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We report on the determination of the reaction rate of photochemical reactions in the gas phase, taking NaHg
as an example. The lifetimes as well as the reaction rates are determined by fitting the analytical solution of
a simplified set of rate equations to the experimental measured time evolutions of the products of the
photochemical reaction. In this way we also extracted the activation energies according to the Arrhenius
relation for the NaHg molecule to be produced in their II1/2 and III1/2 electronically excited states, respectively.

I. Introduction

Gas phase photochemistry is important not only for the
production of excimers but also for understanding the physics
and chemistry of the atmosphere. A crucial point in decribing
the photochemical reactions properly is the knowledge of the
reaction rates. In the present work, using the example of NaHg,
we discuss the determination of the reaction rate of a photo-
chemical reaction employing pulsed laser excitation of the
reactants.
Although thorough investigations of the NaHg molecule have

been published previously (see ref 1 and references therein),
not very much is known about the lifetimes of its electronically
excited states and the production rates of common photochemi-
cal reactions leading to production of such molecules. This for
sure is due to the fact that the NaHg molecule has only a very
shallow ground state with a dissociation energy of about 430
cm-1. Production of this molecule in the gas phase by a reaction
according to

requires typical temperatures ofT) 800 K, which corresponds
to a thermal energy of 3kT ) 1670 cm-1 and exceeds the

dissociation energy of NaHg(X1/2) by far. This means that a
nascent NaHg molecule would dissociate again on a picosecond
scale. Consequently, the equilibrium distribution would be far
from any reasonable amount of NaHg in its electronic ground
state. Thus application of photochemical production methods
is necessary to investigate this molecule by spectroscopic
techniques with a high signal to noise ratio. Moreover, a direct
access to the lifetimes of electronically excited molecular states
of NaHg by an excitation scheme according to

with observation of subsequent fluorescence is possible only
with a small signal to noise ratio.
On the other hand, we recently reported on production of

the electronically excited NaHg(III1/2, II3/2) by a reactive three-
body collision following energy-pooling collisions of laser
excited Na(32P).1 Although we investigated the time behavior
of the NaHg bands, by the complex kinetics of this processes it
was not possible to find the lifetimes of the NaHg(III1/2, II3/2)
states.
In this work, the common and well-known photochemical

reaction
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Na2(X
1Σg

+) + Hg(61S0) f NaHg(X1/2) + Na(32S1/2) (1)

NaHg(X1/2) + hνlaserf NaHg* (2)

Na*2 + Hg(61S0) f NaHg *+ Na(32S1/2) (3)
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employing the laser-excited Na*2 molecule as a reactant, which
here is in either the B1Πu or the C1Πu state, is used to produce
the NaHg molecule in the II1/2 and III1/2 states, respectively.
The fluorescence spectra as well as the time evolution of the
chemiluminescence of the NaHg molecules are investigated.
Assisted by a kinetic model of the chemical reaction, for the
first time the reaction rates as well as the activation energies
for process 3 along with the lifetimes of the electronically
excited II1/2 and III1/2 states of NaHg are determined.

II. Experiment

The experimental setup used throughout these experiments
is nearly identical to those reported previously.1 The Na+ Na2
+ Hg vapor mixture is prepared in a stainless steel crossed heat
pipe oven terminated by four quartz windows. Argon is used
as the buffer gas. A Baratron vacuum gauge is used to
determine the buffer gas pressure; the temperature is controlled
by a thermocouple device and a current-stabilized power supply.
The heat pipe device is operated as descibed by Gruberet al.1

Laser radiation used to excite the Na2 molecules is provided
by the second and third harmonics of a Q-switched Nd:YAG
laser (Quanta Ray GCR 170), respectively. In order to enlarge
the reaction volume in the central zone of the heat pipe we omit
focusing the laser.
Fluorescence light is focused perpendicular to the excitation

laser beam by a quartz lens onto the end of an optical fiber.
Spectral resolution is obtained by means of a 50 cm scanning
monochromator (Acton) equipped with a holographic grating
(1200 grooves/mm). Fluorescence spectra are detected by an
optical multichannel analyzing system (OMA). The monochro-
mator is also equipped with a mirror that enables, by rotation
through 90°, imaging of the light passing through the mono-
chromator onto an exit slit. Time behavior of fluorescence is
detected either by a fast photomultiplier tube (Hamamatsu
R-955) with a rise time of 2.2 ns or by a photodiode with an
effective rise time of 1 ns mounted on the exit slit and connected
to a 600 MHz LeCroy digital storage oscilloscope triggered by
the laser controller.

III. Experimental Results

Upon exciting the Na2 molecule with the second harmonic
of the Nd:YAG laser (λ ) 532 nm), the Na2(BIΠu) states listed
in Table 1 are populated. The laser-induced transitions are

computed on the basis of the data of Richteret al.2 and Babaky
and Hussein.3 According to the reaction sequence

and

we obtain the spectrum shown in Figure 1a. Besides the
NaHg(II1/2 - X1/2) red bands in the wavelength range 600-
680 nm,4 we observe a fraction according to the Na2(A1Σu

+ -
X1Σg

+) transition, observable from 690 nm on and extend-
ing toward higher wavelengths. The population of the
Na2(A1Σu

+) state is due to collision-induced radiationless re-
laxations of the initially populated B(1Πu) state.5 For the sake
of homogeneity, the indications S1 and S2 of the red NaHg bands
refer to the assignments in previously published papers.4,6,7The

TABLE 1: Molecular Transitions in Na 2 Induced by the
Second and Third Harmonic of the Nd:YAG Laser with the
Corresponding Franck-Condon Factors (FCF)

V′′ J′′ E′′, cm-1 V′ J′ E′, cm-1 λ, nm ∆λ, nm FCF

X1Σg
+ - B1Πu

a

8 76 -3883.82 0 75 14 906.58 532.006 0.0060 2
9 69 -3886.55 1 68 14 903.82 532.007 0.0068 8
9 100 -3164.64 2 99 15 624.98 532.028 0.0281 69
10 73 -3668.00 2 74 15 122.10 532.014 0.0145 24
10 94 -3187.29 3 93 15 603.85 531.985-0.0150 115
11 58 -3805.24 3 58 14 985.65 531.992-0.0079 50
11 99 -2925.64 4 100 15 864.72 532.007 0.0071 149
12 54 -3730.57 4 55 15 059.99 532.001 0.0015 85
12 87 -3091.92 5 87 15 698.78 531.997-0.0025 158

X1Σg
+ - C1Πu

b

8 81 -3773.11 0 80 24 393.34 354.906 0.0062 401
9 44 -4289.33 0 43 23 878.02 354.895-0.0051 154
9 48 -4236.03 0 48 23 930.55 354.905 0.0046 154
9 52 -4178.33 0 53 23 988.57 354.901 0.006 154
9 82 -3611.24 1 83 24 556.22 354.894-0.00651 118
10 33 -4269.99 1 32 23 896.37 354.907 0.0074 590

a FCF from Demtro¨deret al.16 b FCF from Vermaet al.17

Figure 1. NaHg chemiluminescence following laser excitation of the
Na2 molecule atT ) 790 K, p ) 20 kPa: (a)λlaser) 532 nm, S1 and
S2 refer to previously reported NaHg emission bands; (b)λlaser) 355
nm. (A) NaHg(II3/2 - X1/2), (B) Na2(23Πg - 13Σu

+), (C) Na2(21Σu
+ -

X1Σg
+). The vertical dashed lines indicate the spectral positions of the

time measurements.

Na2(X
1Σg

+) + hν532 nmf Na2(B
1Πu) (4)

Na2(B
1Πu) + Hg(61S0) f NaHg(II1/2) + Na(32S1/2) (5)

NaHg(II1/2) f NaHg(X1/2) + hνNaHg* (6)

Na2(B
1Πu) f Na2(X

1Σg
+) + hνNa2* (7)
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dashed vertical lines indicate the spectral positions for which
time measurements are taken.
The same principles work for the case of excitation of the

Na2 molecule with the third harmonic (λ ) 355 nm) of the Nd:
YAG laser. The corresponding transitions listed in Table 1 are
computed with the data of Yanet al.8 The reaction sequence
4-7 then simply is written

and

The relevant fractions of the resulting fluorescence spectra are
shown in Figure 4b. As for excitation with the second harmonic,
where the originally populated B1Πu state relaxes to the
A1Σu

+ state, in this case the C1Πu state also decays by
collision-induced radiationless relaxations to the 21Σu

+ and to
the 23Πg states (see B and C in Figure 1b). The well-known
bands corresponding to the Na2(21Σu

+ - X1Σg
+) and Na2(23Πg

- 13Σu
+) transitions9 lie in the same wavelength range as the

NaHg(II3/2 - X1/2) bands and thus exclude these bands from
being investigated in this work.
According to the properties of a heat pipe oven,10 we regard

the particle densityn to be given by the relation

whereT is the temperature of the oven,pi(T) is the partial
pressure of the considered species, andk is the Boltzmann
constant. In a real heat pipe mode, the metal inside the heated
zone evaporates at a temperature given by the buffer gas pressure
p. But, if p exceeds the vapor pressure of the metal for a certain
temperature, the particle densityn is given by the vapor pressure
corresponding to the temperatureT. Thus, in order to investigate
the dependance of the time behavior of the NaHg fluorescence
on Na2 particle density, we varied the temperature of the heat
pipe oven.
The lifetime measurements are taken for the wavelengths

shown in Figure 1. For the reasons discussed above, it is not
possible to investigate the time behavior of the NaHg(II3/2 -
X1/2) bands. In order to account for the background due to Na2

fluorescence, we also measure the time evolution at 685.5 and
478.0 nm. This spectral positions are known to be free of any
NaHg fluorescence, since the NaHg red bands terminate at about
670 nm and the blue bands at about 475 nm.4,1 The background
time curves then simply are subtracted from the NaHg signal.
It is found that all time evolutions of the red II1/2 - X1/2 bands
differ only marginally among each other as do the results for
the blue III1/2 - X1/2 bands. Thus in Figure 2 we only present
representative results forλNaHg* ) 672.0 nm (a) andλNaHg** )
496.2 nm (b). The time scales of the evolutions in Figure 2
are shifted numerically, so that the exciting laser pulse has its
maximum at the timet ) 0 ns. It clearly can be seen that after
the laser pulse the signals of the NaHg fluorescence approach

their peak intensities with a delay of aboutτdelay ) 10 ns and
then decay monotonically.

IV. Analysis and Discussions

As shown in eqs 5 and 9, the NaHg molecules are produced
from Na2 molecules, which initially are populated by the
excitation laser pulse. From this it is obvious that the
fluorescence of the NaHg molecules can only appear with a
certain time delay that is connected to the decay times of the
reactant’s electronically excited states, i.e. Na2(B1Πu) and Na2-
(C1Πu) , as well as to the reaction ratesk1 andk2 of processes
5 and 9.
In order find an analytical solution to this problem that can

be fitted to the experimental results, we have to use a simple
kinetic model employing the following set of rate equations

where the indexi refers to the different sets of electronically
excited states of the Na2 and the NaHg molecules according to

In order to obtain an analytical solution of eqs 13 and 14, we

Figure 2. Representative time evolutions of the fluorescence signals
of the NaHg red (a) and blue bands (b), for the same experimental
parameters as in Figure 1. The dashed lines represent the results of the
numerical treatment.

dnNa2(i)(t)

dt
) -(ANa2(i)nNa2(i) (t)) - (kNaHg(i)nNa2(i) (t)nHg) (13)

dnNaHg(i)(t)

dt
) -(ANaHg(i)nNaHg(i) (t)) - (kNaHg(i)nNa2(i) (t)nHg)

(14)

λlaser Na2(i) NaHg(i)
532 nm B1Πu II 1/2
355 nm C1Πu III 1/2

Na2(X
1Σg

+) + hν355 nmf Na2(C
1Πu) (8)

Na2(C
1Πu) + Hg(61S0) f NaHg(III1/2, II3/2) + Na(32S1/2)

(9)

NaHg(III1/2, II3/2) f NaHg(X1/2) + hνNaHg** (10)

Na2(C
1Πu) f Na2(X

1Σg
+) + hνNa2** (11)

ni )
pi(T)

kT
(12)
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neglect stimulated emission processes as well as radiation
trapping effects. This seems to be reasonable, since the particle
density of the Na2 molecules is low enough so that the impact
of these effects should not influence the results. In the case of
the Na2 molecule, the reactants’ states are B1Πu and C1Πu,
whereas the products’ states are II1/2 and III1/2, depending on
whether the vapor mixture is excited by the second or the third
harmonic of the Nd:YAG laser. The rate constantkNaHg(i) refers
to the photochemical production, where the indexi is II1/2 for
eq 5 and III1/2 for eq 9. According to the Arrhenius equation11

we write the rate constant as

whereεA(i) is the activation energy of reactions 5 and 9 andA(i)
is the respective preexponential factor. In this way, we can
also account for the temperature dependence of the rate constant
kNaHg(i).
The time evolution of the system is calculated, starting at

the time when the excitation laser pulse has its maximum. For
the sake of simplicity of the solutions, we treat the laser pulse
as an infinite perturbation of the system. That offers the
advantage that the solution of the rate equations remains
analytical, but we lose the representation of the time evolution
in the first few nanoseconds, namely during the time when the
laser intensity is decaying toward zero. The second and third
harmonics of the Nd:YAG laser saturate the transitions listed
in Table 1. Accounting for the Boltzmann vibrational popula-
tion distribution in the electronic ground state, the population
of the excited states easily can be calculated.
Consequently, for the Na2 mocelules we regard the initial

condition

to be valid throughout the experiments, wherenNa2(V′′) stands
for the total number density of Na2 molecules in a specific
vibrational stateV′′. For the NaHg molecule we set

With the initial conditions 16 and 17, the solution of the rate
equations 13 and 14 is

Employing the vapor pressure tables of Vargaftiket al.12 for
Na and Na2 and those of ref 13 for Hg, we are able to determine
the particle densitiesnNa2 and nHg for each set of heat pipe
temperature and buffer gas pressure. Since the particle density
of Hg always is about 3 orders of magnitude larger than those
of Na2, we regard it to be constant in time.1 The effective
Einstein coefficientsANa2(i) for the B1Πu and C1Πu states
including lifetime shortening by collisions are taken from the
experiment, so that the only variables in eq 19 arekNaHg(i) and
ANaHg(i).
The fit of eq 19 to the experimental results also includes a

factor that accounts for the scaling of the time evolutions that
is kept constant for all time behaviors investigated. Representa-
tive results of the fitting procedure are shown in Figure 2 by

the dashed lines. The deviation of the model from the
experimental results fort < 5 ns is due to the treatment of the
laser pulses discussed above. The origin of the time axis is
shifted to coincide with the second half value of the peak
intensity of the laser pulse, appearing about 2 ns after the peak,
thus leading to production of NaHg even before the virtual origin
of the time scale of the model. Anyway, this circumstance has
no impact on the results.

Since, as discussed previously, the time curves of the red as
well as blue bands differ only marginally for the various
wavelengths (Figure 1), we average the fitting parameters to
getkNaHg(II1/2) andANaHg(II1/2) corresponding to the red bands and
kNaHg(III1/2) andANaHg(III1/2) corresponding to the blue bands. The
numerical results are presented in Table 2. Figure 3 shows a
graphical representaion according to the Stern-Vollmer14
relation

whereAeff ) 1/τeff is connected to the effective lifetime and
Arad ) 1/τrad to the radiative lifetime,σcoll is the cross section
for collisional deactivation,n is the particle density obeying
relation 12, andVj is the mean relative velocity (uj ) (8kT/pm)1/2)
of the collision partners with the reduced mass 1/µ ) ∑i1/mi.
The slope of the linear fit describes the coefficientσ(8/πµk)1/2

in eq 20 and thus is connected to the cross section for collisional
deactivationσ. Qualitatively it can be seen that the slope for
the III1/2 - X1/2 transitions is much larger than for the red II1/2

- X1/2 bands. We ascribe this to the fact that in the vicinity of
the III1/2 state there lie several other electronic states that might
serve as the final state of collisional quenching processes and
thus decrease the lifetime drastically if the number of potential
collision partners, i.e., Na and Na2, is increased. Especially
the Na2 molecule, although present only in a small fraction,
with its large geometrical diameter has to be considered as an
important collision partner for these quenching processes.

In order to find the activation energiesεA(i) we fit the
experimental results ofkNaHg(i) to eq 15, with the preexponential

kNaHg(i) ) A(i) e
-εA(i)/kT (15)

nNa2(i,V′) (0))
nNa2(V′′)

2
(16)

nNaHg(i)(0))0 (17)

nNa2(i) (t) ) 1
2
nNa2 e

-(kNaHg(i)nHg+ANa2(i))t (18)

nNaHg(i) (t) ) 1
2

kNaHg(i)nNa2 nHg

kNaHg(i)nHg + ANa2(i) - ANaHg(i)
(e-ANaHg(i)t -

e-(kNaHg(i)nHg+ANa2(i))t) (19)

TABLE 2: Numerical Results for the Einstein Coefficients
ANaHg of the II 1/2 and III 1/2 States of NaHg and the Rate
ConstantskNaHg for Reactions 5 and 9a

T, K ANaHg, 108 s-1 ∆ANaHg, 108 s-1 kNaHg, 10-18m3 s-1

NaHg(II1/2)
749.0 0.97 0.02 4.7
762.0 0.97 0.02 4.9
778.0 1.00 0.02 5.4
791.0 1.01 0.02 5.7
799.5 1.03 0.02 5.8
816.0 1.07 0.02 6.4
820.0 1.09 0.02 6.8
836.0 1.14 0.02 7.2
842.0 1.14 0.02 7.1

NaHg(III1/2)
760.0 1.27 0.09 30.0
779.0 1.47 0.07 32.0
789.0 1.66 0.12 33.8
816.0 1.93 0.13 37.4
827.2 2.18 0.29 40.6
840.6 2.66 0.13 42.8
849.0 2.84 0.36 45.3
852.8 3.01 0.15 44.7

a The error∆ANaHg is due to the averaging of the results for the single
wavelengths. The error of the Einstein coefficients as well as the rate
constants is found to be less than 10%.

Aeff ) Arad+ nσuj ) Arad+ σcollx 8
πµkT

‚p (20)
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factor written as

whereσ is the cross section for reactions 5 and 9. The results
along with the statistical errors ofkNaHg(i) are shown in Figure
4, and the numerical values are listed in Table 3.
We find the activation energies to be of the same order of

magnitude as determined for a similar reaction of Na2 with
Cd(51S0) that has been published previously.15 It also can be
seen that the rate of reaction 9 is larger than the result for eq 5.
This difference might be explained by the longer lifetime of
the reactant’s state, i.e., C1Πu, compared to the B1Πu state in
reaction 5. Consequently the probability of the laser-excited
Na2 molecule to collide with a ground state Hg and to produce
a NaHg molecule is larger for eq 9. This also can be seen
directly from a comparison of the reaction rates in Figure 4.

V. Conclusion

We determined the reaction rates for photochemical reactions
producing excimers in the gas phase at high temperatures.
Therefore, we developed a simplified kinetic model of the
chemical reactions occurring in our experiment, which is capable
of being solved analytically. On the basis of the experimentally
measured time evolutions of both the product NaHg and the

Na2 reactants concentrations following pulse laser preparation
of the Na2 electonically excited states, the extraction of the rate
constants and activation energy was possible.

The method presented seems to be a useful tool to determine
reaction rates of laser induced photochemical reactions. Espe-
cially for reactions that involve products with a short lived
electronic ground state, such as excimers or radicals, the
complications in analyzing the product concentration can be
overcome by applying this method.

In subsequent experiment, the investigation of reaction rates
of chemical reactions involving the OH radical are planned.
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Figure 3. Einstein coefficientsA of (a) the II1/2 and (b) the III1/2 states
of NaHg depending on the total sodium pressurepNa+Na2 divided by
the square root of the temperatureT. The solid lines show the results
of a fit according to eq 20; the dashed lines indicate the 95% confidence
bands.

A(i) ) σ‚uj )x8kT
µπ

σ (21)

Figure 4. Reaction rateskNaHg(II1/2) andkNaHg(III1/2) for the reactions 5
and 9, respectively, depending on temperatureT. The solid line
represents the results of the numerical fit according to eq 15.

TABLE 3: Results for the Activation Energies EA and
Reaction Cross Sectionsσ for Reactions 5 and 9 for the II1/2
and III 1/2 States S of NaHg

S εA, cm-1 σ, nm2

II 1/2 1600( 400 0.3( 0.1
III 1/2 1200( 600 0.6( 0.2
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