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The lifetime of the 7 2Si/2 state of thallium has been measured by the optical-double-resonance technique, 
with the result r=7.4±0.3XlO~9 sec, and by the level-crossing technique, with the result r = 7.6±0.2X10~9 

sec. The intensity ratio of the 7 2Si/2-6
 2PSf2 and 7 2Si/2-6 2Pi /2 lines radiated by an optically pumped thal­

lium beam was measured to establish the oscillator-strength ratio for these two transitions. The result is 
AMM/A 3776 = 1.16±0.05. The lifetime and hfs of the thallium 6 2Z>3/2 state were measured by the level-crossing 
technique. The results are r = 6.2±1X 10~9 sec and |a|/A=41d=2X 106/sec. (The Tl205 and Tl203 hfs were not 
resolved in the experiment.) A table of thallium oscillator strengths has been constructed from our results 
and from some of the oscillator-strength ratios reported in the literature. The values in the table are com­
pared to those in the remainder of the literature in order to collect and comment on equivalent values from 
other experiments. The oscillator-strength values in the table are also compared to the predictions of Bates 
and Damgaard's and Vainshtein's approximation methods. I t was found that when wp* <2, th.es—p transition 
probabilities calculated by extrapolating the tables of Bates and Damgaard are quite different from the 
values directly calculated using their theory. The directly calculated Bates-Damgaard values are in much 
better agreement with the experimental results (the average difference is 17% for 20 thallium tran­
sition). Vainshtein's calculated 7 2Si/2 to 6 2Pi/2,3/2 oscillator strengths differ from our experimental values by 
an average of 15%. The measured 6 2A/2 state hfs is in excellent agreement with the prediction of the Fermi-
SegrS formula if a is assumed positive. Nonetheless, configurational mixing is expected to influence this hfs, 
and the effect of ss'd and sp2 configurational mixing has been calculated in terms of unknown mixing co­
efficients. From estimates of the magnitudes of these coefficients, it would appear that the above agreement 
is coincidental, and the Tl D state hfs should be quite sensitive to the amount of mixing. 

I. INTRODUCTION 

THE oscillator strengths of the spectral lines of Tl I 
have been the subject of many experimental in­

vestigations, principally because they involve the transi­
tions of a single unpaired electron and because of the 
relative ease with which thallium resonance radiation 
can be produced. The major portion of the experimental 
data on Tl oscillator strengths is the result of the 
measurements of anomalous dispersion (AD) by a Tl 
vapor in the neighborhood of a spectral line.1 The AD 
method developed by Rozhdestvenski has been em­
ployed by several Russian groups to accurately establish 
the ratios of the oscillator strengths of many transitions 
to the Tl 6p levels. The absolute values of oscillator 
strengths can also be determined in AD experiments if 
the density of the vapor is known, but the wide range of 
conflicting absolute values quoted in various AD ex­
periments is testimony to the difficulties involved in 
determining the actual density of the vapor. This diffi­
culty has now been partially overcome by taking an 
improved thermodynamic approach to determine the 
vapor density,2 but uncertainies of about 20% are ap­
parently still present. Thus, the ratios of many of the Tl 
oscillator strengths have been accurately measured, but 
the absolute values of these oscillator strengths are still 
somewhat uncertain due to the large number of con­
flicting experimental results. Accurate values for a few 

* This article is based on a thesis presented to Columbia Uni­
versity by Alan Gallagher in partial fulfillment of the requirements 
for the Ph.D. degree, February, 1964. 

1 C. G. Mitchel and M. W. Zemansky, Resonance Radiation and 
Excited Atoms (Cambridge University Press, 1961), 2nd ed. 

2 1 . Gurvich, Opt. i Spektroskopiya 5, 205 (1958). 

appropriate oscillator strengths can thus be used to 
accurately establish many additional values. 

In order to improve the accuracy with which the 
absolute oscillator strengths of the T i l spectrum are 
known, we have measured the lifetime of the 7s 2Si/2 
state by two independent experimental methods; 
namely, by the zero-field level-crossing method and by 
the optical-double-resonance method. Our observation 
of the zero-field level crossing in the 2Si/2 state demon­
strates a new level-crossing technique for measuring 
lifetimes in J=i atomic states. Since 1/r (7 2Si/2) 
= A(7 2S1/2-6

2P1/2)+A(7 2Si/2~62Pm), a measurement 
of the ratio A (7 2S1/2-6

 2Pm)/A (7 2Si/2-6
 2P1/2) will es­

tablish these two A values from the 7 2Si/2 state life­
time. [r (a) = lifetime of state a, A (a-b) = transition 
probability per sec of the a-b transition, A (a-b) is pro­
portional to the oscillator strength f{a-b).~] This ratio 
has been measured three times, but the result that 
should be the most accurate3 disagrees with the results 
of the other two experiments by more than 10% ,4,5 

Consequently, we have made an independent measure­
ment of this ratio by measuring the relative intensities 
of the 7 2Si/2-6

 2PV2 and 7 2Si/2-6
 2Pz/2 fluorescence lines 

from an atomic beam of Tl excited by 7 2Si/2-6
 2Pi/2 

resonance radiation. We have thus been able to establish 
the A (7 25i/2-6

 2Pi/2) and A (7 2S1/2-6
 2P3/2) from our 

measurements. The relative oscillator-strength results 
of several AD experiments have then been used to calcu­
late, from these two A values, the absolute values of 
many oscillator strengths of the five series of transitions 

3 G. Kvater, Zh. Eksperim. i Teor. Fiz. 11, 421 (1941). 
4 O. Vonweiler, Phys. Rev. 35, 802 (1930). 
6 V. Prokofiev and V. Soloviev, Z. Physik 48, 276 (1958). 
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to the 6 2Pj levels. We have also measured the lifetime 
of the 6d 2J93/2 state by the level-crossing technique, thus 
providing a check on l/r(62Z>3/2) = ^4(62Z>3/2-62Pi/2) 
+^(62Z)3/2-62P3/2). 

If configurational mixing is neglected, the Tl i states 
are (core) 6s2nl configurations and the atomic oscillator 
strengths correspond to the oscillator strengths of the 
single valence electron. The only approximation tech­
niques which have been extended to calculating Tl 
oscillator strengths are those of Bates and Damgaard 
without configurational mixing and Vainshtein with­
out configurational mixing but including interaction 
with the core. Bates and Damgaard6 (B & D) have 
utilized the fact that the oscillator strengths depend 
primarily on the transition-electron wave functions out­
side the core to develop their " Coulomb approxima­
tion" method. This theory has been quite successful in 
predicting many oscillator strengths of heavy and light 
elements, although it has seemed to be considerably in 
error for thallium. L. Vainshtein7 has developed an­
alytical approximation methods which treat in more 
detail the effect of the core on the external-electron 
radial functions, and he has been able to improve on the 
B & D oscillator-strength results for many elements. He 
has, so far, published results for only A (7 2Sy2-6 2Pz/2) 
of thallium,8 but he has also communicated to Ostrovskii 
and Penkin9 an earlier result for A (7 2Si/2-6 2Pi/2) and 
his method appears to be capable of calculating addi­
tional values. 

The ratio of the hfs separation to linewidth of the 
6 2J93/2 state of thallium limited the accuracy of this j a j 
determination to ± 5 % , while the dipole moments of the 
natural thallium isotopes (70% Tl205, 30% Tl203) differ 
by only 1%. Consequently, the Tl205 and Tl203 hfs were 
not resolved, and \a\ is an average of the two isotopic 
values. The 6d 2Z>3/2 state hfs, as well as many of the Tl 
oscillator strengths, may be expected to reflect the 
influence of configuration interaction. The effects of 
configuration interaction on hfs were first analyzed by 
Fermi and Segre, who considered Tl I and the structur­
ally equivalent Pb n as examples.10 In 1952, Koster11 

found reasonable agreement between the measured hfs 
of the 42Pi/2,3/2 levels of gallium and the values he 
calculated using Hartree functions and mixing of the 
4cs5s5p configuration into the 4:S24p configuration. 
Schwartz,12 in his theory of hfs, calculated the effect of 
the mixing on the hfs anomaly in the 4 2P1/2,3/2 levels of 

6 D. Bates and A. Damgaard, Trans. Roy. Soc. (London) A242, 
101 (1949). 

7 L. Vainshtein, Transactions of the P. N. Lededev. Physics In­
stitute, Vol. 15 (Translated by Consultants Bureau, New York, 
1962). 

8 L. Vainshtein 22, 671 (1958); Izv. Akad. Nauk SSSR Ser. 
Fiz. 22, 671 (1958). 

9 Y. Ostrovskii and N. Penkin, Opt. i Spektroskopiya 4, 719 
(1958). 

10 E. Fermi and E. Segre, Z. Physik 82, 729 (1933). 
11 G. Koster, Phys. Rev. 66, 148 (1952). 
12 C. Schwartz, Phys. Rev. 97, 380 (1955), Eqs. (24), (26b), (31), 

(32), (46) and Discussion. 

Ga. He later calculated the hfs anomaly in the 6 2P1/2,3/2 
states of Tl203 and Tl205 using 6sns6p configuration 
mixing, and the theoretical ratio of 2Pi/2 and 2P3/2 state 
anomalies is in good agreement with the experimental 
value.13 The ratio of the hfs to the linewidth is not large 
enough to allow a measurement of the hfs anomaly in 
the n 2D3/2,5/2 states of thallium, but the hyperfme 
interactions of 6s2nd configurations are so small that 
very slight mixing with configurations having unpaired 
s electrons can be important. The oscillator strengths 
will not be as sensitive to the mixing, but variations even 
larger than the experimental versus theoretical differ­
ences in Table I appear quite likely. 

Unfortunately, no wave functions with which the 
mixing coefficients can be checked are yet available for 
thallium, so that these effects can only be calculated in 
terms of unknown mixing coefficients. We have calcu­
lated the expected n2D3/2 hfs in terms of unknown 
mixing coefficients of the 6s6snd and 6s6p2 configura­
tions and the magnitudes of these mixing coefficients 
have been inferred from other hfs of Ti l and P b n , but 
the results must remain inconclusive until the appro­
priate wave functions are computed. 

The paper has been arranged into separate descrip­
tions of the four experiments, followed by a description 
of the resonance lamps used. Then, under the heading 
"Thallium Oscillator Strengths," the table of oscillator 
strengths is generated and comparisons are made with 
the results of other experiments and with the predictions 
of the two theories. Finally, the measured 6 2P3/2 state 
hfs is compared to the theoretical predictions of this hfs. 

II. OPTICAL DOUBLE-RESONANCE MEASUREMENT 
OF THE 7s2Si/2 STATE LIFETIME 

In this experiment 7-(7 25,i/2) was determined from the 
linewidth of the optically detected, magnetic-resonance 
signal between the F=l Zeeman levels of the 7 2Si/2 
state. (The pertinent hyperfine levels are shown in 
Fig. 1.) In this application of the double-resonance 
technique we used the following experimental arrange­
ment (see Fig. 2). Circularly polarized 3776 A resonance 
radiation traveling parallel to an externally applied, 
static magnetic field H0 was incident on a quartz cell 
containing thallium vapor. This radiation excited 
thallium atoms from the (ground) 6 2Pi/2 state to the 
7 2Sy2 state, from which state about half decayed to the 
62P%I2 state emitting 5350 A radiation and the other 
half decayed back to the ground state. A phototube and 
analyser detected the intensity of one circularly polar­
ized component of the 5350 A radiation propagating in 
the static-field direction. A rf magnetic field, of oscil­
lating amplitude 2Hi and frequency o>, was applied to 
the vapor in a direction perpendicular to the static 
magnetic field. The 5350 A decay radiation was detected 
since it can be optically filtered from the pumping 
radiation. This is particularly valuable in an experiment 

13 G. Gould, Phys. Rev. 101, 1828 (1956). 
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of this type where the optimum conditions are with the 
scattered radiation parallel to the incident radiation. 

The 3776 A exciting radiation produces Am= + 1 
transitions from the 2Pm to the 2Si /2 state. The rate of 
excitation RF,m to the various 2Sy2 sublevels is 

RF,m — 

Ro.o 

Ri.i 
Rl,Q 

l-Ri.-i 

= G 

ho 1 
hi+hi 

In 
0 

(1) 

where Jio, In, and 70i are the effective intensities of the 
resolved hyperfine lines of the 3776 A radiation, as 
denned in Fig. 1, and the proportionality constant, G, 
depends on the experimental geometry and on the Tl 
vapor pressure. By detecting Am=+1 circularly polar­
ized 5350 A radiation propagating in the dc field direc­
tion, the following proportions KF,m of the spontaneous 
decay from the 2Si/2 F, m sublevels are detected: 

KFfm — 

Koto 

Ki,i 

Kl,0 

£ 1 . - 1 

= K0 

2 
3 
2 
1 

(2) 

The common factor K0 depends on the solid angle and 
optical losses in the detection system. 

The intensity of the detected radiation is determined 
as a function of HQ and Hi by the following application 
of the theory of Bitter and Brossel.14 From Eq. (1), 
RF>,m'dt' is the number of ground-state atoms optically 
excited into the F', mr state during the time interval 
from t1 to t'+dtf. At a time, t>t', the number of these 
atoms still in the 25i /2 state is RF>,m4tr exp[— (t—tf)/r}. 
The number of these atoms in each F, m sublevel at 
time t will be 

^F,m\F' ,m' 

^RF>tm>dt'P{Ff, mf; F,tn, t- •t')& .(-t+tO/r (3) 

where r is the natural lifetime of the 25i/2 state, and 
P(F', m;;F, m, t—t') is the probability that an atom in 
the F'9 m' state at time t' is in the F, m state at time t if 
the finite lifetime, r, is neglected. If one excites at a 
constant rate, RF>,m> to each of the F\mf states from 
$— — co to t, then the total number of atoms in each 
F, m state at time t will be 

E / nF,m;F>m>(t/)dt' 

= £ RF'im'f P{F',m'\F,m,t-t)ei-*™*M 
F'm' J _x 

= E Rr.>m>P(F'm';F,m), (4) 
F'm' 

where 
/•OO 

P{F',m';F,m) = I e-'""P(F',m';F,m,t")dt". 
Jo 
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FIG. 1. Hyperfine structure intervals of four states of Tl205. 
(The Tl203 intervals are about 1% smaller.) a is arbitrarily shown 
positive for the 6 2Z>3/2 state. 

The spontaneous decay rate from each F, m level is 
NF,m/r and the proportion KF>m of the associated 
radiation is detected by the phototube. Thus, the 
phototube signal S is 

1 

(5) 

In order to measure the linewidth of the transitions 
between the F=l Zeeman levels, the rf oscillator was 
operated at a fixed frequency near 125 Mc/sec and the 
static magnetic field at the cell was swept from about 
60 to 120 G through the resonance line. These conditions 
permit several simplifications to be made in evaluating 
Eq. (5). Since the hyperfine structure of the 7 25i /2 state 
is 1.2 X104 Mc/sec, the 125-Mc/sec rf field cannot cause 
any transitions between the F=0 and F = 1 levels, and 
hence P(0,0; 1 , 0 = 0 and P(0,0; 0,0)= 1. 
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For the magnetic fields used in the experiment, the 
energy separations of the 25i/2, P = 1 Zeeman levels are 
(from the Breit-Rabi equation) approximately 

Elil-E1,0^hyH{ 

Ei.o-Ei.-iS&Ytfi 

('-*?)• 
•(-?)' 

y-gF02S1/2,F=l)-
2mc 2mc 

a = 7 25i/2 state hfs. 

In the experiment hyHo/a—0.02, and the approximate 
corrections, zh0.02hyH0, to the linear-Zeeman-effect 
intervals are ± 6 % of the signal linewidth. Due to the 
complexity of the exact expression, we will calculate the 
signal shape with the approximation of equal energy 
separations, then estimate the corrections to this signal 
due to the unequal energy separations. We thus ap­
proximate the P ( l , w ; l,tn',t) in Eq. (4) by the three-
level Majorana formula, which is strictly valid only in 
the linear Zeeman region.15 [P ( l , r a ; l,w',£) is equivalent 
to P(l,m,mf

yt) in the usual Majorana formula notation.] 
We then have [with P ( l , w ; l,m,) = P(l,mf; l ,w)] 

P ( l , l ; l , 0 ) = P ( l , 0 ; l , - l ) = 2 r ( 4 - O , 

P ( 1 , 1 ; 1 , - 1 ) = T C , 

P ( l , l ; 1,1) = P ( 1 , - 1 ; 1, -l) = r(l-2A+0, 

P ( l , 0 ; l , 0 ) = r ( l - < L 4 + 4 C ) . 

(6) 

From Eqs. (1), (2), (5), and (6) we obtain for the 
phototube signal 

where 

A = A(<a0) 

Sex 2 / 1 0 + 2 / u + ( 3 - 2A) ( / n + / o i ) , 

H T # I ) 2 

(?) 

C ^ C (coo) = 

( 7 # i ) 2 + ( l / r ) 2 + (CO-COO)2 

3 ( T # I ) M ( C O 0 ) 

4(7fl r i)2+(l/r)2+4(co-coo)2 ' 
co0 = 7 # o . 

To measure the resonance line shape, the rf magnetic-
field amplitude was 100% square-wave modulated at 
210 cps and the dc field swept through resonance. The 
output of the phototube was put through a lock-in 
detector synchronized to the rf modulation frequency, 
so that a signal proportional to the intensity difference 
at the phototube with the rf on and off was detected. 
Since A is zero when the rf is off, the detected signal is 
proportional to ( /n+ZoiM. Thus, 

SLock In cc ' 
( 7 # i ) 2 

(7Hi)«+(l /T)*+(«-7ffo)» 
(8) 

From Eq. (8) it can be seen that, with fixed H\ and co, 
a sweep of Ho through resonance results in a Lorentzian-
shaped signal of full half-amplitude width: 

A ^ 1 / 2 = 2 [ Z T 1
2 + ( 1 / 7 T ) 2 ] ] 1/2 (9) 

which becomes 2/yr as Hi —» 0. 
We will now estimate the corrections to this signal 

shape due the nonlinear Zeeman effect. P ( l , m; 1, m^m), 
as defined in Eq. (4), is essentially the average proba­
bility of an rf-induced 1, m to 1, m' transition during the 
lifetime of the state. From Eqs. (6) and (7), it can be 
seen that when ( 7 # i r ) 2 « l , P(l9m; 1, w ± l ) < ( T # I T ) 2 

<<Cl, and the steady-state populations of the 1, m levels 
are not significantly altered by the rf. Thus when 
(7#ir)2<<Cl, we can approximate the three-level system 
with two independent two-level systems (i.e., the 1, 1 
and 1, 0, and the 1, 0 and 1 , - 1 systems). If the transi­
tions probability for a two-level system, P ( | , m, tndz l,i), 
is used in Eq. (4), the result is P ( J , m, radbl) 
= rA(ooQ=AE/h), where AE is the energy separation 
of the pair of levels. Thus, for (yHir)2<Kl, the 
P ( l , w ; lm\t) in Eq. (6) can be corrected by dropping 
the C terms [which are cc (yHiry] and equating the 
correct energy separation to #co0 in the A (coo) as­
sociated with each pair of levels. £ P ( | , m, mdtX)/ 
P (1, m, m^z 1) —> 2 as yHtf —> 0 due to the F dependence 
of (F,m\Jdt\F, m ± l ) , but this should not confuse the 
identification of the coo with AE/h.~] In the experiment 
(7#ir) 2=0.16 at the maximum Hi attained, so that 
these approximations should be sufficiently accurate 
for the evaluation of the corrections to the signal 
shape. We thus alter Eq. (6) to approximate the 
unequal spacing situation by taking [with P ( l , w ; l,m') 
= P(lX;l,w)] 

where 

P ( l , l ; l,0)Ss2r,4', 

P ( 1 , 1 ; 1 , 1 ) S T ( 1 - 2 4 ' ) , 

P ( l , - 1 ; 1,0)&2TA», 

P(l , - 1 ; 1 , - 1 ) ^ ( 1 - 2 4 " ) , 
P ( l , l ; 1 , - 1 ) ^ 0 , 

P(1,0; 1,0)^T(1-2A'-2A") , 

A'=Alm=(Elti-Ei,o)/hl, 

Aff = Alcco=(Ei,0-Ei^1)/h2. 

(10) 

*6 G, W< Series, Rept, Progr. Phys. 22, 280 (1959). 

The lock-in signal, with these modifications, is pro­
portional to IuA"-\-IoiA'. For an unreversed lamp 
Iu= 2/oi, and the ratio may vary to Zir^C/oi for a badly 
self-reversed lamp. In the latter case the signal has a 
peak at 7ZT=co+0.06/r and a full half-amplitude width 
of (1.02X2)/7r (for Hx—> 0). In the intermediate case 
of 7i i=/oi , the signal peak is at7fl r=co and the width is 
2/7T (for Hi —» 0) ; while in the Iu= 21 oi case the peak 
is at 7#=co~0 ,02 / r and the width is (0.997X2)/7r 
(for Hi —> 0). Since 7#p e ak was found to be always 
within 0.02/r of co^ it would appear from these argu-
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ments that, for our lamp, an error of less than 1% is 
made by using Eq. (8) to determine r from the signal 
shape. Since Eq. (10) is only an approximation, how­
ever, we will allow a 2% to 3% uncertainty due to the 
possibility of a systematic error from the use of Eq. (8). 

To determine r from the signal widths, a pickup loop 
was placed near the cell to detect a signal, V, pro­
portional to Hi. The values of (AHi/2)

2 measured over a 
range of Hi values can then be plotted against V2, and 
the extrapolation of a straight line through the data to 
V=0 intersects the axis, according to Eq. (9), at 
AHi/2=2/yr. The linewidth data measured at vapor 
pressures between 10~4 to 10r7 mm over a period of a 
month and with two different cells is plotted in this 
manner in Fig. 3. Our conclusion T=7.4dL0.3Xl0~9 sec 
is indicated on the same graph. The two circled points 
were not included in the determination of the lifetime, 
but are included on the plot to show the effects of 
"multiple-scattering narrowing" which appeared at high 
vapor pressures (>10~4 mm) and at large values of 
JHIT. That the narrowing is only a few percent even at 
such large vapor pressures is not surprising, since the 
experimental conditions are not very different from those 
for which Barrat16 calculates no narrowing for 25i/2 

states. 
The amount of broadening on the graph may be used 

to compute the amplitude of Hi from Eq. (9). The result 
is that the maximum rf magnetic field used was Hi 
= 6.5 G, which value agrees roughly with a calibration 
using a pickup loop in the cell position. Since the signal 
amplitude is proportional to Hi2 for yHir<£l, these 
large fields were necessary for an accurate determination 
of r. To obtain these large rf fields without causing 
gaseous breakdown in the cell, the 20-mm diameter, 
10-mm deep, cylindrical cell was placed inside the 
shorted end of a J-wave transmission line which was 
driven by push-pull, 300-W Eimac tetrodes. The quartz 
cells were filled by thallium distillation from a bakeable 
vacuum system. Before distillation, the cells were baked 
at 900°C and then placed in a rf electric field to clean 
the walls by ion bombardment. 

III. MEASUREMENT OF THE 7s*Sm 
LIFETIME BY LEVEL CROSSING 

In this experiment the width of the zero-field level 
crossing of the 7 25i/2 state, F= 1 Zeeman levels was 
measured to determine the lifetime of the 7 2Si/2 state. 
(The hyperfine levels are shown in Fig. 1.) 3776 A 
radiation from a resonance lamp excited thallium atoms 
from the 6 2P1/2 (ground) state to the 7 2Sy2 state, and 
either 3776 or 5350 A decay radiation was detected. 

Breit17 has calculated the average intensity of reso­
nance fluorescence >5 from a gas of identical atoms 
excited by short pulses of optical radiation, and his 
result has now been verified in many level-crossing ex~ 
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FIG. 3. Measured Lorentzian linewidths from the 
double-resonance experiment. 

periments. Franken18 has shown how a more general 
white-light radiation field can also lead to Breit's 
fluorescence formula. This formula is 

i S a E 
J nmjmix'gn'm'g' 'S^' / t 

m. § 7 > + § 7 y + fcOMM> 
(11) 

where 

16 J. Barrat, J. Phys. Radium 20, 633 (1959). 
17 G. Breit, Rev. Mod. Phys. 5, 91 (1933). 

/ M « = ( i u | ^ - P | w ) , gM O T=(jLt|g'-P|w>, 

«MM'=(EM-E,»0/fc; 

m and w! represent the quantum numbers of the ground-
state sublevels and \x and \x* represent the excited states. 
e and tf are unit polarization vectors of the incident and 
scattered light, respectively. rM is the lifetime of the \x 
state. The only external fields acting on the scattering 
atoms are a static magnetic field H and the optica] 
radiation field E(t) representing the incident radiation 
from a lamp. An additional assumption is that the 
density of the vapor is sufficiently small so that no 
photon is scattered more than once. If the resonance 
radiation from the lamp is optically filtered, one can 
excite the scattering atoms only to the group of states 
which correspond to one value of n, I, J. The sum over \x 
and ix need then be taken only over the quantum 
numbers F, m of the sublevels of this n, I, J state, and 
the lifetimes of all the excited states will be the same. 
Equation (11) applies to the case of uniform lamp 
power density throughout the frequency region neces­
sary to produce all the m—*\x excitations. In our ex­
periments, the exciting resonance radiation has resolved 
hyperfine lines of unequal amplitude so that Eq. (11) 
must be modified to fit this case. This has been done in 
Appendix I, and we will interpret this experiment by 
using the result [Eq. (25)]. 

It is necessary to excite with and detect circularly (or 
elliptically) polarized light to observe the Hanle effect 

18 P. Franken, Phys. Rev. 121, 508 (1958). 
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in a J — \ state.19 For circularly polarized light, the 
scattered intensity may be calculated from Eq. (24) by 
taking 

A e+{±}$ #+{±}'# 
g= and g' = — . (12) 

v2 v2 

{ ± } and { ± } ' refer to left- or right-hand circular 
polarization, and the vectors 0 and 0 are the spherical-
coordinate unit vectors with the lamp radiation incident 
in the — f direction and the static magnetic field along 
the z axis. The primed vectors are also the spherical-
coordinate unit vectors, but referred to the scattered 
radiation direction f'. When detecting the 3776 A 
radiation, the initial, excited, and final states are J—\ 
states split into F=0 and F—l hyperfine levels. The 
hyperfine splitting, Aj>==1.2Xl010/sec, of the 7 2Si/2 

level is much greater than the lamp linewidths, so terms 
with Gj&G are dropped from Eq. (25). The result of 
using Eq. (12) in Eq. (25) is then 

5 * 7"io+27ii+7oi+ { dz } { ± }' (7n+7oi) cos0 cos0' 

{±}{dz}/(711+7o1)sm<9sin6>, 

1+QioHr/h)* 

X[cos(<p— <p')+fjL0HT/h sin(<p— <p')~]. (13) 

The energies of the 7 2Si/2, F~l levels have been taken 
as EQ+MIXJS since g F = l and, for the magnetic fields 
used in this experiment, the quadratic Zeeman effect 
contributes less than 0.3% correction to the energy 
separations of these levels. The maximum crossing 
signal is seen to occur at 0=0'=7r/2. Using these angles 
we detected the 3776 A radiation scattered at <p— <pf 

= T/2 by a beam of Tl atoms in vacuum. The level-
crossing signals were also measured at <p—<pf = ir/2 and 
(p—p'^n Dy detecting the 5350 A decay radiation to 
the 6 2P3 / 2 state. In the later cases Eq. (25) must be 
modified by defining Ff, m' as the sublevels of the 
6 2P3/2 state. The result has the same dependence on H, 
r, and the angles as does Eq. (13), but the relative size 
of the ^-dependent term is somewhat smaller than 
that in Eq. (13). 

In all cases the recorded signals were obtained by 
modulating and sweeping the magnetic field and phase 
detecting the scattered light amplitude. A lock-in signal 
proportional to dS/dH was thus recorded, and a modu­
lation correction was applied to find the actual magnetic 
linewidth from the measured width.20 [For B= {iriiQgFr) 
• ( P - P mod. field)«l this is just 1 - fP 2 . ] I t should be 
noted that the values of 7 i 0 , In, and 70i do not influence 
the shape of the crossing signal. Another helpful 
feature in the experiment is that a mixing of a (fiorH/h)/ 
£ 1 + ( M O T # / # ) 2 ] (dispersion) shaped crossing signal into 
a primarily \/[1+(HQTH/K)2~] (Lorentzian) shaped 
signal (or vice versa) has a noticeable effect on the 

19 A. Gallagher and A. Lurio, Phys. Rev. Letters 10, 25 (1963). 
20 JJ. Wahlquist, j . Chem. Phys. 35, 1708 (1961). 

positions of the derivative-signal maxima (or zeros) but 
a very small effect on the signal width.21 This mixing 
will occur if the 0, 0', <p— <pf angles are not exactly w/2 
or 7r. The 3776 A detection experiment at 6=6'= <p— y 
= 7r/2 was repeated with a 20-mm deep, 20-mm-diam. 
scattering cell to determine the effects of multiple 
scattering. At vapor pressures between 10~6 and 10~5 

mm, no linewidth narrowing was observed; between 
10~~5 and 2X10 - 4 mm the signal size decreased rapidly 
due to depolarizing scattering, but the narrowing, if 
present at all, was still less than 5%. The lifetimes 
calculated from the measured linewidths were all within 
the quoted result of 7.6±0.2X10~9 sec. 

IV. MEASUREMENT OF 
A(7 2 S i / 2 - 6 >Pi,2)/A(7 2 S i / 2 - 6 2P3/2) 

Thallium atoms excited to the 7 25i/2 state will decay 
to the 62Pi/2 and 62P3/2 levels emitting 3776 and 
5350 A radiation, respectively. The relative probability 
of making either spontaneous-decay transition is just 
the ratio of the two transition probabilities per sec. The 
radiation from each 7 25i/2 state sublevel will be 
isotropic and polarized, and if all the sublevels are 
equally pumped the total radiation will be isotropic and 
unpolarized. Thus, with equal or unequal pumping 
rates into the 7 2Si/2 state sublevels, the relative number 
of 3776 to 5350 A photons radiated in any direction by 
a naturally decaying thallium atom will be the desired 
ratio of the transition probabilities per sec. To measure 
this relative number of photons from a gas of excited 
thallium atoms, it is necessary that few collision 
processes occur during the 7 2Sy2 state spontaneous-
decay lifetime of about 10~~8 sec, and that the trapping 
of the 3776 A radiation be corrected for by finding the 
limiting ratio at low vapor density. 

The collision probability can be minimized, the vapor 
density can be easily controlled, and the two desired 
spectral lines isolated from the thallium spectrum by 
measuring the intensity ratio in the fluorescence of a 
beam of thallium atoms optically pumped to the 7 2Sy2 
state. This method was employed in the experiment with 
the detector at 90° to the incident unpolarized pumping 
radiation to minimize background radiation into the 
detector. All radiation other than 3776 A that could 
excite the atoms was then easily blocked between the 
lamp and the scattering gas (with glass) so that only the 
3776 and 5350 A lines were fluoresced by the gas 
(neglecting the 6 2Pz/2~* 6 2Pi/2 forbidden transition). 
Any remaining lamp radiation not blocked by the glass 
simply added to the instrumental-scattering background 
seen by the detector. This instrumental scattering was 
accurately evaluated by using for the scattering gas a 
beam of thallium atoms that could be blocked by a beam 
flag. The filters used between the thallium beam and the 
detector to block one of the lines were absorption filters 
(Schott UG-5, GG-14, Corning 343 , 7-51, Wratten 

21 A. Lurio and R. Novick, Phys. Rev. 134, A608 (1964). 
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K2-#8) which transmitted 80% to 90% of the desired 
line and less than 0 .1% of the other. No lenses were 
used between the beam and detector, and the detected 
radiation was limited to less than a ± 12° angular spread 
in all cases and to less than ± 5 ° for most of the data. 
Since the optical density of each filter is small at the 
desired line and is proportional to the path length 
through the filter, the filter absorption does not vary 
more than a small fraction of a percent within these 
angles. Consequently, the filter transmissions could be 
calibrated in a Cary spectrometer and checked in the 
experiment by putting them in series. The T§-in. quartz 
vacuum window has a transmission that differs by about 
\% at the two wavelengths. 

A phototube sensitivity was necessary to measure 
accurately the fluorescent intensities from the vapor, 
but the spectral response of phototubes not only varies 
greatly between tubes of the same type, it varies con­
siderably across the cathode of each phototube. Conse­
quently, an RCA 5819 phototube (selected for homo­
geneity of response) was calibrated by exposing a fixed 
cathode area to a |-in.-diam. exit aperture of a 1^-in.-
radius integrating sphere. The hollow sphere was made 
of wrinkled aluminum foil, which has virtually identical 
reflection coefficients at our two wavelengths. The 
entrance aperture of the integrating sphere was f-in. 
square and positioned 90° from the exit aperture. This 
phototube integrating-sphere detector gave the same 
response ratio for the 3776 and 5350 A lines for all angles 
of less than 30° between the detector axis and light 
direction, and for widely divergent light. To calibrate 
the relative response of this detector at the two wave­
lengths, its response ratio was compared to the response 
ratio of a lampblack-coated, Eppley thermopile. A 
grating monochrometer was used to isolate the 3776 and 
5350 A lines from an Osram thallium lamp, and quartz 
lenses focused the exit slit on the detectors. A water 
filter was used to block infrared scattering through the 
monochrometer, and a dichroic mirror was used to make 
the two line intensities almost equal at the detectors and 
thus minimize errors due to thermopile nonlinearities 
and zero shifts. The influences of scattering in the 
monochrometer and dispersion in the quartz lenses 
were evaluated and corrected for, and the 3519 and 
3529 A lines were adequately isolated from the 3776 A 
line by the monochrometer. 

The 4000 A-blazed monochrometer has / = 4 . 5 optics, 
which in conjunction with the Osram lamps gave an 
intensity of about \ juW onto the detectors for each line. 
In order to measure this intensity accurately with the 
thermopile, it was operated in vacuum. This increased 
the absolute sensitivity by about 100% and decreased 
the drifts to less than 10%, but increased the response 
time constant to about 10 sec. Slow fluctuations were 
still serious so the light beam was chopped at a 7.5 sec 
on 7.5 sec off-rate and the thermopile output, after dc 
amplification, was phase detected at 1/15 cps. with a 
80-sec integration time constant. This slow chopping 

rate was necessary since the thermopile output dropped 
off rapidly with increasing repetition rates. Using this 
method, a sensitivity of about 5 XIO"10 V or 2.5X 10~9 W 
of radiation was achieved with the thermopile vacuum 
chamber thermally insulated from the room and the 
l-in.-thick quartz vacuum window isolated from stray 
air currents. The thermopile linearity was checked with 
neutral-density filters against phototube linearity and 
found to be excellent under the above conditions. The 
response ratio of the phototube to the two lines versus 
the response ratio of the thermopile was measured with 
three Osram Tl lamps of different intensity ratio and 
with two different combinations of lenses. The average 
ratios 0.797, 0.810,0.797, respectively, were found in the 
three cases for the phototube 3776 A/5350 A signal 
ratio divided by the thermopile signal ratio. The effect 
of the f-in. quartz vacuum window of the thermopile 
was also evaluated and found to introduce about 0.3% 
differential absorption. An Epply lampblack-coated 
thermopile was used in the experiment, and the manu­
facturer has measured the reflection coefficients through 
the visible and found them to be equal within J%. 
(This result is supported by other tests of the reflectivity 
of lampblack.) Different penetration of the lampblack 
by the different wavelength radiations could influence 
the ac response of the thermopile, but at the wave­
lengths and slow chopping rate used this should intro­
duce negligible error. We thus conclude from the cali­
bration that the integrating-sphere phototube detector 
has a relative response within the values 0.800± 0.015. 

The ratio of the 3776 and 5350 A intensities fluoresced 
by the beam was measured as a function of beam density 
with various combinations of the above filters and with 
several detector arrangements. The results are plotted 
in Fig. 4 against the total intensity of the beam scat­
tering. At constant lamp intensity, this fluorescent in­
tensity is a roughly linear index of the beam density. 
Since it is used only as a way of finding the low beam-
density limit, lamp ageing or intensity fluctuations cause 
unimportant small shifts along the abscissa. Fluctua­
tions of beam density and lamp intensity were corrected 
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FIG. 5. Energy-level diagram of the 62Z>3/2 state. The de­
tected high-field Aw = 2 crossings are circled (a is arbitrarily 
shown positive.) 

for in the ratio measurements by monitoring the total 
beam scattering with a second (uncalibrated) phototube 
placed 180° from the calibrated detector. The limiting 
ratio, 5350 A detector signal/3776 A detector signal 
= 1.022=1=0.023, concluded from the data is shown in 
Fig. 4. To find the equivalent 5350 A/3776 A photon 
ratio we must multiply this by the 3776 A/5350 A 
relative sensitivity of the detector (0.800=b0.015) and 
by the relative energies of the photons. The result is 

^(7251 / 2-62P3 /2) 

^(7 25 1 / 2 -6 2P 1 / 2 ) 
= (1.022=h0.023)(0.800=b0.015) 

5350 
X =1.16=1=0.05. 

3776 

V. MEASUREMENT OF THE Tl 6c? Wm 
STATE LIFETIME AND hfs 

The level-crossing technique was also used to measure 
the 6 2Z>3/2 state lifetime and hfs.22 From the energy-level 
diagram for this state (Fig. 5) it is apparent that a 
measurement of the magnetic fields at which the two 
circled high-field, Am = 2 crossings occur will determine 
the hfs, but these crossings will not be resolved as can be 
seen from the natural line width, l/2irr, shown in the 
same figure. The experimental arrangement of angles 
and polarization was therefore adjusted to optimize the 
detection of Am = 2 crossing, i.e., the incident and de­
tected radiation perpendicular to the magnetic field and 
to each other, and the detecting light analyzed in the 
transverse plane. The incident 2768 A radiation was not 
polarized to avoid loss of intensity, but at the expense 

22 W. Gough and G. Series have recently performed a level-
crossing experiment in the Tl 6 2A/2 state (private communica­
tion). Their results, 2|a|//? = 84.4rb3.5 Mc/sec and r = (5.2db0.8) 
X10~* sec, agree with ours within experimental errors. We are 
indebted to them for bringing to our attention the R dependence 
of the signal linewidths. 

of an increase in background. Decay radiation to the 
6 2P3 / 2 state (3529 A) was detected since the effects of 
instrumental scattering could thus be minimized and the 
desired polarization selected without serious intensity 
loss. 210-cps magnetic-field modulation at the cell was 
provided by a set of auxiliary coils so that the scattered 
light signal, S, could be phase-detected to yield a 
measurement of dB/dH. The expected magnetic-field 
dependence of the scattered radiation has been calcu­
lated in Appendix I I from Eq. (25) in Appendix I. This 
S [Eq. (28)] and its derivative were evaluated by with 
an IBM 1620 computer for various values of the 
parameters a, r, and R. (a=6 2Z>3/2 state dipole coupling 
constant, T=lifetime of 62D3/2 state, R==I0/Ii as de­
fined in Fig. 1.) 

The effect of the high-field crossing on the calculated 
dS/dH is shown in Fig. 6(a). The positions of the peaks 
and troughs of the theoretical high-field crossing signals 

^.20 

[f\ 
t l \ ~ — 

H \ "" 

1 . i NL 

Theoretical 
-%=4IMc,R= 

-%» , /<riR s |> 

Curves. 
l,T*7.2xlO~9sec 
T=7.2xl0~9sec 

£^fc*J I 

(a) 

as 4r-

Theorctical Curves 
T«7.2 R=l a/h«37Mc 
T*7.2 R*l a/h*4IMc 
T=6.5 R=l a/h=4IMc 
T=7.2 R«'/3 a/h«4IMc 

(Txl0"9sec) 

Experimental Curves at 5xlO"7mm 
Theory %=4I Mc, R=I,T=6.5x I0"9sec 
Theory a/h=37Mc,R=l,T=7.2xI0"9sec 

4 r -

Experimental Curves at 8xl0"7mm 
Experimental Curves at 4x IO"€mm 
Theory a/n*4IMc, R=l,T=7.4xlO"9sec 

20 40 60 80 
D C MAGNETIC FIELD (GAUSS) 

IOO 

FIG. 6. 6 2Z>3/2 state high-field level-crossing signals. All signal 
amplitudes are adjusted to 35 units at the peak of the zero-field 
crossing signal. 
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were found to be fairly insensitive to changes of r and Rf 

so that \a\ could be readily established from the high-
field signal curves. This can be seen from the family of 
dS/dH curves plotted in Fig. 6(b), where the only 
significant differences between the three high-field 
curves with the same | a \ but different r and R are the 
amplitudes, but the high-field peaks of the curve with 
smaller | a | are shifted to lower magnetic field. The 
values of R and r used to determine the | a | values lead 
to a reasonable fit over the entire dS/dH curve, only 
part of which is shown in Fig. 6. In Figs. 6(c) and (d), 
the data at three cell vapor pressures are compared to 
computed curves. The effect of multiple scattering on 
the high-field crossings is primarily to reduce the 
signals, due to scattering by the noncrossing states. 
Thus the entire high-field crossing begins to disappear 
at higher vapor pressure [Fig. 6(d)] . At two lower 
pressures, the slight effect of multiple scattering could 
apparently be reasonably well represented by an in­
crease of r in the theory [Figures 6(c) and (d)] . All the 
data taken with the cell pressure below 10~6 mm agree 
with those shown and give us the result | a | / f t=41 
± 2 Mc/sec. 

To evaluate r from the data, one must consider the 
effect of the intensity ratio R on the signal shape. The 
zero-field, Am =2 level crossing signal produced by the 
6 2Z>3/2 F==2 states is approximately Lorentzian shaped 
with g=0.6, while that produced by the F= 1 states is 
also approximately Lorentzian but with g = 1. Since the 
ratio R determines the relative amounts of excitation to 
the 6 2DmF= 1 and F= 2 levels, it determines the rela­
tive sizes of the contributions to the zero-field crossing 
signal by these levels. For a lamp without self-reversal, 
the intensity ratio R of the centers of the 6 2Pm state 
F=0 and F=l lines would be | , but any lamp self-
reversal tends to increase this ratio due to the three-
times-larger absorption probability from the 6 2PVi F = 1 
state. From the computations we find that the zero-field 
crossing signal follows closely 

S< 
1 

l+l^rrgQuMh)Hj' 

with the effective g value, geff, varying from 0.72 in 
the case of an unreversed lamp to 1.0 in the limit of 
a very strongly _self-reversed lamp. The maximum 
of the detected dS/dH occurs almost exactly at Hma* 
==l/47rgeffT(/zo//z)\/3. The same modulation-correction 
formulas used in the 7 25i /2 level-crossing experiment 
apply here with B= (27rgeffMor) (P—P mod, field) for the 
Am=2 crossing case.20 Barrat16 has demonstrated and 
explained the narrowing of zero-field crossing signals due 
to multiple scattering. The true width must be found by 
extrapolating the linewidth data to the limit of zero 
vapor density of scattering atoms. Our results are 
shown in Fig. 7 for a l-in.-deep, l-in.-diam. cell of 
scattering gas. To determine the lifetime from these 

icr7 iortt 

VAPOR PRESSURE (mmHg) 

FIG. 7. Measured "Lorentzian" linewidths of the 6 2D3/2 state zero-
field level-crossing signals. 

results we need geff, or R, for our lamp. A careful fit of 
the entire dS/dH curve to the data determines geu 
fairly well, but our data are sufficiently accurate over 
the entire range to allow us to assert only that geif > 0.90 
is very unlikely. In addition, geff>0.90 requires an in­
tensity ratio i£=4 rather than the unreversed ratio J. 
This requires extreme self-reversals of both lines; a con­
dition which does not lead to maximum scattering in­
tensities and is therefore unlikely when adjusting our 
lamp conditions to optimise scattered intensity. Conse­
quently, we will use ^eff=0.82±0.1 for our lamp, with 
the result that r(62Z>3/2) = 6.2dblXl0-9 sec. 

VI. RESONANCE LAMPS USED IN THE 
EXPERIMENTS 

Osram thallium lamps were used exclusively in the 
A (7 2Si/2-6 2Pz/2)/A (7 25'i/2-6 2Pi/2) experiment since re­
peatability and stability, rather than intensity, were the 
primary requisites in this case. In the 7 25i /2 lifetime 
experiments, Osram lamps were used for preliminary 
work due to their ease of operation, but a gas-flow lamp 
of the Cario-Lochte-Holtgreven (CLH) type was used 
in taking final data since its useful 3776 A intensity was 
about five times that of the Osram lamp at average 
conditions. The Osram lamps were rf excited to prevent 
intensity modulation, and the power was adjusted to 
produce the maximum useful intensity. In the CLH 
lamp, thallium vapor from an oven and counterflowing 
argon gas were excited by electrodeless rf-discharge. 
The features of the lamp design followed those de­
veloped a t the Columbia Radiation Laboratory.23 

The CLH lamp (with a quartz window) was also used 
for the 2786 A pumping radiation of the 6 2Z>3/2 state 
experiment. The 2768 A intensity was about 10~2 times 
the 3776 A intensity from the same lamp (for average 
operating conditions in each case). More rf power and a 
smaller Tl vapor flow from the oven were necessary to 
maximize the 2768 A intensity. For both lines, the gas 
pressure had to be carefully adjusted to prevent ( ~ 5 % ) 
oscillations of light intensity at audio frequencies. Once 

28 Columbia Radiation Laboratory Quarterly Progress Report, 
December 16, 1961 to March 15, 1962 (unpublished). An article 
describing this lamp by B. Budick, R. Novick and A. Lurio has 
been submitted for publication to Applied Optics. 
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TABLE I. Thallium oscillator strengths. 

Transitions 

" 7^1 /2 -6^1 /2 
8*Sm-6*Pm 
925i/2-6 2p1/2 

102Si/2-6 2p1/2 
ll*5l/2-6*Pi/2. 
1225i/2-62Pi/2 

725l/2-62P3/2 
8^1 /2 -6^3 /2 
925i/2-6»P8« 

10a5i/2-62Pj/2 
ll25l/2-62P3/2 
12a5i/2-6*Ps/2 
13 ̂ 1/2-6 2P3/2 

6 ^ 3 / 2 - 6 ^ / 2 
7 2D3/2-6

 2Pi/2 
82A/2-62Pi/2 
92A/2-62P1 / 2 

10s2>,/2-62Pi/2 
l l2A/2-62P1 / 2 

6 2D3/2-6 2P3/2 

7 *Dm4?Pm 
82Z>3/2-6

2P3/2 
92P3/2-62P3/2 

6 2Z>5/2-6
 2P3/2 

7 ^ 5 / 2 - 6 ^ 3 / 2 
82Z>5/2-62P3/2 
92Z)5/2-62P3/2 

102/exp 

13.3 ±0.7 
1.76 ±0.16 
0.62 ±0.08 

0.22 ±0.04 
0.13 ±0.03 

15.1 ±0.7 
1.36 ±0.14 
0.48 ±0.05 
0.30 ±0.03 

0.080±0.008 
0.050±0.005 

29.0 ±2.2 
7.4 ±0.9 
2.8 ±0.4 
1.4 ±0.30 
0.80 ±0.20 
0.54 ±0.16 

4.0 ±0.4 
0.91 ±0.09 
0.40 ±0.04 
0.20 ±0.02 

34.6 ±3.5 
8.1 ±0.9 
2.8 ±0.3 
1.5 ±0.2 

10-MeXp 

6.25±0.31 
1.78±0.16 
0.78±0.10 

0.31±0.06 
0.20±0.05 

7.05±0.32 
1.73±0.18 
0.80±0.08 
0.57±0.06 

0.16±0.02 
0.11±0.01 

12.6 ±1.0 
4.4 ±0.5 
1.87±0.30 
0.98±0.22 
0.58±0.15 
0.40±0.12 

2.20±0.23 
0.76±0.08 
0.37±0.04 
0.19±0.02 

12.4 ±1.3 
4.2 ±0.5 
1.7 ±0.2 
1.0 ± 1 

I O - ^ B & D * 

2.13 
0.56 
0.24 
0.12 

4.00 
1.08 
0.47 
0.25 

12.6 
4.7 
2.5 

2.3 
0.85 
0.41 

13.9 
5.1 
2.4 

10-MB&Db 

~ 3 J 
1.7 
0.90 

0.28 

4.8 
2.1 
0.93 
0.56 

9.7 
3.8 
2.1 
0.73 

1.9 
0.71 
0.29 
0.13 

11.4 
4.2 
1.7 
0.75 

10-M 
Vainahtein 

" 5.23* 

6.8c,8.9d 

* Calculated from B & D tables. 
b Calculated directly using B & D wave functions and method. 
c Without exchange. 
d With exchange. 

conditions were optimized, stable operation could gener­
ally be achieved for several hours. The Osram lamp was 
found to have a quite negligible amount of 2768 A 
radiation, even with the usual vacuum jacket replaced 
by a quartz vacuum jacket. 

VII. THALLIUM OSCILLATOR STRENGTHS 

We will describe the experimental results on which 
our table of oscillator strengths (Table I) is based and 
then compare the remaining oscillator-strength informa­
tion in the literature to the values in Table I. We will 
attempt to explain some of the disagreements and to 
justify our choice of experimental results by discussing 
plausible sources of error in some of the experiments. 
The thallium oscillator strengths will then be compared 
to the prediction of the Vanishtein and the B & D 
calculations, and the method used to extend the B & D 
table will be described. 

The most accurate absolute value on which the 
oscillator-strength table can be based is, we believe, the 
7 25i/2 state lifetime reported here. If we average our 
two measured values of 7.4±0.3X 10~9 sec and 7.6±0.2 
X 10~~9 sec, we then have 

1.33±0.03X 1 0 8 - l / r ( 7 2Si/2) **A (7 *SVr6 2Pi/2) 
+A(72Sm-62Pm). (14) 

We have measured the ratio of these two transition 

probabilities per sec, with the result A (7 2Si/2-6 2Pzi%)/ 
^(725i/2-62Pi/2)^1.16±0.05. This ratio has already 
been measured in two AD experiments and in an in­
tensity-ratio experiment,3"5 and although two of the 
results disagree with ours the AD data of Kvater lead to 
almost the same ratio that we measured. These data 
were not analyzed by Kvater to establish the best ratio, 
but this can be readily done by assuming that the rela­
tive populations of the 6 2Pi/2 and 6 2P3/2 levels are 
given by a Boltzmann distribution. (Nikinova and 
Prokofiev have pointed out this information in Kvater's 
data.)24 Kvater's data establish the ratio at five Tl vapor 
pressures between 3.7X10"3 and 2.3X10 - 2 mm, and 
the average of these five ratios is A (7 2Si/2-6 2Pw)/ 
A (7 25i/2-6 2Pi/2):s= 1.105, while the standard deviation 
of the average is 0.012. We have used the compromise 
value of 1.13=1=0.05 to calculate A (7 25i/2-6 2P3/2) and 
A (7 2Si/2-6 2P1/2) from Eq. (14). The result is presented 
in Table I with the experimental "maximum" errors 
compounded by direct addition of the % errors. We have 
next used the i4(»25i/ jr62Pi/^/4C(»+l)25i/a-6 2 Pi / 2 ] , 
A (n 2DV2-6

 2Pi/2)A4 [ ( » + l)2Z>3/2-6 2 P V 2 ] , and A (6 2Dm-
6 2Pi / 2 )M (7 2Si/2-6 2p1/2) ratios of Prokofiev and Filip-
pov25 to establish the A (n 2Z>3/2-6 2Pi /2) and A (n 2Si/2-

24 E. Nikinova and V. Prokofiev, Opt. i Spektroskopiya 1, 290 
(1956). 

25 N. Filippov and V. Prokofiev, Z. Physik 85, 647 (1933). 
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62Pi/2) values in Table I from this A (7 2S1/2-6
 2P1/2) 

value. Similarly the A (n 2S1/2-6
 2Pm)/A (7 2Si/2-6

 2P8/2), 
A (n 2Dm-6 2Ps/2)/A (7 25i/2-6 *Pm), and A (n 2D5/2-
6 2Pz/2)/A (7 25i/2-6

 2P3/2) ratios of Penkin and Sha-
banova26 have been used to establish the A(n2D5/2-
6 2P3/2), A (n 2Dm-6 2P3/2), and A (n 2S1/2-6

 2P3/2) values 
in the table from the A (7 25i/2-6

 2P3/2) value. The 
"maximum" errors reported in these experiments have 
again been compounded by direct addition of % errors. 
The only ratio for which no error was reported by the 
authors is A (6 2Dy2-6

 2Pi/2)/A (7 2S1/2-6
 2P1/2), which 

had a negligible standard deviation of the average, and 
it has been arbitrarily assigned a ± 3 % margin of error. 
With the values in Table I thus determined we are pre­
pared to make comparisons with the results of other 
experiments. 

We will first compare our experimental results 
l/r(62iD3/2)=(16.1±2.6)Xl07/sec with the Table I 
values: 

A (6 2Dz/2-6
 2P1/2)+A (6 2Dm-6 2P3/2) 

= (12.6=fc 1.0) X 107/sec+ (2.20±0.23) X 107/sec 
= (14.8±1.2)Xl07/sec. 

The agreement is certainly satisfactory in this case. 
We will next consider the absolute oscillator-strength 

measurements by AD. As has been noted, these values 
depend on a determination of the Tl vapor pressure as a 
function of temperature and this was not accurately 
known until recently. Gurvich2 has reanalyzed Kvater's 
data using recent vapor-pressure information and 
his conclusion is A (7 2Si/2-6

 2Pi/2) = 5.8X107/sec and 
A (7 25i/2-6

 2P8/2) = 6.2 X107 sec. He notes, however, that 
the remaining vapor-pressure uncertainty leaves a 0% 
to +20% uncertainty in these values and they are, re­
spectively, 7% and 11% lower than the values in 
Table I. Penkin and Shabanova26 have also found the 
above values from the same data using still newer vapor-
pressure information, but they have apparently not 
applied it to their own data. An unexplained discrepancy 
of about 10% may therefore still exist. The absolute 
oscillator-strength results which are not valid due to 
erroneous vapor-pressure information are those given 
by Kuhn,27 Filippov and Prokofiev,25 and Kvater.3'28 

There are two additional values in the literature for 
the 7 2Sy2 lifetime. One value (10% larger than our 
result) is a report of results established at our laboratory 
by Tolnas and Lurio29 with the double-resonance ex­
periment, but with much smaller signal to noise 
than was ultimately achieved. The lifetime found by 
Demtroder30 is 18% larger than our value; a disagree­
ment which is much greater than the quoted uncer-

26 N. Penkin and L. Shabanova, Opt. i Spektroskopiya 14, 167 
(1963) [English transl.: Opt. Spectry. (USSR) 14, 87 (1963)]. 

27 W. Kuhn, Kgl. Banske Videnskab, Selskab. Mat. Fvs Medd. 
7, 1 (1926). 

28 G. Kvater, Zh. Ekaperim. i Tear. Fiz. 5, 426-(1935). 
28 E. Tobias and A. Lurio, .Bull, Am. Pays. Soc. 6, 75 (1961). 
30 W. Demtroder, Z. Physik 166, 42 (1962). 

tainties. In this experiment, Demtroder measured the 
phase shift between modulated 3776 A pumping radia­
tion and the (modulated) radiation fluoresced by thal­
lium vapor. By modulating at frequencies in the range 
of 1/r, he detected the time the scattered radiation was 
trapped in the vapor. In the limit of zero vapor pressure, 
each scattered photon will undergo only one scattering 
and the trapping time will be the lifetime of the excited 
state, but all multiple scattering will increase this 
measured trapping time. Demtroder31 did not (with 
thallium) measure over a large range of vapor pressures 
to establish the limiting trapping time, but he believes 
that, with his geometry and vapor pressure of about 
10~5 mm, multiple-scattering did not affect his thallium 
results. (He did use limiting values for other elements.) 
This remains, therefore, the most disturbing disagree­
ment amongst the various experimental results. 

Stephenson32 utilized a magnetorotation method, 
which should be independent of the vapor density, to 
measure A (7 2Si/2-6

2Ps/2). His conclusion is A (7 2Sy2-
6 2P3/2) = (7.00=1=0.3) X 107/sec, but his result is actually 
6.14X107/sec since he used Z = | , rather than 7/6 as he 
had intended, in the last step of calculating A from his 
data. In addition, he uses a formula valid only in the 
Paschen-Back region, while his measurements were per­
formed at a magnetic field (30 G) which splits the 7 2Si/2 

state and 6 2P3/2 state levels by much less than the hfs 
separations (i.e., in the normal Zeeman-effect region). 
The usual normal Zeeman-efTect-region interpretation1 

would lead to a roughly 40% lower A value from the 
same data. This corrected result is in considerable 
disagreement with the A value in Table I, and since the 
latter result is supported at least within 20% by the 
above comparisons with Refs. 2, 26, 29, and 30, the 
result of Ref. 32 is apparently inaccurate. 

Hinnov and Kohn33 have made intensity measure­
ments in flame spectra from which they have evaluated 
a number of oscillator strengths. From their comparison 
of their results with accepted values (e.g., in the alkalis) 
it can be seen that their A values are generally within a 
factor of 2 of the accepted values. Their thallium results 
are A (7 25i/2-6

 2P3/2) - 1 3 X 107/sec and A (7 2SV2-(>
 2PV2) 

= 7.9Xl07/sec, certainly within a factor of 2 of our 
values. 

Muller34 measured the total absorption by a column 
of Tl vapor of the unresolved 3529 and 3519 A lines 
from a cell of Tl vapor irradiated by 2768 A radi­
ation from a Tl lamp. His results, A (6 2D5/2-6

 2Ps/2) 
+^(62Z>3/2-62P3/2) = 1.9Xl07/sec, is too small by 
roughly a factor of 8, but a brief analysis is nonetheless 
called for. Muller assumed that all the 6 2D%j2 and 
6 2Z>5/2 Zeeman levels were equally populated by colli­
sions in the cell, but since this is not too probable it is 
not clear what proportions of 3529 and 3519 A abs6rp-

31 W. Demtroder, (private ©ommunmtkm). 
32 G. Stephenson, Proc. Roy. Soc. (London) A64, 458 (1951). 
» E. Hinnov arid H. Kohn, J. Opt. Soc. Am. 47, 156 (1057). 
34 F. Muller, Helv. Phys. Acta. 8, 152 (1935). 
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tions were measured. If, as is quite probable, there was 
very little collision mixing of the 62Dz/s and 62Z>&/2 
levels, then he measured primarily A (6 22>3/2-6 2?e/2.) 
and his result is only 15% low. An additional complica­
tion, however, is that the cell vapor pressure was so 
large (^lO""1 mm) that the central portion of the lamp 
2768 A line would be reflected from the front of the cell 
and only the edges of 3519 and 3529 A lines (with lamp 
linewidths) would be scattered at the side of the cell 
towards the absorbing column of gas. It is, therefore, 
difficult to interpret the data. 

A number of relative oscillator-strength measure­
ments must now be considered. As mentioned above, 
there are two additional experiments which measured 
A (7 25i/2-6

 2Pm)/A (7 2Si/2-6 2P1/2); one by AD and the 
other from 5350 A/3776 A intensity ratio in lamp radia­
tion. The AD measured ratio5 is 0.95, as opposed to the 
value 1.13±0.05 which we used. This AD value is an 
average of the ratios at four Tl vapor pressures between 
3.5 X 10~3 and 3.0X lO""2 mm, and these ratios have such 
a large vapor-pressure dependence that the values at the 
highest and lowest pressures are 8% lower and 12% 
higher, respectively. (All the ratios are also 3.5% too 
low due to the inaccuracy in the 1928 value of hc/k.) 
Since the AD theory predicts no such vapor-pressure 
dependence of the ratio, and since Kvater3 did not find 
such an effect, some anomalous effects apparently in­
fluenced their results. Vonweiler4 measured the 5350 A/ 
3776 A intensity ratio of the Tl lamp radiation in the 
limit of low Tl vapor pressure in the lamp. He thus 
compensated for 3776 A radiation trapping in a similar 
manner to that which we employed, but the question of 
whether or not the Tl atoms decayed spontaneously or 
partially by collision remains. The major problem, how­
ever, is the calibration of the detector. He utilized a 
tungsten lamp to calibrate a spectrographic detector, 
but the lamp-radiation temperature was apparently de­
termined by calculation rather than by calibration 
against black-body radiation. This lamp calibration, 
slight instrumental scattering in the spectroscope, or 
other complications mentioned in the paper could easily 
have produced the small difference between his result, 
A (7 2Si/2-6

 2P3/2)A4 (7 25i/2-6
 2P1/2) = 0.91, and our ratio. 

The magnetorotation measurements of Kuhn do not 
yield absolute oscillator strengths due to the vapor-
pressure problem, but one might expect his rela­
tive values to be significant. From Kuhn's results,27 

A (7 25i/2-6
 2Pi/2)A4 (6 2£>3/2-6 2P1/2) = 0.43 as opposed to 

the value 0.497 used from Filippov and Prokofiev's AD 
experiment. Kuhn, however, operated with a rather 
inhomogeneous magnetic field near 5.5X103 G, which is 
in the intermediate field region for the Tl 62Pi /2 and 
7 2Si/2 levels. Since he used Pashen-Back region formu­
las to analyze his data, the ratio of A values is not valid 
without corrections for hfs. 

There remains in the literature several AD-measured 
oscillator-strength ratios which were measured later and 

more accurately by Penkin and Shabanova.26 These are 

A (6 2D5/2-6 2Pm)+A (6 2Dm-6 2P3/2) 
^2.7 

A (7 2£>5/2-6 2P3/2)+,4 (7 2Dm-6 2P3/2) 

from Ref. 25, while the value used from Ref. 26 is 
2.9db0.3. Also, 

A (6 2Z>5/2-6
 2Pm)/A (6 2£>3/2-6

 2P3/2) = 6.0±0.5, 

and 

/(72S1/2-62P3/2) 
= 0.37±0.02 

f(6 2J95/2-6 2P3 /2)+/(6 2L>3/2-6
 2P3/2) 

from Ref. 28, while the values used from Ref. 26 are 
5.65±0.35 and 0.39±0.02, respectively. The agreement 
is quite satisfactory in all three cases. 

Additional thallium oscillator-strength measurements 
we have found in the literature are A (n 2P3/2-7

 2£i/2)/ 
A (n 2Pi/2-7

 2Pi/2) ratios from intensity-ratio measure­
ments of Vonweiler,4 and [J(n 2D5/2-6

 2P3/2)+/(^2 Z)3/2-
62^3/2)]//(725i/2-62P3/2)(10<^<15) ratios measured 
by Penkin and Shabonova.26 These ratios supply addi­
tional information, but were not used here since no 
absolute oscillator strengths could be established from 
them. 

As noted in the introduction, the atomic transition 
probabilities are not precisely equivalent to single-
electron transition probabilities due to the configura-
tional mixing. We do not yet have enough information 
to calculate the amount of configuration mixing in the 
thallium states, but the information that is available 
indicates that the mixing probably causes less than 30% 
correction to the single-valence-electron transition prob­
abilities. The best indication of this is simply the good 
agreement between the experimental A values and the 
approximately calculated single-electron A values (to be 
presented below). Another source of mixing information 
is the 62Pi/2>3/2 hfs, from which the most probable 
magnitude of 6s7s6p mixing into the 6s26p configuration 
can be estimated to be in the range of 10% (see dis­
cussion of hfs). From the relations between the amount 
of dsNsnl mixing into the various 6s2nl states, it then 
follows that the mixing probably produces considerably 
less than a 30% alteration in the transition probabilities 
to the 62Pi/2,3/2 states. An additional effect of the 
configuration interaction is to make the ionization 
energy of each atomic n2L j state smaller than that of the 
single-valence-electron nl state. Since the theories de­
pend on the measured ionization energies for the 
evaluation of the single-electron functions, this causes 
further error in calculating the transition probabilities. 
With these reservations we will compare the calculated 
single-electron A value directly to the- experimental 
values in Table I. 

Single-electron transition probabilities are propor-



T l O S C I L L A T O R S T R E N G T H S A 99 

tional to 
1 r r00 n2 

• 4 P - l U o J 

where Ri/r and Rf/r are the radial functions of the 
initial and final states of the electron. When the valence 
electron is being considered, the major contribution to 
this integral occurs outside the core, where the field is 
Coulombic. Noting this, Bates and Damgaard6 have 
devised an approximate method for evaluating the 
integral by using radial functions modeled after the 
radial functions of hydrogen. Since the values of the R at 
large r are of primary interest, the functions used are 

X»M=^„..z«rWn*(2f/w*)»*(l+ £ ar*), 

where Nn*,i is the normalization constant, n* 
= W-^ionization, the at are given by the hydrogenic re­
cursion formula with n* replacing n, and E and r are in 
atomic units. When n* is nonintegral, the series does 
not terminate as it does for hydrogen, and R(r) is 
infinite. B & D handled this difficulty by including in 
the above integrand RtrRf only the terms proportional 
to exp[—r/n*i—r/n*f]rc with c>2. Using this method, 
B & D compiled a table of <r(#*j,^*z_i,Z) values, but to 
lighten the load of hand calculations they calculated 
only the a integrals for which n*i=l+l, Z+2, • • • (i.e., 
for which Rn*,i is an exact hydrogenic solution). They 
suggest that a values for transitions with n*i not 
integrals should be found by interpolation or extrapo­
lation from the calculated values. The thallium A values 
we find using these tables are presented in the fourth 
column of Table I. To find the p-d transition proba­
bilities, the tables had to be extrapolated to n*d values 
— 0.1 beyond the lowest values in the table, while the 
tables had to be extrapolated beyond w*p=2.0 to n*p 

= 1.50 and 1.63 to find the s-p transition probabilities. 
These extrapolations can be made without introducing 
serious ambiguity, using the extrapolation method sug­
gested by B & D. 

The values in the fifth column of Table I were calcu­
lated using the B & D method, but without reference to 
their tables. Neither n*i nor n*f were integers in these 
transitions, but the formal B & D method was still used. 
i.e., only terms proportional to exp£—r/n*i—r/n*f]rc 

with c> 2 were included in RjrRf, and the normalization 
constant formula of B & D was used for all the functions 
(it is defined for n*—1>0). I t can be seen that the 
B & D transition probabilities in columns 4 and 5 of the 
table differ by about 20% for the d-p transitions, but by 
factors of 2 to 3 for most of the s-p transitions. To verify 
that the larger differences were due to the large ex­
trapolation required for the s-p transitions, we have 
calculated a2 for a number of s~p transitions within the 
table, with both n*i and n*/ nonintegral, and compared 
these to the interpolated values using the B & D tables. 

All regions of the tables were not checked, but the a2 

found by the two methods agreed within 20% for all the 
transitions tested. This agrees with the observations of 
B & D (pp. 105-106 of Ref. 6) and is certainly to be 
expected since the directly calculated a becomes iden­
tical to the a in the table when n*p takes on the next 
higher and lower integral values. Since the tables extend 
only to n*i = l+l, this argument no longer applies when 
n*i<l+l, and one reason for the inaccuracy of the 
extrapolation becomes clear when the extrapolation 
method is considered. B & D have defined $ by the 
relation: 

2 L 4 / 2 - l J 

The method of extrapolation suggested by B & D is to 
extrapolate ${n*h n*i-\—n*h I) holdingn*i-\—n*i and 
/ constant. Since # varies slowly when n*i and ri*i-i are 
varied in this manner with n*i>l+l, the extrapolation 
usually consists of changing # slightly from its value 
when n*i=l+l. However, cr(l,n*i-i,t) is generally finite, 
so that 3 must approach <*> as n*i —•» /. Thus the sug­
gested extrapolation of # must become inaccurate for 
n*i less than some value between l+l and /. B & D 
suggested the use of extrapolation as far as n*i=l+0.5 
(p. 107 of Ref. 6), but comparison with the calculated 
s-p and p-d transitions probabilities of thallium pre­
sented here indicates that the extrapolated a will usually 
disagree considerably from the calculated a for n*i less 
than about /+0 .9 . B & D have described the inter­
polated and extrapolated values as only approximations 
to the correct predictions of their method (pp. 105-106 
of Ref. 6), and they have suggested that the method 
should be more accurate for less tightly bound states. 
Comparing columns 3, 4, and 5 of Table I, it can be seen 
that the directly calculated thallium A values are in far 
better agreement with the experimental values for the 
s-p transitions, while columns 4 and 5 are both in 
reasonable agreement with the experimental p-d transi­
tion probabilities. This appears to justify considering 
the directly calculated values to be the preferred results 
of the B & D theory. 

With the exception of the 7 2Si/2-6
 2P3/2 and 7 2Si/2-

62Pi/2 transition probabilities, the average disagree­
ment between the experimental and directly calculated 
B & D values is only 15%, and the maximum disagree­
ment is only 30%, for transitions in Table I. The B & D 
predictions for A (7 2Si/2-6 2Pm) and A (7 2Si/2-6 2P1/2) 
are, respectively, 35% and 50% too small, but Vain-
shtein's results for those two transition probabilities are 
an average of only 15% from the experimental values. 
Since Vainshtein's method also assumes a single con­
figuration, it appears that the thallium transition 
probabilities are not greatly influenced by configuration 
interaction, The fact that the B & D method does not 
give accurate predictions for the 7 2Si/2 to 6 2Pi/2 and 
62P3/2 transitions is consistent with their assumption 
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that the theory is less accurate for strongly bound 
states. The 7s to 6p transitions involve tightly bound 
initial and final states, and as a result the regions of 
small r are more important for these transitions than for 
the remaining thallium transitions. 

VIII. 6c? Wm STATE HYPERFINE STRUCTURE 

To the extent that configuration interaction can be 
neglected, the 6 2Dy2 state of thallium arises from a 
(core) 6s26d configuration, and its hfs is due entirely to 
the 6d electron, The dipole coupling constant aj of a 
single electron may be calculated using the Fermi-Segre 
formula with relativistic, screening, and nuclear-pene­
tration corrections35: 

aj~-
gIL{L+\)Fr(J,Zz)W,m 

J{J+l){L+±)ZiHr{ZhL)M 
( l - « ) ( l - € ) , (15) 

where BWQ is the fine-structure separation, Fr and Hr 

are tabulated relativistic correction factors, and Z» is 
the "effective nuclear charge'' (due to the screening) 
and is usually taken as Z—10 for d electrons. 8 and e are 
corrections due to the finite nuclear size and may be 
neglected for D states. Equation (15) and the familiar 
relation for the hfs intervals predict for the Tl 6 2D%j2 

state 
A?/2A=a/A=42X106 /sec. 

The agreement with our experimental result, \a\/h 
= 41 ± 2 Mc/sec, is thus excellent if one assumes a is 
positive as Eq. (15) predicts. We find this result very 
surprising since the hfs of the 6p2Pj state of Tl i and 
of the np 2Pj and nd 2Dj states of structurally similar 
Pb I I are strongly influenced by configuration inter­
action, and we would expect the Tl I 6d2Dj state hfs to 
be altered for the same reason. 

Configuration interaction causes the mixing of differ­
ent configurations with the same L, 5, J, and parity. 
This mixing often has a large influence on the hfs of 
states with small hyperfine interactions since they are 
sensitive to small amounts of mixing with configura­
tions that have large hyperfine interactions. In the 
62Pi/2,3/2 states of thallium, a small amount of the 
6s7s6p configuration (and smaller amounts of the other 
6sns6p configurations) mixes into the 6s26p configura­
tion. Since the hyperfine interactions of the 6s electrons 
cancel in the 6s26p configuration, the 6s7s6p configura­
tion has a much larger hyperfine interaction and the 
mixing consequently has a noticeable effect on the 
6 2JPI/2,3/2 hfs. That this is the correct explanation of the 
observed hfs values seems fairly certain since Schwartz's 
configuration-interaction theory has been adequate to 
explain the hfs anomaly in the Tl 6 2Pi/2,3/2 states using 
6sns6p mixing.13 We thus expect to find 6s7s6d and 
6s6p2 configurations mixing into the Tl 6 2Z)3/2,5/2 states, 
and in this case the small hyperfine interactions of the 

36 H. Kopferman, Nuclear Moments (Academic Press Inc., 1958) 
Sec. 26, p. 26; Sec. 27. 

6s26d configuration should make the hfs sensitive to very 
small amounts of mixing. 

No wave functions are yet available from which the 
mixing coefficients might be evaluated, but Koster's 
success in calculating the hfs of the 4 2P1/2,3/2 states of 
Ga using Hartree functions and configurational mixing 
indicates that Hartree functions, when available, may 
also be sufficient to explain the thallium hfs. The hfs of 
the Tl 62Pi/2,3/2 states are expressed in terms of the 
mixing coefficients of the 6sns6p configurations into the 
6s26p configuration by Koster's equations, so we have 
calculated the hfs of the 6 2#3/2,5/2 states in terms of the 
mixing coefficients of the 6sns6d and 6s6p2 configura­
tions into the 6s26d configuration. This calculation is 
presented in Appendix I I I , where the 6s, 7s, 6p, and 6d 
state dipole coupling constants have been estimated 
from thallium hfs and fine-structure data, so that the 
hfs can be expressed directly in terms of the mixing 
coefficients. 

The hfs of the 6 2P3/2 state of Tl is considerably 
altered by the mixing, so the 6 2Pi/2,3/2 hfs can be used 
as a sensitive test of the mixing coefficients, ai of the 
6s7s(*Si)6p configuration and a2 of the 6s7s(1So)6p 
configuration into the 6s26p configuration. In order to 
estimate the sensitivity of the 6 2Z>S/2,5/2 states hfs as a 
test of the 6s26d configuration mixing coefficients, the 
probable magnitudes of these coefficients will now be 
estimated from the mixing of the 6 2P'1/2,3/2 of Tl I and 
the n 2Dz/2,b/2 states of Pb I I . 

The approximate values found for as, S, and a in 
Appendix I I I can be used in the Koster's Eq. (20) to 
establish one condition on the mixing coefficients a i and 
a2 of thallium. This is 4.75= -120ai 2 +78ai+175aia 2 , 
and although this is not enough information to establish 
a i and a2, we may note that Koster found «i=0.03, 
a2— —0.10 for the equivalent 4:s5s4:p mixing coefficients 
into the 4:S24p configuration of Ga, and values at least as 
large as those appear likely for Tl judging from this 
condition. We may also note from Koster's Eqs. (32)-
(37) that the largest contribution to a2 is from a matrix 
element of electrostatic interaction between the 6s 
and 7s electrons (in the Tl case) and the core states 
GC'-Wn'i'.ro'i in Koster's notation). This same matrix 
element will cause the largest contribution to the mixing 
coefficient d2 into the Tl 6s26d configuration, and thus 
\d2\ on the order of 0.1 may be expected, di is deter­
mined primarily by a matrix element involving 6d with 
6s and 7s interaction NQd,2 in place of the 6p with 6s and 
7s interaction NQP,I which causes most of on. Thus 
I d\ ] < I a\ I may be expected with | di | probably on the 
order of 0.01. The estimate of \dz\ is even more rough 
since we most rely on the hfs of the n 2Dj state of 
P b n . In P b n the 6s6p22Dm^2 states are bound and 
their hfs, as well as those of the n 2Dj states, have been 
measured. Consequently, it can be seen that the magni­
tudes and signs of the n 2D^2tb/u hfs are consistent with 
large amounts of 6s6p? configuration mixing. Some 
(6s6p?)2Dj mixing in Ti l thus appears quite likely, and 
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aside from the possibility of coincidental cancellations 
there is no reason to expect \dz\. to be much less 
than |^21. 

From these estimates and Eq. (36), one might expect 
the mixing contributions to the 6 2.E>3/2,5/2 state hfs to be 
larger than the contribution from the 6s26d configura­
tion, and the possibility that a (6 2Dy2) is negative can­
not be discarded. It certainly does appear that the 
agreement of |a(62Z)3/2)| with the prediction of the 
Fermi-Segre formula is a coincidence. In addition, if the 
estimated magnitudes of the mixing coefficients are cor­
rect, then it will be necessary to calculate the coefficients 
very accurately to explain the 62Z)3/2 state hfs, since 
considerable cancellation is occurring in Eq. (36) (a 
difficulty which will probably recur for many of the 
n2Dz/2,h/2: ' 2£>3/2.5/2 states). 
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APPENDIX I 

It can be verified36 that the average intensity of 
resonance fluorescence S, under excitation by a radia­
tion field with power density /(a?) and propagating in the 
x direction is: 

Jo 
8= dur((*)8(a>), (16) 

where 

I'(<a)= I dvxn(vx)Ilw -J 

is the effective field exciting the atoms, n(vx) is the 
number of scattering atoms with velocity vx, and S(co) 
is the average fluorescent power of one atom excited by 
a monochromatic wave of unit intensity and angular 
frequency co. This result is independent of the form of 
the lamp E(t), or the amount of coherence of the lamp 
radiation field. It arises essentially from the fact that 
the interference of the scattered radiation-field ampli­
tudes at different frequencies cannot lead to a contribu­
tion to the average scattered radiation. It should be 
emphasized that this result applies to the average in­
tensity, where the averaging is performed over times 
much longer than the lifetime of the excited state. 

The resonance fluorescence under monochromatic 
wave excitation may be calculated by taking the limit 
as 7 approaches zero of the scattering of the following 
electric vector: 

E(0 = f71/2exp[-
for / > 0 , E(/) = 0 for / < 0 , 

where f is a unit vector which describes the polarization 
and E(t) has been normalized to 

/ : 
E(/)-E*(/)^=l. 

Franken18 has calculated the total scattered power for 
the same E{t) except for the coefficient. (He uses Eo/2 
where we have \/y.) Consequently, we may use his 
result pEq. II, (5) without the integration over co] with 
EQ/2 replaced by \/y. This result is 

*Jco — y 2~/ J^nn'mm' 
mm' 
tin' 

I 
Jo 

' dt exp(—icjOw't—r/){exp(icoMJlt'/—2A/) — expp(wM4»—co)/—A/] —expp(w—ayw)/—A(]+l] 

(cop—co-HX)(coM' -i\) 
(17) 

where B^mm' — kfm^f^mgm'^m^ \~y/2 — T/2r r = l / r , and k is an unimportant proportionality constant. 
Evaluating the time integral, this becomes: 

K>Oi /__/ 

Bu 

' T+iw. %> \i(c<ym— 

1 

t>)—X i (wM o)+X ) 
(18) 

The limit y —> 0 may be taken in Eq. (18) to give the total fluorescent energy due to the monochromatic wave of 
frequency co and unit total energy. This is also clearly the average fluorescent power due to a monochromatic wave 
of unit average power: 

T-X> mm'T+tW^' \i(o>^'m—w) — | r Oo}^—w)+%Y/ 
(19) 

We can use Eq. (19) in Eq. (16) to calculate the expected fluorescence under excitation by a typical resonance 
lamp. Equation (16) may be evaluated for /(co) representing only one lamp line at a time and the result summed 

36 A. Gallagher, thesis, 1964, Columbia University, New York, N. Y. 
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over all the lamp lines. Since we expect a typical line of a resonance lamp to have a Gaussian power density, and the 
Gaussian velocity distribution, n(vx), merely makes /'(co) a slightly wider Gaussian than /(co), we will evaluate the 
scattering of a radiation field with the Gaussian power density, /Xw)==exP"~[(co~~coo)/A]2. With this /'(co), and 
5(«) from Eq. (19), Eq, (16) becomes 

s=z 
where 

- 1 - 0 0 

Rw'm(o>o) = / dye~y' 
2TT J^ 

1 i 

-a+iiy+yj —a+iiy+yj 

Following Mitchel and Zemansky,1 or Bitter37: 

i r e~y2 F(y,) 
— I dy = -

2TT 

•RwM, (20) 

(co-coo)/A = y, r /2A = a, (co0—coMm)/A = y^ . 

ay,e~^+—(l-2yflF(y,)), 
— a+tiy+y^) \/TT \/TT 

- / dy 

where 

F(y^) i ia 
—=— ays(rw'--(ry*'t+—(l-2yli>F(ys)), 

+i(y+y»') Vir 2 y V 

(21) 

F(y) = erv*l ex' 
Jo 

'dx 

varies between 0 and about 0.5. F(y) is a tabulated function so that R^mi^o) can be exactly evaluated for all 
values of the parameters, but it is useful to consider the approximation when T/A<<Cl since this ratio is less than 
0.05 in most cases. In addition, most of the \xy! crossing effect occurs when o>M/i/ < 3T, so the approximation y^ — yM 

= coM/1>/A<<Cl will also be taken. F(y) and e~y2 then may be expanded to give: 

F(y>')-F(y,)2i(y>>-y,)F' (yM)= MW(y»), 

l - 3 ' M ^ ( 3 ' , 0 - y ^ ( 3 ' , ) = l - 2 ^ / ? ( ^ ) - (coM^/A) ( P W + y / W ) , 

With these approximations and F, F', and y evaluated at y„, Eq. (20) becomes: 

(22) 

^ju£t'm(t0o)==r~ 

F' 
\-a(\—y2)e~ 

/2aF' 

\ \ / V • ) -

"coM M> 2a 
-ye~y2^ (F+yF') 

. A \ZT 
(23) 

When oonm and co^m are well inside the line ;)V«1, 
•^/tju'w(wo)=l, and the crossing signal is the same as for 
p ( « ) = l . When and oOfi'm are well outside the line 
y « l , F'(y) -> 0, F(y) -> l/2y, and 

Rfj.fi'm((^0)~-

-wMM/ 2aF(y!X) 1 

A \ZT A -y/71" ^ M » I ~ W O 

(24) 

When the two states cross outside the Gaussian line, the 
crossing signal is seen to be attenuated by somewhat 
more than (r/A)2 . If one allows the Gaussian p(v) to 
drop only to 

TA 1 

2VVFH- (co-coo)2 

on the wings, then there will be an additional contribu-
37 J. Bitter, Massachusetts Institute of Technology Research 

Laboratory for Electronics Technical Report No. 292 (1955) 
(unpublished). 

tion of rA/27r1/2(co/im—coo)2 to JRMM'W(COO) from the in­
tensity remaining at co = coMm. This latter contribution 
will be the larger one, but for coMm—coo>3A and 
r / A < 1/30 even this term is smaller than 1X10~3. 

Thus the fluorescence from a pair of states crossing 
well within a line is the same as that from white light 
with the same I(co) as the center of the line, whereas the 
crossing signal from a pair of states well outside the line 
is essentially the size of the I(cc) remaining in the fre­
quency neighborhood of the crossing. For an ordinary 
resonance-lamp line, the latter signal is quite negligible 
once the crossing is a few Doppler widths outside the 
line. 

By thus evaluating the average scattering separately 
for each Gaussian-shaped lamp line, multiplying the 
result by the relative intensity of the line, and summing 
over all lines we have the result which can be applied to 

Rfj.fi'
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the experiments: 

3= E ; fG,n;F,mfF,m;G',nf 

F, m, F' m' T + io)G>n; Q' ,n' 
G, n, G , n 

XgG',n';F',m'gF',m';G,iJ>(0>FG',0)FG'), ( 25 ) 

where IFG is the relative intensity, at its center, of the 
G —> F hfs line of the lamp. The ground-state sublevels 
have been labeled by F, m; the excited states sublevels 
by G, n and G', nf, and the final state sublevels by F', m'. 
The 5 symbol has been included to indicate that only 
values of G for which |O>FG'—COFG]<3CA are to be in­
cluded in the sum. (The more general condition would 
be that only values of G, nf for which | 

WF,m; G,m 

—o)F,m;G',nf | « A be included in the summation, but the 
small magnetic fields used in the experiments reported 
here split the Zeeman levels by much less than fiA and 
the value of G only is significant.) 

APPENDIX II 

We will calculate the expected average scattering in 
the 6 2Z>3/2 state level-crossing experiment by applying 
Eq. (25) to the excitation from a L=l, J — \ {S — \) 
state to a L=2, / = § excited state with spontaneous 
decay to a L= 1, J—\ state. The nuclear spin is \ and 
the hfs of the initial and final states are much greater 
than that of the excited state being investigated (Fig. 
1). Consequently, we will use the correct energies and 
eigenfunctions of the 6 2Z>3/2 state in the presence of a dc 
magnetic field, but leave the initial and final states 
diagonal in F, m representation. 

Since the magnetic moments of the two natural 
isotopes of Tl (70% Tl205, 30% Tl203) differ by only 1% 
and the accuracy of this |<z| determination was only 
± 5 % , we will assume only one a in the theory. Since 
I=\y the 62Dz/2 state eigenfunction may be calculated 
exactly, in terms of the F, m eigenfunctions, with the 
Breit-Rabi equation. The result is given for an arbitrary 
/ and gj in Ref. 21 ( / = f , g j=0 .4 in this case). 

The 2768 A radiation will be composed of only two 

resolved hfs lines for each isotope, since the 62Z)3/2 

state hfs (about 80 Mc/sec) is smaller than the lamp 
linewidth but the 6 2 P i / 2 state hfs (about 2.1X104 

Mc/sec) is larger than the lamp linewidth. Conse­
quently, 5(UFG,O)FG>)=:1 in Eq. (25) and the relative 
line intensities may be labeled for convenience as 
IFG^IF and h/Ix=R. The Tl203 to Tl208 isotope shift is 
1.8 kMc/sec and the Doppler width is in the range of 
1.5 kMc/sec, but the overlap of one isotope radiation at 
the other isotope will still be reasonably constant over 
the 80 Mc/sec width of the 6 2D3/2 state levels and can 
be considered as merely contributing to the value of IF. 
The angular dependence of a Am= 2 level-crossing signal 
is: 

i(aa'+bb')2-(a'b~abyX™s2(<P- / ) - « sin2(<^- «?')] 
+ [2{aaf+bb')(a'b~ab')~l 

X [ - s i n 2 ( ^ - ^ ) + w c o s 2 ( ^ - ^ ) ] , (26) 
where 

a = cos0 cosa, b = sina, a' = cos#' cosa', bf = since', 

o)=l/h(EG,n~EG',n±2), the 6, <py 0', y angles are 
defined below Eq. (12), and cosa=£-.0 and cosa ' ^ ' - f l ' . 
Since the incident radiation is unpolarized, we evaluate 
Eq. (26) with a= 0 and with a=TT/2 and add the results. 
The remaining Am=2 angular dependence is then: 

s i n 2 0 ( ( 6 / 2 - a , 2 ) [ c o s 2 ( ^ ~ ^ ) - - ^ s i n 2 ( ^ - ^ ) ] 
+ 2 6 V [ - s i n 2 ( ^ - ^ ) + c o c o s 2 ( < p - ^ ) ] ) . (27) 

The aLorentzian"-shaped crossing signal comes from 
the terms without co coefficients. I t was selected in this 
experiment by using the scattering angles d=df= <p—<p' 
= 7r/2, a' = 7r/2. These angles can be used to obtain 
simple expressions for the fmft and gm(i before performing 
the summations in Eq. (25), since all Aw = 2 crossing 
terms would simply be multiplied by Eq. (27) if the 
angles were left arbitrary. The final result, from Eq. 
(25), is Eq. (28). The G=G', n=n' terms in Eq. (25) 
lead to the first three terms of Eq. (28). The n' — n = Q, 
G—G=dti\ elements lead to the next three terms, and 
all the others are from the nf = n = zL2 elements. 

Scc340+-
l-%x+x2 1 + f x + r h 6+Skx 1 6—-3&# 

2 1 + 4 W 5_i2 l+4&25_i2 

+ 

X-

12x4 r l-^x+tf 1+f f f+aH 6-R 
4* 24 N 

i25_i2 L Si2 6i2 J Si* 

6+12*2 / 1 1 1 + A l 1 T 6+12*2 / 1 1 1 + # 2 \ 1 
12+ 3*1 1H 1 H ) + 12+ 3fe(l + ) 

5i5_i \ 5i 6_i 5i5_i/J l+62(4x+5__i-5i)2 L 5x6-1 \ 5i 5_i M - i / J 

1 r 6+12x2 / 1 1 l+x2\~] 1 

+ 12 3k[ 1 + ) 
- S - i + S i ) 2 L 5i5_i \ 5X 5_i 5i5_i /J l+& 2 (4x+5_i+6i) 2 l + 6 2 ( 4 x - 5 _ 

6+12*2 r 6+12*2 / 1 1 l + r * \ l 
+ 12 3*(l+ 

L 5i5_i \ 5i 5_i 5 i5_i /J 

1 12(l+*/fi0) 12(l-x/8o) 

l + 6 2 ( 4 x - 5 _ i - 5 i ) 2 l + 6 2 ( l + 3 x + 5 0 ) 2 l + ^ ( l - 3 x + 5 0 ) 2 

1 2 ( l - s / 6 0 ) 12(l+*/6 0 ) 

l + & 2 ( l + 3 * - 5 0 ) 2 l+b2(l-3x-80)
2 

, (28) 
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where 
1/2 

APPENDIX III 
To calculate the effect of 6s7s6d (or any 6sns6d) and 6s6p2 configurational mixing on the 6 2Z>3/2 and 6 2Z>5/2 state 

hf s, we will expand these states as follows: 

* ( 6 * Z > j , m ) = £ < ^ j i W , (29) 

where 
^ / . « = (W6d) *DJtm, ^ , m = (6^7^[15o]6J) WJ%m, 

(30) 
**/,«= (6s7sZ*S{]6d) Wj,my f*Jtm= (6s6p2) 2Dj,m, 

3 

]T d»2= 1, and di, d2, t / 3 «l . 
i=0 

\l/ljtm is a (core) 6s7s6d configuration in which the three outer electrons are coupled into a normalized 2Dj,m state 
by Russell-Saunders coupling, with the 6s and 7s electrons first coupled into a 36i state. Equivalent notation is used 
for the other \f/ijim states, and the d* are the mixing coefficients (assumed identical) of the 6 2Z)3/2 and 6 2Z)5/2 states. 
As in Koster,11 the dipole coupling constant is given by: 

0(6 2Dj)= {-ix/IJ){yp{6 *DJtm-j) I E #M*(6 2Z>/.«-/)>, (31) 
i 

where /* is the nuclear dipole moment, £»• is the sum over the three outer electrons in each configuration, and H\ 
is the hfs interaction of the ith electron, as defined by Koster. The required single-electron matrix elements of the 
hfs operator H2 are, in the nonrelativistic approximation: 

(y, 5=J, 1=0, f».= ± i , mi=0\HzW, h 0, ±f, 0)= - (8^o/3) |^(0)^ y (0) | , 

r 3«? , - / ( ;+ i ) - ] 
(7,1, / ^ 0 , m„ mi\Hz\y', I, /, w„ mt)= — 2nn{r-z)yr\ mi—2ms—— , (32) 

L (2l-l)(2l+3)J 

(y, h, &0, h m\HzW, \, I, — h, mi+l)=3no(r-i)yy,-

(2J-l)(2/+3)-T 

(2/-l)(2Z+3) 

To use Eq. (32) in evaluating Eq. (31), we must express the V'V.m in terms of the single-electron functions. Only the 
states with m=J are required for our calculation, which are: 

1 
^3/2,3/2 = — [(Oi+Of 13+) - 2 (Oi+Oi-23-)] , 

1 2 
^3/2,3/2=—C2(o1+o4+i3-)- (o1+o4-i3

+)+ (o,-o4
+i»+)] [(Oi+o«-2,-)+(Oro4

+2r)-2(Oi-or2,+)], 
V30 \/30 

1 2 
^3/2,3/2 = — [ ( 0 i + 0 r l , + ) - (O1-O4+I.+)] [(Ox+04-2,-)- (01-04+2,-)] , 

\/io Vio 
1 

* W * = C(01+l»-02+)+ (01+02-l2+)-2v
/2(0rl2-l2+)], (33) 

\/10 

n/2,5/2=(o1+or28+), 

1 
* W * = [2(0i+04+23-)- (0!+04-23+)- (0r04+23+)], 

V6 
1 

^5/2,5/2=-—-C(0i+04-2»+)- (0r04+23+)], 
V2 

^3B/2,5/2=(01+l2+l2-). 
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Each single-electron function has been written in the notation w ^ s | i, nti^tn, w s = dt j ) (i^ 1, 2, 3,4 for 6s, 6^, 6d, 
7 s, respectively), and each three-electron configuration is represented by (mi:^j±mk±)^\i>nti,m8)\j,miim8) 
X | k,mi,m8). Equation (31) can now be evaluated using Eqs. (30), (32), and (33) to give the nonrelativistic results: 

<*(6 Wm)^-—l(4.S-l.6d1
i-iMz2)(r-!>),dM-3.35d1

i(c!!+Si)+5.Sd1d2(S
2-ai) 

M 
- 2 . 9d0d1Sff+3.6d3

2(r~!i)6p,ej>-5d^S22, 

2/x/zo 
a(6*Dw) = - [ ( 3 . 4 3 + 0 . W - 3 A 3 i 3

2 ) ^ 

(34) 

where 5 = | i M 0 ) | , er= | h * ( 0 ) | . With tf0= 1, dx=d2^dz 

= 0, and the relation35 

W o 
/r~z\ =-. 

7 7 2Mfi2(Z+i)Z iffr(L,Z<) 

+4.35^i5cr+4^3
2(r-3)6p,6p+8.4rf3

2^2], 

From the 62F1/2,z/2 hfs, and noting that the con­
figuration interaction adds to a(2Py2) what it sub­
tracts from a(2P 1/2) in the limit (assumed valid) of 
ai2<r-3>6p6pA«V2 

these equations reduce to Eq. (15) with € = 5 = 0 and the 
relativistic correction Fr(J,Zi) neglected [Fr(h^) 
= 1.12, F r(f,71) = 1.05]. Relativistic corrections to the 
(r~z)eP,Qp terms have also been neglected since the last ° 
term is a much larger dg contribution. 

We may evaluate S, a and the {r~z) values as follows: 
Using a formula of Fermi and Segre :10 

tf(2Pi/2)= (2wo/I)2.67F1/2(r~%PtGp+as, 

a(2PV2)- (2wQ/I)QMFm(r~*)6Pt6p-~as. 

(35) 

V 3 / 6 p , 6 p ~ " 
(ai/2+dz/2)I 10.4 

and 

aAirn*'/ dn\l-pZ?J 

6.05 

0<f 

2MMo(2.67Fi/2+0.54iP3/2) a0
3 

4.75 2/x/zo 

a 0 =Bohr radius. # s = -
a0° 

, wor, i r . , . T , /, h From the 6 2Z)3/2 5/2 fine structure, 
Assuming the 7 2Si/2 state hfs is due entirely to the 7s 
electron, and using Eq. (32) and the equivalent of 
Eq. (31) for the 7s state, 

a2=3Ia(7 2SI/2)/167TMMO=4.65/0O3 

( r - 3 ) 
BWo 0.072 

Qd,Qd~ 
2no2(l+i)Hr(2,Zi) ao3 

From Kopferman's analysis of the T i n spectrum,35 Consequently, we will use the values 6*= 7.7a0~
3/2, 

a(6s) = 5.3 cm"1; so again from Eqs. (31) and (32) <r= 2.2a<r3/2, < / -% ) 6 p =10a 0 - 3 , (r-%d)6d=0.072a<rz in 
Eq. (34) and arrive a t : 

S2= 3Ia(6s)/16TTWO= 60/a0
3. 

From the 6 2Pi/2,z/2 fine structure 8Wo,u 

dW0 9.5 
V* 3>6p,8p = 

2^2(L+\)Er(L,Z>)Zi a0* 

a(6Wz/2)=(2wo/3Ia0%0.35-215d1
2 

+310d1d2-50dod1-260z2l, (36) 

a(62J95/2)== (2/xMo/5/ao3)[0.25+360^i2 

- 520d1d2+ 74dQd1+530d^2. 


