=2W/HBH1/2,

where pp is the Bohr magneton, g is the g factor
of the excited state, H is the magnetic field strength
in gauss, and H,,, is either the half-width of a
Lorentzian signal or the peak-to-peak separation of
a dispersion signal.

B. Coherence Narrowing

If the atomic density in the resonance cell is low
enough, only spontaneous emission is involved in
the relaxation of the excited-state atoms, and the
measured lifetime from a level-crossing signal
would be the natural lifetime 7,, But when the atom-
ic concentration is increased, the photon mean free
path of the resonance radiation is reduced. The
probability that the emitted photons will be reab-
sorbed and reemitted at least once before leaving
the cell boundary may become significant, and, as
a result, the measured lifetime is increased. This
repeated absorption and reemission process is
called imprisonment of resonance radiation, 8 radia-
tion trapping, or multiple scattering.® By the nature
of the level-crossing experiment, in which the ex-
citation and detection are coherent, the narrowing
effect of the multiple scattering on the linewidth of
the level-crossing signal is therefore called coher-
ence narrowing.

Barrat!® first systematically studied this coher-
ence-narrowing effect. D’yakonov and Perel'! im-
proved Barrat’s theory by taking the velocity distri-
bution of the atoms into account and arrived at the
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same physical result as Barrat, except that the re-
absorption probability of the emitted photons has an
integral form instead of a single exponential. Re-
cently, Saloman and Happer??® have extended
Barrat’s theory to include the case of branching de-
cay. Branching decay means that the excited atoms

can decay to more than two lower states. Their re-
sults showed
1/T£ = (1 —Z‘/i aixiai)(l/Tc) ’ (2)

where ¢ refers to the ith branching state; ®,; are the
branching ratios; 77 is the coherence time mea-
sured from the half-width of the level-crossing
signal. The superscript L refers to the multipolar-
ity of the emitted radiation. In this work, only

L =1 signals are detected and we therefore drop L
as a superscript. «a;, which depends on the total
initial and final angular momentum, is the depolar-
ization factor. x;, a function of density, is the re-
absorption probability of emitted photons and can
be expressed by

400
%=1 -V'—IE_,( exp [—t2—<l%e"2)] at,

2F;+1 81°/%7 7,

ey Na'®,

where £ is a characteristic cell length, 7, has the
units of length and is equivalent to the mean free
path of a photon in the center of the ith branching-
decay line, F; and F are the total angular momen-
tum of the i{th branching state and total initial angu-
lar momentum, respectively, and A; is the wave-
length of the ith branching decay line.

The separation of the two hyperfine levels of the
6 2P, /, thallium state is about 2.1Xx10* MHz and is
well resolved with respect to the Doppler width,
Thus, these two levels can be considered as two
branching states and they will contribute to the
coherence-narrowing and resonance-broadening ef -
fects independently, although they are not optically
separated. Similarly, since the separation of the
two hfs levels of the 725, /, thallium state is about
1.2x10* MHz, and is larger than the natural line-
width (1. 3x10% MHz), there will be no crossing be -
tween the two hfs levels. In other words, the de-
tected level-crossing signal originates from the
F=1 excited-state level only.

C. Collision Broadening

When the atomic density is increased, the inter-
action between a radiating atom and every other
atom in the vapor may become significant, This
atom-atom coupling may be approximated by the
dipole-dipole interaction term. The matrix element
of this interaction between the ground and excited
states is nonzero for identical colliding atoms.
Thus, if the transition has a large oscillator

strength, as in this work, this matrix element will
be relatively large, and eventually the excitation
energy will be exchanged between the atoms. The
corresponding resonance-broadening cross section
will be much larger than typical kinetic cross sec-
tions.

The theory of resonance broadening (self-broad-
ening in general), employing reasonable approxi-
mations, has been extensively worked out by various
authors.'?-'® For the branching-decay mode, the
result for the resonance-broadening part of the line-
width ¥y may be written as

Y=ZiN10'ﬂ7 (3)
and
0;=C(\*®, /71y,

where i refers to the ¢th branching state, N, are the
atomic densities, o; are the resonance-broadening
cross sections, and v is the relative velocity of the
colliding particles; C; is a constant whose value de-
pends upon various collision-theory approximations
made, the total angular momentum of the initial and
final states, the wave functions of the initial and
final states, and the multipolarity. It is obvious
that y is velocity independent. Consequently, a
straight line will be obtained for y vs N (thallium
density). The over-all linewidth including sponta-
neous emission, coherence narrowing, and reso-
nance broadening becomes

I'= FO—E;aixi(Biro'*Z}ijoﬂj, (4)

where I is the over-all linewidth, I'yis 1/7,, and
the rest of the notation has been described previ-
ously.

III. EXPERIMENTAL RESULTS

In the experiment, we investigate the changes in
linewidth as the atomic concentration is varied.
Because the degree of linewidth change is small,
e.g., in the case of coherence narrowing the maxi-
mum range of the effect is only 11% of the natural
width, it was necessary to use digital data-handling
techniques to process relatively large quantities of
data and to optimize the apparatus in every respect
in order to obtain the level-crossing signal shape
and position with high accuracy. The experimental
setup consists of a light source, lens system to
produce a parallel beam of resonance radiation
covering the cylindrical thallium cell, a filter pass-
ing 3776-A radiation, a circular polarizer, a light
pipe, an oven, a thallium cell, another light pipe
along the cylindrical cell axis, another analyzer, a
5350-A filter, and a lens to focus the 5350-A light
onto the photocathode of a photomultiplier. The out-
put of the photomultiplier is fed to the digital signal-
processing equipment. The thallium cell and oven
are situated in the center of several sets of Helm-
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holtz coils, one set supplying the level-crossing
field perpendicular to the optical axis and two sets
used to cancel the earth’s field.

The light source is formed by a dc discharge in a
commercial Osram thallium lamp: In order to
stabilize the lamp output, a 63-Q resistor (a com-
mercial heating unit) was connected in series with
the lamp. The resistor was cooled by running
water. The dc power supply was a Kepco model
SM-160-2A(M). This unit supplied about 80 W of
power to the circuit, of which about 65 W were dis-
sipated by the resistor. The lamp was initially
excited by 220-ac obtained from a transformer. It
was found that slight air turbulence, caused, for
example, by movement near the lamp, produced
an effect on the lamp output. Therefore, the space
around the lamp was enclosed by a cloth, While
data were being taken, the lamp output was moni-
tored with a RCA 935 phototube and its output dis-
played on a 12-in, strip-chart recorder. The lamp
noise level was always too small to be seen on the
recorder, but it was estimated that the noise level
was always <0.2% (S/N of the lamp output was al-
ways several hundred). The lamp profile was esti-
mated to be about ten times the absorption profile.

The thallium atoms were supplied by heating the
cylindrical resonance cell which contained a small
amount of thallium metal. The quartz resonance
cells were first outgassed to a pressure of less than
10" torr for several days at a temperature between
750 and 950 °C. After outgassing, a few milligrams
of spectrographic-grade thallium (Mahafy-Johnson),
which had itself been outgassed, was distilled into
the cell. Further cleaning was attempted by spark-
ing the cell with a Tesla coil for a short period. At
sealoff the pressure was always in the 10™7 range.
The thallium resonance cells were 2.5 cm in diam-~
eter and 2.5 cm long. Both ends of the cell were
sealed with quartz windows. The cell heating oven
was composed of two Fischer semicylindrical heat-
ing units, 6.3-cm i.d. and 6.3 cm long, embedded
in Alumdum cement. The ac heating current was
found to have no effect on the signal linewidth and
line shape. The heating wire was nonferromagnetic
and was wound in a helix. To improve the thermal
uniformity around the cell, a piece of copper bushing
served as a heat sink. The whole assembly (oven,
bushing, and cell) was placed inside a 15X 15X16 cm
refractory housing., With this setup, a temperature
difference of 10.9 °C was found between the center
of the cell window and the center of the cylindrical
body of the cell. This temperature difference was
found to be maintained throughout the 350-750°C
temperature range of the experiment,

For resonance cells containing both thallium and
a buffer gas the following procedure was followed.
A liter flask of spectroscopic-grade helium (Airco),
or argon, was previously attached through a valve
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to the vacuum system as was a mercury manometer.
After outgassing and distillation of the thallium to
the cell, as outlined above, a breakseal on the rare-
gas flask was broken. The rare-gas pressure was
monitored by a thermocouple gauge and after seal-
off of the resonance cell the manometer was cut into
the system and the rare-gas pressure more accu-
rately measured.

The temperature was measured with a chromel-
alumel thermocouple whose reference junction was
maintained at 0 °C by an ice-water bath. The emf
produced by the thermocouple was amplified by an
operational amplifier, and the amplified voltage
displayed on a digital voltmeter (DVM). The DVM
is actually composed of a Hewlett-Packard 5245
eight-digit electronic counter with a 5265 analog-
to-digital converter plugin. A RFL model 70 tem-
perature controller which has an accuracy of 0.05°C
was used to control the temperature of the cell.

The magnetic field was produced by a pair of 16-
in. -i,d. Helmholtz coils which were constructed
from wire wound onto a 2-in. aluminum channel.
The stepwise sweeping of the magnetic field was
achieved by switching the position of a set of re-
sistors connected to the programming terminals of
the power supply (NJE) model RVC 36-25. The
magnetic field was determined by measuring the
voltage drop across a 0. 23- resistor (henceforth
called the standard resistor) which was connected
in series with the Helmholtz coils. The resistor
was constructed from constantan wire which has the
lowest temperature coefficient of resistivity among
the common metals and alloys.'® The ratio of gauss
vs voltage drop was determined using a modified
Rawson-Lush No. 824 rotating-coil gaussmeter
whose accuracy was-better than 0.05 G. The mean
value of this ratio was 13.391 (0.017) G/V with a
standard deviation of about 0. 15% over a 2-month
period. This shows that both the resistance of the
standard resistor and the gaussmeter were stable
in time. In spite of the smallness of the earth’s
field, two pairs of large (36-in.) Helmholtz coils
placed perpendicular to each other were used to
eliminate the components of the earth’s field.

The analyzer for the incoming light consisted of
a 3776-A interference filter, a polaroid uv linear
polarizer, and a quarter-wave plate for 3776-A.
The analyzer for the scattered light was made from
either a 5350-A filter, a linear polarizer and a
140-mu polaroid retardation plate, or a polaroid
HGCP 21 green circular polarizer. The incident
and scattered light were axial to the cylindrical
scattering cell, The detector was an 11-stage EMI
9524S photomultiplier. The tube was well shielded
magnetically. The output of the photomultiplier
was directly fed to the DVM.

The data were taken in the following sequence:
After at least 12 h of warmup of all equipment, the
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lamp was turned on. 1 h later, the oven heater
was turned on and the temperature preset. After
the lamp had reached a steady output intensity and
the temperature at the cell had become stable, the
temperature reading was punched onto paper tape.
The magnetic field was then stepped from roughly
+75 to - 75 G in about 23 steps in different incre-
ments, smaller increments being taken nearer zero
field. At each field point, the voltage drop across
the standard resistor was punched onto paper tape
at the beginning and the end of each step, and, in
between, about ten values of the signal strength
were also punched onto tape. The number of values
of signal strength punched at each field point de-
pended on the S/N ratio. At the end of each run,
another temperature reading was punched to com-
plete one run of data. Two runs were taken at each
temperature. Following the procedure just de-
scribed, a roll of paper tape which contained a long
strip of data was obtained covering a given TI atom-
density range. Later the tape was read by an IBM
2671 paper-tape reader and data were fed to an IBM
360 computer for data processing and least-squares
fitting, The linewidth and other results were ob-
tained from the computer output.

IV. RESULTS AND DISCUSSION
A. Calculation of Thallium Density

If one is only interested in measuring the natural
lifetime of an excited state from a level-crossing
experiment, knowledge of the atomic concentration
is not needed as long as the data are taken in the
low -density region where there is no radiation trap-
ping. This is the most promising advantage of the
level-crossing technique for measuring the excited-
state lifetime. But in this work, we are most in-
terested in phenomena, such as coherence narrow-
ing and resonance broadening, which are directly
related to the atomic density as the second and third
terms in Eq. (4) show. Thus in this experiment,
accurate thallium-density measurements are re-
quired. The most accurate way of measuring atomic
density, of course, is to directly measure the trans-
mittance of some specific reference light. Since
this method is very difficult, a practical way is to
measure the temperature and then calculate the
corresponding atomic density from available vapor- -
pressure data, providing they are reliable. In fact,
this is the most common method used in level-
crossing spectroscopy.

The most reliable source of thallium vapor pres-
sure we believe is the data obtained by Genov et al.}”?
That part of their data covering the entire density
range used in this work can be fitted by the equation
log;o P=A + B/T, where T is the temperature in °K,
P is the pressure in torr, and A, B are two param-
eters. A least-squares fit of the equation to the

data gives A =8.0576 and B=—8868.4. These fitted
results'® are almost identical to the data of Honig. *°

B. Signal Processing

By using a digital-data acquisition and stepwise
scanning of the magnetic field, the data can be
easily analyzed by computer. The computer pro-
gram!® processes the data [which were punched on
tape in binary-coded decimal {BCD) and then read
by an IBM 2761 tape reader] converting them into
decimal form and then calculating average values,
and rms errors, of the magnetic field and signal
strength at each field point. Later, these data are
least-squares fitted to Eq. (1). The fitting process
used a weighted nonlinear least-squares proce-
dure.®® Most of the figures shown in this work were
plotted by computer (CALCOMP) to assure accuracy
in drawing.

In this work, we mainly employ the experimental
configuration by which a Lorentzian signal is de-
tected, i.e., 3776-A circularly polarized exciting
light and 5350- A scattered light detected through a
circular polarizer. The directions of the two beams
are both perpendicular to the direction of the mag-
netic field (8;, 8,=+90°) but separated by 180°
(¢1 —p2=180°).

Figure 2 shows a typical Lorentzian signal. The
solid line is the result of a least-squares fit to Eq.
(1). The agreement between experimental points
and the theoretical line shape is very good over a
range of five half-widths. The sign of the coherence
part of the signal in Eq. (1) is justified by noticing
the sense of the circular polarization in the incident
and scattered light. Two strings of data points on
the upper part of Fig. 2 indicate that no signalg are
detected when one or both of the exciting and scat-
tered light beams are not circularly polarized.

This confirms the selection rules which we deduce
in the Appendix. These two strings of data may be
considered as background signals. The slight cur-
vature in them may be due to the lamp profile, re-
sulting from a small amount of self-reversal, as
well as a slight imperfection in the magnetic shield-
ing of the photomultiplier. Since the irregularities
in the background are quite small and random, we
do not take the background into account in the line-
width analysis. The experimental results will be
described in two parts: first, the case of pure-
thallium level crossing, and second, the case of
thallium level crossing in the presence of a rare
gas.

C. Pure Thallium

Figure 3 shows the linewidths vs log;, thallium
density from 10 to 2x10'® atoms/cm®, thus cover-
ing three different regions: spontaneous emission,
coherence narrowing, and resonance collision
broadening. The solid curve is the result of fitting
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FIG. 2. Typical Lorentzian signal. The geometry is

(p1—p9) =m, 6;=%7, 6,==3%7. The solid line is the result
of a least-squares fit of the theoretical expression to the
signal.

data to Eq. (4). In the fitting, the two hfs compo-
nents of the ground state are considered as two
branching states and only the F=1 level of the 725, /2
state is considered as an excited state. Three pa-
rameters were assigned in the fitting, correspond-
ing to the natural linewidth I';, the branching ratio
to the F =0 level of the ground state ®;, and the
thallium resonance-broadening cross section o1y,
The following approximations are made in fitting
the data. (a) The branching ratio to the F=1 level
of the ground state is assumed to be twice the value
to the F=0 level, i.e., ®8,=2®,, This is based on
the intensity ratio of the two hfs components. (b)
The ground-state population is considered to be
evenly distributed between the two hfs, because the
hfs separation is extremely small compared to &7,
with 7~600°C. (c) The concentration of the 62P;,,
metastable state is neglected since the fs structure
tion is far larger than 27T and since the wall relaxa-
tion of the state is fast enough (~ 3x 10 sec) to
suppress the buildup of the metastable-state con-
centration. This has previously been proved in
lead, 28

At low densities (<6x10'° atoms/cm?®), the line-

width remains essentially constant. This indicates
that only spontaneous emission contributes to the
linewidth. When the density gradually increases,
the linewidth starts to decrease, indicating the on-
set of coherence narrowing. The linewidth then
reaches a maximum narrowing region at about

4x 102 atoms/cm®, where the reabsorption prob-
ability of the emitted photons, x,;, approaches unity.
When the T1 density is further increased, the line-
width rapidly increases again, indicating that colli-
sion broadening is taking place. These linewidth
characteristics fully agree with theory [Eq. (4)].

From the limiting linewidth at low densities, the
first parameter in the fitting procedure is obtained:
T'y=1.325 (0.015)x10® sec™ or a natural lifetime
for the 725, ,, state of 7,="7.55 (0.08)x10™® sec. The
uncertainty is calculated from the average error of
the experimental points deviating from the fitted
curve up to the maximum narrowing region. The
value of 7, is in excellent agreement with the value
7.6 (0.2)x10° sec reported in Ref. 7 and the value
7.45(0.2)x 10 sec reported recently by Norton and
Gallagher.?

The result of the fitting also gives ®;=1.880
X10%/T, the branching ratio to the F=0 level of
62P, ,, state. From the value of ®,, Iy, and the hfs
intensity ratios, the branching ratio to the 6 2P, /2
state is calculated to be 0.43. The ratio of the
probabilities of the F=1, 725, ,,— 6 2P;, transition
(5350 A) to the F=1, 73S, ,, -6 ?P, ,, transition
(3776 A) is calculated to be

A(5350 ) 1-®
T = =1.33.
A(3776 A) ®
This value for the ratio of transition probabilities

differs from that reported in Ref. 7 and may reflect
the accuracy of the radiation-trapping theory as
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FIG. 3. Data for the pure~thallium case: Level-cross-

ing signal as a function of thallium density covering three
regions—spontaneous emission, coherence narrowing,

and resonance broadening. The solid line is the result

of a least-squares fit to Eq. 4).
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applied to this experiment. For example, our ex-
periment employs cylindrical geometry while the
usual theories!®?!5 agsume spherical symmetry.

In Fig. 3, when the thallium density is greater
than 10'* atoms/ cm?, the linewidth rapidly in-
creases., The linewidths, taken at high thallium
densities, are plotted in Fig. 4. The result of a
weighted least-squares fit is a straight line with a
slope of 5.38(0.17)x 10" cm®sec™!. From Eq. (4),
it can be seen that this slope represents the product
of the over-all resonance-broadening cross section
or;-r; and the relative velocity v. The cross section
or;.11 1S comprised of cross sections for the F=0
and F=1 states of 62P, s2- Therefore, we may write

Op1.m1 D=3 (010 + 304) =5.38 (0. 17)x10°® cm®sec™!

where the subscripts 1 and 2 refer to the F=0 and
F=1 levels of the 6P, , state, respectively. The
values of 0; and o, cannot be measured separately
because the F=1, 725, ,,-F=0, 62P,/, and F=1,
7281, ~F=1, 6%Py, lines are not optically sepa-
rated.

We estimate that the uncertainty in the experiment
of Genov et al.,'” measuring the thallium vapor-
pressure ~temperature relation is 6%. By taking
this uncertainty into account, the thallium reso-
nance-broadening cross section becomes or, 1,0
=5.38(0.49)%10® cm3sec™!. At 700°C, 7=4.5
x10* cmsec, and we obtain op,.r,=1.20(0.11)
x10°'2cm? which is 10* times the gas-kinetic cross
section. This fact, along with the good linearity
between linewidth and density, implies that the
broadening is resonant, as expected.

D. Thallium in Presence of Helium and Argon

Cells containing 113 and 426 torr of helium and
419 torr of argon in addition to thallium were pre-

2.6
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FIG. 4. Data for the pure-thallium case: Effect of
thallium resonance broadening. The quoted error repre-
sents the error obtained from a least-squares fit, only
it does not include the uncertainty for the density measure-
ment.
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15,35

FIG. 5. Data for thallium plus 426 torr of helium:
The solid curves are least-squares fitted. The lower
curve is the pure-thallium case.

pared. Using these cells, data were gathered
from low thallium densities and into the resonance-
broadening region. The 113-torr cell showed re-
sults consistent with the higher-density helium cell,
but not as pronounced and those data will not be
discussed further.

The effect of rare-gas atoms on the linewidth of
the Hanle-effect signals has been previously in-
vestigated in a few systems.?? However, all of these

were limited to low metallic densities where only
the metal-atom spontaneous emission need be con-

sidered. The data taken in our experiment are
shown in Fig. 5 along with a least-squares fit to
Eq. (5). A least-squares-fitted curve for the pure-
thallium case is also presented for comparison at
the bottom of the figure. The details of the fitting

procedure will be described later.
As expected, the over-all form of the linewidth-

vs~thallium-density curve is the same as in the
pure-thallium case. Although the general shape is
the same, some quantitative differences do exist.
(a) The shape and density for the onset of thallium
coherence narrowing has changed between the two
sets of data, and has shifted toward higher densities
where overlapping with resonance-broadening ef-
fects becomes more serious. (b) The magnitude of
the thallium resonance broadening is reduced in the
resonance-broadening region. The above differ-
ences imply that (i) the helium-broadening term
Nigo 01150 U1 150 (h€Te or, g, as defined is -3/ de-
pendent) cannot be simply added to Eq. (4) without
any change in the coherence-narrowing and reso-
nance-broadening terms, and (ii) the presence of
helium atoms affects the two phenomena. The de-
tails of the effect will be discussed in Sec. V.
From Fig. 5, when the thallium densities are
very low, the linewidths approach a limiting value.
Evidently, in this region only the thallium spon-
taneous emission and the rare-gas (helium) nonre-
sonance broadening (depolarization) contribute to
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the linewidth. From the value of this limiting total
linewidth and the natural linewidth obtained in Sec.
111, the amount of helium-gas broadening is ob-
tained. From this information the broadening or
depolarization cross section is calculated to be

Or1me=TX107%/5 cm?

or at 350 °C,

Or1me=4%1071% cm? ,
The accuracy of this cross section is estimated to
be no better than 30% because in the determination
of ory.ne the excited-state linewidth for thallium
must be subtracted from the over -all thallium-plus-
helium linewidth.

When the coherence-narrowing region is ap-
proached, the linewidths no longer simply display a
constant amount of rare-gas (helium) broadening.
‘The following equation is used to represent the
over-all linewidth:

[=T4=27;@x;®;To+NpOrrar1 Omymy

+NpoOrimotrime s (5)
where the four terms represent the spontaneous
emission, coherence narrowing, resonance broad-
ening, and helium broadening, respectively. The
value of the fourth term was obtained in the last
paragraph, and the value of I'j obtained from the
pure-thallium-case experiments can be safely used
here. However, the value of the branching ratio ®;
and the value of the thallium resonance-broadening
cross section or,.r, should be redetermined by
least-squares fitting to account for the effect of
rare-gas atoms. Unfortunately, a number of effects
complicate the analysis. The introduction of helium
serves to at least partially eliminate wall collisions
that previously were assumed to maintain thermal
equilibrium between 6 %Py, and 6 °P, ,. 1t is rea-
sonable to assume a buildup of the metastable 6 2P, /2
state. If we take this as an optical pumping pro-
cess, the following equation is obtained®®:

N _T_ oy ©)
Ny 7, Wy+W3’

Ny +Np=Ngy, Wy=Np0a.8VT1-T1 »

W3 :NHGOB-He'UT 1-He »

where subscripts B and A refer to the P, ,, and
62p, /2 States, respectively, T is the relaxation time
of the B state, 7, is the optical pumping time, N is
the density, o, is the absorption cross section for
thallium 3776-A photons, I, is the incident light in-
tensity, W, is the relaxation rate resulting from
collisions with ground-state thallium atoms, and W,
is the relaxation rate resulting from collisions with
helium-gas atoms. Here, we neglect the wall re-
laxation rate in the presence of helium atoms be-
cause it is very small compared to W, and W, 2
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Recently, Pickett and Anderson? have measured
the cross section o4_p to be 5.4X107'® cm? From
this, the value of W, can be calculated. Unfortunate-
ly, the value of op.y, is not well known, ® so we take
it as a variable parameter in the fitting. The light
intensity I, is known and o, is calculable. Thus,

Eq. (6) requires only one parameter and from this
equation, the densities Nz and N, can be expressed
in terms of this parameter. Accordingly, the total
amount of thallium coherence narrowing contributed
by N, and Njp is a function of this parameter along
with the parameter for the branching ratio. There-
fore, we substitute Eq. (6) into Eq. (5) and use Eq.
(5) to least-squares fit the data. Three variable
parameters were assigned in the fitting. They cor-
respond to (a) the relaxation cross section of 62P, /2
thallium to 6 2P, /, thallium by helium atoms, 0p.x,,
(b) the branching ratio to the F =0 level of the ground
state, and (c) the thallium resonance-broadening
cross section opyp;.

From Eq. (6), the relation between Ny and Np,
can be further discussed. For thallium densities
<10 atoms/cm®, W,;> W, and W, can be neglected.
Thus,

Ng ___C
- bl ’
Ny  NyeOpneUTi-He

where C=o0yl, Since the right-hand side of the
above equation is approximately constant, the ratio
of Ng/N, will remain constant (~1073), and N, the
metastable-state concentration, will increase lin~
early with an increase in the total thallium concen-
tration. But, when Np, > 10'* atoms/cm®, W, dom-
inates the relaxation process, W; can be neglected,
and

Ne _ C_
Ny NpospVT1-TI

is obtained. Since N, cancels and the rest of the
terms on the right-hand side of the above equation
remain about constant, the value of Ny will thus
remain constant in spite of a further increase in the
total thallium density. The results of the least-
squares fit show this limiting value of N to be ~10'2
atoms/cm®. This density is high enough to cause a
significant amount of thallium coherence narrowing,
but fortunately is not high enough to completely
depolarize the cross-fluorescence light.

The numerical least-squares fit results are shown
in Fig. 5. The least-squares-fitted curve fits the
experimental data very well, indicating a reasonakle
data analysis. These results give the relaxation
cross section of 6 °Py,-state thallium to 6 2P, -
state thallium by helium atoms,

= - 212
O5-He = 0T1(6 2Py p-He = 1X 1077 cm® .

This value seems very reasonable considering that
the 'separation between the two fine -structure states
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is very large (7793 cm™). The least-squares fit
also gives

®,=1.69%x10"/T, .

This corresponds to a branching ratio to the thallium
6 %P, ;, state of 39%, a value about 10% smaller than
the pure-thallium value. The data taken in the
broadening region are plotted in Fig. 6. The slope
gives a resonance-collision cross section

GT]-T1=4-04 (0. 08)X 10-8/17 sz N

which is smaller than the pure-thallium value by
24%, and differs by about 9 rms standard deviations
from the pure-thallium experiments. The error
does not include the estimated 6% uncertainty in the
density calculation, because we only intend to show
the 7elative decrease in the slope from the pure-
thallium case.

Loss of rare-gas atoms from diffusion through
the cell walls also leads to an apparent relative de-
crease in Op;ye UTimes The previously mentioned
experiment using 113 torr of He gave op,.1,
=5.22(0.13)x10°%/7 cm? which is also smaller
than for the pure-thallium case. From an expres-
sion given by Dushman® and using the diffusion data
given by Norton, ¥ we estimate the total amount of
helium lost during the experiment to be only 4%.
This 4% loss of helium will cause only about a 1%
decrease in the slope of I" vs Np, and we consider
the helium diffusion to be unimportant.

We must also assume that wall-broadening effects
are negligible. Since the optical depth [optical depth
= absorption depth™!X cell length = (A\%/27) Nx] for the
3776-A radiation is about 5.7x10* for Ny, 3Py ,)
=10 atoms/cm?® and about 5.7X 102 for the 5350-A
transition under the optical pumping conditions,
there will be some wall contribution to the linewidth.
In the experimental arrangement the exciting and
detected light are constrained along the cylindrical-
cell axis thus minimizing properties depending on
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FIG. 6. Data for thallium plus 426 torr of helium: Line-
width vs thallium density in the broadening region.
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radiation transport. We believe that the wall con-
tribution is small. Another aspect of this radiation
transport would be a linewidth dependence on thal-
lium-atom density. As the thallium density is in-
creased the optical depth increases (absorption
depth decreases) and wall effects become more and
more important. The introduction of helium might
then be thought to impede the wall effect thus leading
to a relative narrowing of the linewidth. This
should lead, however, to an N%l dependence of the
linewidth and such is not observed. In any event we
believe the effect to be too small to be of signifi-
cance. The reduction in the branching ratio on in-
troduction of He is not understood. It may be due
to a breakdown in the coherence-narrowing theory
as applied to this particular experiment. For ex-
ample, higher He densities may cause a homoge-
neous broadening of the Tl line slightly greater than
the Doppler width of the lamp thus causing a reduc-
tion in absorption and an apparent change in the
branching ratio.

The relative decrease in linewidth (lowering of
the slope of the I'-vs-Ny, curve at high densities)
with the addition of a foreign gas cannot be explained
solely on the basis of two-body collisions. This
makes physical sense since the helium density is
high, 2x10'° atoms/cm®. The concomitant distor-
tion of the thallium wave function under helium col-
lisions means that a collision between this “com -
plex” and another thallium atom will no longer be
so sharply resonant.

Experiments were also performed using argon as
the buffer gas. The collisional-depolarization cross
section for thallium-argon collisions was found to be

_{8x107%/% em
OT1-4r ") 1% 10" cm? at 350°C.

V. SUMMARY OF RESULTS

The experimental results are summarized in
Table I. In the case of pure thallium, the value of
the thallium 73, ro-state lifetime agrees well with
the results obtained by Gallagher and Lurio’ and
Norton and Gallagher.? The branching ratio is
found to disagree with the branching ratio deter-
mined by Gallagher and Lurio and probably reflects
inaccuracies in the theory for radiation trapping as
applied to this experiment. The resonance-broad-
ening cross section also differs from theory. This
is due to the inapplicability of resonance-broadening
theory to the specific case of 725, /2 thallium as dis-
cussed in the following paper by Omont, and the
present authors.

Data obtained from the experiment containing 426
torr of helium in addition to thallium show that
helium-gas-atom collisions alter the thallium co-
herence narrowing and decrease the degree of thal-
lium resonance broadening. Detailed analysis of
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TABLE I. Summary of results.
Thallium +
Item Pure-thallium case 426 torr of He
To? 7.55 (0.08) x 107 sec

Branching ratio to
the ground state 43% 39%

onem ” 5.38x10°%/3 cm? 4.04x 10"%/5 cm?

Oy 62, ¢ 1x 10°2! em?
R 7x1073/5 cm?

oroke” 4x10"18 cm?®

*The natural lifetime of the thallium 7S state.

bThe thallium-thallium resonance-broadening cross
section.

°The relaxation cross section of 6 2Py ,-state thallium
to 6 2P, ,,-state thallium by helium atoms.

9The 7%S thallium-helium atom broadening, or depolar-
ization cross section.

®At 700 °C.

the data, using Eq. (5), shows that the buildup of
the thallium metastable-state concentration, which
introduces another contribution to the coherence
narrowing, can well explain the change of the thal-
lium coherence narrowing by the addition of helium,
The analysis also produced the result that the
branching ratio to the ground state decreased 10%
from the pure-thallium case (from 43 to 39%), the
thallium resonance-broadening cross section de-
creased 24% (from 5.38x10%/7 to 4.04x10°%/ v
cma), and an estimate of the relaxation cross sec-
tion of the 6 %P, /2 state to the 6 2p, J2 state in thallium
by helium atoms of 10"® cm? is also obtained. The
lowering of the branching ratio is not understood,
but may have to do with helium pressure broadening
of the thallium transition. One would not expect
collisions with helium to alter the thallium wave
function significantly enough to change the transition
probability to such an amount, On the other hand,
it is reasonable to expect helium-thallium collisions
to alter the energy levels of thallium enough so that
the T1*-TI collisions become somewhat nonreso-
nant. The 24% decrease in the resonance-broaden-

J

ing cross section indicates the influence of three-
body collisions, between thallium and helium atoms,
on the linewidth., Similar results were obtained
with 419 torr of argon. The effects of three-body
collisions is discussed in the following paper by
Omont et al.
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APPENDIX

The theoretical expression for the signal will be
derived here along with a demonstration of selection
rules.

The Breit equation® can be expressed by

0" 1Hyla)al Hy 1o)X Hyla')Ya' | Hylb")

R 21 2 1-2mmv(0, )
(A1)

where H, and H, are the electric-dipole-transition
Hamiltonian for the annihilation of the incident pho-
tons and for the creation of the outgoing photon,
respectively; R is the radiation rate; 7 is the mean
lifetime of the excited sublevels |5) and |15); v(b’, b)
=(E,.— E,)/7 is the frequency separation between the
excited sublevels. For a zero-field level-crossing
experiment, |J, F, My) are appropriate basis states
with which to construct 15), 15'). We write

b,b' a,a’

|by= 22 |JFuXJFp|U|b) , (A2)
J,F

where u is the equivalent to M. Substituting (A2)

into (Al), and following Rose and Carovillano’s

procedure, we obtain

GFRulUIBYT FulUIpYSJ 'F' i 1U1p’ T 'F w1 Ul p')*

where

1-2mrv(p’, w)

X(TFu|My|T'F' W' YIFu|Mup|d ' F 'y, (A3)

(TFu|My|T'Fp'y= 2 <7F#|M1[JlFme1><J1F1mF11H1IJlF,H')

F1,mpq

and the M, matrix has a similar expression. For dipole radiation we obtain

(J Fu|My|T'F'p'y= (=)= (2T+1)(2T '+ 1)(2F + 1)(2F " + D]YV3(T | 1] |, (T | 1] |T)* 2 (2w +1)
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where 6; and ¢, denote the polar angles of the direc~
tion of the incident light, and Dj_,. ,is an element
of the rotation matrix. The expression for the M,
matrix element can be obtained by replacing 6;, ¢,
with 6,, ¢, and by an appropriate change of quantum
numbers.

Now, the complete selection rules can be deduced
from Eq. (A4). From the properties of the 6-j and
3-j symbols, one easily notices that the following
relations should hold simultaneously in order to
have a coherent signal:

0<v<2 and 0<|p-p'|<2.

In this work, J;=%, I=%, F;=0, 1; J=J ' =%; and
F, F'=o0, 1.

(i) Iu - u'I1=0. This is an anticrossing case re-
quiring F=F'. In the thallium 7 %S, ,, state, only
the F=0and F=1, Mp=0 sublevels, which satisfy
this case, may contribute an anticrossing signal.
However, since the 12000-MHz separation of the
two hfs components is far larger than the 132-MHz
natural linewidth, and there is also the 2000-MHz
Doppler width, no anticrossing signal can be de-
tected.

(i) Ip =p'l=2. In this case, v=2 must be satis-
fied, ButJ=4, J'=3, and v=2 cannot form a tri-
angle relation in the two 6-j symbols of Eq. (A4),
thus, there can be no v=2 coherent signal. Since
v =2 corresponds to either a linear or unpolarized
light, no level-crossing signal can be detected from
an excited state with J=3 by employing either linear
or unpolarized incident light.

(i) Ip —p'l=1. In this case, v=1or 2, but v=2
is not allowed as just stated. v =1 satisfies a tri-
angle relation with values of J' and J.

Consequently, these selection rules imply that for
a J=3% excited state, only the v=1 level-crossing
signal can be observed. Thus, one has to use cir-
cular-polarized exciting light and also detect the
circular-polarized scattered light. Furthermore,
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1 v F F' v
-P 0)(_“ ! “_u'>DZ-u',o(¢1, 61, 0), (A4)

I

since in the first 6-j symbol of Eq. (A4), J,J’, v
and F, F, v must maintain triangle relations simul-
taneously, it is obvious that when F=F'=%, the
same selection rules as just described for J,J " =3
will hold. For example, in the 6P, state of *°Hg,
where J=1, there is still no v =2 level-crossing
signal occurring from the F= 3 level. A part of
these selection rules were also deduced by Gallagher
and Lurio”® through a different procedure.

For Ip-u'l=1and v= 1, the geometrical depen~
dents of the signal is determined by the element of
the rotation matrix:

Dy ok, 61, 0)=-(3 MY 161, 1)

=+ (92 sing et 01, (A5)

If 5350-A cross-fluorescence light is to be detected,
we use Eq. (A5) in the M; and M, matrix elements,
and then substitute into Eq. (A3). We finally arrive
at the following expression for the detected signal
strength:

(£)(#) sinb, sinb,
1+ (Eu u T)z

x[cos(¢; —¢a) +Eu, ue TSin(py —¢2)] . (A6)

There are two ways in which this equation differs
from Eq. (13) of Ref. 7, which was derived by as-
suming detection of 3776 -A scattered light, (a) The
sign of the coherent part of the signal is reversed.
This fact comes from the phase factor in the M,
matrix element, namely,

S=A-B

( - 1)J’ o-I+u-1 ,

where J,=% (3776-A light detected) the sign is just
the reverse of the J,= & case (5350-A light de-
tected). (b) The magnitude of the coherent signal 8
is about one-half that in Ref, 7. This fact comes
from the second 6-j symbol of the M, matrix ele-
ment [cf. Eq. (A4)] which is the only J,-dependent
term,
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Level-Crossing Spectroscopy in 7 25, ;, Thallium. II. Theory of Self-Broadening
and T1*-Tl-Foreign-Gas Collisions
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The experimental results for the self-broadening of pure T1 of the previous paper are shown
to be in good agreement with the theory of resonant collisions, taking into account the effects
of the hyperfine structure. Wall collisions are nearly negligible in that case. The decrease
of the self-broadening observed with the addition of a foreign gas is explained in terms of
three-body collisions (T1-He collisions occurring during a T1*~T1 collision) which broaden the
optical transitions of T1 and decrease the resonance effect in the transfer of excitation between
Tl atoms. The quantitative agreement obtained with the experimental results shows that these
three-body collisions must be responsible for the major part of the observed reduction in
self-broadening.

1. INTRODUCTION section was reduced. In the first case, agreement

with theory was less than expected and in the second

In the previous paper® on zero-field level cross-
ing in atomic thallium (Hanle effect) several ob-
servations were made. Among these were (a) the
resonance-broadening cross section for thallium-
thallium excitation-transfer collisions and (b) the
fact that in the presence of a foreign gas, either
helium or argon, the resonance-broadening cross

case there existed no suitable theoretical descrip-
tion. It is the purpose of this paper to present a
theoretical explanation of these two effects.

The theories of D’Yakonov and Perel’, 2 Byron
and Foley,® Omont and Meunier,* Kazantsev,® and
Berman and Lamb® on resonance-broadening line
shapes are based on several assumptions among



