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THE QUENCHING OF MEPCURY RESONANCE
RWDIWTIOX eV FOREIGN GASES

BY MARK W. ZEMANSKY

ABSTRACT

Milne's Theory of the diffusion of imprisoned resonance radiation is applied to
Stuart's experiments on the quenching of Hg resonance radiation by foreign gases,
and expressions obtained for n2, the number of excited Hg atoms per cc, and J, the
quenching, in terms of k, the number of impacts of the second kind per sec per
excited atom. Stuart's experimentally determined values of J are used to give the
relation between k and the pressure of the foreign gas, and the result is obtained that
the number of impacts of the second kind per sec per excited atom is not a constant
fraction of the total number of collisions, The total number of impacts of the second
kind per cc is calculated and taken as the reaction velocity, and upon plotting
against the pressure it is shown that the reaction velocity varies as the 0.6 power of
the pressure for all the foreign gases, It is shown how these results can be explained
on the theory that impacts betv een excited Hg atoms and foreign gas molecules give
rise to metastable Hg atoms, which diffuse to the incident wall and meet there
adsorbed foreign gas molecules to which they give up their energy. This theory is
also capable of explaining the behavior of a large quantity of inert gas on the dis-
sociation of hydrogen and oxygeti by excited Hg atoms.

I ib TRODUc r ION

F LIGHT from a. Hg re 'QIiancc lamp at roonl temperature i.= incideili Qn a
' - face of another Hg resonance lamp containing a foreign gas, the secondary
resonance radiation is quenched by an amount depending on the pressure of
the foreign gas. ' ' The relation between the re-emitted resonance radiation,
J,, and the pressure of the foreign gas,. p, called the quenching curve, was
obtained and plotted by Stuart for- a number of gases among which were
O~, H~, CO~, H~O, . N~, A and He, On the assumptlori that the resonarice
radiation is reduced to one half its original value when the probability of arr

impact between an excited Hg atom and a foreign gas molecule equals the
probability that an excited Hg atom will radiate, and upon assuming the
radius of an excited Hg atom to be about three times the normal value,
Stuart was able to compute the "efhciency" or "yield" of impacts of the
second kind. These values varied widely among themselves —being 100%
for 02, 70% for H2, and about 0,03% for He., the values for the other gases
being betwccri these limits, If the radius of an excited Hg atom is taken
larger, . thc cf6clerlcles alc reduced, but fhc gcncfal ordcI' among thc diffeferit
gases remains Zhc same, 'j. he high quenching efficiency of hydrogen is usually
cxplRined Qn tkc basis that. , since it r'cqulrcs Only 4.3 volts to dissociate a
hydrogen molecule, RI'1 excited Hg atom with Rn energy of 4.9 volts CRn peI'-
form thi dissociation upon impact, I'his is in good agreement with the

' Wood, Phys. Zeits, 13, 353 (1912).
~ Cario, Zeits. f. Physik 10, 185 (1922).
' Stuart, Zeits. f. Physik 32, 262 (1925).
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experiments of' Franck and Cario, 4 but several difficulties still remain. First,
one would expect 100% efficiency for hydrogen on this point of view. If the
radius of an excited Hg atom is chosen so as to give such an efficiency,
however, the efficiency for oxygen comes out greater than 100%. Second,
if a 4.9 volt excited Hg atom can dissociate a hydrogen molecule so easily
merely because it has sufficient energy, one would expect a 4.9 volt electron,
upon impact, to do the same. Hughes, ' however, found no dissociation by
electron impact even at 8.9 volts. Finally the high quenching efficiency of
oxygen seems to have no explanation whatever.

Foote' recently attempted an explanation of Stuart s quenching curves
from a point of view which differentiated sharply between the behavior of
hydrogen and that of other gases. According to Foote, cO impacts between
excited Hg atoms and foreign gas molecules are of the second kind, but only
in the case of hydrogen is the excitation energy of the excited Hg atom com-
pletely used up, partly in dissociating the hydrogen molecule and partly in
kinetic energy, giving an efficiency of 100%. Impacts between excited Hg
atoms and molecules other than hydrogen produce metastable Hg atoms
which, upon further impacts, yield either excited Hg atoms once again, or
Hg2 molecules or, if an impurity is present, normal Hg atoms. Relations
between J and P were deduced for the two different cases, and by choosing
the unknown constants in these expressions to agree with Stuart's data,
information was obtained about the number of metastable atoms, the rate of
formation of molecules, and the concentration of impurities.

Foote does not mention, however, the anomalous behavior of oxygen,
and although it is conceivable that a slight amount of hydrogen as an im-
purity might account for the quenching efficiencies of helium, argon and
nitrogen, those of 02, CO2 and H2O cannot be accounted for in this way.
Moreover, his method of treating the absorptions and re-emissions of quanta
«253& by Hg atoms was rather approximate, and it was thought worth-
while to apply Milne's theory~ of imprisoned resonance radiation to this
problem, since this theory, extended to include impacts of the second kind
has been fairly successful in accounting for the persistance of imprisoned
resonance radiation in Hg vapor. ' In the present paper a relation between J
and the number of impacts of the second kind per sec. per cc is obtained for
all foreign gases on the basis of Milne's theory. We take into account the
geometry of Stuart's apparatus and make only one assumption about the
behavior of the foreign gas molecules, to wit: The number of impacts of
the second kind per sec. per cc is proportional to the number of excited Hg
atoms per cc, the proportionality factor being an unknown function of the
pressure of the foreign gas or

Number of impacts of second)
kind per sec. per cc S2

' Franck and Cario, Zeits. f. Physik 11, 161 (1922); 17, 209 {1923).
I' Hughes, Phil. Mag. 41, 778 (1921).
' Foote, Phys. Rev. 30, 288 {1927).
' Milne, Journ. Lond. Math. Soc. Vol. I (1926).
8 Zemansky, Phys. Rev. 29, 513 (1927).
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where n~ is the number of excited Hg atoms per cc and 0 =f(p) is the number
of impacts of second kind per sec. per excited atom.

If the number of impacts of the second kind per sec. per excited atom
were a constant fraction of the total number of impacts, then k would be
equal to a constant times the pressure of the foreign gas. This is the assump-
tion that has always been made. It is not necessary, however, to make any
assumptions concerning k at this point, because Stuart's experiments them-
selves will furnish the functional relation between k and p.

MILNE s THEQRY

If a mass of gas be enclosed between two infinite planes at x= —i2 and
x = +a, and if isotropic, monochromatic radiation, for which the gas has the
atomic absorption coefficient 0., be incident on the face x = —a, then, it has
been shown by Milne that the number of excited atoms per cc, n2, is obtained
by solving the differential equation

(8'/Bx')(e~+TBe, /Bt) =4n'N'rBN, /Bt

where 7 is the life-time of the excited state, and X is the total number of
atoms per cc. Also, the intensity of the radiation advancing in the positive x
direction is

0qq 8%2 1 8 O'S2I =— n2+7 —— — ——n2+ r-
Eq2 Bt 20.$ Bx Bt

and the intensity of the radiation advancing in the negative x direction is

0 qy BS2 1 8 8tl2
~2+ ~—— +———n2+~—

X q2 8t 20K 8g

where 0., q~ and g2 are constants with which we do not have to concern our-
selves in this problem. In these equations, Bm2/Bt represents the total rate
at which excited atoms are forming. To take into account the destruction of
excited atoms, it is necessary merely to replace Bn2/Bt everywhere by
dn&/dt+knm according to the assumptionmade above, and in orderto apply the
theory to the case of a cylindrical mass of gas, we have merely to transform
the differential equation (1) into cylindrical coordinates.

THE PROBLEM

The conditions under which the
"Ir Ix

present calculation is carried out are
(Ir I'.

shown in Fig. 1. We have a cylindrical
absorption cell of quartz containing

I
X "Q X~+0 N Hg atoms per cc, and a pressure, p,

Fig. 1. of some foreign gas. A circular portion,
of radius b, of the face at x = —a is bathed in radiation from a Hg resonance
lamp at room temperature. The radius of the absorption cell is c and the
length is 2a. We wish to find the value of the backward radiation I ' at
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the point r=0, x= —a in the steady state (Bno/81=0), the boundary con-
ditions being

I '= 0 when x =+a, 0 &r(c
I„'=0when r=c, —a(x&+a

Iowhen x= —a, 0&r&bI,=
0 when x= —a, b(r&c,

(4)

(~)

We have first to obtain the solution of the differential equation

B'Io/Br'+ Bno/r Br+ B 'eo/'B x' = 4n'N'r kroo/(1+ r k) (7)

subject to the conditions that

eo+(1/2nN)(BNo/Bx) =0 when x=+a, 0&r&c. (8)

No+(1/2nN)(Bno/Br) = 0 when r= c, —a & x&+a (9)

NqoIo/aq&(1+rk) when x= —a, 0 &r &b (10)
roo —(1/2nN) (Broo/B x) =

0 when x= —a, b(r(c
and then to calculate I,' at x= —a, r =0.

The solution of (7) is found to be

2bXq2IO
NQ QJo(d'or) X

c'o q,(1+rk)

poIq(gob) [cosh po(a —x) + (2nN/po) sinh po(a —x) 1
(11)

(4n'N'+goo) [Jo(poc) ]' [2cosh2apo+ (2nN/po+ po/2nN) sinh2apo]

where po ——(4noN'rk/(1+rk)+go')"; po ——y&/c; and y& is the E'th root of
2nNcJo(y) = yJq(y). When there are no impacts of the second kind, k =0
and p~ =p~ whence, without impacts of the second kind,

2bEq2IO
eo = —Q&o(par) &&

c 0'qy

yof q(gob) [cosh go(a —x)+ (2nN/po) sinh po(a x)]—
(12)

(4n'N'+ Ijz') [Jo(aoc) ]' [2cosh 2apo+ (2nN/go+ go/2 nN) sinh2 ago]

In Stuart's experiments, 2a is 10 cm, c is about 2.5 cm, b about 1 cm, and
0.%=3.' With these values, it is found that the smallest value of pI, is about
1, whence 2ap& and 2aP& are at least 10, and cosh 2ap& is very nearly equal to
sinh 2'~.

Eq. (12) enables us to see how the concentration of excited atoms, when
there are no impacts of the second kind, varies as we go along the axis of the
absorption cell from the incident face toward the origin. Let

9 Malinowski Ann. d. Physik 44, 935 (1914); Orthmann Ann. d. Physik V8, 601 (192S).
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e, atr=0, ~k=0, x=x
e,= 100

e2 at r=0, 7.k=0, x= —a

= 100

ppJi(ppb)e ""'+*'

(4a'N'+ p pP) [Jp(ppc) ]'(2alV+ pp)

ppA(ppb)

(4aPN +pe ) [Jp(ppc)] (2nN+pp)

Whence, evaluating the denominator,

p,J,(p,b)e "'& + &-
e, =170 g-

(4aPNP+ ppP) [Jp(ppc) ]P(2nlV+ pp)
(13)

Eq. (13) is plotted in Fig. 2, and it is seen that 80 percent of the excited
atoms lie in a region 1 cm from the incident face.
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How much the number of excited atoms per cc at the incident face is
reduced by impacts of the second kind can be calculated from Eqs. (11)
and (12).
Let

r12 at x= —a, r=0, with impacts of second kindn= 100—
e, at x = —a, r =0, without impacts of second kind

100

1+rk

ppJp(ppb)

(4a'N'+pp') [Jp(ppc)]'(pp+2aN)
ppJ&(ppb)

(4a N +p„) [Jp(ppc) ]'(pp+2aN)
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which reduces, upon evaluating the denominator, to

170 pQ, (p&b)n=—
1+r & (4n'N'+ pf ') [Jo(pic) ]'(pa+ 2nN)

Values of n corresponding to values of vk equal to 0.0i, 0.05, 0.1, 0.2, 0.4,
and 0.6 are given in Table I, and n is plotted against ~k in Fig. 3.

TABLE I, Ualues of n and J for diferent values of Tk.

0.01
0.05
0.10
0.20
0.40
0.60

n from Eq. (14)

98.4
89.7
82. 7
71.4
57.3
48. 2

J from Eq. (15)

95.5
83.2
72.6
58.6
42. 7
33.5

From equations (3), (11) aud (12), it is found that at x = —a, r = 0, with
impacts of the second kind,

2bIp pzJi(pub)(2nN/PI, Pq/2nN—)sinh2ap~
z,'=

c' (4n' N'+pr-') [Jo(pic) ]' [2cosh2apq+ (2n N/pq+ pq/2n N) sinh2aPq]

and at x = —a, r = 0, without impacts of the second kind

2bIpI '=—
C2

pzJ&(pub) (2nN/pq —pq/2nN)sinh2apq

(4n'N'+ p&') [Jo(pic) ]' [2cosh2ap„+ (2nÃ/p~+ pq/2nN) sinh 2apq]

whence J, the quenching, is

I ' at x = —a, r = 0, with impacts of second kind
7=100I,' at x = —a, r =0, without impacts of second kind

pl J&(pj,b) (2nN p&)—
(4n'N'+ pc') [Jp(pic) ]'(2nN+P )

psJg(pub) (2nN pg)—
(4 'N'+/ ') [J.(p c)]'(2 N+p )

At this point it should be emphasized that both I with impacts and
I, without impacts represent the total energy of radiation emitted back-
ward per second from unit area of the incident face of the absorption cell,
whereas Stuart measured the radiation included in the solid angle subtended
by a lens some distance away. The final formula for J therefore is correct
only if the same fraction of the total radiation passes through the lens when
there are impacts, as when there are no impacts. This is undoubtedly so,
since the Hg vapor pressure remained constant throughout Stuart's ex-

perimentss.
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Upon evaluating the denominator,

pd i(yd )(2~&—pa)1=41
(4u'1V'+p&') [Jo(p~c) ]'(2nÃ+ pa)

(15)

values of J for vk =0.01, 0.05, 0.1, 0.2, 0.4, 0.6, are given in Table I, and J
is plotted against v.k in Fig. 3.

The curves in Fig. 3 enable us to obtain vk and n for any experimentally
determined value of J. Since Stuart measured J at different pressures for
many different foreign gases, we therefore have vk and I for all the foreign

gases at all the pressures employed by Stuart. The erst interesting piece
of information is obtained by plotting vk against p. This is done in Fig. 4,
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and it is seen that the curves are not all straight lines. Some are linear in

portions, and others are nowhere linear. The assumption usually made,
that the number of impacts of the second kind per sec. per excited atom is a
constant fraction of the total number of collisions, is not substantiated by
these results. Consequently, we cannot ascribe to a certain gas a constant
quenching ef6ciency.

Instead, let us look at the matter from a different point of view. From
the work of Franck and Cario, 4 it is shown that impacts of the second kind
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between excited Hg atoms and hydrogen molecules result in the dissocia-
tion of the hydrogen molecules. Similar experiments by Taylor and Mar-
shall, Taylor and Bates" Mitchell ' Dickinson and Mitchell ' and Dick-
inson and Sherrill, ' show that excited Hg atoms dissociate many other
foreign gases, and perform other chemical reactions as well. Now, since
vkn represents the number of times in 10 ' secs. that the excited Hg atoms
in one cc at the incident face give up their energy to foreign gas molecules,
and since most of the excited Hg atoms exist at the incident face, ~kn can be
taken as a convenient measure of the average reaction velocity. For exam-
ple, vkn for hydrogen, CO~, and H20 represents the rate of dissociation,
for 02 either the rate at which HgO or 03 is forming or the rate at which 0,
is being dissociated (if this takes place at all), and for N„A and He, the
rate, possibly of activation, or complex molecule formation, etc. In other
words, v.kn represents the rate of change of condition of the foreign gas,—
therefore the reaction velocity, and curves obtained from plotting vkn
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I.O c.O

against p for all the foreign gases will show how the reaction velocity de-
pends upon the pressure. In Fig. 5, log 7.ke is plotted against log P and the
regularity is apparent. They are all straight lines with slopes varying from
0.54 to 0.66, the average being 0.60. Consequently we have the result that
the reaction velocity near the incident face (the only place where any ap-
preciable effect exists) is proportional to the 0.6 power of the pressure, for
all the foreign gases.

DxscUssIQN

The result just obtained, that the reaction velocity varies as a fractional
power of the pressure, suggests that the quenching ability of a foreign gas
is evidence of a heterogeneous gas reaction. The only gas reactions of frac-

"Taylor and Marshall, Journ. of Phys. Chem. 29, 1140 (1925).
' Taylor and Bates, Proc. Nat. Acad. Sci. 12, 714 (1926)."Mitchell, Proc. Nat. Acad. Sci. 11, 458 (1925)."Dickinson and Mitchell, Proc. Nat. Acad. Sci. 12, 692 (1926)."Dickinson and Sherrill, Proc. Nat. Acad. Sci. 12, 175 (1926).
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tional order that are known are catalytic reactions, " and, as a rule, the
order is determined by the adsorbing abilityof the catalyst, which, in turn,
depends upon the degree to which the catalyst is saturated with adsorbed
molecules. The experiments of Wood" which show the presence of meta-
stable mercury atoms in a mixture of excited mercury atoms and foreign
gas molecules, and the theoretical considerations which require for some of
the reactions the presence of a third body, suggest that the catalyst in this
case is the incident wall on which are adsorbed metastable mercury atoms.
The metastable mercury atoms formed by impacts between excited mercury
atoms and foreign gas molecules are known to have a long life, and it was
shown by Orthmann and Pringsheim" that a metastable mercury atom
can travel about ten thousand free paths before it gives up its energy. There-
fore, in Stuart's experiments, many of the metastable Hg atoms have time
to reach a wall of the absorption cell before they are destroyed, and since
the greatest number of excited Hg atoms exists near the incident face, meta-
stable Hg atoms will be arriving at the incident face in large numbers.

If we assume that these metastable Hg atoms meet adsorbed foreign

gas molecules at the incident wall, and that the energy of the metastable
Hg atoms (4.68 volts) added to the total

np heat of adsorption is sufficient to acti-
C(np vate the foreign gas molecules, then we

aie in a position to account not only
for the energy needed to perform the

qas«» d f«- dissociations and reactions which have
Csn& sion of rn e ta-

stable atoms been observed, but also for the result
that the reaction velocity varies as a
fractional power of the pressure.

0 In order to derive this relation
between reaction velocity and pressure,
let us consider a cubic centimeter of

mercury vapor near the incident wall, containing X normal Hg atoms, n&

excited Hg atoms, n3 metastable atoms, and a pressure p of some foreign gas.
Let the rate of formation of metastable atoms be given by C~n2, the rate of
formation of excited atoms from metastable atoms by C&n3, and finally the
rate of diffusion of metastable atoms to the wall by C3n3. This scheme is
shown in Fig. 6.

For equilibrium of the metastable state, we have

whence

C2n3+C3ng cgn2 n3 Cyn2/(Cg+CB)

Cgn2 —Cpn3 ——
I Cg —Cgcp/(Cg+ C3) ]ng = kn2

where k has the same meaning that it had in the beginning, that is, the total
number of impacts of the second kind per sec. per excited atom. Since

'~ Hinshelwood, "Kinetics of Chemical Change in Gaseous Systems, " Oxford University
Press, 1926.

R.. W. Wood& Phil. Mag. 50, 774 (1925).
'7 Orthmann and Pringsheim, Zeits. f, Physik 35, 626 (1926).
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C&n2 —C2n 3 = C3n 3, then kn2 = C3e 3, or, the reaction velocity is equal to the
rate of diffusion of metastable atoms to the wall. Now, at equilibrium, the
rate of arrival of metastable atoms at the wall equals the rate at which for-
eign gas molecules are activated at the wall, and this depends upon the de-
gree to which the wall is saturated with metastable atoms, and the amount
of foreign gas molecules adsorbed on the wall. With the wall unsaturated,
the amount of foreign gas molecules adsorbed depends upon a power of the
pressure, " and hence, the reaction velocity depends upon a power of the
pressure.

If by some other agency, such as the presence of large amounts of nitro-
gen or argon, so many metastable atoms are produced that the wall is sat-
urated, then the amount of hydrogen or oxygen adsorbed on the wall is
independent of the pressure of the hydrogen or oxygen, and we should ex-
pect a reaction of the zero order, that is, one whose velocity is independent
of the pressure. This is what was found by Meyer" and by Mitchell. "
Meyer illuminated a mixture of Hg vapor, hydrogen at a pressure of 0.12
mm, and Nq at a pressure of 7 mm, with 2537, and noticed a decrease in hy-
drogen pressure that was a linear function of the pressure, or dp/Ch =const. ,

showing that the nitrogen provided so many metastable atoms that the
amount of H2 adsorbed by the wall was independent of the hydrogen pres-
sure. Similarly, Mitchell used a mixture of 02 and A and found a reaction
of the zero order.

Since there is no direct evidence of the effect of the walls on gas reactions
taking place in the presence of excited Hg atoms, it is not worthwhile to go
any further with the ideas suggested in this paper until experiments are
performed to test this point. Such experiments are in progress at the pre-
sent time.

In conslusion, I should like to express my gratitude to Professor H. W.
Webb for the opportunity of having many profitable discussions with him
on this subject.
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"Tolman "Statistical Mechanics" p. 256, Chem. Cat. Co. 1927.
MeVer, Zeits. f. Physik 37, 639 (1926).


