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Intramolecular energy-transfer processes induced by an external electric field
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The influence of an external electric field on the state dynamics of electronically excited molecules was
analyzed. The electric field was shown to affect theDS50 internal conversion transitions. It was found that in
the presence of an external electric field, the lifetime of the acetylene fluorescence decreases, while the
emission amplitude remains constant. The theory developed was applied to acetylene excited into single

rotational levels of the (Ã1Au)V2Kl 50,1,2 vibronic states, which are below the ground-state dissociative thresh-

old. It was proposed that levels of the (Ã1Au)V2Kl 50,1,2 vibronic states are coupled by a field to ‘‘quasireso-

nance’’ levels of theX̃ 1Sg
1 electronic ground state. Dynamics of the system evolution over the vibrational

energy spectrum of theX̃ 1Sg
1 electronic ground state was investigated using its IR emission kinetics.

DOI: 10.1103/PhysRevA.68.043403 PACS number~s!: 32.60.1i
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I. INTRODUCTION

The purpose of physical kinetics is to study intramolec
lar as well as intermolecular energy evolution phenome
Usage of narrow-band pulsed laser radiation creates a un
capacity to prepare well-defined initial states of the quant
system studied, and to monitor their subsequent time ev
tion. Time evolution of an initially prepared state is govern
by various relaxation channels, namely:~i! radiative pro-
cesses,~ii ! ‘‘reversible’’ intramolecular radiationless pro
cesses,~iii ! ‘‘irreversible’’ intramolecular radiationless pro
cesses, and~iv! collision-induced relaxation processes. Th
respective dynamics may be investigated in a more deta
way, if the respective excited state is sensitive to exter
magnetic or electric fields. Both magnetic and electric fie
induce small perturbations, which, however, may sign
cantly change the excited-state dynamics.

It is well known@1# that perturbations induced by extern
magnetic and electric fields may be described by the res
tive Zeeman and Stark operators:

HH~B!52mB@BW (s1)
•~mLW

(s1)1mSW
(s1)!# ~1!

HEl~E!52~EW (s1)
•mdipW (s1)!. ~2!

In the above equations, the (s1) superscript reminds that th
respective quantities are spherical tensors of the first or
defined in the laboratory reference frame. In the well-kno
classical Zeeman, Hanle, and Stark effects, the observed
nomena are caused by field-induced level splitting of
respective states. In the magnetic field, the diagonal ma
elements of operator~1! are usually nonvanishing already
the first order of the perturbation theory. On the other ha
the diagonal matrix elements of electric-field operator~2!
vanish in the first order of the perturbation theory in syste
with an inversion centrum, but not in systems without th
symmetry element. Additionally, level splitting due to th
Zeeman and Stark effects induces polarization phenomen
1050-2947/2003/68~4!/043403~15!/$20.00 68 0434
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luminescence. These effects have been studied extens
@2,3#. Our present attention will be thus focused on the le
studied phenomena, dependent on the off-diagonal ma
elements of both operators~1! and ~2!. Magnetic-field influ-
ence on the excited-state dynamics has already been d
mented for quite a few molecular systems@4–10#. The re-
sults were interpreted using various models: the le
anticrossing effect theory; the direct mechanism theo
based on the magnetic-field-induced interaction between
levels of optically observable and ‘‘dark’’ states, arising
the first order of the perturbation theory; and the indire
mechanism theory, based on the magnetic-field-induced
teraction between the levels of optically observable a
‘‘dark’’ states, arising in the second and higher orders of
perturbation theory. Typically, the indirect mechanism
sponsible for theS-T conversion dynamics may be detaile
as the electron-spin and nuclear-spin decoupling mechan
~ESNSDCM!. A famous case of the electric-field effec
which has been widely discussed@11#, is the electric-field-
induced mixing of the degenerate 2s and 2p states of the
hydrogen atom. Since the symmetry of both the grounds
state and the excited 2s state is ‘‘g, ’’ an optical transition
between these states is forbidden in the electric dipole
proximation, remaining allowed between the 1s and the 2p
‘‘ u’’ states. An external electric field mixes the 2s and 2p
states in the first order of the perturbation theory. Thus,
exponential excited-state decay is observed in the absen
electric field, while in nonzero electric fields, quantum be
phenomena will be observed in collisionless conditions. T
symmetries with respect to the inversion of themLW

(s1)

1mSW
(s1) and mdipW (s1) operators are ‘‘g’’ and ‘‘ u, ’’ respec-

tively, therefore magnetic and electric fields should affe
different channels of the excited-state evolution. The pres
paper is devoted to the acetylene molecule. This molec
has an inversion centrum (D`h point group in the ground
state, andC2h point group in the first excited electronic stat!
and is well studied as regards the influence of external m
netic and electric fields on itsÃ1Au excited-state dynamics
©2003 The American Physical Society03-1
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The magnetic-field effects have been interpreted using
ESNSDCM theory@9,10#, while the nature of the electric
field effects has not been understood by the previous aut
@12#.

We shall be discussing theV1
2K1

l 50,1,2 subbands of the
acetylene laser-induced fluorescence~LIF! spectrum~Table

I!. These subbands belong to theÃ 1Au→X̃1Sg
1 electronic

transition @13,14#. The energies of theV2Kl 50,1,2 levels lie
below the dissociative threshold of the ground-state molec
@13,14#. Magnetic-field fluorescence quenching for the
subbands is caused by collisions@9,10#. Thus, in the colli-
sionless conditions, the only parameter of the acetylene fl
rescence affected by the magnetic field is the decay lifeti
the signal amplitude is reduced, while the decay lifetime
increased, with the fluorescence quantum yield remain
constant. As we already noted, the magnetic-field effe
were interpreted using the ESNSDCM theory, which pred
that the magnetic field affects theS-T conversion efficiency.

Given that only the high-lying levels of theX̃ 1Sg
1 singlet

electronic ground state may get in the quasiresonance
the levels of the excited state of interest, magnetic field c
not induce theS1→S0 transition, as the respective matr
elements of operator~1! vanish due to symmetry rules
^uugug&50. However, the matrix elements of operator~2!
are nonvanishing:̂uuuug&Þ0, thus an external electric fiel
should create aS1→S0 relaxation channel. Note that for bot
operators~1! and ~2!, the DS50 selection rule is valid: see
Refs. @9,10# for operator~1!; the proof for operator~2! will
be given later~see Sec. IV B!; hereSrepresents the total spi
angular momentum.

In the present work, we studied the influence of an ex
nal electric field on the state dynamics of the acetylene m
ecule excited to specific rotational levels of theV2Kl 50,1,2

vibronic states in the collisionless molecular-beam envir
ment and in the bulk conditions. acetylene fluorescence
netics and the IR emission integrated over t
833–1250 cm21 spectral range were studied both in the a
sence and in the presence of magnetic and electric fie
Theoretical models explaining the observed electric-field
fects and the IR emission kinetics have been proposed.

TABLE I. Selected molecular parameter values for C2H2.

Parameter Value

a9 (ms21) 2.9860.13
b9 (ms21 kV22 cm2) (4.8760.09)31023

uCnSu2 9.631024

(TuCnTu2 0.999
kh (ms21 mTorr21) 1.66860.011
kl (s21 mTorr21) 0.60360.007
D0 (s21 cm22 mTorr21) 1.7
V1

2K1
0 @(band head)/cm21# 43 663.58@13#

V1
2K1

1 @(band head)/cm21# 43 677.65@13#

V1
2K1

2 @(band head)/cm21# 43 719.71@13#

Edis , (cm21) 43 933.36166.7@18#
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II. EXPERIMENT

An experimental setup used to study magnetic- a
microwave-field effects on gas fluorescence has been
scribed recently@15#. The present study used the same e
perimental setup, with the microwave cavity replaced by t
electrodes, separated by 1 cm. The electric-field strengt
the work zone was continuously variable from 0 to
kV/cm. Magnetic fields of up to 0.60 T were provided by a
electromagnet, with additional coils for field zeroing and fi
control. Magnetic-field strength was measured to better t
0.1 mT. Molecular jet exiting the pulsed electromagne
valve was collimated by a skimmer. The valve nozzle w
0.1 mm in diameter; the distance from the nozzle to
skimmer inlet was 20 mm; the distance from the nozzle
the work zone was 70 mm. The laser beam, normal to
electric-field direction, passed through quartz window
Fluorescence was observed in the direction normal to b
the molecular beam and the excitation laser beam. It w
collected by a telescope lens system and focused on
Hamamatsu-R928 photomultiplier cathode through a lo
pass filter,l.285 nm. The photomultiplier was perpendic
lar to both the electric-field direction and the excitation las
beam.

Excitation was provided by a frequency-doubled dye la
(l-Physics, LPD-3000!, with a BBO ~barium-borate crystal!
crystal for frequency doubling. Coumarin-47 dye~Surelite
II ! was used in the dye laser, pumped by a XeCl-excim
laser (l-Physics, LPX-200!. The spectral width, pulse dura
tion, laser beam diameter, and pulse energy of the freque
doubled dye laser radiation were 0.120.2 cm21, 25
230 ns, 223 mm, and 7210 mJ, respectively, and th
spectral interval covered ranged from 43 550
43 740 cm21. Pulse repetition rate of 5 Hz was used.

Total IR emission in the 833–1250 cm21 spectral range
was collected by a system of spherical mirrors with the
flection efficiency of about 99.5% in the spectral range
interest, and detected by a SiGe detector cooled to 77 K

Data acquisition was controlled by an IBM PC Pentiu
III microcomputer, connected to a LeCroy 9450 digital osc
loscope via a GPIB interface~NI-488.2!. The ScopExplorer
software was used to transfer the recorded wave forms to
PC. Time resolution of the registration system was 4
Boxcar integrator and other devices were connected to
PC via a PCII /O board ~Keithley, KPCI-1800!. The data-
acquisition system and the experimental setup control w
implemented using the LabView package. Emission d
were normalized to the laser pulse energy. In the decay m
surements, transients were recorded both with and with
the sample,I sam(t) andI bg(t), respectively, with the fluores
cence decay signal subsequently calculated as the differe
I sig(t)5I sam(t)2I bg(t).

Commercial C2H2 from Matheson Gas Products Inc. wa
used as received.

III. RESULTS

We recorded the laser-induced fluorescence excita
spectra of theÃ1Au(32Ka

l 50,1,2)←X̃ 1Sg
1(41,P) transitions
3-2
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INTRAMOLECULAR ENERGY-TRANSFER PROCESSES . . . PHYSICAL REVIEW A 68, 043403 ~2003!
in acetylene in bulk and molecular-beam conditions in
presence of external electric fields of variable strength. N
that the spectral intensity dependence on the electric fi
was the same for the total intensity and for the individu
rotational spectral components. Thus, we shall only disc
in detail the representative spectral transitions from
Ã1Au(32Ka

2 ,J853) level. Electric-field dependences we
also recorded for the fluorescence decay from the same
in the molecular-beam conditions. Finally, we studied
magnetic- and electric-field influence on the IR emission
namics. Note that the IR emission was only recorded in
bulk conditions, in the presence of collision-induced ph
nomena.

A. Acetylene LIF spectra in electric fields

LIF spectra of theV1
2K1

l 50,1,2 subbands of acetylene wer
recorded in bulk conditions atP520 mTorr in variable-
strength electric fields, starting from zero. Typical spec
recorded are shown in Fig. 1. Note that the spectral inte
ties decrease at higher field strengths. Similar results w
obtained in the molecular-beam conditions (P051.7 atm,
Ar:C2H2595:5), with typical spectra shown in Fig. 2.

B. Field dependences

As was already noted, the field dependence was the s
for the total LIF spectral intensity and for the individu
rotational lines. Therefore, we shall only discuss such dep
dences for theÃ1Au(32Ka

2 ,J853) level. The @ I (0)/I (E)
21# versusE2 plots atP520 mTorr ~bulk conditions! and
at P051.7 atm, Ar:C2H2595:5 ~molecular-beam conditions!
are presented in Figs. 3~a! and 3~b!, respectively. Note tha
the experimental data may be fitted quite well by linear fu
tions, where the respective slopeb depends on pressure. I
value is higher for collisionless molecular-beam conditio
as compared to the bulk conditions atP520 mTorr. Accord-
ingly, we proceeded to measure the pressure dependen
the b value.

FIG. 1. Electric-field dependence of the LIF spectrum of ace
lene recorded atP520 mTorr for theV1

2K1
l 50,1,2 subbands of the

Ã1Au←X̃ 1Sg
1 electronic transition. Spectra 1 to 7 correspond

E50, 5, 10, 15, 20, 25, and 30 kV cm21, respectively.
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- FIG. 2. Electric-field dependence of the LIF spectrum of ace
lene recorded in the molecular beam:P051.7 atm ~Ar:acetylene

595:5) for the V1
2K1

l 50,1,2 subbands of theÃ1Au←X̃ 1Sg
1 elec-

tronic transition. Spectra 1 to 7 correspond toE50, 5, 10, 15, 20,
25, and 30 kV cm21, respectively.

FIG. 3. The@ I (0)/I (E)21# vs E2 plot ~a! at P520 mTorr, the
slope b51.6131023 kV2 cm22; ~b! in the molecular beam:P0

51.7 atm (Ar:acetylene595:5), the slope b
51.7131023 kV2 cm22. The data are presented for th

Ã1Au(32Ka
2 ,J853) level.
3-3



e
nd

-

th

th

ac

eld

.98

eld
m

res-
g-

a

si-
so-
eld

be-
ied
tic

the

cu-

f
ro-
ges
ag-
in-
sent
ter.
tud-

res-

9

fie

MAKAROV, KOCHUBEI, AND KHMELINSKII PHYSICAL REVIEW A 68, 043403 ~2003!
C. Pressure dependence ofb

The b21 versusP plot is shown in Fig. 4, and may b
fitted by a linear function, with the values of intercept a
slope of (0.5960.03) kV2 cm22 and (1.95
60.07)31023 kV2/cm22 mTorr21, respectively. These ex
perimental results will be analyzed later.

D. Decay kinetics

Time-resolved measurements were carried out in
molecular-beam conditions atP051.7 atm, Ar:C2H2
595:5. The fluorescence decays measured for
Ã1Au(V1

2K1
2 ,J853←J952) line are shown in Fig. 5. Note

that ~i! the observed signal can be fitted with good accur
by a single-exponential function,

I f l~ t !5A0 expS 2
t

t f l~E! D , ~3!

FIG. 4. The b21 vs P linear plot presented for the

Ã1Au(32Ka
2 ,J853) level, intercept and slope are (0.5

60.03) kV2 cm22 and (1.9560.07)31023 kV2 cm22 mTorr21,
respectively.

FIG. 5. Fluorescence decay dependence on the electric
strength measured in the molecular beam:P051.7 atm

(Ar:acetylene595:5), theÃ1Au(32Ka
2 ,J853) level. Decays 1 to 7

correspond toE50, 5, 10, 15, 20, 25, and 30 kV cm21, respec-
tively.
04340
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and ~ii ! the decay lifetime decreases at increased fi
strength. Analysis of thet f l

21(E) versusE2 plot showed that
this dependence may be fitted by a linear function@see Fig.
6~b!#, whose intercept and slope values are (2
60.13) ms21 and (4.8760.09)1023 ms21/kV22 cm2. The
t f l(E) versusE plot is shown in Fig. 6~a! to demonstrate the
effect studied. Note also that the signal amplitude is fi
independent. The field effect observed differs entirely fro
that due to magnetic-field influence on the acetylene fluo
cence decay@9,10#. Namely, in presence of an external ma
netic field the emission signal amplitude is reduced, with
simultaneous increase of the lifetime.

E. The IR emission measurements

Assuming that an external electric field induces tran
tions from the excited singlet-state levels to the quasire
nance levels of the ground state, the same electric fi
should induce IR emission due to radiative transitions
tween the ground-state vibrational levels. We have stud
the IR emission dynamics in both electric and magne
fields. Note that IR emission could only be observed in
bulk conditions. Typical IR emission kinetics atP
520 mTorr and without external fields is shown in Fig. 7~a!.
The initial section of the same trace is shown in Fig. 7~b!.
The observed decay kinetics may be fitted with good ac
racy by a biexponential function,

I IR~ t !5A08FexpS 2
t

t IR,s~0! D2expS 2
t

t IR,l~0! D G , ~4!

wheret IR,s(0) andt IR,l(0) are the IR emission lifetimes o
the respective short- and long-lived components, in ze
field conditions. We have not detected any notable chan
of the IR emission dynamics in the presence of external m
netic or electric fields. The observed emission intensity
crease was in the 5–7 % range, which is close to the pre
experimental accuracy. These results will be discussed la

Pressure dependence of the IR emission kinetics was s
ied in the 20–150 mTorr pressure range. Thet IR,s(0) and
t IR,l(0) parameter values were determined, and their p

ld

FIG. 6. The linear plot oft f l
21(E) vs E2, molecular beam:P0

51.7 atm (Ar:acetylene595:5), theÃ1Au(32Ka
2 ,J853) level.
3-4
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sure dependence analyzed. The corresponding pressure
are shown in Figs. 8~a! and 8~b!; they were fitted by linear
functions, with the slope values of (1.66
60.011) ms21 mTorr21 and (0.60360.007) s21 mTorr21,
for the respective short- and long-lived components.

IV. DATA ANALYSIS AND DISCUSSION

A. Qualitative interpretation

The effects observed may be interpreted in the framew
of the radiationless transition theory. We shall assume tha
acetylene an external electric field couples the levels of
Ã 1Au excited state to the ‘‘quasiresonance’’ levels of t
X̃ 1Sg

1 ground state. The proposed level scheme is show

Fig. 9. It shows the levels of theÃ1Au excited state coupled
by the VST ~spin orbit, vibronic spin orbit, or rotation spi
orbit! and VSX

0 ~nonadiabatic or Coriolis! intramolecular in-
teractions to the quasiresonance triplet- and ground-state
els, respectively. Note that the quasiresonance triplet le
in the energy range of interest belong to one of at least th
different triplet states, denoted asã3Bu , b̃3Au , and c̃3Bu ,
whose nature will not be explored any further. An extern
electric field induces additional coupling between the exci

FIG. 7. ~a! IR signal kinetics in the complete time range studie
~b! initial section. Measured atP520 mTorr, acetylene excited to

the Ã1Au(32Ka
2 ,J853) level.
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FIG. 8. ~a! The t IR,s
21 vs P plot and ~b! t IR,l

21 (0) vs P plot, P

520 mTorr, acetylene excited to theÃ1Au(32Ka
2 ,J853) level.

FIG. 9. Schematic representation of the electric field-induc
quenching effect of the acetylene fluorescence.
3-5
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singlet level and the quasiresonance ground-state levels,
ating an additional radiationless channel for the excited-s
relaxation. Since we assume that an external electric fi
induces theS1→S0 transition, then within the simplest ki
netic scheme, the field dependence of the fluorescence q
tum yield is given byf f l(E)5(t f l

0 )21/„gS1kSX
0 1k(E)…,

where t f l
0 is the radiative lifetime of the excited level,gS

5(t f l
0 )211kqP is the width of the singlet levels studied (kq

is the collision-induced relaxation rate constant,P is the gas
pressure!, kSX

0 is the rate constant of radiationless intram
lecular S1→S0 transition, andk(E) is the rate constant o
field-induced radiationlessS1→S0 transition. We shall dis-
cuss the physical meaning of these parameters later. Now
shall only note that the emission quantum yield will decre
with growing electric-field strength, in accord with the e
perimental results: for instance,f f l(E) will decrease by a
factor of 2 whenk(E)5gS1kSX

0 . We are now passing to
theory that interprets the experimental behavior of
k(E) rate constant.

B. General theory of the electric-field effect

We need to calculate the matrix elements of the St
Hamiltonian:

HEl~E!52~EW (s1)
•mdipW (s1)!52 (

x,y,z
i 521

11

~21! i~EW i
(s1)

•mdip,iW (s1)!, ~5!

whereEW (s1) andmdipW (s1) are the spherical tensor operators
the electric field and the electric dipole moment, defined
the laboratory frame of reference. ForEW (s1) directed along
the ‘‘z’’ axis of the laboratory frame of reference, Eq.~5!
yields

HEl~E!52Ez
(s1)mdip,z

(s1) . ~6!

Since the electric dipole moment is coupled to the molecu
reference frame, thez component of the dipole moment i
Eq. ~6! should be transformed to the molecular referen
frame, thus Eq.~6! yields

HEl~E!52~Ezmdip,z
(s1) !

52uEu (
a,b,c,d

~1a,0cu10!~1b,1du00!

3@Dab
(1)~v!mdip,d

(1) #

52uEu(
q

~10,00u10!~1q,12qu00!

3@D0q
(1)~v!mdip,2q

(1) #

52
uEu

A3
(

q
~21!q@D0q

(1)~v!mdip,2q
(1) # ~7!
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as a5c50 and b52d5q. Here, (i j ,kmu f l ) is the
Klebsch-Gordan coefficient,a,c,b,d are parameters deter
mining this coefficient,q521,0,11,D(v) is the Euler ro-
tation matrix, andm (1) the spherical tensor of the dipol
moment operator defined in the molecular frame of ref
ence. Thus the matrix elements of Eq.~7! may be represented
in the form

^e,y,J,N,K,M ,SuHZ~E!ue8,y8,J8,N8,K8,M 8,S8&

52
uEu

A3
(

q
~21!q^e,y,J,N,K,M ,Su@D0q

(1)~v!mdip,2q
(1) #

3ue8,y8,J8,N8,K8,M 8,S8&

52
uEu

A3
(

q
~21!q1M2K@~2J11!~2J811!#1/2

3S J 1 J8

M 0 M 8
D S J 1 J8

K q K8
D ^eumdip,2q

(1) ue8&

3^yuy8&dSS8 , ~8!

where (j lm
i f k ) are the Wigner’s coefficients,q521,0,1; e are

the quantum numbers defining the electronic state con
ered, y are the quantum numbers defining the vibration
state,J represents the total angular momentum,N5R1L
1 l (R, L, and l being the respective rotational, electron
and vibrational angular momenta!, K is the projection ofN
on the axis of the molecular reference frame,M is the pro-
jection of J in the laboratory reference frame, andS is the
spin angular momentum. It follows from the last equati
that the matrix elements are nonvanishing ifDJ50,61;
DM50; DK50,61; DS50. Note also that fore5e8 it
follows that ^yuy8&5dvv8 , provided we only take into ac
count the interaction of an external electric field with t
electric dipole moment. The selection rules obtained coinc
with the usual selection rules for the electric-dipole ele
tronic transitions@16#. Note, however, that the physical na
ture of the phenomena is entirely different, as here we
considering quasiresonance transitions induced by a con
external electric field between levels of an optically obse
able and a ‘‘dark’’ state. For the acetylene molecule, only

^X̃ 1Sg
1umdip,2q

(1) uÃ1Au& matrix elements have to be consid
ered, between its fundamentalS0 and excitedS1 electronic
state. The irreducible representationSg

1 of the D`h point
group correlates to theAg irreducible representation of th
C2h point group. Within theC2h point group, components o
the mdip,2q

(1) spherical tensor are transformed by theAu(z;c)
and Bu(x,y;a,b) irreducible representations. Here both t
xyz andabc coordinate systems are coupled to the mole
lar frame of reference, the first pertaining to the symme
operators of theC2h point group, and the second correspon
ing to the symmetric top axes. Since only th

^X̃ 1Sg
1uAuuÃ 1Au& matrix elements are nonvanishing (q

561), the remaining selection rules in acetylene areDJ
50,61; DK561.
3-6
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C. Theoretical interpretation of the electric-field effect

Noting that the electric field creates coupling between l
els of theS1 andS0 states, and the vibrational level densi
of the ground state in the energy range considered is v
high, rv ibg63103 cm21, we assume that the electric-field
induced transition is irreversible, and its rate is described
the golden Fermi rule,

knr~E!5
2p

h
rv ibuV~E!u25aelE

2. ~9!

As we see, the field-induced rate constant is proportiona
the E2 value. In the simplest case, the fluorescence quan
yield is given by

f f l~E!5
~t f l

0 !21

gST~E!
, ~10!

wheret f l
0 is the radiative lifetime of the unperturbed singl

levels, and

gST~E!5uCnSu2gS~E!1(
T

uCnTu2gT ~11!

because the singlet levels considered are also coupled b
S-T interaction to discrete levels of the adjacent triplet sta
@9,10#. Here,

gS~E!5~t f l
0 !211kq,SP1knr

0 1knr~E! ~12!

and

gT~E!5kq,TP1knr,T
0 , ~13!

where

knr
0 5

2p

h
rv ibuVSX

0 u2, ~14!

knr,T
0 5

2p

h
rv ibuVTX

0 u2 ~15!

are the radiationless rate constants; andkq,S andkq,T are the
rate constants of collision-induced relaxation, of the resp
tive singlet and triplet levels. It has been shown@10# that for
triplet levels coupled to the singlet levels of interest,knr,T

0

50 with good accuracy.
In our experiments, thed f l(E)5f f l(0)/f f l(E)21 and

gST(E) plots versusE2 were analyzed, and both were foun
to be linear. This result directly follows from the equatio
presented above. For the first plot, the slope value is given

b5
ael

gST~0!
, ~16!

whereb21 should be linear on the sample pressure. Exp
mental results confirm such a linear dependence, wherein
respective intercept and slope are given by
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a85uCnSu2
@~t f l

0 !211knr
0 #

ael
, ~17!

b85uCnSu2
kq,S

ael
1

(
T

uCnTu2kq,T

ael
. ~18!

Since gST(E) was measured in the molecular beam~colli-
sionless conditions!, the intercept and slope values of th
gST(E) versusE2 plot are simply given by

a95~t f l
0 !211knr

0 '~2.9860.13! ms21, ~19!

b95ael'~4.8760.09!31023 ms21 kV22 cm2. ~20!

The parameter values obtained for the field-free case
in good agreement with the previously published resu
@9,10#. Thus, the presently proposed theoretical model c
rectly describes the experimentally observed electric-field
fects. Using thea9, b9, and Eq. ~17! and the relation
(TuCnTu2512uCnSu2, we calculated the uCnSu2 and
(TuCnTu2 parameters. These results are presented in
Table I along with thea9 andb9 values.

D. IR emission results

We found that the IR emission in the 833–1250 cm21

spectral range is collision induced, same as its quench
The observed effects may be understood assuming the
tence of an efficient radiationless transition channel from
levels of theS1 state to the highly lying rovibronic levels o
the S0 state, which translates into high values of theknr

0 rate
constant. This hypothesis is consistent with the low abso
fluorescence quantum yield value of 0.13@17#, which may
thus result from irreversible radiationless relaxation to theS0
levels. This would additionally explain the small field effe
values in the IR emission, which could not be measured
liably, as their expected values are only about 7% of the
emission intensity.

Given the very high level densities of the ground state
the spectral range considered, and noting that the trans
rate constant from theS0 spectrum to theS1 levels is equally
proportional torv ib

21 , we can use the collisionless approxim
tion for the irreversible radiationless transitions to theS0
levels in the time range of interest. This approximation
valid in the molecular-beam conditions, with the molecu
surviving longer in the highly excited vibronic levels of th
ground state. In the bulk conditions, we must additiona
account for the collision-induced processes within t
ground-state vibrational spectrum. Dynamics of the rel
ation processes within theS0 spectrum is very complex, an
cannot be analyzed exactly. We shall use two approxim
approaches to the calculations:~i! a simple kinetic model,
and~ii ! an ‘‘energy diffusion’’ model, considering the syste
diffusion within the energy spectrum of the ground state. T
first approach uses certain average kinetic parameters
values of which can be extracted from experimental resu
The second approach considers the collision-induced re
ation process over the ground-state energy spectrum
3-7
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diffusion process, whereby the initially prepared state dis
bution evolves within the energy spectrum of the grou
state in the presence of the Boltzmann potential.

1. Simple kinetic model

The model is schematically represented in Figs. 10~a!. In
the framework of this model, we shall separate theS0 energy
spectrum in three parts:^hu—the highly excitedS0 levels,
with undetectably low yields of IR emission;^ l u—the ex-
cited levels, for which the IR emission is detectable, a
^gu—the vibrationless ground state, to which the system w
eventually relax. We shall assume that transitions from
^hu levels to thê l u levels are induced by collisions,kh being
the averaged transition rate constant; the transitions from
^ l u levels to thê gu levels are also induced by collisions,kl
being the respective rate constant; and that the^ l u levels can
also undergo radiational IR transitions,t IR being the respec
tive lifetime:

^hu→
kh

^ l u,

^ l u→
kl

^gu,

^ l u22→
~t IR!21

^gu1hv.

The IR emission kinetics in this model has the function
form identical to that of the experimental results

FIG. 10. ~a! Schematic representation of the simplest kinet
model, and~b! diffusion model in the energy space used to analy
the IR signal dynamics.
04340
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I IR~ t !5
C0

khP2~t IR!212kl P
„exp$2@~t IR!211kl P#t%

2exp~2khPt!…. ~21!

The kh and kl values presented in Table I were chosen
obtain the best fit to the data. This model is in qualitati
agreement with the general theory of the collision-induc
relaxation processes, in that the efficiency of the collisio
induced relaxation increases with the level density~see Ap-
pendix A!.

2. Energy diffusion model

A schematic representation of this model is shown in Fi
10~b!. In the frameworks of this model, the time evolution
the initially prepared state may be described by diffusion
the state populations within the energy spectrum of the e
tronic state considered. The diffusion equation may be w
ten as

]n~ t,E!

]t
52D~E!L̂n~ t,E!, ~22!

where L̂ is the diffusion operator~see Appendix B!, and
D(E) is a function of energy. Since the initially prepare
state is a single rotational level, and the final population d
tribution is the Boltzmann function, then(t,E) function
should satisfy the following initial and boundary condition

n~0,E!5n0dE0E , ~23!

n~ t,E!50, E.E0 ,

n~`,E!5n0 expS 2
E

kTD ,

E n~ t,E!dE5n05const,

whereE0 is the excitation energy. According to Appendix A
the transition probability is proportional to the level dens
squared, thus theD(E) function may be represented as

D~E!5D0n
uVkm

(0)u2

h2
rk

2~E!, ~24!

whereD0 is a constant andn the numerical density of the
buffer gas molecules. Since the relationrv ib(E),r rot(E)
,r transl(E) is satisfied, it is sufficient to consider the rela
ation over the vibrational spectrum, which is the slowest p
cess.

The IR intensity time dependence may be written as

I IR~ t !5E
0

`

f IR~E!n~ t,E!dE, ~25!

where

s
e

3-8
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f IR~E!5
@t IR~E!#21

@t IR~E!#211svv8~E!ȳn
. ~26!

Here,t IR(E) is the energy-dependent IR emission lifetim
svv8(E) is defined in Appendix A, andȳ is the averaged
relative molecular velocity. To simplify this expression, l
us assume that the energy dependence oft IR(E) is negli-
gible, so that an averaged valuet IR̄ may be used instead
Typical values of the IR emission lifetimes of polyatom
molecules are in the millisecond time range. Thus, we s
use the IR radiative constant of 103 s21 in our estimates.
Using the maximum of the Lennard-Jones interaction pot
tial for the acetylene molecule in the ground electronic sta
and determining the normalized transition probability, t
energy-dependent values were estimated as follo
svv8(E)510252E12 cm2 and D(E)510252D0nE12

s21 cm22. Now, Eq.~22! can be solved, and theD0 param-
eter estimated, using the experimental data. After determ
ing theD0 value and finding then(t,E) function, the relax-
ation dynamics of the studied system over the ground-s
spectrum will be fully known. Hence, we shall know th
time evolution of the state populations, and thus will be a
to calculate any energy-dependent physical valuef (E) in our
system, by averaging over the energy distribution,

f ~ t !5

E f ~E!n~ t,E!dE

E n~ t,E!dE

. ~27!

Since thet IR,s
21 (0) versusP and t IR,l

21 (0) versusP plots are
linear, we can try to estimate theD0 value using Eqs.~24!
and ~26!. The slope values of these plots will be appro
mately given by 10252D0Es

12 and 10252D0El
12, where

Eq
125

Eq1
132Eq2

13

13~Eq12Eq2!
, q5s,l ~28!

is the averaged value for the respective short- and long-li
components of the IR emission. For the long-lived comp
nent, it is difficult to estimate theEl1 andEl2 values. How-
ever, we can make the required estimates for the short-l
component, assuming thatEs2 corresponds to the relatio

@t IR(E)#2150.1svv8(E) ȳn, and thus use Es2
'1000–2000 cm21 and settingEs15E0. Thus, we can cal-
culate D0 , obtaining the value shown in the Table I. Th
estimates performed are very rough, but may be used to
tain qualitative conclusions.

Qualitatively, the energy diffusion process may be en
sioned as a combined action of two factors. The first one,
random energy diffusion process, increases the width of
initial narrow state distribution. Note that since the level de
sity increases withE, the diffusion rate is asymmetric, grow
ing towards higher energies. The second factor, the di
tional drift in the Boltzmann potential, gradually shifts th
distribution maximum towards the vibrationless state. N
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that the two factors act in opposite directions, although ev
tually the Boltzmann potential defines the final state of
system.

In the present study, we have not solved Eq.~22! analyti-
cally. Its numerical analysis is presented in Appendix B.
is shown in Appendix B, the energy diffusion flux is de
scribed by two terms:~i! ¹W n(t,E)—the random diffusion
flux and ~ii ! n(t,E)¹W c(E,T)—the drift in the Boltzmann
potential. The first term describes the energy diffusion p
cess with equal probability in both directions, provide
D(E) is independent ofE. However, with D(E) being a
growing function ofE, the diffusion process should be fast
towards higher energies. The second term describes the
tem drift in the Boltzmann potential:c(E,T)5exp@2E/kT#.
The diffusion flux for this term is directed towards lowe
energies. As the system eventually achieves the Boltzm
distribution, we assume that the relation¹W n(t,E)
,n(t,E)¹W c(E,T) is satisfied everywhere and at all time
If, additionally, ¹W n(t,E)!n(t,E)¹W c(E,T) is satisfied, then
the problem may be significantly simplified, and the soluti
obtained in the form

n~ t,E!5n0~E!expF 2

D~E!expS E

kTD
~kT!2

tG . ~29!

Here, then0(E) function is unknown, and has to be foun
using the mass balance condition,

E n~ t,E!dE5E n0~E!expF 2

D~E!expS E

kTD
~kT!2

tGdE5n0

5const ~30!

—this integral should be constant. We leave the deta
analysis of this approximation for another occasion.

Finally, we list the most important molecular paramete
of acetylene estimated in our calculations

V. CONCLUSIONS

We have studied acetylene fluorescence quenching
duced by an external electric field. The external electric fi
induces an additional radiationless transition channel to
ground-state levels, coupling levels of theÃ 1Au excited state
to the quasiresonance levels of theX̃ 1Sg

1 ground state. As
the level density of the ground state in the vicinity of th
excited state is very high, the electric-field-induced transit
may be considered irreversible, with the rate constant
scribed by the Fermi rule. A phenomenological kinetic mod
based on this rate constant estimate was used to analyz
experimental data obtained, and the field-induced relaxa
rate constant estimated. An electric field in this case can
used as an external small perturbation, which significan
changes the excited state dynamics of the studied syste

IR emission of the excited vibronic ground-state leve
3-9
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was investigated for any indication of magnetic- or electr
field effects. No such effects were observed within t
present experimental capabilities. These results were in
preted in the light of the previous work by Suzukiet al. @17#,
who found that the fluorescence quantum yield of acetyl
into individual rotational levels of the band system studied
only about 0.13 at the collisionless conditions. Consequen
acetylene has an efficient natural radiationless relaxa
channel from the electronically excited state to the grou
state, even in zero fields. The observed IR emission dyn
ics was analyzed using a simple kinetic model and the sp
tral diffusion model. Some of the relevant model paramet
have been estimated. The models proposed may be appli
the IR emission dynamics of highly excited vibronic leve
of other molecules.

APPENDIX A: COLLISION-INDUCED RELAXATION

1. Introduction

A general case of collision-induced relaxation is cons
ered: the excited singlet-state levelsus& are coupled by an
intramolecular interaction to discrete levelsuq& of a neigh-
boring electronic state. The results obtained within t
model are directly applicable to an unperturbed state
mixed wave functionun& may thus be represented as

un&5Csnus&1(
q

Cqnuq&. ~A1!

The width of the mixed statesun& is determined by

Gn5uCsnu2gs1(
q

uCqnu2gq , ~A2!

where

gs5~t f l
s !211(

i
s i

snȳ, gq5~t IR
q !211(

i
s i

qnȳ,

~A3!

s i
s5s ie

s 1s iv
s 1s ir

s , s i
q5s ie

q 1s iv
q 1s ir

q , ~A4!

s ie
s 5 (

v8, j 8
s iv j ,v8 j 8

s,A2X , s iv
s 5 (

v8Þv, j 8
s iv j ,v8 j 8

s,A ,

s ir
s 5 (

j 8Þ j

s iv j ,v j 8
s,A , ~A5!

s ie
q 5 (

v8, j 8
s iv j ,v8 j 8

q,X2A , s iv
q 5 (

v8Þv, j 8
s iv j ,v8 j 8

q,X ,

s ir
q 5 (

j 8Þ j

s iv j ,v j 8
q,X . ~A6!

Cross sections for various collision-induced relaxation p
cesses are given by
04340
-
e
r-

e
s
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n
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-

s
A

-

s i ev j ,e8v8 j 8
R

5s i0~T!E
2`

1`

Wev j ,e8v8 j 8~ t !dt, ~A7!

where

Wev j ,e8v8 j 85u^ev j uV̂~ t !ue8v8 j 8&u2. ~A8!

Here,s is the collision-induced cross section, the ‘‘s’’ and
‘‘ q’’ are indices determining excited electronic singlet a
neighboring ‘‘dark’’ state, the other indices determine t
state considered—electronic, vibration, and rotation quan
numbers,t f l

s andt IR
q are radiative lifetimes of the acetylen

fluorescence and IR emission of the ‘‘dark’’ state,n is the gas
density, andv̄ is the averaged relative velocity of molecule

2. Simple model:V-T and R-T relaxation

We shall use the general approach of the time-depen
perturbation theory. In the framework of this theory, t
Schrödinger equation is written as

ih
]C

]t
5@Ĥ01V̂~ t !#C, ~A9!

where the time-dependent wave function may be represe
as

Cn~ t !5(
k

akn~ t !ck . ~A10!

Here, each of the time-independent wave functions obeys
equation

ih
]ck

]t
5Ĥ0ck . ~A11!

Thus,

ih(
k

ck

]akn

]t
5(

k
aknV̂~ t !ck , ~A12!

ih
]amn

]t
5(

k
aknVmk~ t !eivmkt, ~A13!

where the constants are determined as follows:

ak5ak
(0)1ak

(1) , am
(0)51, ak

(0)50, kÞm,
~A14!

ih
]akn

(1)

]t
5Vkn~ t !eivnkt, ~A15!

akn
(1)52

i

hE2`

1`

Vkn~ t !eivnktdt. ~A16!

In the first approximation

akm
(1)52

i

hE2`

1`

Vkm~ t !eivkmtdt, ~A17!
3-10
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amn
(1)512

i

hE2`

1`

Vmm~ t !dt, ~A18!

akn
(1)~2`!50, akn

(1)~1`!Þ0, ~A19!

Cn~`!5(
k

akn~`!ck , ~A20!

Wkn5uakn~`!u25
1

h2 U E2`

1`

Vkm~ t !eivkmtdtU2

, ~A21!

i

hE2`

1`

Vkm~ t !eivkmtdt52FVkm~ t !eivkmt

hvkm
G

2`

t

1E
2`

t uVkm~ t !

]t

eivkmt

hvkm
dt.

~A22!

For a perturbation given by a rectangular pulse of the wi
t:

Vkm~ t !50, 2`,t,2
t

2
, ~A23!

Vkm~ t !5Vkm
(0) , 2

t

2
<t<

t

2
,

Vkm~ t !50,
t

2
,t,`,

we obtain

i

hE2`

1`

Vkm~ t !eivkmtdt

52
Vkm

(0)@eivkmt/22e2 ivkmt/2#

hvkm
1E

2`

t uVkm~ t !

]t

eivkmt

hvkm
dt

52

Vkm
(0)2i sinS vkm

t

2D
hvkm

1E
2`

t uVkm~ t !

]t

eivkmt

hvkm
dt

'2
iVkm

(0)t

h
1E

2t/2

t/2 uVkm~ t !

]t

eivkmt

hvkm
dt. ~A24!

For uVkm
(0)t/hu!1, the integral of interest is given by th

second term

E
2t/2

t/2 uVkm~ t !

]t

eivkmt

hvkm
dt, ~A25!

thus
04340
h

Wkn'
1

h2vkm
2 U E

2Dt/2

Dt/2 uVkm~ t !

]t
eivkmtdtU2

'
uVkm

(0)u2

h2vkm
2

5
uVkm

(0)u2

h2
rk

2~E!. ~A26!

The densities of vibrational, rotational, and translation
states are given by the usual expressions

rv ib~Ev!5
@Ev1an̄0#s21

~s21!!)
i

n i

, ~A27!

r rot~Er !5
Qr

GS 11
1

2
r D S Er

kTD ~1/2!r

, ~A28!

r trans~E!5F2pkT

h2 G 3/2

, ~A29!

where the rotational statistical sum is

Qr5)
i 51

p F S 8p2I ikT

h2 D ~1/2!di

GS 1

2
di D G . ~A30!

Here,di is the degeneration degree of the respective rotat
TheVkm

(0) value may be determined using the maximum va
of the Lennard-Jones potential for the colliding particles.

Note that thev2v8 energy transfer and the collision
complex-formation phenomena may also be described
collision-induced relaxation. Such energy-transfer pheno
ena may be analyzed using the dipole-dipole and con
interaction mechanisms. Presently, we shall disregard the
laxation due to energy transfer, although it can be very
portant for some of the levels, which happen to be in
‘‘quasiresonance’’ with those of a colliding buffer molecul
Note that resonance energy transfer, whereby the entire
cess energy is transferred to another molecule of the s
nature, is not a relaxation process.

An additional relaxation pathway involves complex fo
mation between the excited and buffer molecules. The co
plex lifetime should be longer than the rotation period of t
system. A detailed treatment and analysis of this model
been performed previously@19#. In the framework of this
model, the excess energy is redistributed between the
tially excited and the buffer molecule during the compl
lifetime, the energy redistribution rate being determined
the interactions between the components. One might exp
however, that the collision-complex lifetime will decrea
towards increasing excess energy of the excited molec
Hence, this mechanism should lose its importance in syst
with high vibrational excitation, where the respectiv
collision-complex lifetime becomes very short. Thus, w
shall limit ourselves to the simple relaxation model presen
above.
3-11
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APPENDIX B

We shall describe in detail the energy diffusion mod
used. One of the reasons is that this problem of phys
chemistry has immediate practical applications, notably
the important problem of atmospheric global warming, as
atmospheric energy redistribution processes are strongly
pendent on the molecular energy relaxation phenomena
der discussion.

Radiationless transitions from levels of electronically e
cited states to ‘‘quasiresonance’’ neighboring ‘‘dark’’ leve
which frequently belong to the ground state, take place
every polyatomic molecule. Thus, it becomes very import
to study the vibrational energy transformation phenom
resulting in IR emission and in translational energy incre
of molecules colliding with an excited molecule considere
Note that the efficiency of allowed electronic transitions
much higher than that of allowed vibrational transitions,
sulting in much larger energies absorbed via UV and visi
photons as compared to IR photons. Also, considering
UV-VIS spectral range, which corresponds to transition
ergies of 30 000–20 000 cm21, the respective excited mol
ecule excess energy amounts to about (100–150)kT, while a
typical vibrational transition corresponds to only abo
(5 –15)kT. Here the value ofkT was estimated atT
5300 K; this value is only weakly dependent on height
the tropospheric layer, where the temperature stays wi
the 200 to 300 K range. Therefore, the mechanism discu
can decisively affect the primary energy redistribution pa
ways and thus play an important role in the atmosphe
global warming. The state evolution dynamics discussed
this section has already been investigated for NO2 @20#, SO2
@21#, and CS2 @22#. The results obtained, however, ha
never been applied to the problem presently considered.
quantities of fundamental importance are

e15

E E E f IR~ l ,E!n~ t,E,l !dEdtdl

E E E I exc~ t,v!$12exp@2sabs~v!ln~ l !#%dvdtdl

~B1!

—the energy fraction transformed into the IR emissio
about half of which is dissipated into the outer space, and
remaining part—absorbed by the Earth surface, and

e25

E E E n~ t,E,l !@12f IR~ l ,E!#dEdtdl

E E E I exc~ t,v!$12exp@2sabs~v!ln~ l !#%dvdtdl

~B2!

—the energy fraction transformed into the translational
ergy of molecules. Here,f IR( l ,E) is the IR emission yield as
a function of the energy excess, dependent also on the b
gas pressure;n(t,E,l ) is the population distribution in the
system over the energy spectrum of the ‘‘dark’’ sta
I exc(t,v) is the spectral intensity distribution on the excit
tion radiation source,sabs(v) is the absorption cross sectio
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of the system,l is the optical path length, andn( l ) is the
density distribution of the molecules of interest. Genera
the f IR( l ,E) and n(t,E,l ) functions are dependent onl,
height above the surface. All these functions are implici
dependent on the gas density, as the latter is dependentl.
The e1 ande2 values may be related directly to the proble
discussed, although a lot of system parameters must be
termined before the equations can be put to practical us
In the present study, the dynamics of the IR emission
C2H2 was studied. The problem represented by Eqs.~B1!
and~B2! consists of two independent parts, related to cal
lation of the respectivef IR( l ,E) andn(t,E,l ) functions. The
latter function can be obtained by solving Eq.~22!.

1. Numerical method of finite differences

The equation discussed is

]n~ t,E!

]t
52D~E!L̂n~ t,E!, ~B3!

where

D~E!L̂n~ t,E!5D~E!¹W • jW. ~B4!

Here,

jW5~ jW11 jW2!5¹W n~ t,E!1n~ t,E!¹W c~E,T!, ~B5!

¹W 5
]W

]E
~B6!

and c(E,T) is the Boltzmann potential. We shall use th
finite-difference techniques to analyze the problem num
cally @23#.

a. Choice of the numerical grid

To build the numerical grid, Peterson and Freed@23# pro-
posed to use theh1 step up to a certain point ‘‘i , ’’ 1 < i
,N, and theh2.h1 step for the remaining interval,i , j
<N. Such an approach significantly facilitates the constr
tion of the finite-difference scheme, and is frequently us
However, this approach has some drawbacks, due to an
necessary step reduction in the intermediate region. Bes
it has been shown that the finite-difference scheme lose
accuracy in the vicinity of a sharp transition fromh1 to h2
@24#.

An alternative approach includes mapping of the diffusi
region onto an interval ofz, such asE5e(z). The function
e(z) is chosen such that passing the lower frontier, the s
given by

hi5Ei 112Ei5e~z i 11!2e~z i ! ~B7!

will gradually become smaller than its initial high valueh1.
The knots of the finite-difference scheme correspond to in
ger z values. If the relation

uhi 112hi u!hi ~B8!
3-12
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is satisfied, that is,

Ud2e~z!

dz2 U!Ude~z!

dz U ~B9!

then the respective grid is called quasiproportional@25#.
Such grids allow to obtain a very good approximation of t
original continuous differential equations. The choice of t
e(z) function is only limited by the relationship of Eq.~B7!.
According to@25#, this function may be conveniently define
by

e~z!5b12
B2b

~11w!N
FwS z2

1

2D1~12w!H S z2
1

2D 3

N2

2

S z2
1

2D 4

2N3
J G , ~B10!

where the relation ofud2e(1/2)/dz2u'ud2e(N11/2)/dz2u
'0 should be satisfied, andw is defined by

w5

Ude~1/2!

dz U
Ude~N11/2!

dz U . ~B11!

b. Finite-difference scheme definition

SubstitutingE5e(z) into Eq. ~B3!, we obtain

]

]t
n~ t,z!e2~z!

de~z!

dz
dz52D~z!

] j ~ t,z!

]z
dz. ~B12!

The finite-difference scheme should satisfy the mass bala
conditions. The energy interval from 0 toE0 will be divided
into N layers, such as the layer frontiers correspond to
half-integerz values, so thate(1/2)5b, e(N11/2)5B, thus
we obtain for each layer

E
z21/2

z11/2

n~ t,h!e2~h!
de~h!

dh
dh

52D~z!@ j ~z21/2!2 j ~z11/2!#. ~B13!

Using a linear interpolation ofde(z)/dz on the layer fron-
tiers, and a single-point quadrature to integrate over
layer, we obtain the finite-difference scheme in the form

]

]t
nk5Rk.k21nk211Rk.knk1Rk.k11nk11 , ~B14!

where

nk5nk@ t,e~k!#, ~B15!
04340
e

ce

e

e

Rk.k215

Q1~k21/2!2
Q2~k21/2!

2

Q0~k!
, ~B16!

Rk.k

5

Q1~k11/2!
Q2~k21/2!

2
2FQ1~k11/2!2

Q1~k21/2!

2 G
Q0~k!

,

~B17!

Rk.k115

Q1~k11/2!1
Q2~k11/2!

2

Q0~k!
, ~B18!

Q0~z!5e2~z!
de~z!

dz
, ~B19!

Q1~z!5
D~z!e2~z!

de~z!

dz

, ~B20!

Q2~z!5Q1~z!
]c

]z
.

It follows from the above equations that

j ~ t,z!5Q1~z!n~ t,z!. ~B21!

In order to incorporate the boundary conditions represen
by Eqs.~23!, the finite-differences scheme should be defin
from k51 to k5N.

c. Properties of the finite-difference scheme

Let us define the matrixR̂ and the vectornW with their
respective componentsRmn and nk . Using these notations
the finite-difference scheme may be rewritten as

]

]t
nW ~ t !5R̂~ t !nW ~ t !. ~B22!

Let us analyze this equation whenR̂ is independent oft. The
solution of Eq.~B22! yields

nW ~ t !5exp@R̂t#nW ~0!. ~B23!

If R̂ can be represented by

R̂5Ûl̂V̂8 ~B24!

then the solution will be

nW ~ t !5Û exp@ l̂t#V̂8nW ~0!, ~B25!

wherel̂ is the diagonal matrix of the eigenvalues, andÛ is
the matrix of the right eigenvectors,
3-13
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R̂Û5Ûl̂ ~B26!

and V̂8 the matrix of the left eigenvectors,

V̂8R̂5l̂V̂8. ~B27!

It follows from Eq.~B25! thatnW (t) is a linear combination of
exponential functions.

2. The matrix exponent method

If the coefficient of the initial differential equation is con
stant, then theR̂ operator is also time independent. In th
case, the solution is given by Eq.~B25!. In fact, such a so-
lution might be sufficient for our purposes. In practice, t
need to calculate the eigenvectors may preclude direct u
of Eq. ~B25!. Before attempting the matrix diagonalizatio
we shall have to symmetrize theR̂ matrix. If we find a diag-
onal operatorF̂ to perform the required transformation, th
resulting matrix

ŷ5F̂21R̂F̂ ~B28!

will be symmetric. In this case, the eigenvalues ofŷ are the
same as those ofR̂, as the diagonal transformation discuss
does not change the secular equation. Thus,

ŷT̂5T̂l̂, ~B29!

whereT̂ is the matrix of the eigenvectors ofŷ. Since theŷ
matrix is symmetric, the right and the left vectors are t
same, so

l̂5T̂21ŷT̂5T̂21F̂21R̂F̂T̂. ~B30!

On the other hand,

l̂5V̂8R̂Û ~B31!

or

V̂85T̂8F̂21, ~B32!

Û5F̂T̂, ~B33!

exp@R̂t#5F̂T̂ exp@ l̂t#T̂8F̂21. ~B34!

To determine the operatorF̂, we have to go back to Eq
~B28!. Taking into account thatFi j 5Fid i j , for j 5 i 11, we
obtain

y i j 5Ri j S F j

Fi
D , y j i 5Rji S Fi

F j
D . ~B35!

Since we havey i j 5y j i , then we obtain from the above equ
tions:

Fi 115FiARj 11,i

Ri ,i 11
, F151, ~B36!
04340
ge

d

e

y i j 5y j i 5ARi j Rji , ~B37!

y i i 5Rii . ~B38!

Thus, using the approach presented and the dynamic pa
eters already estimated above, we can calculate then(t,E)
distribution function at any instant of time.

3. Calculations

Figure 11 shows the time evolution of the distributio
function, calculated using the estimated values of the
namic parameters. Note that the distribution maximu
moves towards lower energies with simultaneous growth
the distribution width, although the solution eventually co
lapses into the Boltzmann distribution. Using the data of F
11, we calculated the energy dependence of the IR emis
yield,

f IR~E!5
1

11v~E!
. ~B39!

This latter function is also plotted in Fig. 11. Herev(E) is
the ratio of the collision-induced relaxation rate over the
bronic spectrum, to the IR emission rate. It is very importa
to note that the approach proposed permitted to determ
the v(E) function. The function obtained, though, is but
semiquantitative approximation, as the dynamic parame
used in its calculation have been estimated only qu
roughly. We should additionally note that the experimen
f IR(E) function is dependent on the IR detector sensitivi
which is unaccounted for: we stated that the detector is s
sitive in the 833–1250 cm21 range, its sensitivity being de
pendent on the IR photon energy.

FIG. 11. ~a! Time evolution of the population distribution,P
520 mTorr, other model parameters are given in the text. Distri
tions 1 to 7 were modeled for the times of 10, 30, 60, 100, 6
1400, and 2500ms after the excitation.~b! The inset shows the
energy dependence of the IR emission yield, calculated using
experimental IR emission kinetics and the modeled time dep
dence of the population distribution.
3-14
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