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Abstract

The laser induced charge transfer N2
1 1 Ar 3 Ar1 1 N2 has been employed to measure rotationally resolved excitation

spectra of N2
1, held in a 22-pole ion trap. Detection of the Ar1 product ions proved to facilitate an almost background free

spectroscopic method. Rotational temperatures and Doppler temperatures determined from these spectra show that the internal
and translational degrees of freedom of the parent ions are very well coupled to the trap temperature via collisions with the
Ar buffer gas. Laser excitation starts a complex reaction kinetics of the finite ensemble of N2

1 ions. Various elementary reaction
steps have been distinguished and followed in detail by varying laser duration, storage time, and target gas density. For a fixed
temperature (90 K), specific rate coefficients have been determined. Pumping only one particular quantum state of ortho-N2

1

(X2¥g, v0 5 0, J0 5 6.5) shows that rate coefficients for the mixing of fine structure states (F1/F2) as well as nuclear spin
states (ortho/para) in collisions with Ar are negligible (smaller than 10212 cm3 s21). The rate coefficient for transitions between
the rotational states of one subset, e.g. ortho-N2

1 (F1), are surprisingly small. The results are discussed in the framework of
possible dynamical constraints, e.g. imposed by the potential energy surface. (Int J Mass Spectrom 185/186/187 (1999)
589–602) © 1999 Elsevier Science B.V.
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1. Introduction

The acquisition of spectra of molecular ions has
been and still is a formidable task to spectroscopists.
Because of their transient nature and space charge
problems, ions are hard to produce in large enough
quantities to obtain a high resolution spectrum in
emission or absorption. For some systems, the method
of laser induced fluorescence (LIF) has been used

successfully. Other laser induced processes such as
the opto-acoustical or the opto-galvanic effect pose an
interesting alternative. In the first type of experiments,
laser excited molecules release their excitation energy
via inelastic collisions into translational energy of a
buffer gas leading to an acoustic signal. In the second
type the discharge current is perturbed by laser
induced modifications of the charge distributions.
This method can be very sensitive, but usually the
involved chemical plasma kinetics are very compli-
cated and only poorly understood. Besides ionization,
electron ion recombination, and other processes, laser
induced charge transfer is an important elementary
step. A prototype example for this is the charge
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transfer (CT) reaction N2
1 1 Ar 3 Ar1 1 N2,

occurring for example in an Ar/N2 discharge.
It has already been demonstrated by Grieman et al.

[1] that Ar1 ions formed by this reaction can be used
as a monitor to obtain an excitation spectrum of N2

1.
This reaction system is especially suited as a
prototype for a laser induced reaction because the
reaction requires additional translational energy for
ground state N2

1 ions whereas it is also rapid at low
translational temperatures as soon as the excitation
energy exceeds the endothermicity of 0.18 eV [1].
The mentioned experiment [1], performed in a
selected ion flow tube (SIFT) apparatus, turned out
to be very sensitive. By probing only'104 cm23

parent ions, a full spectrum of the Meinel band
(A2Pu v9 5 4, J9 4 X2¥g v0 5 0, J0) could be
recorded. Compared to earlier attempts to employ
laser induced reaction [2] the detection efficiency
was increased by taking advantage of particle
counting and the background was reduced by ther-
malizing the hot parent ions in the SIFT apparatus
to T 5 350 K [1]. However, due to the short passage
time of the ions through the laser, its power had to
be fairly high (20 W [1]). In addition, a high target
gas density was required (1015 cm23 [1]) because
the distance of the excitation regime to the extrac-
tion hole into the mass analyzer and detector was
short. It has been pointed out by the authors that
measuring the product yield as a function of target
density can reveal the rate coefficient for the laser
induced reaction step; however, to our knowledge,
no result has been reported. Instead, in another
SIFT experiment by Kato et al. [3], LIF has been
used to determine state specific charge transfer rate
coefficients for the system under consideration,
N2

1(v 5 0–4).
Besides flow tube experiments, trapping experi-

ments are well suited for spectroscopic or chemical
studies with ions. Mahan and O’Keefe [4] used LIF to
record the first negative system (B 2¥u 4 X2¥g) of
N2

1 ions confined in a Paul trap. The authors could
show that N2

1 produced by electron impact in the trap
had an initial rotational distribution close to room
temperature but heat up to several thousand degrees
due to collisions with Ar. This heating was attributed

to a rapid transfer of translational into rotational
energy (T–R transfer). These results indicate that the
combination of trapping experiments and laser in-
duced processes can be used to obtain information
about the collision dynamics of the molecular system
under consideration.

We report here on a different experimental
approach employing laser induced reaction as a
technique to not only receive spectroscopic infor-
mation but also to use it for detailed dynamical
studies of the various reaction steps involved. A
small number of parent ions, typically 2000, is
stored in a temperature variable 22-pole rf ion trap
in the presence of a low density Ar buffer. In
contrast to the experiments in the Paul trap, in this
trap all degrees of freedom are thermalized to the
temperature of ambient buffer gas. Because of long
ion–laser interaction times, 5 mW from a diode
laser are sufficient to initiate a significant fraction
of the trapped ions to undergo the laser induced CT
reaction. Analyzing this product yield as a function
of excitation wavelength easily reveals a rovibra-
tional N2

1 spectrum. Moreover, the parameters de-
termining the product yield can be varied over a
wide range. Changing the storage time, rates can be
determined at a constant target number density and
for a particular initial rovibrational state (v0 5 0,
J0). Varying the target number density or the laser
power, reaction steps involving a collision can be
separated from unimolecular steps.

In the following we describe an experiment in
which the dynamics of rotational relaxation of the
parent ions has primarily been examined. After
the experimental section, N2

1 spectra are pre-
sented. These spectra have also been used to
determine the translational and rotational tempera-
ture of the stored ion cloud. We then describe the
determination of the rate coefficients of the relevant
kinetic steps. In the discussion we give a simple
model to explain that the rotational relaxation
process is nonstatistical. Influences of possible fine
structures of the potential energy surface of the
(N2Ar)1 system on these processes will be dis-
cussed.
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2. Experimental

2.1. Guided ion beam apparatus/22-pole ion trap

Fig. 1 shows a schematic view of the central part of
the experimental setup. The principles of this ion trap
apparatus have been described in some detail before
[5,6]. In brief, N2

1 ions are produced by electron
bombardment from residual N2 in a storage ion
source, i.e. outside of the 22-pole trap. The mean
residence time in this source is on the order of
milliseconds; therefore, ions are delivered with an
internal temperature close to room temperature. For
every trapping cycle a train of ions is extracted into a
quadrupole mass spectrometer (QMS I) that selects
the N2

1 ions from the ion beam and transfers them into
the 22-pole ion trap. There, they are stored up to
minutes by the radial rf field created by the 23 11
stainless-steel rods, and by the electrostatic potential
of the entrance and exit orifices. The trap is mounted
on the second stage of a closed cycle refrigerator
(Leybold, RGD 210). Coupling between the wall
temperature and the ion temperature is usually medi-
ated by collisions with the ambient target gas. For the
experiments presented in this article, temperatures
above 100 K were generally chosen to avoid conden-

sation of the Ar target gas. After a preselected storage
time, the ions are extracted from the trap, mass
analyzed in another quadrupole mass spectrometer
(QMS II), and detected by conventional single ion
counting techniques. The trapping cycle is repeated
for a variety of storage times and for the reactant or
product masses of interest.

Rate coefficients can be determined from the num-
ber of parent and product ions as a function of
residence time in the trap, together with the accurately
determined target gas number density. At pressures in
the range of 1025–1023 mbar, the target gas number
density is measured by a spinning rotor gauge (MKS,
quoted accuracy,5%). For experiments at lower
target gas number densities (trap pressurep , 1025

mbar) an ionization gauge is used. The ion gauge is
calibrated by the spinning rotor gauge in the overlap-
ping pressure range. A large contribution to the
uncertainty in the target gas number density is be-
cause of the density gradient along the trap axis and
also the density fluctuations caused by variations of
the trap temperature leading to condensation and
reevaporation of target gas. For the data analysis we
therefore have to use an effective target gas density
for which we conservatively estimate an error of
'20%.

Fig. 1. Schematic view of the ion trap apparatus. N2
1 primary ions are transferred from the ion source by a quadrupole mass spectrometer (QMS

I) into the cooled radio frequency 22-pole ion trap. Reactant ions and formed products are stored for a preset time before extraction, mass
analysis in the second quadrupole (QMS II), and detection. During storage N2

1 can be excited by a collimated diode laser to initiate the charge
transfer reaction N2

1 1 Ar 3 Ar1 1 N2.
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2.2. Laser system

Previous works in the literature concerning the N2
1

Meinel band (A2Pu4 X2¥g) have been explored to
the extent of accurate transition frequencies, radiative
lifetimes, Einstein coefficients, andf values for indi-
vidual rovibrational lines [7–9]. We have used a 780
nm laser diode (Sharp, LTO26MD0) [10] for optical
excitation of the (A2Pu v9 5 2, J9 4 X2¥g v0 5 0,
J0) band. This diode, which has a threshold current of
;40 mA, was operated between 50 and 80 mA
injection current leading to single mode conditions.
Under these conditions, the output power is up to 5
mW. The linewidth is less than 100 MHz. Coarse
tuning the laser frequency of the diode is done using
an actively driven Peltier element keeping the tem-
perature constant within a very small fraction of a
degree in the range between 13–29 °C. Fine tuning
and scanning the laser frequency is achieved by
variation of the diode current. The typical rate is
several GHz/mA. A 2 GHz etalon with a finesse of
about 200 (Burleigh) and a 9.8 GHz etalon (home-
made) are used for frequency calibration purposes.

3. Results

3.1. Laser induced charge transfer (LICT)

The laser excitation and collisional processes in-
volved in the present study of N2

1 1 Ar collisions are
illustrated in Fig. 2. It shows a schematic energy level
diagram of N2

1 in its electronic ground state (X2¥g, v0
5 0, J0), one particularJ9 level of the excited
A2Pu(v9 5 2) state, and the Ar1(2PJ) product state.
Because of the endothermicity of 0.18 eV, the CT rate
coefficient

N2
1~v0 5 0! 1 Ar3 Ar1~2PJ! 1 N2 (1a)

is very small at room temperature,kCT(v 5 0) ,
10212 cm3 s21 [11,12]. However, it has been shown
by various authors [1,12] that vibrationally excited
N2

1 reacts with a considerably larger charge transfer
rate coefficientkCT(v . 0) 5 4 3 10210 cm3 s21

N2
1~v0 . 0! 1 Ar 3 Ar1~2PJ! 1 N2 (1b)

As a consequence, detection of Ar1 from the charge
transfer reaction can be used as a very sensitive
monitor for the presence of vibrationally excited N2

1.
Without laser excitation, the trapped N2

1 ions remain
in their vibrational ground state and practically no
Ar1 ions are formed in the trap. When the laser hits
the A2Pu(v9 5 2, J9) 4 X2¥g(v0 5 0, J0)
transition, about 55% of all laser excited N2

1 mole-
cules fluoresce into vibrational levelsv0 $ 1 in the
present experiment (see Fig. 2). Thus the detection of
Ar1 indicates the laser excitation of N2

1, and the Ar1

ion signal versus the wavelength can be used to record
a spectrum of N2

1. As already mentioned in the
introduction, this method has been employed previ-
ously [1] in a flow tube experiment to determine the
optical spectrum ofA2Pu(v9 5 4, J9) 4 X2¥g(v0 5
0, J0). In the present trap experiment much smaller
number densities are needed to record such a spec-
trum.

Fig. 3 shows the band head of theR11 branch of the

Fig. 2. Schematic level diagram of N2
1 with those reaction pathways

that are relevant for the present experiment. Ortho-N2
1 in its

electronic ground state level (X2¥g, v0 5 0, J0 5 6.5, F1) is laser
excited to A2Pu(v9 5 2, J9 5 7.5) (excitation rate:Rabs).
Fluorescence of this state populates eithero-N2

1 (v0 . 0, J0),
which has sufficient energy to undergo charge transfer with Ar1

(rate coefficient:kCT) or o-N2
1 (v0 5 0, J0 5 6.5, 7.5, and8.5).

The laser driven change of the rotational state population ofo-N2
1

is thermalized by inelastic collisions with the Ar buffer gas (rate
coefficient:kN3N9, N denotes the rotational quantum number) not
shown as arrows for clarity.

592 S. Schlemmer et al./International Journal of Mass Spectrometry 185/186/187 (1999) 589–602



A2Pu(v9 5 2, J9) 4 X2¥g(v0 5 0, J0) transition.
For each point of the spectrum only about 2000 N2

1

parent ions were stored for 200 ms in the trap during
continuous irradiation with the laser diode. The plot-
ted spectrum, which was taken at room temperature, is
an average of five scans. Most lines in this spectrum
belong to the progression of theR11 branch, marked
by the rotational levelsJ0 5 6.5–12.5. Theupper
portion of Fig. 3 shows the fringes of the 9.8 GHz
etalon that have been recorded as a second trace. Both
signals have not been corrected for the laser intensity
varying with the detuning. Because the diode laser
output power is proportional to the injection current
above threshold, it also increases more or less linearly
with the detuning. This can be seen from the etalon
scan. To obtain the correct absorption signal (and for
other quantitative evaluations) the observed Ar1 sig-
nal has been normalized to the actual measured laser
power.

3.2. Characterization of the stored N2
1 ions

Trapping experiments are widely used for the
determination of thermal rate coefficients for ion–

molecule reactions [13]. The use of higher order
multipole rf traps made it possible to obtain rate
coefficients down to fairly low temperatures (T $ 10
K) [5,6]. However, there has been a long debate as to
what extent the trapped ions reach the wall tempera-
ture [6,13,14]. In the present experiment we have
examined the rotational and one translational degree
of freedom of the stored ions.

From a measured spectrum of N2
1 the rotational

population of the trapped N2
1 ion cloud has been

calculated using the following procedure. The rota-
tional lines of theR11 branch in Fig. 3 originate from
the electronic fine structure componentF1 ( J0 5 N0

1 1/ 2) of ground state N2
1 in its two nuclear spin

componentso-N2
1 (N 5 0, 2, 4. . .) andp-N2

1 (N 5

1, 3, 5. . .). The ion signal, after correction for the
laser power, is proportional to the degeneracy of the
nuclear spin configurations,g, to the Hönl–London
factors,S( J0), and the population probability of the
initial states. For the2P 4 2¥ transitions we have
calculated the Ho¨nl–London factors using the formu-
las given by Earls [15]. Under thermal conditions, the
population of the rotational states in theX state would
be given by the Boltzmann factor, exp(2Erot/kT)
with Erot 5 hcB0( J0 2 1/ 2)(J0 1 1/ 2). Note that
the multiplicity of the total angular momentumJ0 has
already been accounted for by the Ho¨nl–London
factor. In order to test the measured population and to
extract a temperature, the rotational state distribution
for theR11 branch has been displayed in a Boltzmann
plot, e.g. following the expression

ln @I /gS~ J0!# 5 2Erot/kT 1 const

Fig. 4 shows such a plot for a spectrum taken at a
nominal temperature of 120 K. The rotational tempera-
ture determined from a linear regression is (1266 6) K,
which is in excellent accordance with the nominal
temperature defined by the walls of the trap.

In order to determine the translational temperature
of the ion cloud, the line shape of several rovibra-
tional transitions was recorded at a smaller frequency
step size and fitted with a Gaussian function, account-
ing for the Doppler profile caused by the ion motion.
Fig. 5 shows two such rotational lines with their

Fig. 3. Variation of the laser frequency in the region of the band
head of theR11 branch of the N2

1 [A2Pu(v9 5 2) 4 X2¥g(v05
0)] transition. The temperature stabilized diode laser is tuned by
scanning the injection current of the diode.Upper trace: Fringes of
a 9.8 GHz etalon used for frequency calibration.Lower trace: Ar1

ions from laser induced charge transfer are used as a monitor for
detection of the spectrum.
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respective fits. The temperature of the fitted Maxwell–
Boltzmann velocity distributions are in good overall
agreement with the nominal temperature of the trap
(see Fig. 5 caption). The 2 GHz etalon fringes
routinely used for frequency calibration are included
in the lower panel. Such experiments have been
repeated at various nominal temperatures and good
overall agreement was found.

As a critical test, the two measured temperatures
can be compared with each other. As an example, Fig.
6 shows the translational temperature (forJ0 5 7.5)
as a function of the rotational temperature derived
from all measuredJ0. Although the scatter in these
measurements is fairly large (30 K), it can be seen,
that Ttrans versusTrot follows very well the expected
straight line at 45°. However, the linear regression
indicates that the measured translational temperature
may be slightly lower than the rotational temperature.
This can be qualitatively explained by the fact that our
measurements are performed with a very limited
number of ions. Even at comparably short times for
laser excitation, inelastic scattering may couple trans-
lation and the rotational states sufficiently that the
thermal equilibrium of the very small ensemble is

perturbed. This obviously can lead to differences in
the two apparent temperatures,Ttrans andTrot. Disre-
garding these subtleties, which will be discussed in
more detail in the next section, we take the extensive

Fig. 5. Doppler profiles of a specific laser transition at two
temperatures (wall temperature of the trap, upper panel: (4006 30)
K, lower panel: (506 10) K). In good agreement with these
nominal temperatures, the fitted Maxwell Boltzmann distributions
(solid lines) result in translational temperatures of 410 and 50 K,
respectively. For frequency calibration purposes fringes of a 2 GHz
Etalon are recorded as a second trace.

Fig. 6. Comparison of the translational and rotational temperature
over a range from 100–250 K. The translational temperatures has
been derived from the Doppler profile of theJ0 5 7.5 line.

Fig. 4. Determination of the rotational temperature of N2
1 from a

Boltzmann plot. The logarithm of the measured intensities, which
have been corrected for the laser power and divided by the nuclear
spin multiplicities (g) and the Ho¨nl–London factorsS( J0), are
obviously close to a thermal population. The linear regression leads
to a rotational temperature,T 5 (126 6 6) K that is in good
agreement with the nominal temperature of the trap.
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temperature measurements as a good indication that in
our multipole ion trap, the ion temperature is well
adjusted to the wall temperature by collisions with the
“heat bath” molecules.

4. Dynamical processes

4.1. Kinetic time scales

In the previous section the production of Ar1 ions
was simply used as a monitor for vibrationally excited
N2

1 without further investigation of the temporal
evolution of their appearance. However, trap experi-
ments are perfectly suited to unravel the various
dynamical processes involved in their production.
Indeed, the processes at work in the LICT experiment
are quite complicated, as indicated in Fig. 2. In the
following, the rate equation system for a variety of
involved steps is described in the order of appearance
in the scheme of Fig. 2. As we will show, several
experimental parameters are at hand to separate the
kinetic time scales of the observable processes. This
leads to a quantitative determination of different rate
coefficients that will be discussed in the next section.

For the description, we start the kinetics with the
laser excitation process that depopulates one particu-
lar rovibrational ground state level. For the purpose of
observing this influence, the laser wavelength is kept
constant, pumping a well defined initial statei 5 (F1,
v0 5 0, J0 5 6.5) of o-N2

1(X) into a final state,f 5
(F1, v9 5 2, J9 5 7.5) of o-N2

1( A), see Fig. 2, at a
rate of

Rabs5 Bi3f r. (2)

Here, Bi3f is the Einstein coefficient andr is the
spectral energy density of the laser

r 5 P/~ AeffcDn!, (3)

with P the laser power (running single mode),Aeff its
effective cross sectional area [16] andDn its effective
linewidth [16]. The Einstein coefficient for absorp-
tion, Bi3f, can be expressed by the Einstein coeffi-
cient for emission,Af3i

Bi3f 5 c3/~8phn3! Af3i (4)

Here c is the speed of light,h is Planck’s constant,
andn is the excitation frequency.Af3i is related to the
radiative lifetime (tf 5 10 ms [8]) of the excited state
f by

tf
21 5 O

i

Af3i (5)

Taking into account the appropriate Franck–Condon
and Hönl–London factors for the transition under
consideration (see Fig. 2), Eq. 2 can be rewritten as

Rabs5 0.097c2P/~8phn3AeffDn!. (6)

For the transition of interest, the laser power of 3 mW
transmitted trough the trap leads to a typical excitation
rate of Rabs ' 130 s21 at a Doppler temperature of
100 K. This rate, together with other important rate
coefficients is summarized in Table 1.

The excited state decays at a ratetf
21 5 105 s21

[8] into various vibrational levels of the electronic
ground state of N2

1. In this way 45% of the ions are
returning back into the vibrational ground state pop-
ulating thoseJ0 levels which are plotted in Fig. 2. The
corresponding relative vibrational and rotational tran-
sition probabilities are given in Table 1. They were
taken from [8] and calculated from the Ho¨nl–London
factors using the formula given in [15], respectively.
The remaining 55% become vibrationally excited. As
indicated in the diagram of Fig. 2, they are all
assumed to undergo charge transfer according to Eq.
1(b), because inelastic processes seem to play only a
minor role. This assumption is supported by an
experiment by Kato et al. [17,18] who found that the
rate for vibrational quenching

N2
1~v0! 1 Ar 3 N2

1~v Þ v0! 1 Ar (7)

is rather small,kv , 1.2 3 10211 cm3 s21.
Up to this point in the discussion, the disappear-

ance kinetics of N2
1 was determined by two steps: first

laser excitation, which is independent on the Ar target
gas density, and then charge transfer, the rate of which
is proportional to the target gas density. This fact is
illustrated in the experimental results shown in Fig. 7.
The top and bottom panel show the normalized N2

1
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counts as a function of storage time. After a thermal-
izing trapping period of a few milliseconds (not
included in Fig. 7) the laser was tuned on resonance
for a period of 10 ms. In the upper panel the N2

1

counts show a steep decrease by 3.5% within the
period of laser excitation and stay constant immedi-
ately after the laser is switched off. For this measure-
ment the Ar number density was 2.53 1012 cm23.
Obviously, this target gas density is high enough that
all vibrationally excited N2

1 ions are undergoing
charge transfer on a time scale shorter than the time
scale for laser excitation. In the lower panel N2

1

disappears on a longer time scale. Here the Ar number
density was ten times lower, 2.53 1011 cm23. In this
case the time scales for the two processes become
comparable. Therefore, the number of N2

1 counts is
decreasing slower, and even after the laser is tuned of
resonance this number still decays because there are
still some vibrationally excited N2

1 ions left.
The solid lines in both graphs of Fig. 7 are the

result of a computer simulation solving the coupled
rate equation system including laser excitation,Rabs,

fluorescence,tf
21, charge transfer,kCT(v . 0), and

rotational relaxationkJ. The simulations fit both
experimental data sets very well with one set of
parameters,Rabs' (130 6 25) s21, tf

21 5 105 s21,
kCT(v . 0) 5 (4 6 2) 3 10210 cm3 s21, andkJ 5
1.2 3 10211 cm3 s21. Despite this good agreement,
the estimated errors for laser excitation (20%) and
charge transfer (50%) are fairly large. This is because
of the rather weak sensitivity of the quality of the fit
to the four kinetic parameters. The reproducibility of
the experiments is better than these errors indicate.
Comparison of our results to previous experiments
[11,12] reveals a very similar value for the charge
transfer rate of N2

1(v0 . 0). In addition, the rate for
laser excitation agrees well with the expected value
using Eq. 6.

4.2. Thermal evolution

The laser excitation followed by fluorescence is
changing the thermal distribution of rotational states
of our limited ensemble of N2

1 ions. The first obvious

Table 1
Summary of the relevant rates for laser excitation, radiative decay, and rate coefficients in N2

1 1 Ar collisions. The relative vibrational
transition probabilities are taken from [8]. The relative rotational transition probabilities are calculated from the Ho¨nl–London factors, see
formulas given in [15]

Process Symbol Eq.

Rate/rate coefficient

Previous work Ref. This work

Laser excitation Rabs 6 (1306 25) s21

Radiative decay tf
21 5 105 s21 [8]

Charge transfer kCT (v0 5 0) 1a ,10212 cm3 s21 [11]
Coefficient kCT (v0 . 0) 1b 43 10210 cm3 s21 [3] (4 6 2) 310210 cm3/s
Vibrational quenching kv 7 ,1.23 10211 cm3 s21 [17]
Rotational relaxation kJ 10 (1.46 0.4)3 10211 cm3 s21

Complex formation kC 16 8.53 10212 cm3 s21

Langevin rate coefficient kL 13 7.43 10210 cm3 s21

Vibrational transition probabilities
P(v9 5 23 v0 5 0) 0.45
P(v9 5 23 v0 $ 0) 0.55

Rotational transition probabilities
P(F1, v9 5 2, J9 5 7.5
3 F1, v0 5 0, J0 5 6.5)

0.38

P(F1, v9 5 2, J9 5 7.5
3 F1, v0 5 0, J0 5 8.5)

0.28

P(F1, v9 5 2, J9 5 7.5
3 F2, v0 5 0, J0 5 7.5)

0.33
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effect is a depopulation of the particularly pumped
rotational state,N0. This mechanism has been taken
into account for the simulations displayed in Fig. 7
and will be considered in greater detail in the follow-
ing. At thermal and higher energies rotational relax-
ation

N2
1~v0, N0! 1 Ar 3 N2

1~v0, N! 1 Ar (8)

is thought to be a rather fast process. However, the
value deduced from the above simulation (kJ 5
1.2 3 10211 cm3 s21) is rather small compared to the
Langevin rate coefficient,kL 5 7.4 3 10210 cm3

s21. Therefore, much longer times than those used in
Fig. 7. have to be considered if one wants to observe
an influence of rotational redistribution.

Fig. 8 shows an experimental result where an
initial ensemble of N2

1 ions is trapped for a total of 2 s
under constant conditions with the exception that the
excitation laser is switched on for a time varying
between 50 and 1950 ms. Inspection shows that for
short excitation times only a small fraction of the N2

1

ions is converted into Ar1 ions, whereas for long
irradiation, about 40% of the injected N2

1 undergo CT
and produce Ar1 ions. At the Ar target gas number
density of this measurement, 4.43 1012 cm23, the
number of N2

1 remains unchanged after about 1 s.
Note that, for all laser durations, the sum of N2

1 and
Ar1 ions is constant within the statistical fluctuations.
This verifies that N2

1 is only transformed by LICT to
Ar1 and that no other loss mechanisms have to be
accounted for.

In order to understand the experimentally observed
conversion rate one has to note that the laser interacts
exclusively with those N2

1 which are in theJ0 5 6.5
(F1, N0 5 6) state and that only about 8% are in this
state if the initial population is in thermal equilibrium.

Fig. 7. Relative number of N2
1 parent ions during and after a laser

excitation of 10 ms.Upper panel: [Ar] 5 2.5 3 1012 cm23. No
depletion after laser excitation. Charge transfer (rate:kCT 3 [Ar])
is more rapid than laser excitation (rate:Rabs). Lower panel: [Ar] 5
2.5 3 1011 cm23. Further depletion after laser excitation. Laser
excitation and charge transfer are happening at a comparable rate.
Solid lines are a numerical simulation; results are summarized in
Table 1.

Fig. 8. Normalized number of N2
1 and Ar1 as a function of laser

duration (T 5 90 K, [Ar] 5 4.4 3 1012 cm23). All ions are stored
for 2 s. N2

1 is only fractionally depleted by about 40% within the
first second. Solid lines represent a numerical simulation of the
experiment. Best fit results reveal that more than 50 collisions are
necessary for rotational relaxation.
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The observed larger reduction of N2
1, 40%, shows that

rotational redistribution plays a role, whereas the fact
that a major fraction remains unperturbed is an
indication that many N2

1 ions of the ensemble cannot
be converted into the state pumped by the laser. It
appears safe to assume that all those N2

1 ions that are
in theF1 state ofo-N2

1 can be collisionally converted
to the J0 5 6.5 (F1, N0 5 6) state and, after laser
excitation, into Ar1. This class accounts for about
38% atT 5 100 K. Another fraction (about 29%) of
the ion cloud is populating the other fine structure
state ofo-N2

1, F2. Since we use normal N2 in the ion
source, both populations must add up to 2/3 of the
total N2

1 ensemble. At elevated temperatures the two
fine structure states have a population of 1/3 each, but
at the low temperatures of our experiment the fact that
F1, N0 5 0 is the lowest lying state leads to a
disparity of 0.38/0.29. The remaining fraction, 1/3, is
populating both fine structure states of the other
nuclear spin state,p-N2

1.
Without further analysis and accounting for the

uncertainty of the conversion rate of a few percent,
our experimental observation leads to the important
conclusion that neither fine structure state changing
collisions nor nuclear spin state changing collisions
occur with a significant rate at the conditions of our
experiment and that we see predominantly the com-
plete depopulation ofF1 o-N2

1. For a more quantita-
tive analysis we have to account for two possible
experimental problems. One is that some initially hot
N2

1 ions contribute slightly to the 40% Ar1 products.
The other is that some nitrogen gas penetrates from
the ion source into the trap and that some N2

1 ions
may undergo CT with these molecules. The CT
reaction15N2

1 (v0 5 0) 1 14N2 was found by Frost et
al. to proceed at half the Langevin collision rate [19].
It is more probable that such collisions lead to a
coupling of the fine structure or nuclear spin states
than collisions with Ar. In general we can conclude
that the rate coefficients for para-ortho orF2–F1

transitions in collisions with Ar are even smaller than
the one for rotational relaxation, i.e.kpara3ortho, k (F2

3 F1) , 10212 cm3 s21.
For the experiment presented in Fig. 8 the kinetics

has also been simulated and the result is shown by the

solid lines. Taking the rate coefficient for charge
transfer and the rate of laser excitation from the short
time experiments explained above (Fig. 7) such fits
have been used to derive information for rotational
relaxation of the ions. For simplicity we first define an
effective rate coefficient,kJ, in which the influence of
the collisions is treated as a net sum of all possible
ways of depopulatingN0 by N0 3 N transitions,N 5
0, 2, 4, . . .

kJ 5 O
NÞN0

~kN03N! (9)

The valuekJ describes the conversion probability of
one preselected stateJ into all other states. Micro-
scopic reversibility connects this rate coefficient with
the complementary value that describes the refilling of
a hole burned into a thermal distribution. This refilling
of the hole is the rate determining step of the complex
set of coupled rate equations. In Fig. 8, N2

1 ions
disappear at a rate of about 5 s21. With n 5 4.4 3
1012 cm23 this corresponds to an effective rate
coefficient of 1.13 10212 cm3 s21. However, the hole
is only effectively refilled by a few neighboring states
that have a population,p(N), on the order of a few
percent up to about 20%, assuming a thermal distri-
bution. The net rate coefficient is the sum of these few
and rather small contributions,kN3N03 p(N). There-
fore, the individual rate coefficient is considerably
larger than this effective rate coefficient. Based on the
model given in Eq. 9 we have evaluated experimental
results as shown in Fig. 8. The average over several
runs, performed under different conditions at a fixed
nominal temperature of 90 K leads to the very
surprising result that ions in the preselected rotational
J 5 6.5 state undergo changes only with a very small
rate coefficient,

kJ ~90 K) 5 ~1.46 0.4! 3 10211 cm3 s21 (10)

Comparing this value to the Langevin rate coefficient
(see Table 1) implies that only one out of 50 collisions
results in achange of the rotational state. This result is
unexpected because (N2Ar)1 can form a strongly bound
intermediate molecule with a binding energy of
1.109 eV [20]. Therefore, collision processes should
proceed via a long-lived complex at the total energies of

598 S. Schlemmer et al./International Journal of Mass Spectrometry 185/186/187 (1999) 589–602



our experiment (meV regime). This usually leads to a
statistical mixing of all accessible product channels
N2

1 (J) 1 Ar. Without any dynamical restrictions at
work, rotational redistribution should occur almost at the
collision rate! In the following section, the implications
of the experimental result will be discussed in more
detail.

5. Discussion

5.1. Modelling the rotational relaxation of N2
1

The first part of a low energy collision, i.e. the
approach of the two reactants and the possible forma-
tion of a collision complex, is governed by the long
range interaction potential. In the case of neutrals,
barriers often hinder the approach of the reactants,
whereas for ion molecule collisions it is usually
assumed that the potential is predominantly attractive.
Ignoring fine structure interactions, we first assume
for the N2

1 1 Ar system the dominance of the charge
induced dipole interaction

Veff ~,, R! 5 2aq2/ 2R4 1 ,~, 1 1!\2/ 2mR2,
(11)

where a is the electric dipole polarizability of the
neutral collision partner,q is the charge of the ion,R
is the distance between the reactants,, is the quantum
number of the orbital angular momentum, andm is the
reduced mass of the collision system. According to
the Langevin model, a collision complex is formed at
a collision energyET for all ,, for which the centrif-
ugal barrier can be overcome, i.e. forVeff (,, R) ,
ET. This determines a maximum orbital angular
quantum number,,max, a maximum impact parame-
ter, bmax, and a corresponding cross section

sL 5 pbmax
2 (12)

From this Langevin cross section, the corresponding
thermal rate coefficient

kL 5 2pq ~a/m!1/2 (13)

can also be derived. WithaAr 5 1.64 Å3 we obtain the
value forkL given in Table 1.

If a complex has been formed, the second part of
the collision is determined by its decay. Here the
outcome may depend on the lifetime, the strength of
the interaction, “hidden” constants of motion, or on
other possible dynamical restrictions, e.g. barriers in
the exit channel. In the past, we have successfully
used dynamically biased statistical theories to de-
scribe the reaction dynamics of ion–molecule reac-
tions [21,22]. Such theories can be used easily to
calculate branching ratios and product state distribu-
tions as needed in the present case. At very low
collision energies or if light species are involved
(smallm), a quantal treatment may become necessary,
especially when the number of accessible quantum
states is small. However, the N2

1 1 Ar system under
consideration here (100 K, T , 150 K,m 5 16.47)
behaves fairly classically. The,max involved (,max '

70) is much larger than the rotational angular quantum
numbers,N, of the N2

1 reactant (most probablyN '

4). This implies that the total angular momentum,J,
is dominated by the orbital angular momentum of the
relative motion,,,

J < ,, ,..N, ,9 < , (14)

where,9 is the value after the collision. As a conse-
quence, the conservation of the total orbital angular
momentum does not put significant restrictions on the
statistical population of the rotational states of the
products.

It has been shown that in the case of two or three
identical atoms, conservation of total nuclear spin
leads to (approximate) constants of the motion. Our
experimental observation that there are no ortho-para
transitions is consistent with this fact. This finding can
be expressed as the selection ruleDN 5 0, 2, 4, . . . .
Besides this result we see no real restriction for a
collision induced rotational transition. Based on these
considerations, we are convinced that no simple statis-
tical model can explain our result that rotational transi-
tions in N2

1 1 Ar collisions are almost forbidden.
In order to corroborate this conclusion somewhat

quantitatively we present in the following a simple
estimate based on a microcanonical equilibrium dis-
tribution “with memory” [23]
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P0~ J0; J! , ~2J0 1 1! ~Etot 2 E0rot!
1/2 (15)

From this distribution we can derive a thermal, but
rotationally state specific distribution̂P0( J0; J)&T by
averaging over a thermal distribution of translational
energies. Inspection of this expression, which has
been calculated numerically, shows that one collision
already leads to a rather wide population of product
states. In other words, the depopulation probability of an
initial state,pJ, is very large. For the initial stateJ 5 6.5
we obtain at 100 K the resultp6.5 5 (1 2 ^P0(6.5,
6.5)&T5100 K) 5 0.73. This large conversion probability
is in accordance with the above mentioned fact that any
statistical assumption leads to an efficient mixing of all
rotational states that are energetically accessible. There-
fore, in order to apply this model to the description of
our experimental observations we have to introduce a
complex formation rate coefficientkC, that is signifi-
cantly smaller thankL. With this assumption, the rate
coefficient for aN3 N0 transition can be written as

kN3N0 5 kC^P0~N0; N!&T (16)

In contrast to the information obtained from the
experimental results in Fig. 8, this model can be used
to predict in detail the temporal evolution of individ-
ual N2

1 rotational states, including both the interaction
with the photons and the collisions. The influence of
laser excitation and fluorescence alone (i.e. excluding
collisions resulting in rotational mixing) is illustrated
by the calculated curve in Fig. 9(a). This figure shows
the temporal evolution of the population of several
states, starting initially from a thermal N2

1 population,
and pumping theJ0 5 6.5 state by the laser. Its initial
population of about 8% disappears within less than 30
ms. Fluorescence is populatingJ0 5 8.5 of theF1

electronic state andJ0 5 7.5 of theF2 electronic state
of ortho-N2

1 which both show a slight increase. The
total population inF1 decreases because of the loss
into theF2 state and because of vibrationally excited
N2

1 undergoing CT with Ar. After 30 ms no signifi-
cant change in population occurs any longer.

In Fig. 9(b) rotational relaxation is accounted for
by including kN3N0 into the coupled rate equation
system. Now, the temporal evolution of the initial
thermal distribution extends over a wider time scale.

The J0 5 6.5 population shows an initial fast decay
in agreement with the results of Fig. 9(a). The
subsequent slower decay is mainly determined by
those processes which refill the population of theJ0 5
6.5 state. In contrast to Fig. 9(a), the population ofJ0

Fig. 9. Numerical simulation.Upper panel: Kinetics of the finite
population of cold N2

1 ions,T 5 100 K, under the influence of the
laser pumpingJ0 5 6.5 of the ortho-F1 subset [Rabs 5 130 s21],
and CT reaction with Ar, [Ar]5 4.4 3 1012 cm23. Without
allowing rotational mixing, only the 8% population of the initial
state disappear within the first;30 ms, although the laser is on at
all times. Only 6% of all N2

1 ions are undergoing CT with Ar1.
Lower panel: Full kinetic simulation including collisions changing
the rotational state of ground state N2

1. All other parameters are as
in the upper panel. The rate of disappearance ofo-N2

1 (F1) is
comparable to the rate of the experiment (see Fig. 8), 5 s21. This
corresponds to a surprisingly small rate coefficient of rotational
relaxation at 8.53 10212 cm3 s21.
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5 8.5 is also now decreasing after the initial increase.
TheF2 population of ortho-N2

1 and Ar1 is increasing
accordingly until theF1 population is completely
depleted via the gatewayJ0 5 6.5 and is finally either
converted to ortho-N2

1(F2) or lost due to Ar1 CT. As
a net result the initialF1 population of ortho-N2

1

(;38%) is lost via the latter channel.
In the simulation shown in Fig. 9(b), the decay of

the N2
1 ions has been adjusted to the measured

evolution displayed in Fig. 8, by choosingkC 5

8.5 3 10212 cm3 s21. Comparison of the valuekC 3

p6.5 5 6.2 3 10212 cm3 s21 with kJ given in Eq. 10
shows that the more detailed kinetic simulation gives
an even smaller rate coefficient than the initial anal-
ysis that treated the relaxation as a net effect. The
results plotted in Fig. 9(b) show that more detailed
experimental information can be obtained if, in a
future experiment, the temporal changes are followed
experimentally in more detail.

Two questions remain. Is the near conservation of
the initial rotational state a consequence of some
hidden constants of the motion leading to approximate
selection rules or is the complex formation rate
coefficient, kC, really only a few percent of the
Langevin value? Concerning the first question, we do
not get a clear hint from the calculated potential
energy surface; also, the weak anisotropy of the
overall attractive potential is very unlikely to play a
significant role in conserving the asymptotic rota-
tional state via an intermediate libration. However,
barriers in the potential energy surface, in addition to
the centrifugal repulsion, could restrict the formation
of a collision complex. At the low collision energies
of the present work repulsive walls of a few meV are
already sufficient to lead to a significant decrease of
the capture rate coefficient. In the PES calculations,
performed so far for the (N2 2 Ar)1 system [24], no
such barriers have been found. Nonetheless, it can be
speculated that the inclusion of coupling between
electron spin and electron angular momentum (fine
structure) or between the motions of electrons and
nuclei leads to adiabatic surfaces that are character-
ized by a switchyard of avoided crossings. Detailed ab
initio calculations and quantum mechanical treatment

of the collision dynamics at meV energies are re-
quired to conclusively answer the questions.

6. Conclusions

In this experimental investigation we showed that
the combination of the trapping technique and laser
induced reactions provides a sensitive tool to obtain
spectroscopic data for ions. The technique is essen-
tially background free for systems that do not react
without initial excitation. In the present example, N2

1

1 Ar, excitation with visible laser photons was used
to overcome the endoergicity of the CT reaction.
Searching for suitable reactions, this spectroscopic
method may be used for a large class of molecular
ions for which no reliable spectroscopic gas phase
data are available. The extension of this method to the
low temperatures accessible with our trap opens up
the field of infrared spectroscopy and allows us to
utilize reactions that are only slightly endoergic, e.g.
by differences in zero point energy or that are hin-
dered by a small barrier. A candidate for such a study
is the C2H2

1 2 H2 system that is known to produce
C2H3

1 at elevated temperatures whereas it is hindered
at the low collision energies accessible in our 22-pole
trap [25].

Even more important than obtaining spectroscopic
data, the combination of the laser induced reactions
with ion trapping proved to be a very versatile tool to
investigate state specific details of low temperature
ion molecule collisions. Here we found that the two
nuclear spin state configurations, ortho and para, and
the two fine structure state configurations,F1 andF2,
split the N2

1 population into four distinct classes that
are separated on the time scales selected in the present
research. The rotational relaxation of ortho-N2

1

(X2¥g, v0 5 0, J0 5 6.5) in collisions with Ar
turned out to be much less effective than expected on
the basis of simple dynamical and statistical assump-
tions. This is in contrast to the earlier LIF work by
Mahan and O’Keefe [4] that was performed in a Paul
trap. Note, however, that in our trap the collision
energy is much lower; therefore, details of the long
range part of the PES become increasingly important,
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as already discussed. In order to unravel the unex-
pected behavior, the extension of the present experi-
ment to other rotational states and other temperatures
is in preparation.

In combination with the well-known LIF experi-
ments, performed with single stored atomic ions such
as Be1, Ba1, Hg1, or Mg1 it is interesting to discuss
a similar detection scheme for molecular ions also.
Inspection of Fig. 2 reveals that for N2

1 the cycle of
laser excitation, fluorescence, and rotational relaxation is
not closed because the initial ion can be lost by charge
transfer with Ar. However, the situation is different
when the Ar target gas is replaced by He. This leads to
a closed scheme and the system may be used to prepare
a single molecule spectroscopy experiment. In light of
the present results, this system may seem unfavorable
not only because of the long lifetime of the N2

1 (A) state,
but also because of the slow rotational relaxation that
both lead to a reduction of the LIF signal. However, the
use of a second or more diode lasers will help to
eventually pump the N2

1 out of the fine structure or
nuclear spin state where it may be “shelved.”
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