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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 Af®=0 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&'A,) V?K'=%12 vibronic states, which are below the ground-state dissociative thresh-
old. It was proposed that levels of th&A,)V2K'=%12 vibronic states are coupled by a field to “quasireso-
nance” levels of theX 12;’ electronic ground state. Dynamics of the system evolution over the vibrational
energy spectrum of thi& 12;’ electronic ground state was investigated using its IR emission kinetics.
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[. INTRODUCTION luminescence. These effects have been studied extensively
[2,3]. Our present attention will be thus focused on the less-
The purpose of physical kinetics is to study intramolecu-studied phenomena, dependent on the off-diagonal matrix
lar as well as intermolecular energy evolution phenomenaglements of both operatof$) and(2). Magnetic-field influ-
Usage of narrow-band pulsed laser radiation creates a uniqugice on the excited-state dynamics has already been docu-
capacity to prepare well-defined initial states of the quantuninented for quite a few molecular systefi#s—10. The re-
system studied, and to monitor their subsequent time evolusylts were interpreted using various models: the level
tion. Time evolution of an initially prepared state is governedanticrossing effect theory; the direct mechanism theory,
by various relaxation channels, namely) radiative pro-  pased on the magnetic-field-induced interaction between the
cesses, (i) “reversible” intramolecular radiationless pro- |evels of optically observable and “dark” states, arising in
cesses(iii) “irreversible” intramolecular radiationless pro- the first order of the perturbation theory; and the indirect
cesses, an@v) collision-induced relaxation processes. Their mechanism theory, based on the magnetic-field-induced in-
respective dynamics may be investigated in a more detailegéraction between the levels of optically observable and
way, if the respective excited state is sensitive to externaldark” states, arising in the second and higher orders of the
magnetic or electric fields. Both magnetic and electric fieldsperturbation theory. Typically, the indirect mechanism re-
induce small perturbations, which, however, may signifi-sponsible for theS-T conversion dynamics may be detailed
cantly change the excited-state dynamics. as the electron-spin and nuclear-spin decoupling mechanism
Itis well known[1] that perturbations induced by external (ESNSDCM. A famous case of the electric-field effect,
magnetic and electric fields may be described by the respegghich has been widely discussétil], is the electric-field-

tive Zeeman and Stark operators: induced mixing of the degenerates 2nd 2 states of the
hydrogen atom. Since the symmetry of both the grouad 1
Hu(B)=— ug[BEY- (i D+ g (1)  state and the exciteds2state is ‘g,” an optical transition
between these states is forbidden in the electric dipole ap-
He (E)= _(E(sl).ﬂ_d)ip(sl))_ ) proximation, remaining allowed between the and the

“u” states. An external electric field mixes thes 2and 2p
In the above equations, thel) superscript reminds that the states in _the f“?‘ order of the pgrturbatlon theory. Thus, an
?xponentlal excited-state decay is observed in the absence of

r iV ntities are spherical tensors of the first or S o o
espective quantities are spherical tensors of the first o dee’Iectnc field, while in nonzero electric fields, quantum beats

defined in the laboratory reference frame. In the well-known henomena will be observed in collisionl nditions. Th
classical Zeeman, Hanle, and Stark effects, the observed ph@-e omena € observe collisionless co ons. the

nomena are caused by field-induced level splitting of the®Ymmetries with respect to the inversion of the !
respective states. In the magnetic field, the diagonal matrigt #s>" and uq;,*" operators are §” and “u,” respec-
elements of operatdﬂ_) are usua”y nonvanishing already in tiVer, therefore magnetiC and electric fields should affect
the first order of the perturbation theory. On the other handdifferent channels of the excited-state evolution. The present
the diagonal matrix elements of electric-field operatdr ~ Paper is devoted to the acetylene molecule. This molecule
vanish in the first order of the perturbation theory in systemd1as an inversion centrunD¢.p, point group in the ground
with an inversion centrum, but not in systems without thisstate, anC,, point group in the first excited electronic state
symmetry element. Additionally, level splitting due to the and is well studied as regards the influence of external mag-
Zeeman and Stark effects induces polarization phenomena iretic and electric fields on itA'A, excited-state dynamics.
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TABLE |. Selected molecular parameter values fgHg. Il. EXPERIMENT

An experimental setup used to study magnetic- and

Parameter Value . :

microwave-field effects on gas fluorescence has been de-
a’ (us™?) 2.98+0.13 scribed recentlyf15]. The present study used the same ex-
b” (us *kV~2cn?) (4.87+0.09)x 103 perimental setup, with the microwave cavity replaced by two
|Chd? 9.6x10°* electrodes, separated by 1 cm. The electric-field strength in
SlCorl? 0.999 the work zone was continuously variable from 0 to 30
Ky (ms ! mTorr %) 1.668+0.011 kV/cm. Magnetic fields of up to 0.60 T were provided by an
k (s ! mTorr %) 0.603*0.007 electromagnet, with additional coils for field zeroing and fine
Do ("t cm 2 mTorr %) 1.7 control. Magnetic-field strength was measured to better than
VZKO [(band head)/cm'] 43663.5913] 0.1 mT. Molecular jet exiting the pulsed electromagnetic
V2K? [(band head)/cmt] 43677.6513] valve was collllmated. by a skimmer. The valve nozzle was
V2K2 [(band head)/cm'] 43719.71[13] 0.1 mm in diameter; the distance from the nozzle to the

skimmer inlet was 20 mm; the distance from the nozzle to
the work zone was 70 mm. The laser beam, normal to the
electric-field direction, passed through quartz windows.
o ) ) Fluorescence was observed in the direction normal to both
The magnetic-field effects have been interpreted using thg,e molecular beam and the excitation laser beam. It was
ESNSDCM theory[9,10], while the nature of the electric- cqjlected by a telescope lens system and focused onto a
field effects has not been understood by the preViOUS authoﬁamamatsu-R928 photomumplier Cathode through a |Ong_
[12]. pass filter\ >285 nm. The photomultiplier was perpendicu-
We shall be discussing thesK'~ %2 subbands of the lar to both the electric-field direction and the excitation laser
acetylene laser-induced fluorescerité~) spectrum(Table  beam.
). These subbands belong to tﬁéAuﬁylgg electronic Excitation was provided by a frequency-doubled dye laser

transition[13,14]. The energies of th&/?K'=%12 |evels lie (x-Physics, LPD-3000 with a BBO (barium-borate crystgl

; . crystal for frequency doubling. Coumarin-47 dy8urelite
below the dissociative threshold of the ground-state moleculﬁ) was used in the dye laser, pumped by a XeCl-excimer
[13,14. Magnetic-field fluorescence quenching for these .. (L-Physics, LPX-20D The spectral width, pulse dura-

sgbbands is (;qused by collisiofs 10]. Thus, in the colli- tion, laser beam diameter, and pulse energy of the frequency-
sionless conditions, the only parameter of the acetylene ﬂuodoubled dye laser radiation were 6.0.2 cmil, 25

rescence affected by the magnetic field is the decay lifetime_ 35 ns 223 mm. and 710 mJ respectively, and the

the signal amplitude is reduced, while the decay lifetime i%pectral interval covered ranged from 43550 to
increased, with the fluorescence quantum yield remaining3 740 cnil. Pulse repetition rate of 5 Hz was used.
constant. As we already noted, the magnetic-field effects Tota| IR emission in the 833-1250 crh spectral range
were interpreted using the ESNSDCM theory, which predictsyas collected by a system of spherical mirrors with the re-
that the magnetic field affects tl®T conversion efficiency. flection efficiency of about 99.5% in the spectral range of
Given that only the high-lying levels of th& 12;; singlet  interest, and detected by a SiGe detector cooled to 77 K.

electronic ground state may get in the quasiresonance with Data acquisition was controlled by an IBM PC Pentium
the levels of the excited state of interest, magnetic field canlll microcomputer, connected to a LeCroy 9450 digital oscil-
not induce theS,— S, transition, as the respective matrix 10Scope via a GPIB interfacéNI-488.2). The ScopExplorer
elements of operatofl) vanish due to symmetry rules: software was used to transfer the recorded wave forms to the
PC. Time resolution of the registration system was 4 ns.

Boxcar integrator and other devices were connected to the
PC via a PCII/O board (Keithley, KPCI-1800. The data-
= : . L acquisition system and the experimental setup control were
(F)zp(?ratgri(ol)fand(Z), thei.S—hO SEIG(;t'fon rule is vglld._ﬁee implemented using the LabView package. Emission data
be S.‘[ ' I] or operator(1); the proot for operart;[o( ) V}" . were normalized to the laser pulse energy. In the decay mea-

e given latersee Sec. IV} hereSrepresents the total Spin rements, transients were recorded both with and without
an?uﬁr momenttum. ) wudied the inf . . the samplel s4,(t) andly,g(t), respectively, with the fluores-

n the present work, we studied the influence of an exteltzance decay signal subsequently calculated as the difference:
nal electric field on the state dynamics of the acetylene mol; (1) =1 canlt) — 1 po(t).
ecule excited to specific rotational levels of thék'=0%2  "*% 1 ST CZ‘ng from Matheson Gas Products Inc. was
vibronic states in the collisionless molecular-beam environ- ;
¢ " ‘used as received.

ment and in the bulk conditions. acetylene fluorescence ki-
netics and the IR emission integrated over the
833-1250 cm? spectral range were studied both in the ab- . RESULTS
sence and in the presence of magnetic and electric fields. . o
Theoretical models explaining the observed electric-field ef- We recorded the laser-induced fluorescence excitation
fects and the IR emission kinetics have been proposed.  spectra of theAA (32K}~ %) —X 3 (4% 11) transitions

Egis, (cm™?) 43933.3-166.7[18]

(ulglg)=0. However, the matrix elements of operat@y
are nonvanishingéu|u|g)+# 0, thus an external electric field
should create &, — S, relaxation channel. Note that for both
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FIG. 1. Electric-field dependence of the LIF spectrum of acety- FIG. 2. Electric-field dependence of the LIF spectrum of acety-
lene recorded aP=20 mTorr for theV2K|=%'2 subbands of the lene recorded in the molecular beaf;=1.7 atm (Ar:acetylene
AA,—X 13 electronic transition. Spectra 1 to 7 correspond to=95:5) for the ViK}~ %2 subbands of thed'A,—X '3 elec-
E=0, 5, 10, 15, 20, 25, and 30 kV cm, respectively. tronic transition. Spectra 1 to 7 correspondge 0, 5, 10, 15, 20,

_ _ o 25, and 30 kV cri?, respectively.
in acetylene in bulk and molecular-beam conditions in the

presence of external electric fields of variable strength. Note
that the spectral intensity dependence on the electric field
was the same for the total intensity and for the individual

rotational spectral components. Thus, we shall only discuss
in detail the representative spectral transitions from the @

A'A,(3%K2,3"=3) level. Electric-field dependences were
also recorded for the fluorescence decay from the same leve~;
in the molecular-beam conditions. Finally, we studied the
magnetic- and electric-field influence on the IR emission dy-
namics. Note that the IR emission was only recorded in the
bulk conditions, in the presence of collision-induced phe-
nomena.

I(0)/(E)

A. Acetylene LIF spectra in electric fields

T
400 600 800 1000

<
n
S 4
(=]

LIF spectra of thev2K} =2 subbands of acetylene were
recorded in bulk conditions aP=20 mTorr in variable-
strength electric fields, starting from zero. Typical spectra
recorded are shown in Fig. 1. Note that the spectral intensi- (b)
ties decrease at higher field strengths. Similar results were
obtained in the molecular-beam conditionByE 1.7 atm,
Ar:C,H,=95:5), with typical spectra shown in Fig. 2.

I(0)/(E)-1

B. Field dependences

As was already noted, the field dependence was the sam ¢ -
for the total LIF spectral intensity and for the individual
rotational lines. Therefore, we shall only discuss such depen-
dences for theA'A,(3%K2,J"=3) level. The[l(0)/I(E)

—1] versusE? plots atP=20 mTorr (bulk conditiong and B : : , , .
atP,=1.7 atm, Ar:GH,=95:5 (molecular-beam conditions 200 400 800 800 1000
are presented in Figs(8 and &fb), respectively. Nete that Square of the Electric Field Strength, E kV2em™2)

the experimental data may be fitted quite well by linear func-

tions, where the respective slopedepends on pressure. Its  FIG. 3. The[I(0)/I(E)—1] vs E? plot (a) at P=20 mTorr, the
value is higher for collisionless molecular-beam conditionsslope b=1.61x10"3 kv2cm™2; (b) in the molecular beamP,
as compared to the bulk conditionsR#= 20 mTorr. Accord-  =1.7 atm (Ar:acetylene 95:5), the slope b
ingly, we proceeded to measure the pressure dependence f.71x10 2 kv?cm 2. The data are presented for the
the b value. AA(3%K2,0"=3) level.

o
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FIG. 4. The b™! vs P linear plot presented for the FIG. 6. The linear plot ofrﬁl(E) vs E2, molecular beamP,,
AlA,(3%K2,0'=3) level, intercept and slope are (0.59 =1.7 atm (Ar:acetylene 95:5), theA'A,(32K3,J'=3) level.
+0.03) kecm 2 and (1.95:0.07)x10 2 kvZcm 2mTorr 1,
respectively. and (i) the decay lifetime decreases at increased field
strength. Analysis of thef‘ll(E) versusE? plot showed that
this dependence may be fitted by a linear funciisee Fig.

The b~! versusP plot is shown in Fig. 4, and may be 6(b)], whose intercept and slope values are (2.98
fitted by a linear function, with the values of intercept and +0.13) us ! and (4.870.09)10 % s Y/kV 2cn?. The
slope of (0.5%-0.03) k\VZcm™? and (1.95 7(E) versusE plot is shown in Fig. 6) to demonstrate the
+0.07)x 10 2 kv¥cm ?mTorr 1, respectively. These ex- effect studied. Note also that the signal amplitude is field

C. Pressure dependence df

perimental results will be analyzed later. independent. The field effect observed differs entirely from
that due to magnetic-field influence on the acetylene fluores-
D. Decay kinetics cence decaj9,10]. Namely, in presence of an external mag-

netic field the emission signal amplitude is reduced, with a

Time-resolved measurements were carried out in th imultaneous increase of the lifetime.

molecular-beam conditions atPy=1.7 atm, Ar:GH,
=05:5. The fluorescence decays measured for the
A'A(V2K2,J'=3J"=2) line are shown in Fig. 5. Note
that (i) the observed signal can be fitted with good accuracy Assuming that an external electric field induces transi-
by a single-exponential function, tions from the excited singlet-state levels to the quasireso-
nance levels of the ground state, the same electric field
t should induce IR emission due to radiative transitions be-
Tt =Ao exr{ - Tf|(E))’ 3 tween the ground-state vibrational levels. We have studied
the IR emission dynamics in both electric and magnetic
fields. Note that IR emission could only be observed in the
bulk conditions. Typical IR emission kinetics aP
=20 mTorr and without external fields is shown in Figa)7
The initial section of the same trace is shown in Figh)7
The observed decay kinetics may be fitted with good accu-
racy by a biexponential function,

il
X TlR,s(O) X 7'|R,|(0)

where 7 g 4(0) and7r,(0) are the IR emission lifetimes of
the respective short- and long-lived components, in zero-
field conditions. We have not detected any notable changes
of the IR emission dynamics in the presence of external mag-
netic or electric fields. The observed emission intensity in-
FIG. 5. Fluorescence decay dependence on the electric fieldrease was in the 5-7 % range, which is close to the present
strength measured in the molecular bearf,=1.7 atm experimental accuracy. These results will be discussed later.

E. The IR emission measurements

1200
1000 -
800
600 ~

400 +

Lir(t)=A) G

200 ~

LIF intensity, / (arbitrary units)

T T T T T T
0 500 1000 1500 2000 2500 3000

Time, t(ns)

(Ar:acetylene=95:5), theA'A,(3%K2,J’ =3) level. Decays 1 to 7 Pressure dependence of the IR emission kinetics was stud-
correspond tE=0, 5, 10, 15, 20, 25, and 30 kV cm, respec- ied in the 20—150 mTorr pressure range. Thg¢(0) and
tively. 7ir,(0) parameter values were determined, and their pres-
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FIG. 7. (a) IR signal kinetics in the complete time range studied; =20 mTorr, acetylene excited to the¢A,(3%K3,J'=3) level.
(b) initial section. Measured & =20 mTorr, acetylene excited to

the A'A,(3%K2,J" =3) level.

Ig+ 1 .
sure dependence analyzed. The corresponding pressure plots X2 v AR v Triplet States
are shown in Figs. @) and 8b); they were fitted by linear — % e &B,
functions, with the slope values of (1.668 V(E) —_—
+0.011) ms*mTorr * and (0.60%0.007) s *mTorr &, ? WO N
for the respective short- and long-lived components. Yx Ya — ¥

IV. DATA ANALYSIS AND DISCUSSION

A. Qualitative interpretation

of the radiationless transition theory. We shall assume that in
acetylene an external electric field couples the levels of the
A A, excited state to the “quasiresonance” levels of the

X 12; ground state. The proposed level scheme is shown in

Fig. 9. It shows the levels of th&'A, excited state coupled

by the Vgt (spin orbit, vibronic spin orbit, or rotation spin
orbit) and Vgx (nonadiabatic or Corioljsintramolecular in-
teractions to the quasiresonance triplet- and ground-state lev-
els, respectively. Note that the quasiresonance triplet levels
in the energy range of interest belong to one of at least three

different triplet states, denoted asB,,, b%A,, andc®B,,

whose nature will not be explored any further. An external FIG. 9. Schematic representation of the electric field-induced
electric field induces additional coupling between the excitedjuenching effect of the acetylene fluorescence.

- B,

The effects observed may be interpreted in the framework T

Ground State X'T*,
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singlet level and the quasiresonance ground-state levels, cras a=c=0 and b=—-d=q. Here, (j,.km/fl) is the
ating an additional radiationless channel for the excited-stat&lebsch-Gordan coefficienta,c,b,d are parameters deter-
relaxation. Since we assume that an external electric fielehining this coefficientg=—1,0+1,D(w) is the Euler ro-
induces theS,— S, transition, then within the simplest ki- tation matrix, andu® the spherical tensor of the dipole
netic scheme, the field dependence of the fluorescence quamoment operator defined in the molecular frame of refer-
tum vyield is given by ¢ (E)=(73) Y (ys+ k2, +k(E)), ence. Thus the matrix elements of Eg. may be represented
where 7, is the radiative lifetime of the excited leve}s  in the form

=(79) " *+kqP is the width of the singlet levels studiely(

is the coIIis(i)on.-induced relaxation rate CO.I’IS.ta?lti,S thg gas (e,0,3,N,K,M,SIH,(E)|e',v/,3" N’ ,K',M",S')

pressurg kgy is the rate constant of radiationless intramo-

lecular S;— S, transition, andk(E) is the rate constant of |E| ) L
field-induced radiationles$;— S, transition. We shall dis- NG 2 (=1)%ev,INKM,S[DE () uli) 4]
cuss the physical meaning of these parameters later. Now, we q

shall only note that the emission quantum yield will decrease x|e' v, 3" ,N",K',M",S)

with growing electric-field strength, in accord with the ex-

perimental results: for instances (E) will decrease by a |E]

factor of 2 whenk(E)= yg+ kgx. We are now passing to a

> (~1)FMR[(23+1)(23" + 1]
theory that interprets the experimental behavior of the a

V3

k(E) rate constant. J 1 J)V\/J 1Y
3N g
. M 0 M'J\K g K P.—q
B. General theory of the electric-field effect
We need to calculate the matrix elements of the Stark X(v|v') dss (8)
Hamiltonian:
+1 where (ﬂ;) are the Wigner's coefficientgj}=—1,0,1; € are
HE|(E)=—(I§(51)-,u—dTp(51))=— > the quantum numbers defining the electronic state consid-
Xz ered, v are the quantum numbers defining the vibrational
state,J represents the total angular momentuNs= R+ L
(—DESY. g D), (55 +1 (R, L, andl being the respective rotational, electronic,

and vibrational angular moment& is the projection ofN

= (s1) — (s1) , on the axis of the molecular reference frarvk,s the pro-
whereE™" andqi, > are the spherical tensor operators of iaction of J in the laboratory reference frame, asds the

the electric field and the electric dipole moment, defined i”spin angular momentum. It follows from the last equation

the laboratory frame of reference. FBfSY) directed along that the matrix elements are nonvanishingAif=0,+1;

the “z" axis of the laboratory frame of reference, E() AM=0; AK=0,=1; AS=0. Note also that fore=¢€’ it

yields follows that(v|v')=4,,,, provided we only take into ac-
count the interaction of an external electric field with the

He (E)=— Egﬂ)#éﬁ?z- (6)  electric dipole moment. The selection rules obtained coincide

with the usual selection rules for the electric-dipole elec-

Since the electric dipole moment is coupled to the moIecuIaEL?ZI%;rg]ZSISﬁQE%Eén’\;O;[:’er;](:ivr\:;;/e(;’iﬁtggntreaghhyjrlgavlvga;;re

rEefer(%?cehfraIgeB thte corfnponedntt oft;he d'ﬁme Imom(fant in considering quasiresonance transitions induced by a constant
g. shou € transiormed fo the molecular relerence,arnal electric field between levels of an optically observ-
frame, thus Eq(6) yields

able and a “dark” state. For the acetylene molecule, only the
(X131 u&) _|A*A,) matrix elements have to be consid-

He(B)= _(Ezﬂési;la?z) ered, bet\%geg its fundament8} and excitedS,; electronic
state. The irreducible representati@j of the D.,,, point
=—|E| > (1a,0c|10)(1b,1d|00) group correlates to thé, irreducible representation of the
a.b.c.d C,;, point group. Within theC,,, point group, components of
X[Dglb)(w),uéli,)) N the ,ufjli,)l,q spherical tensor are transformed by #hgz;c)
’ and B,(x,y;a,b) irreducible representations. Here both the
_ xyz andabc coordinate systems are coupled to the molecu-
N _|E|§q: (10,0910)(14,1~q|00) lar frame of reference, the first pertaining to the symmetry
operators of th&,,, point group, and the second correspond-
X[D§ (@) uli) o] ing to the symmetric top axes. Since only the
| (X3 J|AJAA,) matrix elements are nonvanishingy (
__ = _ (1) (1) ==1), the remaining selection rules in acetylene Are
=~ % 2 (CDIDG @Gy o) D) :0’;1; e remaining y

043403-6



INTRAMOLECULAR ENERGY-TRANSFER PROCESSE. . .

C. Theoretical interpretation of the electric-field effect

Noting that the electric field creates coupling between lev-
els of theS; andS; states, and the vibrational level density
of the ground state in the energy range considered is very
high, p,i,=6%10* cm™1, we assume that the electric-field-

PHYSICAL REVIEW A 68, 043403 (2003

induced transition is irreversible, and its rate is described by

the golden Fermi rule,

2 ) 5
knr(E):TPvib|V(E)| =agE”. 9

As we see, the field-induced rate constant is proportional to
the E? value. In the simplest case, the fluorescence quantum

yield is given by

() 4K, ]
af=|cn§2————;7——ii, (17)
e
2 [Corl?kq 7
b'=|Cpd? 2 ————. 18
Cod? ot —— - a9

Since ys1(E) was measured in the molecular bedcolli-
sionless conditions the intercept and slope values of the
vs1HE) versusE? plot are simply given by

a"=(r9) 1+k8,~(2.98-0.13 us %, (19
b"= ae~(4.87+0.09 %103 us 1 kv 2cm?. (20

The parameter values obtained for the field-free case are
in good agreement with the previously published results
[9,10]. Thus, the presently proposed theoretical model cor-

where 7} is the radiative lifetime of the unperturbed singlet rectly describes the experimentally observed electric-field ef-

on(E)= (T?I—Yl (10
" ysHE)’
levels, and
J’ST(E):|Cns|27’s(E)+§T: |Col?yr (11

because the singlet levels considered are also coupled by the

fects. Using thea”, b”, and Eq.(17) and the relation
>¢Chrl?=1-]C,d% we calculated the|C,d? and
>+|Ch1/? parameters. These results are presented in the
Table | along with thea” andb” values.

D. IR emission results

S-T interaction to discrete levels of the adjacent triplet states We found that the IR emission in the 833—1250¢m

[9,10]. Here,
Ys(E)=(70) 1+ Kq sP+ K3+ ko (E) (12)
and
yr(E)=Kq1P+KJ, 1, (13)
where
2T
Knr =5, Puinl V8x%, (14
2w
Kne, =7 Puibl Vixl? (15

are the radiationless rate constants; kpd andk, t are the

spectral range is collision induced, same as its quenching.
The observed effects may be understood assuming the exis-
tence of an efficient radiationless transition channel from the
levels of theS; state to the highly lying rovibronic levels of
the S, state, which translates into high values of e rate
constant. This hypothesis is consistent with the low absolute
fluorescence quantum yield value of 0.013], which may
thus result from irreversible radiationless relaxation toShe
levels. This would additionally explain the small field effect
values in the IR emission, which could not be measured re-
liably, as their expected values are only about 7% of the IR
emission intensity.

Given the very high level densities of the ground state in
the spectral range considered, and noting that the transition
rate constant from th§, spectrum to th&, levels is equally
proportional tOp;ié , We can use the collisionless approxima-
tion for the irreversible radiationless transitions to tBg

rate constants of collision-induced relaxation, of the respeciyels in the time range of interest. This approximation is

tive singlet and triplet levels. It has been shop6] that for
triplet levels coupled to the singlet levels of interelq‘i,’T
=0 with good accuracy.

In our experiments, the; (E)= ¢4 (0)/¢(E)—1 and

valid in the molecular-beam conditions, with the molecule
surviving longer in the highly excited vibronic levels of the
ground state. In the bulk conditions, we must additionally
account for the collision-induced processes within the

ysE) plots versus? were analyzed, and both were found ground-state vibrational spectrum. Dynamics of the relax-
to be linear. This result directly follows from the equations ation processes within th&, spectrum is very complex, and
presented above. For the first plot, the slope value is given byannot be analyzed exactly. We shall use two approximate

Ue|

~ 7s1(0)’

b (16)

approaches to the calculation$) a simple kinetic model,
and(ii) an “energy diffusion” model, considering the system
diffusion within the energy spectrum of the ground state. The
first approach uses certain average kinetic parameters, the

whereb ™! should be linear on the sample pressure. Experivalues of which can be extracted from experimental results.
mental results confirm such a linear dependence, wherein thEhe second approach considers the collision-induced relax-

respective intercept and slope are given by

ation process over the ground-state energy spectrum as a
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—— Co B
— kig << ki;P ||R(t): th—(TIR)‘l—klp(eXp{_[(TIR) l+k|P]t}
—exp(—kpP1)). (21

Ky
&

| M

The k, and k; values presented in Table | were chosen to

e =E ki = kP obtain the bgst fit to the data. This model is |n qualitative
— ' agreement with the general theory of the collision-induced
relaxation processes, in that the efficiency of the collision-
ML ki induced relaxation increases with the level dentsige Ap-
————

pendix A).

.. e 2. Energy diffusion model
Initial State Distribution

A schematic representation of this model is shown in Figs.

Diffusion process by the 10(b). In the frameworks of this model, the time evolution of
Energy spectrum in the ¢ the initially prepared state may be described by diffusion of
potential the state populations within the energy spectrum of the elec-
tronic state considered. The diffusion equation may be writ-

ten as

-

R

)

(b) anS£E)=——D(E)£nu,E), (22)

FIG. 10. (a) Schematic representation of the simplest kinetics

model, andb) diffusion model in the energy space used to analyzewhere { is the diffusion operato(see Appendix B and

the IR signal dynamics. D(E) is a function of energy. Since the initially prepared
o o ~state is a single rotational level, and the final population dis-
diffusion process, whereby the initially prepared state distritribution is the Boltzmann function, the(t,E) function

bution evolves within the energy spectrum of the groundshould satisfy the following initial and boundary conditions:
state in the presence of the Boltzmann potential.

_ o N(0,E)=ngdE g, (23
1. Simple kinetic model

The model is schematically represented in Figgaildn n(t,E)=0, E>E,,
the framework of this model, we shall separate $henergy
spectrum in three partgh|—the highly excitedS, levels, E
with undetectably low yields of IR emissio||—the ex- n(e,E)=no exp( - ﬁ)
cited levels, for which the IR emission is detectable, and
(g|—the vibrationless ground state, to which the system will
eventually relax. We shall assume that transitions from the J n(t,E)dE=ny=const,
(h| levels to thgl| levels are induced by collisionk, being
the averaged transition rate constant; the transitions from t
(I] levels to the(g| levels are also induced by collisiorls,
being the respective rate constant; and that/théevels can
also undergo radiational IR transitionsg being the respec-
tive lifetime:

r\‘/?/hereEo is the excitation energy. According to Appendix A,
the transition probability is proportional to the level density
squared, thus thB (E) function may be represented as

|Vinl?
D(E)=Don—>—pi(E), (24)
(hl =], where D, is a constant and the numerical density of the
buffer gas molecules. Since the relatipp,(E) <p;ot(E)
ki <puansl(E) is satisfied, it is sufficient to consider the relax-
(I1—=(dgl, ation over the vibrational spectrum, which is the slowest pro-
cess.
(-1 The IR intensity time dependence may be written as
TIR
(I[=—=—(gl+ho.

lia(t) = f:¢.R<E>n(t,E>dE. (25

The IR emission kinetics in this model has the functional
form identical to that of the experimental results where
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[7R(E)] ™ that the two factors act in opposite directions, although even-
= — —. (26)  tually the Boltzmann potential defines the final state of the
[TIR(E)] + UUU’(E)vn SyStem.
) S In the present study, we have not solved E2p) analyti-
Here, 7r(E) is the energy-dependent IR emission lifetime, cally. Its numerical analysis is presented in Appendix B. As
o,,(E) is defined in Appendix A, and is the averaged is shown in Appendix B, the energy diffusion flux is de-

relative molecular velocity. To simplify this expression, let gcribed by two terms(i) Vn(t,E)—the random diffusion
us assume that the energy dependence@fE) is negli- g, ang (i) n(t,E)V ¢(E,T)—the drift in the Boltzmann
gible, so that an averaged valug; may be used instead. potential. The first term describes the energy diffusion pro-
Typical values of the IR emission lifetimes of polyatomic sags with equal probability in both directions, provided
molecules are in the millisecond time range. Thus, we shalb(E) is independent of. However, withD(E) being a

. - —1 . " !
use the IR radiative constant of 16 * in our estimates. growing function ofE, the diffusion process should be faster
Using the maximum of the Lennard-Jones interaction potengoyards higher energies. The second term describes the sys-
tial for the acetylene molecule in the ground electronic stateyem grift in the Boltzmann potentialy(E, T) = exy — E/KT].
and determining the normalized transi_tion probability, theTnhe diffusion flux for this term is directed towards lower
energy-dependent values were estimated as followspergies. As the system eventually achieves the Boltzmann

— 10-52=12 —10-52 12 N
oy, (E) =10 €™ cnt and  D(E)=10 *DonE distribution, we assume that the relatioWn(t,E)

s lem 2. Now, Eq.(22) can be solved, and thg, param- " , o .
eter estimated, using the experimental data. After determin="(LE)V(E,T) is satisfied everywhere and at all times.

ing theD,, value and finding the(t,E) function, the relax- If, additionally, ﬁn(t,E_){n_(t,E)ﬁﬁ_(E,'l_’)_ is satisfied, then
ation dynamics of the studied system over the ground-statée problem may be significantly simplified, and the solution
spectrum will be fully known. Hence, we shall know the obtained in the form
time evolution of the state populations, and thus will be able
to calculate any energy-dependent physical va(l® in our E

. R D(E)exp =
system, by averaging over the energy distribution,

#1r(E)

n(t,E)=ng(E)exg —————-t|. 29
(t,E)=no(E) T (29
f f(E)n(t,E)dE o
W= 27) Here, theny(E) function is unknown, and has to be found
' using the mass balance condition,
J n(t,E)dE
E
) _ 71 D(E)exp{—)
Since ther;g(0) versusP and r;z,(0) versusP plots are f n(t E)dE=f ny(Eexpl — KT tldE=n
linear, we can try to estimate th2, value using Eqs(24) ' 0 (kT)? 0
and (26). The slope values of these plots will be approxi-
mately given by 105?DE.? and 10 %D E, where =const (30

£13_pls —this integral should be constant. We leave the detailed
El= Q1 —q2 q=s| (28) analysis of this approximation for another occasion.
9 13Equ—Eg)’ ' Finally, we list the most important molecular parameters
of acetylene estimated in our calculations

is the averaged value for the respective short- and long-lived
components of the IR emission. For the long-lived compo- V. CONCLUSIONS
nent, it is difficult to estimate th&,; andE,, values. How-
ever, we can make the required estimates for the short-lived We have studied acetylene fluorescence quenching in-
Component, assuming thﬁSZ Corresponds to the relation quced by an eXt.e-rnaI eleCFri(? field. The e).(t.ernal electric field
[rr(E)] 1=0.15,,.(E)on, and thus use Eg induces an additional rad.latlonless transition channel to the
~1000—2000 cm® and settingE; = E,. Thus, we can cal- 9round-state levels, coupling levels of théA,, excited state
culate Dy, obtaining the value shown in the Table |. The to the quasiresonance levels of tﬁézg ground state. As
estimates performed are very rough, but may be used to olthe level density of the ground state in the vicinity of the
tain qualitative conclusions. excited state is very high, the electric-field-induced transition

Qualitatively, the energy diffusion process may be envi-may be considered irreversible, with the rate constant de-
sioned as a combined action of two factors. The first one, thscribed by the Fermi rule. A phenomenological kinetic model
random energy diffusion process, increases the width of thbased on this rate constant estimate was used to analyze the
initial narrow state distribution. Note that since the level den-experimental data obtained, and the field-induced relaxation
sity increases witle, the diffusion rate is asymmetric, grow- rate constant estimated. An electric field in this case can be
ing towards higher energies. The second factor, the direcised as an external small perturbation, which significantly
tional drift in the Boltzmann potential, gradually shifts the changes the excited state dynamics of the studied system.
distribution maximum towards the vibrationless state. Note IR emission of the excited vibronic ground-state levels
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was investigated for any indication of magnetic- or electric- R +oo

field effects. No such effects were observed within the a-ievj,e’v’j’:UiO(T)f Wy erprjr(Ddt, (A7)
present experimental capabilities. These results were inter- o

preted in the light of the previous work by Suzwkial.[17],  \yhere

who found that the fluorescence quantum yield of acetylene

into individual rotational levels of the band system studied is Weyj erorjr=(evj|V(D)]€'v'] 2. (A8)
only about 0.13 at the collisionless conditions. Consequently,

acetylene has an efficient natural radiationless relaxation Here,o is the collision-induced cross section, th& ‘and
channel from the electronically excited state to the ground q” are indices determining excited electronic singlet and
state, even in zero fields. The observed IR emission dynammeighboring “dark” state, the other indices determine the
ics was analyzed using a simple kinetic model and the specstate considered—electronic, vibration, and rotation quantum
tral diffusion model. Some of the relevant model parametersiumbers,f, and 7j; are radiative lifetimes of the acetylene
have been estimated. The models proposed may be appliedflaorescence and IR emission of the “dark” statés the gas

the IR emission dynamics of highly excited vibronic levels yensity, and; is the averaged relative velocity of molecules.
of other molecules.

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

APPENDIX A: COLLISION-INDUCED RELAXATION .
We shall use the general approach of the time-dependent

1. Introduction perturbation theory. In the framework of this theory, the
A general case of collision-induced relaxation is consid->CNra@inger equation is written as
ered: the excited singlet-state levéts are coupled by an o
intramolecular interaction to discrete levéty of a neigh- th:[HO-FV(t)]‘P, (A9)

boring electronic state. The results obtained within this
model are directly applicable to an unperturbed state.

) ; A\Where the time-dependent wave function may be represented
mixed wave functiorin) may thus be represented as

as
n)=CgplS)+ C . Al
| > snl > % qn|q> (A1) ‘Pn(t)zzk an(t) .. (A10)
The width of the mixed states) is determined by Here, each of the time-independent wave functions obeys the
equation
1—‘n:|Csn|2')’s+z |an|2')’qa (A2) I -
d ih—==Hoyx. (A11)
where
Thus,
Y :(T?l)ﬂ*'z oo, Yq= (7] )71+2 olny, . day -
S i ! a IR i : |h; (,/Ik &tn:; aan(t)l/Ik, (A12)
(A3)
Ja )
ct=attatol, ol=oliolial,  (Ad) M o Vvdent, (ALY
K
s=> fv/?;f . oS =, ‘T?&?,v'j' , where the constants are determined as follows:
v',j v/ #v,j’
a=a®+al’, al¥=1, a®=0, k#m,
(A14)
oS= o'isl’)'?v i (A5)
iT#] sall) .
ih— =Vig(tel o, (A15)
_ q,X—A _ q,X
O-iqe_ roir Crivj’vrj,, O-?U_ "£0.i’ O-IUjVU’J,' | +
o v aln=—r f, V(D) eionkdt, (A16)
4= ax
Tir j,zj Tivjvj" - (A6) In the first approximation
Cross sections for various collision-induced relaxation pro- af(}%: 3 1J+kam(t)eiwkmtdt, (A17)
cesses are given by h) .
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W_q,_ ("

all)=1 hJ:OOme(t)dt, (A18)

a(—=)=0, aff)(+%)#0, (A19)
\Ifn(oo>=; Aen(%®) i (A20)

2

+o .
Wiin= |akn(°°)|2:_2 J_Oc Vkm(t)elwkmtdt

(A21)

PHYSICAL REVIEW A 68, 043403 (2003

1 Arl2 9V 2
W™ 5 f AL
h2wg, |/ -am2  dt
VIR Vi
~ = pi(E). (A26)
h wkm h

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

E,+avy]®?
pvib(Ev): [ aVO] ’ (A27)

(s—!] »

P " Vi(t) €' k']
ﬁf_x Vi(t) el “kmidt=— Tkm » Q, E, | @2r
. prot(Er) = 1 (k_T) , (A28)
ft OVin(t) € “krt Tl 1+=r
+ dt 2
—» ot hwkm
(A22) 2mkT]>?
Prrans(E) = > ) (A29)
For a perturbation given by a rectangular pulse of the width h
T
where the rotational statistical sum is
Vi) =0, —ee<t<—, (A23) J ( 2, kT) 2 g
H F(Edi) . (A30)
T T
Vim(D=Vi@,  — 5sts3, Here,d; is the degeneration degree of the respective rotation.
TheV(O) value may be determined using the maximum value
of the Lennard Jones potential for the colliding particles.
Vim(t) =0, Z<t<m, Note that thev—v' energy transfer and the collision-
2 complex-formation phenomena may also be described as
collision-induced relaxation. Such energy-transfer phenom-
we obtain ena may be analyzed using the dipole-dipole and contact
interaction mechanisms. Presently, we shall disregard the re-
i [+ _— laxation due to energy transfer, although it can be very im-
Hﬁw Vim(t) €' “kmdt portant for some of the levels, which happen to be in the

V(k?%[eiwkaIZ_ efiwka/Z:I +ft gvkm(t) gl @knt
ha)km —» at hwkm

v{02i sm( Orm= ) :
2 t OV (1) e'knt
_ +J- km( ) dt

ot hwkm

hwkm

Vi fﬂz OVjnft) €/t

h —a2 0t hoyy

For |[V97/h|<1, the integral of interest is given by the

second term

J'T/z OVim(t) gl okt
—r2 0t hoyy

thus

dt. (A24)

dt, (A25)

“quasiresonance” with those of a colliding buffer molecule.
Note that resonance energy transfer, whereby the entire ex-
cess energy is transferred to another molecule of the same
nature, is not a relaxation process.

An additional relaxation pathway involves complex for-
mation between the excited and buffer molecules. The com-
plex lifetime should be longer than the rotation period of the
system. A detailed treatment and analysis of this model has
been performed previously19]. In the framework of this
model, the excess energy is redistributed between the ini-
tially excited and the buffer molecule during the complex
lifetime, the energy redistribution rate being determined by
the interactions between the components. One might expect,
however, that the collision-complex lifetime will decrease
towards increasing excess energy of the excited molecule.
Hence, this mechanism should lose its importance in systems
with high vibrational excitation, where the respective
collision-complex lifetime becomes very short. Thus, we
shall limit ourselves to the simple relaxation model presented
above.
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APPENDIX B of the system] is the optical path length, and(l) is the
density distribution of the molecules of interest. Generally,

We shall describe in detail the energy diffusion mOdeltpe #i=(1.E) and n(t,E,) functions are dependent dp

uﬁEd'. One of t'he reasons 1S that this .proplem of phySICaheight above the surface. All these functions are implicitly
chemistry has immediate practical applications, notably fordependent on the gas density, as the latter is dependént on

the important problem of atmospheric global warming, as th :
atmospheric energy redistribution processes are strongly d?ar-igijésaer:jd ?It\rg?)lger? ;n?gt %Ef} Lelsa{fr?] dl;?;::]yeigrts,h?nﬂgbtl)znée-
pendent on the molecular energy relaxation phenomena uﬁl— : ' 9 of sy P .
der discussion. termined before the equations can be put to practltl:allusage.
Radiationless transitions from levels of electronically ex-lcr:] ;hewgsssiggizgd%/_’h;hergglr;a”r]mfes gsg;ﬁe:ijemééé?n of
cited states to “quasiresonance” neighboring “dark” levels, 2’ 2 . ' p P y
1and(BZ) consists of two independent parts, related to calcu-

which frequently belong to the ground state, take place in_.. . .
; ; : ation of the respectiveb,z(I,E) andn(t,E,l) functions. The
every polyatomic molecule. Thus, it becomes very importan atter function can be obtained by solving E82).

to study the vibrational energy transformation phenomen
resulting in IR emission and in translational energy increase _ S

of molecules colliding with an excited molecule considered. 1. Numerical method of finite differences
Note that the efficiency of allowed electronic transitions is  The equation discussed is

much higher than that of allowed vibrational transitions, re-

sulting in much larger energies absorbed via UV and visible an(t,E)
photons as compared to IR photons. Also, considering the ot
UV-VIS spectral range, which corresponds to transition en-

ergies of 30000—20000 cm, the respective excited mol- where

ecule excess energy amounts to about (100-KibOyvhile a

typical vibrational transition corresponds to only about D(E)Ln(t,E)= D(E)ﬁ«f. (B4)
(5—-15KT. Here the value ofkT was estimated afT

=300 K; this value is only weakly dependent on height inHere,

the tropospheric layer, where the temperature stays within L .

the 200 to 300 K range. Therefore, the mechanism discussed i=(1ti2)=Vn(t,E)+n(t,E)V&H(E,T), (B5)
can decisively affect the primary energy redistribution path-

ways and thus play an important role in the atmospheric ]

global warming. The state evolution dynamics discussed in V=—"r (B6)
this section has already been investigated for, \ZD], SO,

[21], and C$ [22]. The results obtained, however, have 5nq y(E T) is the Boltzmann potential. We shall use the
never been applied to the problem presently considered. Thejte difference techniques to analyze the problem numeri-

=—D(E)Ln(t,E), (B3)

guantities of fundamental importance are cally [23].
f f J #r(1,E)n(t,E,1)dEdtdI a. Choice of the numerical grid
e = To build the numerical grid, Peterson and Fré2d]| pro-
oo t,0){1—exd — IN(H TN dwdtdl posed to use thé; step up to a certain pointi)” 1 <i
J J f exdtio)f H = apd@)in)lidw <N, and theh,>h; step for the remaining interval <j

(B1) =<N. Such an approach significantly facilitates the construc-
tion of the finite-difference scheme, and is frequently used.
However, this approach has some drawbacks, due to an un-
ﬁecessary step reduction in the intermediate region. Besides,
it has been shown that the finite-difference scheme loses its
accuracy in the vicinity of a sharp transition fram to h,
f f f n(t,E,N[1- ¢r(I,E)]dEdtdI [24].
= An alternative approach includes mapping of the diffusion
region onto an interval of, such aE=e({). The function
f f f lexdt@){1—exH — 7apg w)In(l) [ dwdtd e({) is chosen such that passing the lower frontier, the step
(B2) given by

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

—the energy fraction transformed into the translational en- hi=Ei11—Ei=e({i+1)—e({) (B7)
ergy of molecules. Herep r(I,E) is the IR emission yield as

a function of the energy excess, dependent also on the buffavill gradually become smaller than its initial high valbe.

gas pressuren(t,E,l) is the population distribution in the The knots of the finite-difference scheme correspond to inte-
system over the energy spectrum of the “dark” state,ger{ values. If the relation

lexdt,w) is the spectral intensity distribution on the excita-

tion radiation sourcey,,{ w) is the absorption cross section [hi 1 —hil<h; (B8)
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is satisfied, that is,

d2e(¢)|
<
d? |

de({)
df

(B9)

then the respective grid is called quasiproportiof2s).
Such grids allow to obtain a very good approximation of the
original continuous differential equations. The choice of the
e(¢) function is only limited by the relationship of E¢B7).
According to[25], this function may be conveniently defined

by

1 3
B 1 (5‘5)
e(g)_b+2(1.—i——w)l\l W<§_§ +(1—W) N2
1 4
=
- , (B10)

where the relation ofld?e(1/2)/d?|~|d?e(N+1/2)/d?|
~0 should be satisfied, and is defined by

de(1/2)

:

w= AN+ 12"
R

b. Finite-difference scheme definition
SubstitutingE=e(¢) into Eq. (B3), we obtain

(B11)

de({)

dg

9j(t,0)

d
v 2 - _ AN
SN0 —g~di=-D() = —di. (B12

The finite-difference scheme should satisfy the mass balancr%spective componen®

conditions. The energy interval from 0 Ey will be divided

PHYSICAL REVIEW A 68, 043403 (2003

Qi(k— 1/2)_w
Rek-1= 00K , (B16)
Rk
Q1(k+1/2) M — | Q1(k+1/2)— w
- QoK) !
(B17)
Qq(k+ 1/2)+w
Rk.k+1: QO(k) ’ (818)
d
Qo()=€*(Q) —Z(;) : (B19)
_ D(D)EA(Q)
QD)= o0 (B20)
d¢
_ ad
Qz(e“)—Ql(i)a—g-
It follows from the above equations that
J(t,0)=Q1(ON(L,0). (B21)

In order to incorporate the boundary conditions represented
by Egs.(23), the finite-differences scheme should be defined
from k=1 to k=N.

c. Properties of the finite-difference scheme

Let us define the matri® and the vectom with their
mn @and n,. Using these notations,
the finite-difference scheme may be rewritten as

into N layers, such as the layer frontiers correspond to the

half-integer{ values, so thag(1/2)=b, e(N+ 1/2)=B, thus
we obtain for each layer

[+1/2

J

Using a linear interpolation ofle(¢)/d{ on the layer fron-

de(7)

n(t,7)€%(7n) a7

1/2

=-D(Li({~12—j({+1/2)].

dn

(B13)

Jd . ~ R
A =RON(). (B22)

Let us analyze this equation whénis independent of. The
solution of Eq.(B22) yields

tiers, and a single-point quadrature to integrate over the

layer, we obtain the finite-difference scheme in the form

J
il Rick—1Nk— 1+ RickNiet Rickr 1Nkt 15

(B14)
where

ne=n[t,e(k)], (B15)

n(t)=exd Rt]n(0). (B23)
If R can be represented by
R=UAV (B24)
then the solution will be
n(t)=U exg At]V'n(0), (B25)

whereX is the diagonal matrix of the eigenvalues, dids
the matrix of the right eigenvectors,
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~ 0.035

RO=UA\ (B26)

0.030 -
andV’ the matrix of the left eigenvectors,

V'R=AV'. (B27)

0.025

0.020

o 10000 20000 30000 40000 50000
Energy, v (cm™)

It follows from Eq.(B25) thatﬁ(t) is a linear combination of 0.015

exponential functions. 0010 4

Relatie population

2. The matrix exponent method 0.005

If the coefficient of the initial differential equation is con- 0.000

stant, then theR operator is also time independent. In this . . . . :
case, the solution is given by E(B25). In fact, such a so- 0 10000 200001 130000 40000 50000
lution might be sufficient for our purposes. In practice, the Energy, v (cm")

need to calculate the eigenvectors may preclude direct usage

of Eg. (B25). Before attempting the matrix diagonalization, FIG. 11. (a) Time evolution of the population distributior?

we shall have to symmetrize tiiematrix. If we find a diag- =20 mTorr, other model parameters are given in the text. Distribu-

| tof t f th ired t f ti th tions 1 to 7 were modeled for the times of 10, 30, 60, 100, 600,
ona (_)pera o . 0 periorm the required transtormation, the 1400, and 250Qus after the excitation(b) The inset shows the
resulting matrix

energy dependence of the IR emission yield, calculated using the

»=E-1RE (B29) experimental IR emission kinetics and the modeled time depen-
dence of the population distribution.
will be symmetric. In this case, the eigenvaluesboire the
same as those &, as the diagonal transformation discussed vij = vji = VRijRyi, (B37)
does not change the secular equation. Thus, v;i =Ry . (B38)
vT=T\, (B29)  Thus, using the approach presented and the dynamic param-

. ) ] " . eters already estimated above, we can calculaten(hds)
whereT is the matrix of the eigenvectors of Since thev  gistribution function at any instant of time.

matrix is symmetric, the right and the left vectors are the

same, SO 3. Calculations

“IFTIRFT. (B30) Figure 11 shows the time evolution of the distribution
function, calculated using the estimated values of the dy-
namic parameters. Note that the distribution maximum

>
—
|
<>
=
Il
—
™

On the other hand,

A=V'RU (B31) moves towards lower energies with simultaneous growth of
the distribution width, although the solution eventually col-
or lapses into the Boltzmann distribution. Using the data of Fig.
VA I=EEY (B32) 31/i1e'|c\jNe calculated the energy dependence of the IR emission
U=FT, (B33) 1 839
A A A aa HR(E)= 7. B39
exf Rt]=FT exg At]T'F 2. (B34) 1+v(E)

This latter function is also plotted in Fig. 11. Hes€E) is
the ratio of the collision-induced relaxation rate over the vi-
bronic spectrum, to the IR emission rate. It is very important
to note that the approach proposed permitted to determine
Fi i the v(E) function. The function obtained, though, is but a
uij = Rjj E i =R;i E | (B39 semiquantitative approximation, as the dynamic parameters
' ! used in its calculation have been estimated only quite
Since we havey;=v;; , then we obtain from the above equa- roughly. We should additionally note that the experimental

To determine the operatd, we have to go back to Eq.
(B28). Taking into account tha;;=F;g;;, for j=i+1, we
obtain

tions: ¢ =r(E) function is dependent on the IR detector sensitivity,
which is unaccounted for: we stated that the detector is sen-
Foo=F / itti F,=1, (B3  Ssitive in the 833-1250 cmt range, its sensitivity being de-
Rii+1 pendent on the IR photon energy.
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