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Abstract

The spin—orbit induced predissociation dynamics of H&hd HBr" ions have been investigated by numerical solution of
four coupled time-dependent Sc¢hinger equations based on ab initio potential energy data. Fof l&bonential decay
dominates for all vibrational levels in the electronic excif&d state. For HBT pronounced nonexponential decay occurs due
to significant multichannel competition. The comparison of temporal and spectral representations of the dynamics reveals th
the derivation of dynamic information from experimental frequency domain spectra may be difficult in the case of multichannel
competition. (Int J Mass Spectrom 201 (2000) 109-120) © 2000 Elsevier Science B.V.
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1. Introduction HCI™ and HBr" ions. For both ions the ground state,
2I1, (i = 1/2, 3/2), and the first excited electronic
The spin—orbit induced predissociation is a special state A %S ™", are strongly bound. However, HXons
case of nonadiabatic processes whose importance incan predissociate from higher vibrational levels of the
chemistry has recently been reviewed by Yarkony [1]. A 237 electronic state by spin—orbit induced cou-
The trends induced by the spin—orbit interaction can pling to three repulsive electronic states’df, 23,
be illustrated, e.g. by looking at a homologous series and“Il symmetry. For both, the HBrand the HCT,
of compounds. Here, the hydrogen halide ions,"HX this leads to X fragments, i.e. Bf (°P) + H, and
(X = F, Cl, Br, 1), represent an interesting example. CI* (°P) + H. In contrast, the direct dissociation of
With increasing nuclear charge the spin—orbit effects the A 23" states lead to different reaction channels,
increase accordingly. In this series the best studiedi.e. Br* (*D) + H and CI P) + H™, respectively.
cases are the spin—orbit induced predissociation of The electronic states of the HBrion are well
known from photoelectron spectra [2,3], fluorescence
spectra [4—6], and predissociation spectra [7]. The
* korolkov@chemie fu-berlin.de potential energy curves relevant for the predissocia-
Present adgress: B.l. Stepanov In§titute of Physics, Nat‘ional tion out of theA 23" state have also been studied by
Academy of Sciences of Belarus, Scarina Ave. 70, 220602 Minsk, L . .
ab initio techniques [8]. A number of theoretical [8,9]
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predissociation lifetime of HBT. Similar information
is available for the electronic states of the FiGbn
from photoelectron spectra [11-13], fluorescence
spectra [14,15], predissociation spectra [16], and from

ab initio calculations [17,18].

Most of the available experimental and theoretical
analyses of predissociation lifetimes assumed expo-
nential decay of population by either applying the
Fermi-Wentzel golden rule [19] approximation or by
assuming a Lorentzian lineshape. However, pro-
nounced nonexponential decay was observed in a
recent study of the HBr employing the numerical
solution of coupled time-dependent Sttirmer
equations [20]. In the HCl ion the spin—orbit cou
pling is a factor of 5 smaller compared to the HBr
ion. This leads to differences in the characteristics of
the predissociation dynamics, in particular signifi-
cantly longer predissociation times. In the current
work we extend our earlier analysis of the HBion
and compare its predissociation dynamics to that of
the HCI" ion. Further, the aim of this work is to
discuss the representation of the predissociation dy-
namics not only in the time but also in the frequency
domain. The former should predict characteristic phe-
nomena to be observed by femtosecond lasers,
whereas the latter is expected to provide a convenient
basis for comparison with frequency domain experi-

ments employing nanosecond lasers.

2. Model and computational methods

In this work we employ the numerical solution of
coupled time-dependent Scklinger equations. De-
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Fig. 1. () Potential energy curves of the HGbn relevant for the
predissociation of thé 23 * state. The curves have been obtained
by cubic spline interpolation of data from [18] with modifications
mentioned in the text. The vibrational eigenenergies calculated in
this work are also indicated. (b) Spin—orbit matrix elements
between the electronic states indicated.

tails of this approach have been presented elsewherevibrational eigenenergies with experimental frequen-

[20,21]. Only a brief description will be given here.
Ab initio data for the HBF potential curves were
taken from Peyerimhoff and co-workers [8]. Ab initio
data for the HCI potential curves were taken from
Dalgarno and co-workers [18]. For both systems the
vibrational eigenenergids, and eigenfunctiong,,(r)

for the potential energy curv€,(r) have been cal
culated by the Fourier grid Hamiltonian method [22].
These vibrational eigenenergies are indicated in Figs.
1 and 2. In the case of HClthe comparison of the

cies [15,16] and, more important, the experimentally
well known dissociation energy [23] yielded small but
significant differences. Consequently the potential
energy curve for thé 23" state of HCI was scaled

by about 2% in order to match the experimental data
mentioned previously. A comparison of the vibra-
tional eigenenergies of the HCls given in Table 1.
The potential energy curves used in this work for
HBr* and HCI" are presented in Figs. 1(a) and 2(a).
In the case of HBF, a crossing between the bound
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(a)

23(r) = (WA ZS )AL TS 7)),

= Ha3 (1) = (PE(A P ) [A P2 7)),
oot HEG (1) = (Wel(A 25 %) | A Wel(IT)),
% are taken from ab initio calculations, Table 9 from [8]
g 0 o in the case of HBF, those for HCI are given in
g ‘ » in Table 2. The latter have been obtained from multiref-
E 0.1 f ' i, erence configuration interaction (MRD-CI) [24] cal-
s o0 culations of the relevant electronic states with the
02 ‘ . spin—orbit operator in the Breit-Pauli form [25] in
2 4 6 8 analogy to the HBF calculations [8]. In this work the
r () spin—orbit matrix elements for the spherical harmonic
representation have been used. These matrix elements
(b) are also plotted in Figs. 1(b) and 2(b). The general
0.0050 trends are quite similar for the two molecular ions.
E e S However, the spin—orbit coupling strength is about a
g 00025 (‘e 1A%h T factor of 5 smaller in HCI compared to HBF.
% In the present work the quantum dynamics of the
2 0.0000 | HX™ molecular ions are described by four coupled
;‘; e, 5 1A time-depen_dent Schdinger eqqations for the hucl_ear
2 T ‘S" wave functions¥;(r, t) of the first bound excitedj(
g 00y . T = A) and the three repulsive (= 1, II, Il) states:
g (*T1H 1A’ e
0 T
L 11
0000 4 6 ih % = [T+ ValWa+ X HO(OW(r, 1)
r (a,) 1=l (1)
Fig. 2 (a)_P(_)tentiaI engrgy curves of the HBon relevant for th_e _ow(r, t) R
predlss_omatlt_)n of thé Ef state. The curves have beer_1 obt_auned ih — L= [T+ Vj]\yj + Hz?j(r)qrA(r, t),
by cubic spline interpolation of data from [8]. The vibrational at
eigenenergies calculated in this work are also indicated. (b)
Spin—orbit matrix elements between the electronic states indicated, j=L1, (2)

data taken from [8]. ~ . o
whereT is the kinetic-energy operator. The nuclear

wave functionsW(r, t) are represented on an equi

and the repulsive states is observed in the region of distantN-point spatial grid in the coordinate space
v = 4. But the predissociation threshold occurs very with first point r;,, = 1.5 a,, spatial stepAr =
close to the v= 2 vibrational state [7]. In HCI on 0.02 a,, and the last point from,,. = 83.4 a, to
the other hand, the crossing occurs aroune V, lNax = 656.84a, for N = 4096 andN = 32768,
only slightly above the true predissociation threshold. respectively. Both, the split-operator method [26] and
We note that the slope of the repulsive states is the integral equation method [21] are used for the
considerably smaller for the HClcompared to the  propagation of the wave functions given in Egs. (1)
HBr*. This has an important impact on the predisso and (2) in time with time steps dft < 1 atomic unit
ciation dynamics. (=0.024 fs). The absorbing boundary [27] is used to

The data for the relevant spin—orbitinduced matrix prevent the artificial reflection of aW;(r, t) wave
elements, functions at the edge of the grid.
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Table 1
Comparison of the vibrational energies employed in this work for the"H@th relevant data
AE AE

Vibrational Energy Energy (col 2—col 3) Energy (col 2—col 5) Energy
quantum no. (cm Y2 (cm™ 4P (cm™}) (cm™Y° (cm™Y) (cm™Yyd
0 0 0 0 0 0
1 1509 1500 8.8 1526 -16.8
2 2946 2920 26.3 2975 —-29.4
3 4314 4267 47.8 4351 -36.8
4 5612 5573 385 5654 -42.1
5 6843 6815 27.5 6884 —41.4
6 8007 7985 22.6 8041 -33.9 8010
7 9111 8985 126.5
8 10147 9969 177.7
9 11111 10905 206.0
10 12008 11760 248.8
11 12835 12631 204.6
12 13591 13316 274.8
13 14266 13961 304.3
14 14853
15 15349

2This work.

b See [3].

¢ See [15].

dSee [16].

The projection of the time-dependent wave func- transform of the autocorrelation function [28]. In our
tion W,(r, t) on the vibrational eigenstateg,(r), case the autocorrelation function for the given initial
yields the time-dependent populations of the vibra- conditions (x,(t = 0)|W(t))) is complex. However,
tional states the square of the absolute value of this autocorrelation

_ 2 function corresponds to a real experimental observ-
C(0) = [(xuD[ WA, D). (3 P P

able, i.e. the population of the initial eigenstate [see
Eq. (3)]. For comparison with experimental data it is
also interesting to discuss the time dependence of the
norm of the wave packet¥(t)|W(t))%. The latter
WAr, t=0) = x,(1), correlates directly with the number of product ions
detected in a predissociation experiment [16]. Conse-
quently Fourier transform spectra have been calcu-
In general predissociation cross sections can be lated by fast Fourier transformation (FFT) of the wave
obtained by calculating the square of the Fourier packet (W(t)|?) of the excited electronic state and

The HBr" ion is assumed to be initially (i.e. ait=
0) in one of its eigenstates, without any populations of
other states:

Wi(r,t=0) =0, p=nLI10L 4)

Table 2

Spin—orbit coupling matrix elements in crhfor the complex spherical harmonic wave function for the relevant electronic states
indicated

r(a.u.) 3.25 4.50 4.75 5.0 5.5
(APEHHST) —36.3 —109.0 -122.1 —-135.7 -157.8
(A ZSHHJES ) -27.2 -77.5 —86.6 —96.0 -111.4

(A 234D 165.4 147.3 140.8 134.6 121.8
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12 . . i i Table 3
Hert Comparison of lifetimes derived in this work for the HCWith
1 data from the literature; for ¥ 11 the lifetimes calculated for
Vi =6 the individual channels are given in parentheses
. 0.8 1 Lifetime 7 (1/e) (fs)
) 06 | v =11 ] Vibrational state withWave packet
B-< \\‘f{ guantum number v dynamics Golden rufePenno et a.
T 04l Vin =9 1 6 20000
S V=10 SSse 7 262 8600 260
02 Vin=8 = 8 160 34 >46
v =7 9 266 61
0 L . L 10 649 51
0 200 400 600 800 . 1000 11 672 240
t (fs) (chl: 949()
ch2: 5295
Fig. 3. Predissociation dynamics of HCions in theirA 23+ ch3: 406
electronic state: time evolution ¢f o(t)|? for initial vibrational aSee [9].
levelsv= 6, 7, 8, 9, 10, and 11. b See [16].

Accidentally the decay dynamics from the vibrational
levels v=7 and 9 and v= 10 and 11 are very
similar. It is interesting to complement these dynam-
ics in the time domain with the corresponding spectra
in the frequency domain. These spectra can be calcu-
lated by Fourier transformation of the time-dependent
wave packet. For a truly exponential decay in the time
domain one would expect a perfect Lorentzian line-
shape in the frequency domain. Fig. 4 shows the
3. Results Fourier transform spectrum of the wave packet
(|WA(1)|?) for three different initial levels v= 7, 8,

the population<C;(t) of the vibrational eigenstates of
this electronic state. For technical reasons the Fourier
transformation was done from time to momentugh (
space. Since the enerdy is proportional tok?, we
need to discuss the square of the Fourier transforma-
tion. Throughout this work the latter is referred to as
a “spectrum.”

3.1. Vibrational predissociation dynamics of HCI
ions

The predissociation dynamics of HClions ink
tially prepared in the vibrational eigenstates=v
6-11 is shown in Fig. 3(a)lW¥A(t)|? is basically
constant for level v= 6 in line with the fact that this
level is below the threshold for predissociation. For
all higher vibrational states decay is observed on the
femtosecond time scale. From this data we can derive
predissociation lifetimes (time for decay toe)l/ A
comparison of the lifetimes of HCl determined in
this work with data available from the literature is N
presented in Table 3. Evidently the lifetime decreases V-v, (em)
from v =6 to v= 8 and increases again for the _ L o

. . . . .. Fig. 4. Predissociation spectrum for the initial vibrational levels
higher vibrational states. The time evolutionis clearly |, = 7 (solig circles), 8 (open circles), and 9 (open squares). For
exponential for most of the initial vibrational levels. each case a Lorentzian function is shown as a line.

Spectrum
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Fig. 5. Predissociation dynamics of HCIrom the initial level v=

11; (a) time evolution of ¥ A(t)|? and the population G(t) (note,

that the two are basically indistinguishable on the scale shown);
| W A(t)|? obtained when taking into account only one of the three
reaction channels (I, Il, and Ill) separately are also shown. (b) Time
evolution of the neighbouring levels,gt) and C(t).

and 10. For comparison we also show three Lorent-
zian functions with the appropriate full width at half
maximum (FWHM). For v= 8 and v= 10 the Fou-
rier transform of the wave packet appear to have an
almost perfect Lorentzian lineshape. Only for= 7
(solid circles) we note small but significant differ-
ences, particularly in the region of the center fre-
quency.

Fig. 5 presents a more detailed analysis of the
predissociation dynamics of HElv = 11. Fig. 5(a)
presents the time evolution (¥ ,(t)|? including the

M. Korolkov et al./International Journal of Mass Spectrometry 201 (2000) 109-120

interaction of the®Y" state with only one of the
repulsive states (marked by the channel numbers I, I,
and 1ll) as well as|¥(t)|? including multichannel
interaction between the predissociative state and all
repulsive states (marked: All). The predissociation
channel | (interaction with thé’S~ state) clearly
dominates. From this plot we derived lifetimes due to
the interaction with the individual predissociation
channels of 949 fs (1), 4.068 ps (IIl), and 5.295 ps (11).
Assuming that the three channels are independent one
would expect a total predissociation lifetime of 671.9
fs. The decay curve dff o(t)|? including all channels
simultaneously leads to a lifetime of 672.2 fs. This
demonstrates that multichannel competitions are of no
importance in this particular process and all channels
operate independently. For comparison Fig. 5(a) also
shows the decay of the population of the initial
vibrational level v= 11, C;;. The lifetime for G, is
very similar to that fof W ,(t)|?, in fact the two decay
curves are hardly distinguishable. However, the two
neighbouring levels (v 10 and 12) are excited and
display pronounced oscillations [Fig. 5(b)]. The am-
plitude of these oscillations is indeed very small
(<0.0001) and only weakly damped over the 500 fs
time range shown. Some other neighbouring levels (9,
13, etc.) are also excited, but their amplitude is even
smaller. The population of all these neighbouring
levels builds up within the first 20 fs.

However, the oscillation frequency is smaller for
C,o compared to ¢, At the time of formation G,
and C, are in phase, around 280 fs the two are out of
phase and at 500 fs they are again in phase. The
difference in the recurrence frequency of,@nd G,
becomes even more clear when looking at the Fourier
transform spectrum of these populations, shown in
Fig. 6. The spectra of all three populations shown
there (G, C,1, and G,) exhibit a resonance at the
central frequencyy,. The width of this resonance
correlates with the lifetime of the corresponding
population. We note that this width is marginally
smaller for G, (7.83 cmi %) than for G, (7.92 cm' %),
but slightly larger for G, (8.5 cm ). Only for the
spectra of the populations,gand G, we observe
side bands, but not for the spectrum of the population
of the initial vibrational level v= 11. The actual
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Fig. 7. Predissociation dynamics of HBiions in their A 237
Fig. 6. Predissociation spectrum of the populationg (€olid line), electronic state; time evolution df¥ 5(t)|? for initial vibrational
C,, (short dashed line), and,&(long dashed line), initial vibra levels v = 2-10.

tional level v= 11. Note that the sidewings are only observed for
C,oand G,. The relative position of unperturbed vibrational levels

, vibrational level above the predissociation threshold.
is marked by arrows.

The lifetime decreases from# 2 to v = 5 before it

increases again. Most of the decay functions shown
position of these sidebands ¥, = +414.5 cm* are clearly nonexponential. The oscillations observed
for Cypandvi, = =378.0 cm * for Cy,. very close  jngicate significant redistribution of population within
to the resonance positions (826.8/2413.4 and  he first 50 fs. In the following we will concentrate on

755.8/2= 377.9 cm*). Here, the factor of 2 arises  the temporal and spectral representation of the predis-
from the fact that we present the Fourier transform of gqciation of HBP ions initially prepared in the

the population [see Eq. (3)] rather than that of the \jprational levels v= 5 and v= 9. More details

autocorrelation function itself. regarding the predissociation dynamics of some other
The frequency difference between these two ob- yiprational levels have been presented elsewhere [20].
served sidebands is 36.5 cias opposed to 35.5 Fig. 8 illustrates the predissociation dynamics of

cm ' expected for the unperturbed vibrational levels. Hgr* ions initially prepared in the v= 5 state. The
The difference is very small which is not surprising in  time evolution of| ¥ A(t)|? including all predissocia
the light of weak spin—orbit coupling. Because of this iy channels (All) and that taking into account only

weak coupling the classical Landau-Zener picture gne channel at a time (marked I, 11, and I11) are shown
would also give reasonable estimates of the energeticin Fig. 8(a). For most of the time predissociation

positions and splittings. channel lll, i.e. interaction with th&8l1 state, is most
important. The time evolution is clearly nonexponen-

3.2. Vibrational predissociation dynamics of HBr tial and even the relative order of importance of the

ions individual channels varies with time. The population

of the initial vibrational level v=5 decays even
In Sect. 3.1 we showed that the predissociation faster. For illustration purposes we also include an
dynamics of the HCI ion is basically exponential.  exponential function with a lifetime corresponding to
We now turn our attention to the HBrion. Fig. 7 that of | W (t)|%. Fig. 8(b) presents the time evolution
shows the time evolution di¥ ,(t)|? for HBr* ions of some neighbouring populations for initial prepara-
initially prepared in the vibrational eigenstates=v2 tion of ions in v= 5. Within the first 15 fs popula-
to v = 10 of the®S™ electronic state. The longest tions build up in the nearest neighbour levels=v4
lifetime is observed for v= 2, which is the first and v= 6. The maximum population in these levels
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Fig. 8. Predissociation dynamics of HBions from the initial level Fig. 9. Predissociation spectra of HBions initially prepared in
v = 5. (a) Time evolution of¥ ,(t)|? and the population &t), for v = 5. (a) Predissociation spectrum|df ,(t)|? (solid line), and the
comparison an exponential function (exp) is showw,,(t)|? population G (dot-dashed line); for comparison a Lorentzian

obtained when taking into account only one of the three reaction function with width 313.5 cm® (dashed line) is shown. (b)
channels (I, Il, and Ill) separately are also shown. (b) Population of Predissociation spectra of the neighbouring populationar@ G
the neighbouring levels 3, 4, 6, and 7. together with initial population £

is about 0.08 and 0.06 referenced to the initial plemented by the corresponding spectral representa-
population at time zero [t = 0) = 1). However, tion (see Fig. 9). Clearly neither the spectrum of the
this implies that at a given time, e.g. 18 fs, the population G [see Fig. 9(a)], nor that df¥ 5(t)|* are
population in thev = 6 state is only a factor of 4  Lorentzian. Most interesting, the width of the spec-

smaller than that in the initially excited state €v5) trum of | W ,(t)|? is significantly smaller than that of a
at this time. The population in the second nearest Lorentzian near the top of the spectrum. The full
levels v=3 and v= 7 is even smaller, but still width at half maximum, however, of Land of

significant. All these populations show oscillations | W (t)|? is significantly larger than that of the Lorent

with a frequency of about 30 fs, however, these are zian function shown. The latter is the Fourier trans-

strongly damped. form spectrum of the exponential shown in Fig. 8(a).
This temporal representation shall again be com- In the temporal representatigl’ 5(t)|* and this ex
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ponential function agreed quite well for short times
but rather poorly for longer times. The agreement
between the FFT spectrum pF ,(t)|? and the expo
nential, on the other hand, is good for the high
frequency components, but poor for frequencies close
to the center frequency. Of course this bears important
implications for the analysis of experimental spectra
recorded in the frequency domain. It implies that
restoring predissociation dynamics from frequency
domain spectra is difficult in the case of nonexponen-
tial decay. Fig. 9(b) shows the spectra of the popula-
tions of the neighbouring vibrational levels,=v 4
and 6. For comparison the spectrum of i€ shown
again. In contrast to the latter,Gand G exhibit
marked wings at frequencies of abott650 cm ™.
Similar to the situation discussed for HCIin the
initial vibrational level v= 11 (cf. Fig. 6) these
positions correspond to the energies of the neighbour-
ing vibrational levels £516 cm* for v = 6 and
+536 cm * for v = 4). However, since the predis
sociation is extremely fast for HBr v = 5 (17.1 fs),
these sidebands are not fully resolved in the frequency
domain. It is interesting to note, that even the position
of the second nearest vibrational levels is observed in
the spectrum of ¢around+1200 cm*. For com
parison: the unperturbed eigenenergies would appear
at+1011.6 cm* (v = 7) and 1095.5 cm* (v = 3).
The initial vibrational level = 5 is the one with
the shortest lifetime for the predissociation of HBr
ions. For higher vibrational levels the lifetime in-
creases to the order of about 100 fs. This is still
significantly shorter than the lifetimes for the higher
vibrational levels in the HCI. For HBr" ions initially
prepared in the vibrational level # 9 the predisso-
ciation dynamics is illustrated in Fig. 10. Fig. 10(a)
displays the decay dfP’ 5(t)|? taking into account all
channels simultaneously (All) and each one of the
channels separately (I, I, and Ill). Evidently channel
number Il (interaction with theéS,~ state) is most
important for long times. However, for the first 30 fs
channel Il is more important. Thus, we note that the
three reaction channels do not work independently for
this vibrational level. Competition between their con-
tributions does indeed play a major role. This is
further supported by comparing the sum of lifetimes
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Fig. 10. Predissociation dynamics of HBions from the initial
level v = 9. (a) Time evolution of ¥ ,(t)|? including all channels
(all), and including only one particular channel (I, Il, and IlIl), and
the population gt), for comparison two different exponential
functions (exp and exp) with lifetimes of 66.7 and 84.8 fs,
respectively, are also shown. (b) Time evolution of the population
of the nearest neighbour levelsgy @nd G, (c) Time evolution of
the population of the second nearest neighbour levelgnd G ;.

of the individual channels (88.9 fs) with that of
|WA(1)|? taking into account all channels (66.7 fs).
Fig. 10(a) also presents the time evolution of the
initial population G. Here we notice almost step-like
behavior up to about 100 fs, indicating extensive
redistribution of population. For discussion of the
spectral representation of these predissociation dy-
namics (see below) we also include two exponential
functions in Fig. 10(a). One of these functions was
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chosen to agree quite well withV ,(t)|? for short
times and one for long times.

Fig. 10(b) and (c) show the population of the
vibrational levels of nearest neighbours, &d G,
and second nearest neighbours, @d G, respee
tively. Here the population of nearest neighbours
exhibits extended oscillations over the entire time
range shown (400 fs). This is possible because the
predissociation lifetime for this initial level, ¥ 9, is
long enough. We recall that for the initial level=v 5
[cf. Fig. 8(b)] the oscillation of population of nearest
neighbours was basically damped to zero after 100 fs.
Similar to the situation for the initial level « 5, here
the period of the oscillations is slightly shorter for the
lower neighbour, g compared to the upper neigh
bour, G, Both populations are built up in phase.
They have an opposite phase at about 200 fs. But
beyond this time oscillation has died forg.CAgain
this reflects the shorter lifetime of the vibrational level
8 as compared to level 10. The maximum population
of Cg and G is about 10% of the population in the
initial level at a given time. The population of second
nearest neighbours [Fig. 10(c)] is almost an order of
magnitude smaller. Since the lifetime of the vibra-
tional level 11 is significantly longer than that of level
7, the oscillation of population extends to much
longer time for the former.

The spectral representation of the populatiogs C
C, and G, is shown in Fig. 11.All populations
exhibit a resonance at the central frequemgy The
width of this resonance is largest fog @nd smallest
for C,, in line with the lifetimes discussed above. We
note that side bands are observed at abott0 cm *
for C,o and +430 cm * for C,. The positions of the
corresponding neighbouring vibrational levels are in-
dicated by arrows. Sidebands are hardly discernible
for the population of the initial level £

Fig. 12 illustrates the spectrum of the population
C, and of the wave packet in comparison with the
spectra of the two exponential functions shown in Fig.
10(a). Most interestingly the spectrum of thie,(t)|?
and of G appear to agree well with the spectrum of
the second exponential (e3p but rather poor with
that of the first exponential (exp At first glance this
is surprising, since the latter seems to agree much
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Fig. 11. Predissociation spectra of HBin the initial levelv = 9.
Populations of the vibrational levels 8, 9, and 10.

better with| W (t)|? and G, in the temporal represen
tation. However, this statement is only correct for the
first 200 fs. Beyond this time the second exponential
agrees much better with’ o(t)|? and G, and it is this

time range which seems to be most relevant for the
spectral representation. Again this bears important
implications for the interpretation of experimental
spectra. Let us assume one measures a spectrum
similar to the symbols in Fig. 12. Further assuming
exponential decay one would probably fit this spec-

1.00 |
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0.60 r

0.40

Spectrum
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0.00 : : : :
-150 -50 0 50 100
V-V, ( em’! )

-100
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Fig. 12. Predissociation spectra of HBIn the initial level v= 9.
Comparison of the spectrum p¥ ,(t)|? (open circles), G (closed
circles) and of the two exponentials shown in Fig. 10(a) as
indicated.
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trum with a Lorentzian function similar to the solid These oscillations are due to the propagation of the
line. However, in the temporal representation this wave packet for electronic wave functions which are
would lead to a time evolution which does not give a not eigenfunctions of the total system Hamiltonian,
good number for the ¥ decay time. This demon- H,,, = Hy + Hg, In principle one could obtain the
strates that in the case of honexponential decay it is eigenfunctions of the total Hamiltonian by diagonal-
very important to obtain spectra with high signal to ization methods. The resulting wave function would
noise ratio not only at the resonance center but also atthen have dominant contributions from the basis
the wings. We conclude that it will be rather difficult  function ¥ ,, but also smaller contributions froff,,

to analyze experimental frequency domain spectra in ¥, and¥,,. The latter contributions would be larger

the case of nonexponential decay.

4. Summary and discussion

for the HBr" than for HCI" due to the larger
spin—orbit coupling. However, we know of no easy
way to prepare these “mixed” eigenstates experimen-
tally.

Very often dynamic information is derived from

We have investigated the predissociation dynamics experimental frequency domain spectra and the ques-

of HCI* and HBf" ions from a wide range of
vibrational levels in the®>" electronic state by
numerical solution of coupled time-dependent Sehro

tion has always been: to what extent is this approach
valid? In general there is no problem as long as one
deals with truly exponential decay and homogenous

dinger equations based on ab initio potential energy linewidth. Here the title systems of this work offer the
data. For both systems the predissociation lifetime possibility to compare a system with predominant

decreases in going from the threshold sv7 for
HCI® and v= 2 for HBr") to the next higher
vibrational states. The smallest lifetime is observed
for v = 8 in the HCI" ion (1 = 160 fs), and for v=

5 in the HBf" ion (r = 17.1 fs). For both molecular

exponential decay to one with predominantly nonex-
ponential decay. Thus, for several initial vibrational
states in the HCl and HBr" the temporal represen
tation of the predissociation dynamics has been com-
plemented by the corresponding spectral representa-

ions this occurs close to the crossing between the tion obtained by FFT. For the HClthe calculated
three repulsive electronic states and the predissociat-spectra are very close to Lorentzian, which is not
ing 2>* electronic state. However, even the smallest surprising in the light of the exponential character of

lifetime in the HCI" is still larger than that of most
vibrational levels in the HBY. This is due to the fact
that the spin—orbit coupling, which facilitates this
predissociation, is about a factor of 5 smaller in FCI
compared to HBF. In going to even higher vibra
tional levels the lifetime increases again.

For most of the vibrational levels in the HCthe
predissociation dynamics follows an exponential de-
cay in the time domain. Only weak oscillations in the
population of the vibrational states is observed. In

the decay dynamics. For the HBrhowever, pro
nounced deviations from Lorentzian line shapes are
observed. This is a consequence of the nonexponen-
tial character of the decay dynamics in this system.
For further analysis we have compared time evolution
and the spectra of HBr with model exponential
decay functions and Lorentzian line shapes, respec-
tively. Here, the most important result is, that Lorent-
zian functions which fit the central part of the spec-
trum (smallv — v,) well, lead to good agreement for

contrast to this the predissociation dynamics is clearly the long-time behavior of the dynamics, whereas a
nonexponential in the HBr ion and pronounced good fit to the wings of the spectrum leads to
oscillations are observed for the population of vibra- reasonable short time behavior. The problem we want
tional states. This indicates extensive redistribution of to point out is, that the signal to noise ratio of
population between the initial and the neighbouring experimental frequency domain spectra is often poor
vibrational levels. Similar oscillations have, e.g. been in the wings. Thus, we conclude that the derivation of
observed in the predissociation of HCo(GJ29]. dynamic information from frequency spectra is diffi-
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cult when the competition between different reaction
channels leads to nonexponential decay. In the future
we plan to apply the results of this work to the
analysis of the state selective predissociation spectra
of HCI™ [16] and HBr" [7]. There we will also take
into account the formation of molecular ions via the
A %% « X 211, transition. Ultimately this will
hopefully enable us to compare calculated absorption
spectra to the experimental predissociation spectra.
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