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Experimental Determination of the De-excitation Cross Section for the
O'P, State of Mercury by Thallium*

B. C. HUDsoNf AND B. CURNUTTE, JR.
Department of Physics, Eansas State University, Manhattan, Eansas

{Received 3 March 1966)

The de-excitation or quenching cross section of thallium for the 6'P& state of mercury has been obtained

over a range of temperatures of 800 to 900'C. Comparison of the resonance Quorescence from a mercury-

thallium vapor mixture with the resonance Quorescence from a pure mercury vapor at the same number

density, as determined by line absorption, allows the calculation of the de-excitation cross section. The
present data together with Garrett's value of the lifetime of the 6'P& state of mercury and existing data on

the vapor pressures of mercury and thallium v ere used to obtain values of the de-excitation cross section.
Values of the cross section range from 108~41A2 at 800'C to 80~19'' at 900'C. The corresponding
quenching-rate coeKcients varied from {5.1~1.9))&10 7 cm'/sec at 800'C to (4.0~0.9)X10 7 cm /sec
at 900'C.

s INDE the advent of the continuous gas laser there
has been renewed interest in the processes whereby

excitation energy can be transferred from one atom to
another. Two manifestations of the transfer of excita-
tion energy from one atomic species to another are:
(a) a decrease in emission by the initially excited species,
sometimes called quenching, and (b) an increase in

emission from the species receiving the excitation
energy, sometimes called sensitized fluorescence. Al-

though there have been numerous studies of sensitized
fluorescence of the mercury-thallium system, ' no meas-
urements of the de-excitation cross section of thallium
for the mercury 6'P~ state have been made. Few meas-
urements of the absolute values of any excitation-
transfer cross sections have been attempted, ' but
Anderson and MacFarland' have given relate e transfer
cross sections for the mercury-thallium system. The
present study is concerned with the determination of
the de-excitation cross section for transfer of energy
out of the 6'P~ state of mercury as a result of collisions
with unexcited thallium atoms.

ANALYSIS

Figure 1 gives a schematic diagram of the pertinent
portions of the energy-level scheme for the mercury-
thallium system. The mercurv 6'50, 6P0, and 6'P&
states are represented by the indices 0, 1, and 2, re-
spectively, and the thallium 6'P&~2, 6'Psi2, 1'S&t 2, 7'P&~2,
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7'P'3]2, 6'D3]2, 6'D5]2, and 825&~2 states are represented

by the indices 0, 1, 2, 3, 4, 5, 6, and 7, respectively.
When irradiated with 2537-A mercury resonance
radiation, mercury atoms in a mixture of mercury and
thallium vapor may absorb radiation and be raised to
the 6'P& state. These excited atoms may leave the
excited state by spontaneous emission of 2537-A radia-
tion or by a radiationless transition resulting from
collisions.

In treating the phenomena involved, it is desirable
to adopt the following simple notation for the rates
(number per unit volume per unit time) for the proc-
esses involved:

(1) R,, is the rate of an emission or absorption
process by which atoms of species a, a for mercury and
b for thallium, are transferred from state i to state j.

(2) R;,~p' is the rate of a collision process between
atoms of species a and species b, in which the atom of
species a is transferred from state i to state j, while the
atom of species b is transferred from state k to state l.

(3) R;,' is the rate for a process involving collisions
of atoms of species a with the walls in which the initial
and final states of the atom are i and j.

where 320 is the probability of spontaneous emission
and r20' is the radiative lifetime for state 2. The rate at
which excited mercury atoms in collision with ground-
state thallium atoms transfer the thallium atoms to the
/th state and transfer the mercury atoms to the ground
state is given by,

~200l 2n2 n0 0200l ~20 (2)

Under the experimental conditions encountered in
the present work, the absorption rate 802 depends only
on the intensity of the incident 2537-A radiation and
the number density n0 of ground-state mercury atoms.
The rate of spontaneous radiative transitions of
mercury atoms from state 2 to state 0 is given by,

R20 B2 3 20 tE2 /r20
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I'lr, . 1. Schematic energy level diagram indicating processes of interest. Circles represent collision processes.

where 0-2pp~ is the cross section4' for this process, and
the relative velocity of the collision is

voto= D2RT/v ) (1/M, +1/MQ) j'~'. (3)

If the number density of mercury atoms in the ground
state np the temperature T, and the intensity of the
incident 2537-A radiation are constant, then the ab-
sorption rate Rp2 with thallium present is equal to the
absorption rate 'Rp~ without thallium present, pro-
vided the partial pressure of thallium vapor is so low
that pressure broadening of spectral lines is negligible
and provided the intensity of the incident radiation is
so low that n~ and n2 are negligible compared with
np . Under these conditions, which are easily met, we
may write,

'R2p'+'R2j. oo-+'Ao "=R2o

+Rozoo"++1 Rooot "+Roo (4)

With a gas sample in a volume suKciently far re-
moved from the walls, radiative decay or collision with
another atom is far more likely for an excited atom than
collision with the wall. Under such conditions the rates
'R2p "and R2p are negligible compared with the other
rates in (4) and can be eliminated from consideration.

According to xnan's' partial J selection rule, it is

4 A. G. C. Mitchell and M. W. Zemansky, Resonance Radiation
and Excited Atoms (Cambridge University Press, New York,
1934), p. 155.' J. B. Hasted, The I'hysics of Atomic Collisions (Butterworths
Scienti6c Publication, Washington, 1964), p. 452.' This process violates Winan's partial J sum rule. J. Winans,
Rev. Mod. Phys. 16, 175 (1944).

highly probable that 0'2ypp is much smaller than
0'2pp~ . However, even if 0 2ypp —crgpp~ the rates
R2~op and'R2ypp will benegligible with respect to the
remaining rates, since for the conditions of the experi-
ments reported here np )&np while 'n2' is the same
order of magnitude as n~ and v2p' —v2p". For these
reasons the self-quenching rates of mercury can be
eliminated from consideration.

The intensity of resonance-fluorescence radiation is
related to the number density of atoms in the excited
state through the relationship,

I p =En

where K is a quantity depending on the response of the
monochromator and detecting system, the geometry,
and the transition probability for the emission of reso-
nance radiation. Subject to the conditions discussed
above and provided E is kept constant we may make
use of the relationships (1), (2), (3), and (5), to write
Eq. (4) in the form,

ay= (roo'goo) 'L(8RT/or)(1/M~+1/MQ) j '

X ('Ioo'/Joo' —1), (6)

where, QQ=QQ1QQ +Q$ QQQQ1
' is called the de-excitation

cross section and is the quantity of interest in the
present study. Equation (6) is the Stern-Volmer
relationship.

The quantities in Eq. (6) are known or can be readily
determined. The number density of ground-state
thallium atoms np can be obtained from the tempera-
ture of the coolest part of the container and the corre-
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sponding vapor pressure of thallium. The lifetime of the
O'P» state T20 has the value of 1.08X10—' sec as deter-
mined by Garrett. ' The ratio of the intensity of reso-
nance fluorescence radiation from a pure mercury vapor
to that of mercury vapor at the same density with
added thellium was determined experimentally in the
present study.
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I' IG. 2. Experimental arrangement. C—cell; F—2537A filter;
I.—mercury lamp; M1,M2—monochromators; 3fA—ceramic
mask; MF—main furnace; P3f1, PM2, PAI3—photomultipliers;
SA F—side arm furnace.

' Measurements of ~20~ are reviewed in Ref. 4, pp. 123—126.
'Model 11SC-1, without handle, Ultra-Violet Products, San

Gabriel, California.

EXPERIMENTAL AMU, NGEMENT

A schematic diagram of the experimental arrange-
ment is shown in Fig. 2. A cubical cell of fused quartz C
is located at the center of a furnace MIi. The source of
2537-A radiation is a temperature-controlled "Penray"s
low-pressure mercury lamp 1.. The 2537-A radiation
from the lamp is collimated by a quartz lens and is inci-
dent on the cell through a window cut in a ceramic mask
MA. The fluorescence radiation leaves the cell at right
angles to the incident radiation through a window in
the ceramic mask and is incident on the entrance slit
of a Bausch and Lomb 500-mm grating monochromator
M&, equipped with a 1P28 photomultiplier P'M&. The
transmitted 2537-A radiation leaves the cell through
another window in the ceramic mask and is incident on
the entrance slit of another Bausch and Lomb 500-mm
grating monochromator M2, also equipped with a 1P28
photomultiplier PM2. The output of the lamp I. is
monitored by a third photomultiplier PM3 after passing
through a Baird-Atomic 2537A Type A11 interference
filter Ii which has a 250-A bandwidth at half-peak
transmission.

The sample cell is a 25-mm cube with a side arm
reservoir 75 rnm in length and was sealed after vacuum
distillation of the desired amounts of mercury and
thallium into the cell. Prior to the final distillation and
sealing, the cell was outgassed at pressures of less than
5X10—' Torr and at temperatures above 1000'C. Each

cell employed contained a small, fixed amount of
mercury and a copious supply of thallium. At cell tem-
peratures above 500'C the number density of mercury
atoms was nearly constant and the number density of
thallium atoms was determined by the temperature of
the side arm, which was controlled by an auxiliary
furnace SAP, in Fig. 2. In normal operation the side
arm was maintained at a temperature 50'C below that
of the main cell. With this temperature difference
between the cell and the side arm, thallium condensation
on the cell windows was eliminated.

The ceramic mask determined the geometry of irra-
diation within the cell and the volume from which the
Quorescence radiation was detected. The dimensions of
the windows in the mask are 10 mm by 1 mm and
permit the vapor in the cell to be irradiated about 0.5
mm from one wall of the cell, as indicated in Fig. 2. The
fluorescence radiation leaves the cell from a region
about 1 mm from the point at which the incident
2537-A radiation enters the cell. At temperatures above
700'C, the 5350-A radiation from thallium was clearly
visible from a well-defined region along the path of the
incident 2537-A radiation. The dimensions and locations
of the windows in the ceramic mask were chosen in such
a manner as to ensure (1) that the 2537-A fluorescence
radiation was primary resonance radiation and (2) that
collisions of excited mercury atoms with the walls could
safely be neglected.

The spectral slit widths of the monochromators were
sufficiently large to pass all the radiation in the Doppler-
broadened spectral lines being measured. The outputs of
the photomultipliers PM& and PM2 were amplified with
an Engis S01-10 dual-channel photomultiplier readout
amplifier.

The number density of thallium atoms in the cell was
determined from the known vapor pressure of thallium'
at the temperature of the side arm with appropriate
ideal-gas-law correction for the 50'C higher tempera-
ture of the cell. The number density of mercury atoms
was determined by comparison of the line absorption
in the sample cell with line absorption in a secondary
cell containing pure mercury vapor at known pressures.
The secondary cell was identical with cell C in Fig. 1;
however, its side arm contained an excess of pure
mercury. The side arm of the secondary cell was sur-
rounded by a quartz jacket through which liquid nitro-
gen or water at temperatures in the range 0—30'C could
be circulated. Kith the side arm at liquid-nitrogen
temperature, the vapor pressure of Hg was negligibly
low; with water in the jacket surrounding the side arm,
the mercury vapor pressure was controlled by adjusting
the temperature of the circulating water. The tempera-
ture of the secondary cell itself was maintained at
850'C. All temperatures were determined by the use of
Leeds k Northrup Chromel-Alurnel thermocouples
and the manufacture's calibration curves were em-

'K. K. Kelley, U. S. Bureau of Mines Bulletin No. 383, 1
(1935).
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ployed. For temperatures below 100'C the thermo-
couple emf was recorded to +0.01 mV, which gives an
uncertainty in the temperature of ~0.25'C. For tem-
peratures above 100'C the thermocouple emf was re-
corded to &0.25 mV, which gives an uncertainty of
~6.25'C for the high-temperature readings. The
number densities of mercury atoms in the side arm were
computed from the known mercury vapor pressure' at
the temperature of the side arm; the number density of
mercury in the secondary cell was computed from the
side arm temperature and the temperature of the
secondary cell by the use of the Knudsen eft'usion

relationship.
The results of the measurements of absorption and

resonance fluorescence of pure mercury vapor in the
secondary cell are shown in Fig. 3. Abscissa for both
urves is the number density of mercury atoms in units

of 10" atoms/cm', while the ordinate of curve A repre-
sents percent absorption and the ordinate for curve 8
gives the ratio of resonance fluorescence to the intensity
of the beam transmitted by the evacuated cell. The
symbol 'I& represents the intensity of the transmitted
beam of 2537-A radiation with mercury present but
with no thallium present. The symbol Io represents the
transmitted beam intensity with neither vapor present;
i.e., with the mercury in the side arm frozen out by
liquid nitrogen. The curve marked (1—'I,/Io) repre-
sents the percentage of radiation which is absorbed by
the mercury vapor in the cell, while the curve marked
(OI20'/Io) represents the ratio of the resonance fluores-
cence to the intensity of the beam transmitted by the
evacuated cell. The near linearity of ('I2p /Io) as a
function of number density of mercury atoms indicates
that radiation imprisonment is unimportant.
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FIG. 3. Resonance fluores-
cence and line absorption from
a cell containing pure mercury
vapor. The vertical bars indi-
cate the extreme range of the
measurements for three in-
dependent measurements.
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RESULTS

Typical results of measurements on a cell containing
a mercury-thallium vapor are shown in Fig. 4. The
ordinate for curve A represents percent absorption and
for curves B and C is the ratio of resonance-fluorescence
intensity to the intensity of the beam transmitted by
the evacuated cell, while the abcissa is the number
density of thallium atoms in units of 10" atoms/cm'
plotted on a logarithmic scale. Curve A, marked

(1—Ii/Ip)X100, and curve 8, marked (Ipp /Ip) are
the measured results from a cell containing a mercury-
thallium vapor, while curve C, marked (pIpp /Ip), gives
the relative intensity of resonance fluorescence from a
cell containing pure mercury vapor at the same mercury
number density. Curve C in Fig. 4 is determined by
using the value of (1—I~/I p) X 100 given in curve A and
finding from Fig. 3 the value of (PIp p~/I p) to be expected
in the absence of thallium.

The increasing absorption of mercury with increasing
thallium number density or increasing temperature as
seen in curve A of Fig. 4 was a common feature of all
the measurements. This increase, which was not com-

pletely reproducible for different runs on a given cell,
depended on the distribution of thallium in the side
arxn, the greater the thallium surface area the greater
the slope of the absorption curve. This increased ab-
sorption was interpreted as a true increase in number
density of mercury atoms in the interaction region of the
sample cell due to the release, as the temperature in-

creased, of mercury atoms adsorbed on the thallium.
This phenomenon necessitated the monitoring of
mercury number density by line absorption.

Data similar to those shown in Fig. 4 were obtained
with five cells, each of which contained a different
amount of mercury. The results of the measurements
are given in Table I. The first column of Table I gives

the cell identifications. The second column gives the cell
temperatures, which were measured to &6'C. The
third column lists the number density of mercury atoms
in the cell as determined by absorption measurements of
the type presented in Fig. 3. The vapor-pressure data'
were considered to contribute no error, but the un-
certainty in the temperature measurements on which
Fig. 3 is based introduced a &3% uncertainty in the
mercury number density. The fourth column of the
table gives the number density of thallium atoms in the
cell as determined from the side-arm temperature.
Because of the greater uncertainty in the measurement
of high cell temperatures mentioned above, the un-
certainty in the thallium number density is &12%.The
fifth and sixth columns tabulate, respectively, the values
of (Ipp'/Ip) and ('Ipp /Ip). The intensity ratio (Ipp/Ip)
was determined from chart recordings of the output of
the photomultiplier readout amplifiers, while the ratio
('Ipp /Ip) was determined as described above. The
ratios rePorted for Ipp /Ip and PIpp'/Ip in Table I are
averages for three sets of readings and have an un-
certainty of &0.3.

The seventh column lists the values of (pI» I&p)/—
J&o as computed from the intensity ratios of columns
five and six. The eighth column tabulates the expected
uncertainty in the values of (PIpp' —Ipp')/Ipp This
expected error was computed by taking the square root
of the sum of the squares of the errors of the separate
ratios as the error in the difference of the ratios
L('Ipp'/Ip) —(Ipp'/Ip)$. The expected error in L('I p /lp)—(Ipp /Ip) j was converted to a percent error and the
percent error in (Ipp /Ip) was added to it giving the
expected error in $(pIpp /Ip) (Ipp /Ip)]/(I p /Ip)
= ('I,p' —Igp )/Ipp, which is listed in column 8 of the
table.

The ninth column gives the values for the de-excita-
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TABLE I. Experimentally determined values of the de-excitation cross section o& of thallium for the 6'P1 state of mercury.

Cell
Temperature

('c) phoo (1012cm 3) ppb (1012cm I) I200/Io I20 /Io (oIsoP —I+o )/Iapo

Uncertainty in
(oI~o' —I2o') /I 2o'

('Fo) 0„(A')
Rate coeKcient

(0&v) (10 ~cm3/sec)

A
B
C
D
P

A
B
C
D

A
B
C
D

800 +6
805 &6
800 +6
805 +6
800 +6

850 ~6
860 ~6
855 ~6
855 ~6
850 &6

890~6
900~6
900~6
900~6
890 ~6

8
10
11
11
12

8.5
10
12
12
13

9.5
10
13
13
14

2700
2300
2300
2900
2600

5800
6200
4800
7700
6200

14 000
16 000
15 000
16 000
15 000

10.3 ~0.3
11.8 +0.3
13.6~0.3
12.6 &0.3
14.4 +0.3

9.3 +0.3
11,0~0.3
12.2 +0.3
11.2 ~0.3
13,1 +0.3

7.6 ~0.3
9.8 ~0.3

10.3 ~0.3
9.8 +0.3

11.3 &0.3

11.1 &0.3
13.7 ~0.3
15.5 +0.3
14.9 +0.3
16.0 ~0.3

11.2 &0.3
13.8 ~0.3
16.1 ~0.3
15.7 ~0.3
16.7 ~0.3

13.2 ~0.3
13.7 ~0.3
17.2 ~0.3
17.1 ~0,3
1?.6 a0.3

0.078
0.161
0.140
0.182
0.111

0.258
0.254
0.320
0.402
0.275

0.736
0.388
0.670
0.745
0.557

~53
~24
+23
+19
+27

+20
+17
+12
+12
~13

+11
~13
~9
&8
&9

58.9 &38.2
141.7 ~50.9
123.1 +43.3
127.4 &33.8
86.6 ~33.7

Av. 108+41

87.6 +28.1
80.9 ~28.1

131.2 &31.5
103.2 ~24.8
87.2 ~22.0

Av. 99~25

108.9+25.2
46.8&11.8
85.9~18.2
89.8 +17.8
71.3 ~14.9

Av. 80 ~19

5.1 ~1.9

4.8 ~1.2

4.0 ~0.9

tion cross section f7'. The uncertainties listed for oq

include the uncertainty in ('I20' —I2o')/I20', the un-

certainty in the number density of thallium atoms and
a 5/o uncertainty in the value of r20 . The final values
of o.d as determined by these measurements and their
uncertainties are: 108&41 A' at 800'C, 99&25 A2 at
850'C, and 80&19 A' at 900'C. In view of the large
uncertainties in these values, it is impossible to make
valid inferences concerning possible temperature de-
pendence of the cross section.

If we treat the variation of results from one cell to
another at the same temperature as a statistical varia-
tion, the mean deviations are 25%%u~ in the 800'C range,
15% in the 850'C, range and 18% in the 900'C range.
Since the mean deviations of o.q as determined in each
temperature range are about two-thirds of the average
uncertainty, based on the least count of the measuring
instruments, the internal consistency of the data
appears satisfactory.

The approximations made in the development of
Eq. (6) require that (a) the loss of excited mercury
atoms in wall collisions can be neglected, (b) the reso-
nance fluorescence be primary resonance fluorescence,
(c) the number density of ground-state thallium atoms
greatly exceed the number density of ground-state
mercury atoms, and (d) the geometry of the irradiation
and detection system be kept constant.

Calculations based on the gas-kinetic cross sections
indicate that at the lowest thallium vapor pressures for
which cross sections were determined the mean free
path in the cell was about 1 mm; this mean free path
would thus permit mercury atoms to reach the walls,
since the distance between the primary beam and the
wall was 0.5 mm. However, at the atomic velocities in-
volved an excited mercury atom travels only about
0.004 mm in one radiative lifetime; hence relatively few
excited mercury atoms were lost in wall collisions.

For the measurements summarized in Table I the
number density of mercury atoms was about 10X10"-
atoms/cm', corresponding to a pressure of about
2Xt.0 ' mm Hg. At this pressure radiation imprison-

ment should be negligible, in view of the fact that the
irradiated region was 0.5 mm from the window through
which the fluorescence was measured. This conclusion
is supported by the observation that with thallium in
the cell the 5350-A sensitized fluorescence was clearly
visible along the entire path of the incident 253/-A
radiation.

The ratio no'/110 was greater than 100 for all situa-
tions for which cross sections were calculated.

The geometry was established by the construction of
the sample cells, the use of a ceramic mask, and posi-
tioning of the source, cell, and monochromators. No
changes were made in the course of the experiments
summarized in Table I.

The conditions used in the present experimental work,
therefore, meet all the requirements necessary for the
proper applicability of Eq. (6).

The de-excitation cross sections reported here are
large and are of the order of magnitude of the reported
quenching cross sections" of large organic rnolecules for
the O'P& state of mercury. If any appreciable fraction
of this cross section is due to processes in which the
thallium atoms are excited then it is likely that such
collisions may be used to invert the thallium population
distribution.

It might be remarked that the present method can be
applied to other systems exhibiting sensitized fluores-
cence, provided the conditions necessary for the appli-
cability of Eq. (6) are met, the lifetime of the excited
state is known, and the number densities of the colliding
atoms can be determined.
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