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Abc tract

The quenching of mercury resonance fluorescence by thaliium in a
mcrcury~thallium vapor mixture has been measured to determine the

3

quenching cross section of thallium for the § Py state of mercury, The

results of the quenching cross section (ad) measurements are tabulated

below in Table I,

Table I

Quenching Cross Sections of Thallium for

the 63P] State of Mercury

Temperature ad -
800° 34113 A2
8500 3118 A2
900°- 2516 A2

The cross sections for the transfer of energy to several of the
thallium excited states on collision of ground state thallium atoms with
excited and metastable mercury atoms were determined by measurement of
the relative intensities of thallium sensitized fluorescence radiation
to mercury resonance fluorescence radiation., The excitation transfer
cross sections determined from the measurements reported in Appendix II

are tabulated in Table II for ease of reference,

(11)




Table 11

Excitation Transfer Cross Sections from the Mercury 63P] and

3 2

67P, States to the Thallium 8 $1/2 (97d), 6205/2.3/2 (956d),
and 72P3/2.]/2 (934d) States

Temperature Cross Section
. .97 . 956d . . 9344
o¢ A2 A2 A2
800 | 0.7 ¢+ 0.4 3.0 £+ 1.0 5.6 £ 1.9
860 0.5 ¢ 0.2 3.6 + 1,1 6.6 ¢ 2.1
900 0.4 £ 0.1 2.7 £ 0.8 7.4 £ 2.3

The implications of the magnitudes of these cross sections on the
prospects for the use of a mercury-thallium vapor in a laser system

are discussed,

(i11)




Introduction

With the introduction ot the collision pumped continuous gas laser
interest in cross sections for collisions of the second kind has been
renewed. The calculation of laser gain and output requires a knowledge
of the appropriate cross sections, but the number of such cross sections
reported in the literature is small., Cross sections are reported only
for the transfer from metastable states of helium to excited states of
neon and several other quenching gases(]) and for the transfer from
mercury to several of the excited states of sodium(z).,

This study was undertaken to make use of fhe phenomenon of
sensitized fluorescence to evaluate energy transfer cross sections from
mercury to thallium,

The first part of the study was devoted to the evaluation of the
de-excitation (quenching) cross section of thallium for the 63P] state
of mercury. The quenching cross section, O4s Was evaluated by
measurements of the decrease in the resonance flucrescence of mercury
in the presence of thallium. The details of the measurements and the
analysis of the intensity data are given in Appendix I,

The second part of the study was the evaluation of the energy
transfer cross sections for the transfer of energy from the mercury
6391 and 6390 states to various excited states of thallium, These
cross sections were determined by the measurement of the ratio of ti.e
intensity of thallium sensitized fluorescence lines to the intensity of

the mercury resonance fluorescence line. The details of the experi-

mental arrangement, the measurements, and the analysis of the data are
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given in Appendix II,

The excitation transfer cross sections reported in Appendix II
are composite cross sections similar to the 2ffective cross sections
reported by Frisch and Kraulinya(3). They are not constants dependent
only on the atoms involved in the collision and the temperature. They
are, however, expressed in terms of such basic cross sections in
equations (23), (24), and (25) of Appendix II.

Using the notation of Appendix I and Il we have the equations,

ab n% ab
97d = 92007 + _;. 0]007 » (])
n
2
9564 = (o3 y ot b b (2)
°2006 °zoos ng 1006 *%1005’ °
? .
and 4 = (a0 + po0) ¢ 73 " (l00s * oos) + (3)
N2

From these equations we can see that even at a tixed temperature
the composite cross sections, %7d, %6d, and 934d can vary depending on

the ratio of the population of the metastable 63P state to the

0
population of the 63P] state of mercury. This ratio, "1 » can be changed
by changing the number density of thallium since this gecreases the rate
of loss of metastable (63P0) mercury atoms at the walls by decreasing
the mean free path while leaving unchanged the rate of formation of
excited (63P]) mercury atoms.

As the temperature 1ncreases the number density of thallium
increases causing the ratio _%.to increase., If one looks at Table IV
Appendix Il he notes that the uncertainties make any inferences concerning

temperature differences somewhat speculative, However. with some

reservation one can draw the following tenative conclusion. The cross

-2 -
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saction ©34d increases witn temperature contrary to the expected decrease
bacause of the shorter collision tires at the higher temperature., This
would indicate that the term Ej.(c?804 + 0?803) is dominant in
deiermining this cross sectio: and the increase with higher temperature

5

is due to the increase in = The cress section 97d decreases with
temperature indicating thatzthe term 03807 is dominant in determining
the value for °7d.

The initial rise followed by a decrease in the cross section 956d
with increasing temperature can be taken to indicate that all the terms
in the right hand side of equation (2) are important in determining the
value of °56d. The above tenative conclusions are in keeping with
winan's(4) partial J selection rule. If the interaction is a central
force interaction then the total angular momentum must remain constant
during the interaction and enerqgy transfer is restricted by this
condition. Applying this rule we find that in collision with mercury
in the 63P] state, a ground state thaliium atom can only be raised to

2 2 2 2 ;
a S%. P%, P3/2 or a D3/2 state, while in collision with a mercury

atom in the 63P0 state the thallium atom can only be excited to the 2

S,
2
2
and P,i states,
When one also adds to tnis partial J selection rule the requirement
of near energy resonance between the initial state of mercury and the
final state of thallium we can list the following as the mercury and

thallium states between which energy trancfer is most probable:




Mercury State Thallium State &8 (cm”!

3 2 >
2

63p, 6°D3/9 -3292
3 2 ;
63P] 72P]/2 -5250
3 2

6°Py 8°S1 15 +1104
3 2

6P 7°%) /2 -3492
63p, 7281 12 -13164 .

From this table it appears that the largest basic energy transfer cross
sections should be 03807. 03805. and 0?803. I¥ these were the largest
cross sections in equations (1-3) the observed temperature dependence

of the cross sections would be expected. The partial J selection rule
is not rigorously obeyed, however, since the interaction forces during
collisions are not simple central forces and the rule can only be used

as a guide to which cross sections may be expected to be large.

Laser Prospects

Ore can use the reported quenching and excitation transfer cross
sections to find the relative rates for processes of interest in a
mercury-thallium vapor mixture. Using the schematic diagram given in
Figure 1, Appendix I, one can write the equilibrium rate equations for
the pair of mercury states 63P] and 63P0 considered as a composite state,

Without thallium present, in the notation of Appendix I,

%Rga = R3p + R, (4)

while with thallium present,




a _ nd aw ab b ab
vihere
ab _ a2 ab
R7™* Ra007 * Rigoy (6)
ab ;. nab ab ab ab
Rsg = R2005 * Rygus * R2006 * R1006 (7)
and,
ab _ nab ab ab av
R3s = R2003 * Rigo3 * R2004 * Rygos - (8)
These equations can be manipulated to yield,
b,pa 97d
R3O/RY, = (9)
7702 4 a b ab
d + (Ayg/ ng¥20)
7T 94+ (g/ nf VD)
ab,.a 734d ’
R3,/R3, = 3 \
38/%02 * T53 (Agy/ v (1)
g 09,0 -0
aw,,a _ d.'7d "56d "34d ,
"107%02 * 5q Ry v v (12)
and,
a (Ago/ n Vag)
RaO/ROZ - z o (]3)
2 d + (A3y/ ng v3
From the values of °d, 97d, °56d, °34d, and (Agol ngvgg) given in

Appendix I and Il and the use of equations (9-13) one can calculate the

rates given in Table 1 as a percentage of the rate of excitation of the

3

6 P] state of mercury by absorption of yescnance radiation (Rgz).

-5 -




Table 1
Ratio of Rates of Several Procasses as a Percentage of the Rate of
Excitation of the Mercury 63P] State. The uncertainties in all

values hav2 been neglected in this table.

Temperz cure °C R§b RES . RSE . R?K ; Rgo .
800 0.2% 1.0% 1.9% 8.2% 88 %
850 0.3% 2.3% 4,3% 13.2% 79.9%
900 0.5% 3.7% 10,i% 19.9% 65.8%

The reported values of the energy output of a low pressure mercury
vapor lamp(s) allows one to calculate the number density of excited
(63P]) mercury atoms in the plasma of such a lamp.” The calculated number
density of b’P] mercury atoms in a lamp of this fype is about 3 x 108
atoms/cm3. The rate of loss of excited mercury atoms by spontaneous
radiation in such a lamp .s about 3 x 1016 transitions/cm3 sec,

If a mercury-thallium vapor mixture was pumped optically by a
mercury vapor lamp which completely surrounded the vapor mixture the

equilibrium population of the 33P mercury state in the vapor mixture

would be very nearly the same as lhat in the surrounding lamp. Using
the valuiz 3 x 108 en™3 for n; one can calculate the rate of transfer
of thallium atoms into the 72P3/2.1/2 states at 900°C as 4.6 x 10'°
transitions/cm3 sec. Fror: this collision pumping rate, one can calculate
the equilibrium number densities in these two states and similarly
calculate the population in other excited thallium states.

Assuming thét spontaneous radiation processes provide the only
rate of loss of excited thallium atoms one can arrive at the follawing

number densities for the excitea thallium states:




States Approximate Num! ~r Density

2
832 1 x 10’
620 7 -
5/3,3/2 6 x 10
2 8

One - n also use the calculated transition probabilities and the
number dansities given above to calculate the number density in the
7281/2 state of thallium. This calculation yields a 7281/2 population
density of about 8 x 107 atoms/cm3, Tnus, the excess population of
the 72P3/2.];2 states over that of the 7251/2 state will be about
5 x 107 atoms/cm3. The expressions published by Ionescu-Pallas and

Velculescu(s)

can alsn be used to estimate the popuiation inversion of
the 72P3/2.],2 states over the 7251/2 state and yields a result of about
2 x 107 em™3,

The optical gain per unit length in a gas which has an inverted

population is,

ln2 92 A2+ n 14
--('i-ltT (Avd/v ard

where,

and ny, n, = population densities in lower (1) and upper (2) laser levels.
91, 9 * statistical weight of the levels
A2¢l = transition probapility
v = frequency of the transition
4v4 = poppler line width, and
cs= velocity.of light.




lare and Hershbach(7) have shown that the qain expression simplifies
to aﬁ]O'lzn, for a highly allowed transition at 400%K, which should be
correct to within a factor of 2 for a mercury-thallium vapor mixture
at 900°c, Using n = 107 we see that the gain per ¢cm in a mercury-thallium
vapor mixture at 900°C, with an excited mercury (63P]) atom number

density of 3 x 108 cm'3. should be about u107%, In a one meter path

length this would be a gain of .1% per pass which is just sufficient for
oscillation. An increrse in the excitad mercury atom number densi:y cver
that vsed in this estimate should be easily obtained, thus it should be
possible to obtain a usable gain for a mercury-thalliun vapor mixture
on the 72P) 59775y 5 or 72Py 59775, , transitions,

If atoms were removed from the 72P3/2.]/2 states by stimulated
emission at a rate 2qual to the rate of transfer in by collisions one
can estimate the maximum power output per unit volume of the active vapor.
This pouer output is calculated as 0.08 Joules/cm3/sec for a mercury-
thallium vapor mixtura in which the excited mercury atom number density
is 3 x 108 atoms/cm3. For a laster 1 meter long with a 2 mm diameter
resonant cavity one can calculate an upper limit of about 2.4 watts for
the output in the 72P]/2.3/2 +251/2 transitions at 1.15: and 1.30u, This
pair of transitions are the most favorable pair in the mercury-thallium
vapor system without foreign gases present, If one could find another
vapor vhich would strongly quench the 62P3/2 state of thallium prefer-
entially, then the 7251/2+62P3/2 transition could be given consideration
as a possible laser transition. The quenching of the 62P3/2 state involves
an energy decrease of about 1.0 ev and at present one cannot suggest any
vapor which would strongly quench this state and not quench other states

more efficiently.




The prospects for the use of a mercury-thallium vapor mixture
as the active medium for a laser of moderate power output on the
72P3/2'>7251/,.2 and 72P-”2+7251/2 transitions are quite qood. The sample
cell preperation techriques reported in the second semi-annual technical
report on this project can give one a guide as to the vacuum metkods
necessary to construct a suitable laser tube for a mercury-thallium

vapor.
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APPENDIX 1
Experimentai Determination of the De-excitation Crcss
Secticn for the 63P] State of Mercury by Thallium #

(submitted te the Physical Review for publication)

B. C. Hudson™ and B. Curnutte, Jr.
Dapartment of Physics, Kansas State University’

Manhattan, Kansas

Abstract

The de-excitation or quenching cross section of thallium for the
63P] state of mercury has been obtained over a rarge of temperatures
of 800°C to 900°C. Comparison of the resonance fluorescence from a
mercury=-thallium vapor mixture with the resonance fluorescence from
a pure nercury vapor at the same number density, as determined by
line absorption, allows the calculation of the de-excitation cross
section. The present data tcgether with Garrett's value of the
lifetime of the 63P] state of mercurv and existing data on the vapor
pressures of mercury and thalljum vere used to obtain values of the
de-excitation cross section. Values of the cross section range from

341382 at 800°C o 25:6A% at 900°C.

» Tris research supported in part by the 0in  of Naval Research and
the Advanced Research Projects Agency and iy a part of project DEFENDER.

* Present address: Lawrence Radiation Laboratories, Livermore, California.




Since the advent of the continuous qas laser there has been renewed
interest in the processes wherehy excitation enerqgy can be transferred
from one atom to another, Two manifestations of the transfer of excitation
energy fro.: .ne atomic species to another are: (a) a decrease in
emission by the initially excited species, sometimes called quen;hing.
and (b) an increase in emission from the species receiving the excitation
energy, sometimes called sensitized fluorescence. Although there have
been numerous studies of sensitized fluorescence of the mercury-thallium

system!

, no measurements of the de-excitation cross section of thallium
for the mercury 63P] state have been made. Few measurements of the
absolute values of any excitation-transfer cross sections have been
attemptedz. but Anderson and MacFarland® have given relative transfer
cross sections for the mercury-thallium system, The present study is
concerned with the determination of the de-excitation cross sectioﬁ for
transfer of energy out of the 63P] 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

1

energy level scheme for the mercury-thallium'system. The mercury 6 0°

67py and 6%, states are represented by the indices 0, 1, and 2,
respectively, and the thallium 62P]/2, 62P3/2, 7251/2. 72P]/2,'72P3/2,
6203/2, 6205/2 and 8251/2 states are represented by the indices 0, 1, 2, 3,
4, 5, 6 and 7, respe ively. When irradiated with 2537A mercury resonance
radiation, mercury atoms in a mixture of mercury and thallium vapor may
absorb -adiation and be raised to the 63P] state, These excited atoms may

leave the excited state by spontaneous emission of 2537A radiation or by a




radiationless transition rasulting from collisions.
In treating the phanomena involved, it is desirable to adopt the
following simple notation for the rates (number per unit volume per unit
time) for various processes:
(1) R?j is the ratc of an emission or absorption process by which
Hg atoms are transferred from state i to state j.

(2) Rga is the rate of an emission or absorption process by which
TL atoms are transferred from state k to statel .

(3) R?g ki is the rate of a process involving collisions between
Hg and Tp atoms in which the initial and final states of the lig
atom are i and j and the initial and.final states of the Tt
atom are k andf .

(4) R?qu is the rate of a process involving collisions between Hg
atoms in which the initial and final states for one Hq atom are -
i and J while the initial and final states for the other Hy atom
are p and q.

(5) 3? is the rat2 for a process involvinq collisions of lig atoms
with the walls in which the initial and final states of the Hg
atom are i and j.

With the above notation for the rates of the processes invélved. the
steady state equation for the rate of change of the population of the 63P]

-§tate can be written as

a ra ab a.
Ro2 = R20 * "2100 * 3100 * FR300n * R3 (1)

Under the experimental conditions encountered in the present work, the
absorption rate Rgz depends only on the intensity of the incident 2537A

radiation and the number density ng of ground-state mercury atoms. The rate




[

of spontancous radiative transitions of mercury atoms from state 2 to

state 0 is aiven by,

pd o 3 pd _ 2,2
R0 = My Aag = M2 /7 » (2)
vhare Ago is the probability of spontaneous emission and 120 is the

radiative lifetime for state 2,
The rate of self-quenching of excited mercury atoms to the metastable
state R33ag 15 given by
R340 = "3 "0 ®2100 V20 * (3)
whare 02200 is the cross section®s® for this process in which a mercury
atom in the excited state 2 is transferred to the metastable state 1 as a
result of a collision with a ground state mercu?y atom which does not change
its state, the excess internal enerqgy being converted into translational
kinetic energy of the pair of atoms; and where thé relative-velocity term
V33 = LanPT(1/M, + 1/my) 0%, (4)
The rate Rggoo for transitions of Hg atoms from the excited state 2

to the metastable stave 4 as a result of collisions between Hg atoms and

T4 atows in the ground state is given by

anp  _ L _ab t
R2100 = ™2 ™0 %00 Va0 (5)
where a%?oo is the cross section tor the process and
3
v = [8aRT(1/M, + 1%, (6)

The rate at which excited mercury atoms in collisica with ground
state thallium atoms produce excited thallium atoms in the £ -th state and

leave the mercury atoms in the ground state is given by,

b = a8 o0 ab .ab .

If the number density of mercury atoms in the qround state ng. the

temoerature T, and the intensity of the incident 2537A radiation are

constant, then the ab;orbtion rate RSZ with thallium present is equal to




(| . . . . q
ROZ' the absorntion rate without tha’lium present, provided the partial
pressura of thallium vapor is so low that pressure broadening of spectral
lines is negligible and provided the intensity of the incident radiation

15 so low that n: ind ng are negligible compared with ng. Undar these

conditions, which are easily met, we may write,
a Opa
Ro2 = Roz - (8)
Combining equations (8) and (1), we may write
opa Opaa aw _ pab m: ;
~ Rao * 3ot °R20 = R0 * Ry5 * R3500 * FR300s ™ B3 (9)
With a gas sample in a volume sufficiently far remcved from tha walls,
radiative decay or collision with another atom is far more likely for-an
excited atom than collision with the walls. Under such conditions the rates

QZO and 82 are negligible as compared with the other rates in (9) and can

20
ba eliminated fruom consideration. .
From equations (2), (3), (5), and (7) we may write equation (9) as,
0. _ a_ _a a aa aa 0 a aa aa
(®n "2)/ n, = 130 [ng °21oo Vzo ( na/ n3) ng 93100 Y20

0

(10)

According to linans

than °ggoz° However, even if o

, it is hugh]y probable that og?oo is much smalier

ﬁ100 ggoz, the first two terms on the

right hand side of (10) are negligible with respect to the remaining terms,

since for the conditions of the -experiments reported here ng >> na. whila

0
n; is of tihe same order of magnitude as °ng. and v20 = vgg fMaking use of

tnese conditions, we may.wnite.equatioﬁ (10) in the following final form:
ab ab - . (.a -1¢0 a a a 5
L3900 *+ Fodooy] = (30 V30 n9)'(°n3 = )/ 03 = oy (1)
vhere the term o4 is called the de-excitation cross section and is the
quantity of interast in the present study.
Aithough euation (11) is relatively simple, it is not in the most

conveniont form for calculation, since tihe quantities °ng and ng arc not

directly observable, Howevar, the intensity 130 of resonance-Tluorescence
I -5
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radiation is related to the ‘wmber density of atoms in the excited state

n; through tne relationsnip,

Igo = K n; R . ' (12)
vhare K is a quantity depending on the response of the monochromatc— and
datacting system, the geometry, and the transition probability for emission
of rosonance radiation. Using equation (12! to exprass equation (11) in
terms of measurable quantities, we find,
ag = (13 n)7 LR, + M) (C13y/ 13, - 1), (13)

orovided K is kapt constant,

The quantities in equation (13) are known or can he readily determined,
The number density of ground state thallium atoﬁs ng can be ohtained from
the tomperature of the coolest part of the container and the corresponding
vapor pressurc of thallium. The 1ffetime of the 63P1 state ‘go has the
value of 41.08 x 10'7 sec as determined by Garrett7. The ratio of the
intensity of resonance fluorescence radiation from a pure mercury vapor to

that of mercury vapor at the same density with qdded thailium was determined

experimentally in the present study.

Experimental Arrangement

A schematic diagram of the experimental arrangement is shown in
Figure 2. A cubical cell of fused quartz C is focated at the center of a
furnace MF. Tha source of 25J47A radiation is a temperature controlled
"Pen-ray“8 low=pressure mercury lamp L. The 2537A radiation from the lamp
is collimated by a quartz lens and is incident on the celi through a
vindow cut in a ceramic mask YA, The fluorescence radiation 1ea4es tne
cell at right angles to the incident radiation through a window in the
ceramic mask and is incident on the entrance slit of a Rausch and iomb

500-mn gratirg monochromator H,, equipped with a 1P28 photomultiplier Pﬁq.




The transmitted 25377 radiation leaves the c211 through amother window

in the coramic mask and is incident on the entrance slit of anotiher lausch
and Lomb 500-mn grating monochromator MZ' also equipped with a 128
photomultiplier PHZ. The output of the lamp L is monitored hy a third
photomultinlier PM3 after passing through a Raird-Atomic 2537A Tyne A1
interfeoronce filter F which has a 250A bandwidth at half pcak transmission.

The sample cell is a 25-mm cube with a side arm reservoir 75 mm in
length and was scaled after vacuu@ disuvillation of the desired amounts of
mercury and thaliium into the cell. Prior to the final distillation and
sealing, tie cell was outgassed at pressures of less than 5 x ﬂ0.8 torr
and at temperatures above 1000°C. Each cell emﬁloyed contained a small,
fixed amount of mercury and a copious supply of thallium. At cell
temperatures 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, wihich was controlled by an auxillary furnace
SAF, in Fig. 2. In normal operation the side arm was maintained at a
temperature 50°C below that of the main cell, Mith 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 irrediation within the
cell and the volume ffom‘which the fluorascence radiation was detected.
The dimansions of the windows in the mask are 10 mm by 1 mm and * mmit the
vapor in the cell to be irradiated abodt 0.5 mm from one wall of the cell,
as indicated in Fig. 2. The fluorescence radiation leaves the cell from
a region about 4 mm from the point at vhich the incident 2537A radiation
enters tne cell, At temperatures above 700°C, the 5350A radiation from

thallium was clearly visible from a well defined region along the path of

I -7

RS = e




the incident 2537A radiation, Th( dimensions and locations of the

wisuow  ¥n the ceramic mask were chosen in such a manner as to insure

(1) that the 2537A fluorescence radiation was primary rasonaace 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 211 the radi~tion in the Doppler-brsadened spectral lines
being measured. The outputs of the phatomultipliers PM] and PM2 vere
arnlified with an Engis SC1-10 dual-channel photomultiplier readout

amplifier.
The number density of thallium atcms in the cell was determined

from the Inown vapor pressure of thallium9

at the ‘temperature of the side
arm with appropriate ideal-gas-law correction for the 50°¢ higher
temperature of the cell. The number densivy of mercury atoms was
determined by comparison of ihe line-absorption in the sample cell with
line absorption in a secondary cell containing pure me:. .cy vapor at known
pressures. The secondary cell was identical with cell C in Fig. 1; however,
its side armm containad an excess of pure mercury. The side arm of the
secondary cell was surrounded by a quartz jackét through which liquid
aitrogen or water at temperatures in the range 0°c to 30°C could be
circulated, With the side arm at liquid nitrogen temperature, the vapor
oressure 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 temperature of the secondary
cell {tself was maintained at 850°C. A1l temneratures were determined by

*he us~ of Leeds & Northrup Chromel-Alumel thermocouple:, and the

manufacture's calibration curves were employed., For temperatures below




100°C the tiermocouple E.M.F. was racorded to +0.01 mY, which qives an
uncartainty in the temperature of 20,259¢., for temnenptures ahoy 2 100°¢
the thermocouple EMLF, was recordad to #0,.257C mV, which aives an
uncartainty of +6.25°C for the high temperature readings., The numbar
dansities of marcury atoms in the side arm were computed from the knoun
mereury vajor presswc9 at the temperature of the side arm; the number
density of mercury in the secondary cell was compute! from the side arm
temperature and the temperature of the secondanf call by the use of the
¥nudsen cffusion relationship.

The resuite ofithe measurements of absorption and resonance .
fluorescence of pure mercury vapor in the secon&ary cc11 are shown in
Figure 3. Abscissa for both curves is the number density of mercury atoms

12 atoms/cm3. wnile the ordinate of Curve A represents

in Qnits of 10
percent absorption and the ordinate for Curve’'B gives the ratio of resonance
fluorescent to th2 intensity of the beam transmitted by the evacuated cell.
Tihe symbol °It represants the intensity of the transmittad beam of 2537A
radiation with mercury prcsent but with no thallium present, The symbol

IO reprasents the transmitted beam intensity with neither vapor present;
i,2, with the mercury in the side armm frozen out by liquid nitrogen., Curve

A marked (1 - °It/I0) x 100 represents the percentage of radiation which

is absorbad by the mercury vapor in the ceil, while the curve marked

(0120/ Io) represents the ratio of the resonance fluorescence to the
intensicy of the beam transmitted by the evacuated cell., The near lincarity
of (°Igol Io) as a function of number density of mercury atoms indicates

that radiation imprisonment is unimportant.,

Results

Typical results of measurcments on a cell containing a mercury-




thallium vapor are siicni in Fiqur2 4, The ordinate for curve » resrasonts
parcent absorntion and for curves B and € is *he ratio of resonance-
fluorascence intensity to the intensity of the beam transmitted by the
avacuated call, while the abcissa is the number density of thallium ato~.

012 atoms/ cm3 plotted on a logarithmic scale. Curve A,

in units of 1
marxed (1 - IL/ IO) X 100, and curve 2, marked (IZO/IO), are the measured
results from a cell containing a mercuéy-thalliqm vapor, while curve C,
markad (0130/ 0), gives the relative intensity of rosonance fluorescence

from a cell containing pure mercury vapor at the same mercufy number density.
Curve C in Fig. 2 is determined by using the value of (1 - It/IO) x 100

given in Curve A and finding from Fig. 3 the Qa]ue of (OISO/IO) to be -
axpected in the absence of thallium,

Data similar to those shown in Fig. 4 were obtained with five cells,
each of wiich 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, uiich
were measured to +6°C. The third column lists the number density of mercury
atoms in the cell as detenmined by absorption measurements of the type
presented in Fig, 3. Tie vapor pressure data9 vare considered to contribute
no error, but the uncertainty in the temperature measurements cn which
Fig. 3 1is based introduced a 3% uncertainty in the mercury number density,
Tha fourth column of the table gives the rumber density of thallium atoms
in the cell as determined from the side arm temperature. Because of the
greater uncertainty‘in the meésurcment of high c211 temperatures mentioned
above, the uncertainty in the thallium number density is $12%. The fifth
and sixth columns tabulate, respectively, tihe values of (ISO/IO) and
(OIgO/IQ). The. = intensity ratio (I5,/1,) was determined from chart

racordings of the output of thc photomultiplicr readout amplificrs, while
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the ratio (%i%;/1,) was determined as described above. The ratios reported
for 13,/15 and o120/10 in Tabla I are averages for tiree sets of readings
and have an uncerfainty of $0.3.

The seventih column lists the values of (°Ig0 - Igo)/lgo as computed
from the intensity ratios of columns five and six. The eighth column
tabulates the expected uncertainty in the values of (°Ig0 - Igo)/lgo. 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 Fhe difference
of the ratios [{olgoilo) - (Igo/lo)]. The expected.error in
[(°I§0/IO) - (Igollo)] was converted tc a percent error and the percent crror
in (130/10) Qas added to it giving the expecte& error in
L(°150/15) = (13o/10/(1L) /100 = (P15 = 15,)/13, which is 1isted in column

20 20 "2¢°7°20
8 of the table,

The ninth column gives the values for the de-excitation cross section
G4 The uncertainties listed for a4 include the uncertainty in
(°Igo - Igo)/lgo. the uncertainty in the number density of thallium atoms
and a 5% uncertainty in the value of tgo. The final values of 64 as
determined by these measurements and their unce+tainties are: 34 ¢ 13A2 at
800°C, 31 + 8A% at 8509C and 25 + 6A% at 900°C, 1In view of the large
uncertainties in these values, it 1s impossible to make valid inferences
concerning possible temperature dependence of the cross section,

If we treat the variation of results from one cell to another at the
same temperature as a statistical variation, the mean deviations are 25% in
the 800°C range, 15% in the'850°c range and 18% in th2 900°q ranqge. Since
the mean deviations of o4 as determined in each temperature ranqge arc about
two-thirds of the average uncertainty, based on the least count of the

measuring instruments, the internal consistency of the data appears
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satisfactory.

The approximat.ons made in the development of equation (13) require
that (a) the loss of excited mercury atoms in wall »1lisions can be
neqlected, (b) the resonance fluorescence ba primary resonance fluorescence,
(c) the number density of ground-state. thallium atoms.qgreatly cxceed tie
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 f;ee path in the cell was about 1 mu; this mean free path would
thus'permit mercury atoms to reach the walls, since the distance betiwcen
tie primary oeam and the wall was 0.5 mm, However, at the atomic velocities
involved 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 10 x 1012 atoms/cm3. corresponding to a pressure of about
2 x ’IO"4 mn Hg. At this pressure radiation imprisonment should bc¢ neqligibie,
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 5350A sensitized
fluorescence was clearly visible along the entire path of the incident 2537A
radiation,

The ratio ng/ng vas greatér than 100 for all situations for which cross
sections were calculated, |

The geometry was established by the construction of the sample cells,

the use of a ceramic mask, and positioning of the source, cell, and
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monochromators. No changes were madge in the course of the experiments
surmarized in Table I.
The conZitions useq in the present .experimental work, therefore, mect
all the raquirements necegﬁa}y for the proper applicabilfty of equation (13).
The de-excitaticn cross sections reported here are large and are of

g of larqge

tha order of magnitude of tne reported quenching cross sections
organic molccules for the 63P1 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 coliisions may be used to
invert the thallium population distribution,

It might be remarked that the present method cah be applied to other
systams exhibiting sensitized fluorescence, providéd the conditions
necessary for the applicibility of equation (13) are met, the lifetime of
the excited state is known, ;nd the number deﬁsities of the colliding

atoms can be determined.
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Figure 1,

Figure 2.

Figure 3.

Fiqure 4.,

Table I,

ngdée‘and Table Legends

Sciematic energy level diagram indicating procescas of intorast,
Circles represent collision processes.
Exparimental arrangeme:t,

C - cell

F - 2537A filter

L - mercury lamp

M1. M2 = monochromators
MA - ceramic mask
MF -« main furnace

PM1. PM2. PM3 photomultipliers

SAF - side arm furnace
Rasonance fluorescance and line ab;orption from a cell containing
pure ‘mercury vapor. The vertical»hars indicate the extrome
range of the measurements for three independent measuremants.
Resonanca fluorescence and line absorption from a cell containing
a mercury-thalliun vapor mixture. The points are average values
for three measurements or calculations and have an uncertainty
of +0.3 units. The curve marked C is found by the use of Fiqg. 3
and the value of the percent absoprtion of the cell from curve A,
Curve C is corrected for the difference in cell windaw
transmission by a constant factor determined at a thallium atom
number density 6f about 1014 atoms/bm3.
Experimentally determined values of the dp-excitation cross

saction L of thallium for the 63P1 state of mercury,

1-15




2V 9 F 52 “9A
WL F o vee
V95 ¥ 2°82
S50°5 % 0°L2
SULEF Lohl
25TLT 2THE
2V 8 F LE aay
V69 ¥ p°L2
V8L priE
¥6°6 F  2°L
v8'8 7  ¥'S2
ve's ¥ sLe

JVEL 7 4E “9AY
fvotoLF  2°Le
¥6'els  0°0%
SV9°ElF  L°8E
SY0"9LF  §'bp
v0'ZlF  §°P!

uo1323S

46 ¥ (SG°0 £€°0¥9°LL €°0FE°LL ooosL bl J9+(68
2 F S0 £°0%L°LL £°0¥3°'6 00091 3y | uomﬂoom
%6 F  009°0 ¢g£°70%2°L1 £°0¥£°0l 000SL ti  3,9%C006
#2E€LF  87€°0 E€°0FL°EL £°0¥8°6 00091l oL  J,3%006
»LLF 9€L°0 £°0%2°€l £°0%79°¢L coovL S°6 uomﬂomw
“ELF  §L2°0 -€°0+L°9l £°0+LEL €029 €L J,9+0S8
%2l¥  209°0 €°0%L°SL £°n¥elt  90LL 2L Jg9+4S8
%2l 0¢€°0 E£€°0¥L9l g°c¥¢¢l 0ush ¢l Jo9+658
%LLF  $S2°0 £°0¥8°€l €°070°LL 00¢ i uomﬁomm
%02 862°0 t£°0¥e"Ll €°0¥E°6 008S 5°8 uoouomw
%L2F LLL°0 €°0%0°St g0k L C©09¢ ¢l Jgp9%C08
%6LF <810 £°0¥6°PL £€°0*9°2lL (06¢ Lt uooﬂmow
%€2+¥ OblL°0 €°0¥G°SGL £°0¥9°¢l 00€¢ LL  J,9%008
VA TAS oL e €°0+L°El £°0¥8°LL 00€¢ ot uomﬂmow
2€6¥ 8.0 £°oFL°LL £°0¥€°CL ©00Le 3 3,9+008
3 3 2 @ & & 3
~ oo n B it ~ >< > 3
S 3 o o o — — 3

’ m.r ] o 0..... nUh.. . m
L ST N -
Sz =
N N
S S

A4nd23p; 40 sjels Fm

€

9 ay3 40y wnyiyleyy 30 Po

$S047) UOLIRFIOX3-3( SYJ 0 Sen|ep FoutLmdIsq AL ejuaulaadxy

1 olqer

<ODOO W <MLL W

OO Ww

L9

I-16

e, C

2 ——

-
¥




(q) Il (o) BH

NN
S e g

I-17

Figure 1

m

001z
OD“




Figure 2

- 18

b g




90

70

60

50

40

ABSORPTION

30

20

B — ARBITRARY UNITS

A — PERCENT

10

L

1 ] ]
0 10 20 30 40 50 60

‘M

MERCURY NUMBER DENSITY (x10712¢cm™3)

Figure 3

I-19




(g-WD z;-Olx) ALISN3IQ ¥IAWAN WNIIIVHL _
00901 0001 004 _ ol Lo w
| | L _ T

V/Z/(.

b

!

e
I1N3DY¥Ad -V

(]
S
SLINM A¥VY¥LIS¥VY —=D'g

Figure 4
1 -20

L 1

c €

< (3]
NOI1d30S8V

201x ( o“\:\w.v\" ] v < os

e

(04




APPENDIX 11
Experimental Determination of the Excitation Transfer Cross
Section From the 63P] and 63P° States of Mercury to Thallium*

(to be submitted for publication)

B. C. Hudson" and B. Curnutte, Jr.
Department of Physics, Kansas State University
‘ Manhattan, Kansas

Abstract

The excitation transfer cross section to several cf the excited
states of thallium from the 63P] and 63P° states of marcury have been
obtained over a range of temperatures of 800°C to 900°c. Analysis
of the equilibrium rates of absorption, emission and collision processes
allows the calculation. of excitation transfer cross sections from
experimentally determined intensity ratios of thallium sensitized
fluorescence lines to the intensity of mercury resonance fluorescence,
and calculated values of the thallium transition probabilities, The
values obtained for the excitation transfer cross sections are comparable
in magnitude with collision cross sections based on considerations of

@25 kinetics.

*This research is supported in part by the Office of Nivel Research and

the Adv...ced Research Projects Agency and 1S part of projeci DEFENDER,

**Ppresent address: Lawrence Radiation Laboratories, Livermore, California
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INTRODUCTION

Although tne phenomanon of sensitized fluorescence has been
observed for a number of years, excitation transfer cross sections for
the elements involved have been measured only for sodium-mercury colli-
sions(]). Fquations relating the effective cross section to the number
densities of the states involved (including cascade transitions) but
not including wall losses) have been given by Frisch and Kraulinya(z) and
have itecn applied by Anderson and MacFarland(3) to obtain relative exci-
tation transfer cross sections for thallium sensitized fluorescence in the
presence of mercury. In a nrevious paper(4) ‘hereafter called HCI, we have
given the de-excitation cross section of tha]lium‘for the mercury 63P],
state by relative intensity measurements of resonance fluorescence. In
this paper we give the experimentally determined excitation transfer cross

sections from mercury to several excited thallium states.

ANALYSIS

The analysis of the de-excitation of the mercury 63P] state has
been given in HCI., In deriving the equations from which the excitation
transfer cross sections can be determined we adopt the same notation as

was used in HCI. The mercury 6S; .63Po and 6°

P] states are representad
by the indices 0, 1, and 2, respectively, and the thallium 6293, 62P3/2,
725%, 72P%, 72P3]2. 6203/2. 6205/2 and 825!5 states are represented by
the indices 0, 1, 2, 3, 4, 5, 6 and 7, respectively. When irradiated
with 2537A mercury resonance radiation, mercury atoms in a mixture of
mercury and thallium vapor may absorb radiation anc be raised to the

63P] state, These excited atoms may leave the evcited state by sponta-
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ncous emission of 2537A radiaticn or by a radiationless transition
resulting from a collision.
In treating the pnenomena involved, it is desirable to a.upt the
following simple notation for the raies (number per unit volume per
unit time) for various processes:
(1) R?j is the rate of an emissicnh or absorption process by
which Hg atoms are transforred from state { to state j,

(2) Rﬁl is the rate of an emission or abosprtion process by
which T1 atoms are transferred from state k to state) ,

(3) R:: ki 1s the racte of a process involving coliisions between
Hg and T1 atoms in which the initial and final stztes of the
Hg are 1 and j and the initial and fina! states of the T1
are k and2 .,
(4) R?;pq is the rate of a process involving collisions betwaen
Hg atoms in which the initial and final states for one Hg
atom are 1 and j while the initial and final states for the
other Hg atcm are p and q.

(5) R?? is the rate for a process involving collisions of Hg
atoms with the walls in which the initial and final states of
the Hg atom are {1 and j.

The rate of spontaneous emission of radiation from atomic species

in which the initial state is { and the final state 1s J is given by,

C € ,C
R”'ni A'lj ’ (])

where n: 1s the number density of atoms of species c in state {1 and
A:j is the spontaneous transition probability for atoms of species ¢
from state 1 to state j. A collision transfer rate is given by an
equation of the form,
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ab _ a b 3y ab
Rij k' = M Mk Vog 995 k. (2)

(5)

where, c?? Kl is the collision cross section for this process and

b
nf is the number density of atom of species a in state i, ng is the

number density of atoms of species b in state k, and

ab

h
v20 = [BNRT(I/Ma + I/Mb)] is a (3)

quantity proportional to the relative velocity «f collision of the
atoms involved in the collision,

The equations for the equilibrium of the excited (63P]) state of -
mercury have been discussed in HCI. The rate equations for the
equilibrium of the remaining states of the system are:

(a) For the 63Po state of mercury

7
ab daa a da ab aw
"2100 * R2100 * P10 * 1, Rroog * o (4)

with R?g representing the rate of loss of metastable mercury atoms in
collision with the walls,
(b) For the 825g state of thallium,

ab ab _ b . ob L ob L ob
Ro007 * R1007 * R0 * Ry + Rz + Ryp s (5)

(c) For the 62p_,. state of thallium,

5/2
ab ab b b
R,006 * R1006 = Reo * Req (6)

(d) For the 6203/2 state of thallium,

ab ab _ ,b b b b
R2005 * R100s = Rsp * Rgy + Rgs *+ Ry o (7)

(e) For the 72P3/2 state of thalljum,

ab ab _ b b .
R300s * R1004 = RE2 - Rgq - RY, - REs (8)
1 -4
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(f) For the 72PL statc of thallium
?

ab ab _ pb b b
R2003 * Ry003 = R3p = Re3 = Ryy o (9)
and (g) For the 7ZS% state of thallium,
ab & _ob ,ob b b
R2002 * Ryoo2 = R2o * Roy = Raz " Ryp « (10)

These rate equations are written with the assumption that cascade
transitions from states higher than the 825% state of thallium are
negligible, and assumption which seems justified since for conditions
of the experiment reported here no radiation(ﬁ) from higher thallium
states was observed,

If I?j represents the output voltage from thg detector amplifier
when all of the radiation within the acceptance angle of the
monochromator of the doppler broadened line emitted by the spont veous
transition of atoms of species a from state i to state j is detected
then,

a _ .2 a ,a a

where, K?j is the efficiency of the detector system for radiation of
frequency v?d. Kg is a constant depending on the geometry of the
experiment, and “33 is the central frequency of the spectral line emitted
by an atom of species a in the transition from state i to state j.

Equation (11} can be rewritten in the form,
nf = (1§5 2350/ (e kg Ky A)) (12)
from which all number densities in the rate equations can be replaced

by measurable quantities or quantities which may be calculated from
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theory.

Using equation 10 of HZI and Equations 1, 2, 3, and 12 we

can solve the rate equations for the sums of the excitation transfer

cross-sections from the excited and metastable mercury states and

obtain the following equations:

b b sb b
B 8 1628, Iy M

01d a a b ,b '
( 120 - Izo) ‘20, I 2,

a_ D b a yb a_ yb
130 'K 130Ky 13g K3y I3 K&y 130 Ky
(13)
a paW
. 22000
a ad .4
K20A20"2
a b ,b b b- b a 2
o3 4 El'aab ElliZl"] + 1o + A;3 + A74) X AZOKZO 5 '(14)
00 a * b\ b b 2a.a.pa
2007~ n3 1007 K71 A M My Bgtaohev20
a b b b a
ab o M a . 161261 (1 + A64) P20 Kgo v
02006 '-a" 01006 - "K'B' - KB' Ia xa bvab ’ (]5)
N2 61 61 ‘20*20MV20
a b b b b b
LI El_aab Is125: (1 +,fé.Q.+ 553.+ fé&:) X
2005 © _a °1005 b b b
ny K Asy M5y Agp !
\ (16)
A2 i \
20 "20
a.a _b.ab °*
L0 26M0Y 20
a b .b b .b L .b b .b
ab M an [la2daz  lsgdsa  leates 17aM7a) g
2004 7 a °2004 Kb KD KR b
2 42 54 64 74
(17)
a
ASoKon
a .,a b .abh
0% 207020
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a b .b b b Loob a ,a
b .M oa 39232 Iszhss ’73*73)X A2cf20 (18)
2003 2 21003 ° b b MO 12 b ab

Ny K32 Ke3 £73 S0220M0v30

a b b h b b b b
b, M v L Pyl 13w )
9902 ¥ 3 %1002 *| —p— b - ") - D
ry K1 21 42 2
(19)
a ya
A20%20
lgg*gonBvSB

In the above equations the losses at the wal]s have been omitted
in all but equation 13 bei. .se of the short radiative lifetimes of the
states involved,

The quantities which appear in equations (13-19) are not all
measurabie, Because the lines from the 620 and 6203 are doppler

5/2 /2
broadened and overlap, intensitie. ur lines criginating at these levels
cannot be separately determined. Hence, equations 15 and 16 are added

to obtain the equation,

A6l 'ab h"_l_ ab
( °2006 ,‘ °1006, (

(oab
b b 2005

a a
+“1 ab - (‘61 * I51) ‘1 Ko Mo (20)
= %105/ © 3 2 ¢b pbab
"2 20 20 61 0'20
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Assuming inat the cnergy differences between the 63P] and 63P0
states of mercury and the 725% state of thallium are so large that the
cross-sections for transfer to the thallium 725% state are neqligible
we can use equation 19 to eliminate the unmeasurable intensities 122

and Igz from equations 17 and 18. This procedure yields the equation,

a Ib N
( ab o ) + — ( + ab ) = 21 21 "20
92004 °2003 °1004 €1003 1@ ja b
z 20 *20 "
b b b b b
_’_53_*51 Kzo"‘53 + "54) Iy *61 K20 A54 13, A71 Koo X (1)
- b b b
150 *30 K51 Asy I30 A 20 ke "61 120 A2 Ko
b b .y .a
( Azt A74\) A0
b b.ab °*
An ngv20
Equation 14 may be rewritten as,
a b b a  a
ab .M a _ In 2 K M o
°2007 * %1007 " 2 ,a b boap
z 20 20 1 MoV2o

For the number densities of ground state th11lium atoms which will

be incountered in the experiment, 101%.10'8 3

, the resonance radiation
of thallium will be imprisoned. No thallium resonance radiation was
observed from the cell, thus the combined effect of the impriscnment of
resonance radiation and competing modes of de-excitation yield an effective
zero transition probability for the radiative transitions to the qround
state. Hence, in equations 20, 21, and 22, the spontaneous transition

probabilities ABO are set equal to zero.
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s notation of equations 20, 21, and 22 can be somewhat simplified

by defining the following composite cross sections,

a
. (.ab ab ", ab ab
%344 = (95004 * 92003) * a (01004 * 91003} (23)
2
b "l ab
= (g% . ,ab o, a ab
°s6d = (%2006 * °2005) * = (1006 * 91005) (24)
2
a
: n
. a0 1 ab
O7d = 02007 + F 0]007 » (25)
2

These ciross sections are similar to what Frisch and Kraulinya call
effective cross sections since they are defined for processes involving
collisions of thallium with mercury atoms in the 63P] and 63P0 states.
These three cross sections c2n be determined from measurements of the
relative intensities of the sensitized fluorescence lines of thallium
to the 2537A resonance flunrescence line of mercury, imeasurement of the
reiative sensitivity of the detection system for sensitized fluorescence
lines of thallium to the resonance fluorescence line of mercury, and

calculation of the transition probabilities between the various states

of thallium,

Experimental

The experimental arrangement used for the measurements was the same
as that used for the measurenent of mercury resonance Fluorescence

repcrted in HCI. Four independent sets of intensity readings were taken




cn one cell, cell D of HCI. In addition to the intensity of mercury
resonance fluorescence the intensities of the 3230A, 3519-29A, and
5350A sensitized fluorescence lines of thallium were also measured.
The results of the intensity measurements are given in Table 1.
The first column of Table 1 shows the wavelength of the thallium
radiation being measured. The second column shows the reading of the
photomultiplier readout amplifier recorder for the thallium sensitized
fluorescence radiation. The uncertainty in the reading of the photo-
muitiplier readout amplifier recorder was 20.5 units. The third column
gives the reading of the photomultiplier readout ampiifier recorder
for the mercury 2537A resorance fluorescence.” The monochromator and
slit system was maintained at the same geometry for the measurements
shown in columns two and three. The fourth column gives the ratio of
the second and third columns. The fifth column gives the ground state
thallium atom number density as determiiied from the temperature of the
side arm of the cell with ideal gas law correction for the temperature
of the main body of the cell. The uncertainty in the gound state number
density of thallium atoms is $12% because of uncertainty of temperature
measurement. The sixth column shows the temperature of the main body of
the cell where the collisions of interest are taking place. The last
colum gives the percent uncertainty in the ratio recorded in column four.
In our previous measurements the relative intensities of mercury
resonance fluorescence with and without thallium present was not dependent
on the spectral sensitivity of the monochromators and detecting systems.
However, the measurement of the relative intensity of the thallium line
fluorescence to the mercury resonance fluorescence requires a knowledge of
the relative sensitivity of the monochromator and detecting system. In

order to determine the relative sensitivity of the monochromator and
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detection system w. used a Hanovia low-pressure mercury arc and a

250 mm, Bausch and Lomb grating monochromator as a source of nearly
monochromatic radiation for the 2537, 3012, 3131, 3341, 3650, 4358, and
5450A lines of mercury. The slits of this monochromator were kep:

narrow so that all radiation in the spectral band pass of the source
monochromator would be transmitted by the measuring monochromator. A
Reeder thermopile with a quartz window designed for use on the ultra-
.{olet region was employed‘to determine the relative radiant flux

incident on the s1it of the monochromator which was used for all the
fluorescence measurements, The response of the photomultiplier, amplifier
and the thermopile EMF were recorded for each of the wavelengths involved.
The thermopile was masked with aperatures to receiye the same incident
radvation over the same area and at the same acceptance angle as the
monochromator. In making the calibration, the thermopile was assumed to
have a flat response within +10% over the spectral range 2500A to 5500A,
This assumption was based on Christensen and Ames(]7) results on a similar
thermopile. The results of these measurements are given in Table 2,

The first column of Table 2 gives the wavelength of the radiation
being used for the measurement. The sacond column tabulates the voltage
on the photomultiplier. The 1 P 28 photomultiplier used has a glass
envelope and the efficiency of the photomultiplier 1s greatly reduced
for 2537A radiation as compared to the efficiericy for the detection of
radiation of the other wavelengths involved. In order to keep the
output of the photomultiplier readcut recorder on scale the voltage on
the photomultiplier was increased for the measurement of the 2537A
radiation, The ratio of the readings of the photomultiplier readout

smplifier was experimentally determin2d to be 44.2 when the photomultiplier

II-MnN




voltage was increased from 350V to 500V, The third column lists tt>
reading on the photomultiplier readout amplifier recorder. The fourth
column shows the value of column three corrected for the reduction of the
photomultiplier voltage below 530V, The fiftl. column show: the output
voltage of the thermop.ie for the same incident flux as was present at the
entrarce slit of the measuring monochromator. The sixth column lists the
ratio of the readings of colunns four to five, The seventh column gives
the aveirage percentage deviation in the values of column six to the
average of the values in column six for each wavelenqth, Column eight
tabulates the relative efficiency of the monochromator detector system for
2537A radiation to the radiation of ti.o wavelength givén in column one.

The extrapolated values of the relative response of the monochromotor-
detector system at the wavelength of the thallium sensitized fluorescence
lines are also shown in the lower jart o7 Table 2, The extrapolated
values were determined by passing a smooth curve through the points deter-
mined by the measurements and finding the relative response from the
or~inate of the curve at the wavelengtins of the thallium lines under study.
These measurements showed an average deviation of less than 4%, hovevar, the
relative response was assigned a 10% uncertainty because of the variation
in Christensen and Ames' results on several thermopiles.

The transition probabilities for the various thallium transitions
were calculated by the method of Bates and Damgaard(a) and are tabulated
in Tablgr&;\ Bates and Damgaard compared calculated transition proba-
bilitf;s for several thallium transitions with measured 'ifetimes and
found the agreemert with ~xperimental values to be within the experimental
error. Mnly ratics of transition probabilities are used in the deter-

mination of the excitation exchange cross sections and a 10% uncertainty
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was assigned to these ratios. The value of Ago corresponding to
Garrett's(10) measured value of 1.08 x 1077 sec for the lifetime of
the 63P] state in mercury was used in evaluating the excitation
exchange cross section. This value of ASO has a 5% uncertainty. The
number densities of mercur: and thallium atoms were determined in the
same manner.and with the same accuracy as was described in HCI,

Using the measured intensity ratios of Table I, the measured
relative response of the monochromator detector system from Table 2,
and the computed transition preobabilities from Table 3, one can calcu-
late the excitation-transfer cross sections from the mercury S3P] (2)
and 6%P, (1) states to the thallium 825, (?), 62D (5 and 6), and 7°P
(3 and 4) states. One can take advantage ~f the values of the tran-
sition probability ratios to write the following approximate equations

for the cross sections of interest:

LI b b A b

+ Ab

a
d ( 21 Y1 X0 T M Ry A ) (26)
b a D
18y 220 K1 Iy o K5 Vgo
b D a
L.l tie A Ko P (27)
564 a a b b b .ab °*
0 20" 17 Y20
19, ab
% %0 A .
Oag = 7i \28)

130 %o K51 np V53

The approximations made in equations 26-28 should cause less than
2% error in the cross sections resulting from the use of these equations.
The cross sections obtained by the use of equation 26-28 and the

mcasurements reported here are tabulated in Table 4,

There appears to be a decrease in cross sections 0,4 3nd Ogpy as
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the temperature is increased which is in keeping with the reduction
of collision time at higher temperatures. The cross section 93449
however, increases with increasing temperature. This can be acccunted
for by noting that the decrease of mean free path, as the thallium
number density increases, reduces the “e of 1¢ss of metastable (63Po)
mercury atoms to the walls and that the number density of metastable
mercury atoms rises at the higher temperatures. If the %34d cross
section 1s due primarily to transfer of energy from metastable mercury
atoms this increasé would be accounted for by the increase of the term
22.(0?803 +3§804) in 9344 even though the cross sections 0?803 and 0?304
gjght decrease with increasing temperature, Measurements of the ratio
nd/n$ are needed to substantiatc this noint. |

The cross sections in Table 4 are comparable with gas kinetic
collision cross sections and are of the same order of magnitude as the
energy transfer cross section from the helium (2150) to the neon (352)
state of 4.1A2.(]]) Thus it would seem that the cross sections for
energy transfer in the mercury-th21iium system are sufficiently large
for the 6D and 7P states to allow pooulation inversion by collision

pumping with the excited amd metastable mercury atoms.
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3230 1.0 24.0 .042 21.0 1073
0.8 22,0 036 | 24.4 | 1058.
1.0 24,0 ° .042 21.0 1058
1.0 24,0 .042 24,0 1068
3519-29 9.5 22.5 A2 21.1 1069
2.5 22.0 .43 24,4 1058
11.0 24.5 .45 21,1 1068
12.5 24,0 «52 28,2 1068
5350 8.5 22.5 .38 21,1 R
9.5 22,0 .43 24,4 1068
11.0 24.5 .45 25.9 1058
11,5 24,0 .47 25.9. 1058
3230 1.0 21.5 .047 M,2 1115
1.6 21.0 .073 41,2 1115
2.0 22.0 .091 63,2 1115
2.0 23.0 .087 74.4 1115
3519-29 19.5 21.0 .93 41,2 1115
20,0 22.U W91 33.8 1115
32.0 22,0 1.45 63.7 1115
34.0 23.0 1.48 63.7 1115
5350 19.0 21.5 .90 41,2 1115
18.0 22.0 Y 41,2 1115
26,8 22.0 1.22 60,3 1121
35.6 23.0 1.55 74,4 1115
3230 3.0 22.0 .136 125 1164
3.0 18.8 .180 110 1164
3.0 18.5 .« 160 125 1164
3519-29 51.5 22.0 2.34 140 1164
52.0 21.0 2.50 141 1158
44,5 19.0 2.34 110 1164
45.0 18.5 2,43 140 1164
5350 62.5 22.9 2,8 140 1164
50.0 21.0 2,10 140 1164
63.5 19.0 3.30 110 1164
52.7 18.5 2.90 10 1164
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A Volts uv % 22
2537 500 40,5 40,5 6.6 6.13
40,5 50,5 1 6.8 5.95
40.8 4).8 I 6.4 6.38
40,0 40,0 7.2 5.56 6.00 4 1.00
3012 350 32,5 1436 9,1 158
32,5 1436 9.3 | 155
31.3 1383 8.7 159
31.3 1383 8.8 157 157 0.6 .0382
313 350 34,2 1520 7.8 195 .
. 33.7 1490 7.9 185
33.9 1500 7.8 192
33.9 1500 - 8.4 179 188 2 .0319
3650 350 90,2 3985 9,3 429
89.0 3935 9.5 420
87.4 3870 10.2 380
86,4 3820 9,6 398 407 4 .0147
4358 350 56.0 2475 7.8 317
55.5 . | 2450 7.0 350
55.5 2450 8,0 306
54.8 2425 7.6 319 323 4 .0185
5450 350 34,0 1504 6.5 1232
34.6 1529 6.6 232
35.0 1546 7.1 218
35.0 1546 6.7 231 228 2 .0263
Extrapolated values
3230 500 .0237
3519-29{ 500 0178
5350 500 .0257
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Table 3

Transition

b.
A
(X{0-8sec1y *

7812 ~62Py /7
S172 =62P3/2
2Py 2 <1281
P32 ~12S172
6203/ -62P35
62052 ~62P3/
620372 =620y /3
6°03/2 =723
6205,/ ~72P3 5
6203/ ~72Py/3
8251 /5 ~62P3/7
8251/2 -62Py 2
85172 =123y
825172 -12712

0.217
0.382
0,158
0.296
0.200
1.21
1.25
0.00008
0.0008
0.0043
0.103
0.049
0.046
0.033
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Table 4

Temparature 07d T56d 344 dq
°c A2 A2 A2 A2
8000 0.7£0.4 3.0£1.0 5.6+1.9 34113
8500 0.5+0.2 3.6¢1.1 6.6:2.1 3118
9000 0.4:0.1 . 2.740.8 7.4:2.3 2516
I1 - 18
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Table 1,

Table 2,

Table 3.

Table 4.

Table Lagends

Experimentally determined values of the ratio of the response
of the detector system for sensitized fluorescence lines of
thallium compared to the response of the detector system for
the 2537A resonance fluorescence of mercury.

Experimentally determined values of the relative sensitivity
of the detector system for the 2537A resonance fluorescence
of mercury compared to other mercury lines,

Calculated transition probabilities, calculated by the method
of FLates and Damgaard(a).

Excitation transfer cross sections from the 63P] and 63Po
marcury states to the thallium 8253(°7d)' 62P5/2. 3/2(05. 6d)
and 2Py 1/p(03 4q) states.
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