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Colliding a beam of metastable Kr atoms with an N2 gas target, the resulting N2(B 3Πgf A 3Σu
+) emission

was observed with a spectral resolution of up to 0.15 nm fwhm. Optical multichannel detection was employed,
using a cooled diode array detector. This allowed the first rotationally well-resolved product emission spectra
from the Kr* + N2 reaction to be obtained. Also, the beam energy was varied between 69 and 191 meVCM

by seeding with H2. The rovibrational product distributions were derived from spectral simulations. In agreement
with the literature, nonresonant (exothermic) E-E transfer was observed, populating the vibrational levels
N2(B,V′)4-12). This broad distribution was found to be essentially independent of the collision energy. The
product rotation could be well described by Boltzmann distributions withTrot ) 1300-1050 K for V′ )
5-12 at low and 1750-1400 K at high collision energy. A discussion of the reaction mechanism is given in
terms of two alternative models, involving either an intermediate ion pair formation or a direct covalent
curve crossing. Comparisons are made with the related reactions of Ar and Xe metastables.

I. Introduction

Chemiluminescent reactions of metastable rare gas atoms have
attracted great interest in the past, notably in connection with
laser technology. In collisions with halogen molecules, exchange
reactions lead to excited species, which are responsible for the
excimer laser operation. Recognizing the alkali-like electronic
structure of a metastable state such as Xe* (...5p5 6s), the
reaction Xe*+ Cl2 f XeCl* + Cl has been described by a
harpooning mechanism, whereby an intermediate ion pair Xe+

+ Cl2- is formed.1 Optical emission has also been observed in
collisions of metastable rare gas atoms Ar*, Kr*, and Xe* with
N2 molecules, in this case as a result of electronic energy
transfer. For example, N2(C) emission originates from collisions
of Ar*, Kr*, and Xe* with N2,2,3 while N2(B) product emission
has been reported from Kr*+ N2

4-7 and Xe*+ N2
8-10 impact.

For convenient future reference, Figure 1 shows the potential
energy curves of the relevant electronically excited states of
N2 together with the energy levels of metastable Ar, Kr, and
Xe.

The much-studied energy transfer reaction

has been interpreted3 to proceed via an initial harpooning step
forming Ar+ + N2

-, analogous to the halogen case, although
the electron affinity of the target is here negative. The vibrational
distribution of the product N2(C,V′), derived from spectral
analysis of the subsequent N2(C fB) emission, was found to
be concentrated atV′ ) 03. This preference for a vibrational

exit channel with considerable exothermicity (0.517 eV) is
consistent with the view of the strongly attractive (Coulombic)
potential acting during the intermediate Ar+-N2

- ion pair stage.
Dominant population of strongly exothermic vibrational exit
channels was also observed4-7 in the reaction

† Part of the special issue “Donald Setser Festschrift”.
* Corresponding author. Fax:+49 (551) 5176-607.

Ar(3P0,2) + N2 f Ar + N2(C
3Πu) (1)

Figure 1. Potential energy curves of some electronic states of N2 that
are relevant to this work. The energy levels of metastable Ar, Kr, and
Xe are indicated on the right, the upper (lower) bracket referring to
the 3P0 (3P2) state in each case. In this work, only the3P2 levels are
relevant.

Kr(3P2) + N2 f Kr + N2(B
3Πg) (2)
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However, in the earlier of these studies,4-6 done in flowing
afterglow systems, the product vibrational distribution was
degraded by collisional vibrational relaxation to a greater4,5 or
(using Ne carrier gas6) lesser extent. This problem was
eliminated in a low-pressure beam/gas experiment,7 where the
true, nascent vibrational distribution of N2(B,V′) could be
measured. It is quite broad and peaks atV′ ) 7, corresponding
to a reaction exothermicity of 1.156 eV. These results for Ar
and Kr are in sharp contrast to the reaction

where the slightlyendothermic product vibrational channel N2-
(B,V′)5) (∆E ) 0.059 eV) was found to be very selectively
populated (see refs 6 and 8-10 and references therein). This
could be explained by a potential model that involves crossings
between purely covalent curves.11 Crossings with the Coulombic
ion pair potentials are here energetically inaccessible.

In the interpretation of the energy transfer mechanism,
detailed observations of the rotational product excitation have
generally proved very helpful. This is especially true of reaction
3, where the product formed inV′ ) 5 was found to be
rotationally “cold” (Trot ) 230-340 K, for collision energies
56-270 meVCM

9), while the minor fraction inV′ e 4 hadTrot

) 700-1200 K.11 Again, because of the possibility of collisional
rotational relaxation during the rather long radiative lifetime (τ
) 4-5 µs) of N2(B), a beam experiment is necessary to obtain
this information. For reaction 1, high rotational excitation of
the N2(C) product was also observed in crossed-beam, beam-
gas, and afterglow experiments2,12,13 (because of the short
radiative lifetime of N2(C), τ ) 40 ns, the relaxation problem
is here much less severe). Detailed measurements of the
rotational distributions allowed conclusions to be drawn on the
preferred collision geometry.2

For the Kr* + N2 reaction, eq 2, rotationally resolved spectra
have previously not been reported. The examples of reactions
1 and 3 have shown, however, that the information on the
rotational product excitation can be the key to a detailed
understanding of the reaction mechanism. In the present work
we have therefore determined the rotational distributions in the
vibrational levelsV′ ) 5-12 of N2(B,V′) formed in reaction 2,
as well as the dependence of the rotational excitation on the
collision energy. Experimentally this progress was possible by
combining the intense metastable atom beam, developed in
Göttingen, with a powerful optical multichannel detector system,
made available by the University of Grenoble.

II. Experimental Section

The molecular beam apparatus was the same as that used in
ref 9. In the present work, the discharge conditions for optimum
generation of Kr* metastables were 4 A dccurrent at∼120 V
(seeded). The Kr stagnation pressure was 16 mbar. For moderate
seeding, a Kr:H2 ratio of 10:15 mbar was employed. In the high-
resolution experiments stronger seeding was used, since this
was found to increase the luminescence intensity. The Kr:H2

pressure ratio was then 16:34 mbar. The N2 target gas pressure,
at room temperature, was 4× 10-3 mbar. The diameter of the
Kr* beam in the observation region was∼10 mm. As in ref 9,
the luminescence light was guided to a grating spectrometer by
means of an optical fiber bundle. Its front end (2× 20 mm,
oriented parallel to the beam) was brought very close (∼8 mm)
to the beam axis. Its acceptance angle is 70°. In comparison
with the Xe experiments,9 many of the experimental parameters
(discharge current, nozzle and target gas pressure, beam

diameter) were pushed almost to their limits, because the first
exploratory measurements with a scanning monochromator14 had
shown that the N2(B) emission intensity is much smaller with
Kr* than with Xe*. During the present work, a few comparative
experiments were done with Xe* instead of Kr*, under otherwise
similar conditions, and again the peak luminescence intensity
with Kr* was found to be weaker than with Xe* by almost 2
orders of magnitude. Considering that in the broad Kr*+ N2

spectra the total luminescence intensity is spread over many
bands (see below), while in the Xe* case it is concentrated
almost entirely in the emission fromV′ ) 5,9 these qualitative
observations are in good agreement with the published absolute
luminescence rate constants, which are 0.2× 10-11 cm3/s for
Kr* + N2 and 1.7× 10-11 cm3/s for Xe* + N2, respectively.6

The Kr* velocity was not directly measured in this work.
Instead, it was inferred from the velocity of metastable Xe atoms
produced from the same source, which had previously been
measured by laser-induced fluorescence as well as by TOF
measurements.15 For the unseeded beam the mean lab-frame
kinetic energy of Kr* is taken to be the same (110 meV) as for
Xe*, because the velocity at full expansion,V ) (γ/γ - 1)1/2-
(2kT/m)1/2 scales asm-1/2 (assuming identical nozzle tempera-
tures in the Xe and Kr experiments). For the 10:15 mbar Kr:H2

seed ratio, the Kr* velocity was obtained by interpolating
between the Xe* velocities measured for the Xe:H2 pressure
ratios 9:11 and 9:21 mbar.15 The assumption is made here that
the velocity slip between the light and the heavy jet species is
similar for comparable Xe/H2 and Kr/H2 mixtures.16 This yields
a Kr* lab system kinetic energy of 260 meV. For the 16:34
mbar Kr:H2 mixture, the Kr* velocity could again be estimated
from the 9:21 mbar Xe:H2 data given in ref 15. While these
two pressure ratios are almost the same, the higher total
stagnation pressure in the former case will increase the velocity
over that measured for Xe15 by almost 35%.15,16This results in
a Kr* lab-frame energy of 646 meV. Transforming to the center-
of-mass frame, one finds 39.5, 65.0, and 161.5 meVCM for the
unseeded, mildly seeded, and strongly seeded conditions,
respectively. To these values the mean energy of the random
N2 motion, relative to a Kr atom (assumed stationary), has to
be added15 to obtain the correct average relative energy for the
Kr beam/N2 gas arrangement used here. The final results are
〈ECM〉 ) 69 meV (unseeded), 94 meV (mildly seeded), and 191
meV (strongly seeded).

Either a low resolution1/4 m spectrometer (Jarrell-Ash, 1200
l/mm grating, blazed at 600 nm) or a high-resolution 0.6 m
instrument (HRS, Jobin-Yvon, 1200 l/mm grating, blazed at 500
nm) were used. Both were operated in conjunction with a
thermoelectrically cooled (∼25 °C) intensified diode array
(OSMA, Spectroscopy Instruments, Inc., 700 pixels spaced at
25µm center-to-center). With an entrance slit width of 100µm,
the spectral resolution was∼0.45 nm fwhm with the Jarrell-
Ash and 0.15 nm fwhm with the Jobin-Yvon instrument. Typical
acquisition times were 10-20 min per spectrum. After subtrac-
tion of the dark current (∼4000 counts/min per diode, but
reproducible to within(5 cts/min), which was for each spectrum
recorded for the same length of time as the spectrum itself, the
accumulated signal was on the order of a few thousand counts/
channel.

The optical multichannel detector was essential for the
measurement of the very weak emission studied here. It enabled
the data collection times to be reduced by a very large factor,
compared to the conventional scanning monochromator/
discriminator/multichannel scaler technique. Thus, in trial runs,
spectra were taken of the afterglow of a metastable N2* beam

Xe(3P2) + N2 f Xe + N2(B
3Πg) (3)
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instead of the Kr*+ N2 spectra. This afterglow17 is a convenient
means of generating a weak N2(B-A) emission. Under the
present conditions, for the same resolution (0.45 mm fwhm)
and comparable S/N ratio, the Jarrell-Ash/OSMA detector
yielded a spectrum in about1/50th of the time required with a
3/4 m SPEX scanning spectrometer plus cooled PM tube.
Generally the OSMA vs PM gain depends on the available
photon flux and the required resolution.18

Each exposure of the OSMA with a fixed setting of the
grating covered spectral intervals of∼60 and∼20 nm, using
the small and the large spectrometers, respectively. Allowing
these sections to overlap slightly made the exact setting of the
grating less critical. The coarse wavelength calibration was done
using a Ne lamp. This identified the channels of the diode array,
for each fixed setting of the spectrometer grating, to within 0.2-
0.3 nm. The exact matching of consecutive sections of the
spectrum was done using the computer-simulated spectrum
contours, as shown below. The relative spectral sensitivity of
the diode array plus spectrometer and the transmission function
of the fiber bundle were measured and, represented by poly-
nomial fits, applied to the raw data to produce the corrected
spectra given below.

III. Results

Figure 2 shows a low-resolution (0.45 nm fwhm) survey
spectrum of N2(B-A) emission from Kr* colliding with N2 at
69 meVCM (unseeded beam). Three band sequences are covered,
with ∆V ) V′ - V′′ ) 5, 4, and 3. The intensities are here
uncorrected for the spectral detector response; the dark current
has been subtracted. This spectrum is a composite from three
separate exposures. Most of the “grass” on the bands is not noise
but results from resolved rotational and spin/orbit structure.
Expanded plots of these same data (see below, Figure 3) reveal,
for example, the characteristic triplet band heads. These details
appear especially clearly in the high-resolution spectra given
below (Figures 5-7).

The N2(B-A) bands are shaded to the violet. In Figure 2,
they exhibit extensive blending within each sequence. Quali-
tatively, this is clearly due to high rotational excitation of the
emitting N2 molecules. The overall appearance of this spectrum
differs radically from that of the N2(B-A) emission from
rotationally cold N2(B) molecules, such as was observed in the
afterglow of excited nitrogen issuing from a nozzle discharge.

For example, the spectrum shown in Figure 4 of ref 17, taken
at about the same resolution (0.5 nm) as the present Figure 2,
also shows emission from a broad vibrational distribution of
N2, V′ ) 2 to 6 in the∆V ) 2 sequence. In this case, however,
the bands are perfectly separated from each other, due to the
low rotational excitation of the N2 molecules in the beam. Figure
2 may also be compared with Figure 1b of ref 7, resulting from
the reaction 2. This spectrum of the∆V ) 3 sequence was
obtained under similar conditions as in the present work
(unseeded Kr beam, with slightly higher N2 target pressure).
Although it is considerably noisier, it shows in a qualitative
way the same effect of high rotational excitation as observed
here.

Figure 3 presents the data of the∆V ) 3 region shown in
Figure 2 on an expanded scale. Also, as in all subsequent figures,
the intensity distribution has here been corrected for the spectral
sensitivity of the detection system. For quantitative analysis,
the method of spectrum simulation was employed. Vibrational
term values for both N2(A) and N2(B) were obtained from the
usualV + 1/2 expansion, with molecular constants as determined
by Geisen.19 These are equivalent to the vibrational constants

Figure 2. Survey spectrum of the N2(B 3Πg f A 3Σu
+) emission

observed from collisional electronic energy transfer between metastable
Kr atoms in a thermal beam and ground-state N2 molecules in a gas
cell.

Figure 3. Experimental spectrum from Figure 2 (only∆V ) 3
sequence, but on an expanded scale and with sensitivity correction),
compared with an optimized computer-generated (“simulated”) spec-
trum (dashed; see later in the text). Only every second band is labeled.

Figure 4. Spectrum of the∆V ) 3 region as in Figure 3, but from
Kr* + N2 collisions at slightly superthermal energy (ECM ) 94 meV),
and the corresponding simulation. The minima between the individual
bands are clearly less deep than in Figure 3, due to higher rotational
product excitation at the elevated collision energy.
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given by Roux et al.20 at low V′ but are superior at high levels
(V′ ∼ 12). The rotational term values were calculated by
diagonalization of the A- and B-state Hamiltonian matrices from
ref 20, using rotation and spin coupling constants as given
therein. The rotational line strength factors were calculated from
expressions given in Table 5.1 of ref 21 for pure Hund’s case
(a) functions; theJ-dependent mixing of such pure states, to

form the actual N2(A) and N2(B) eigenstates, was properly taken
into account,22,23the mixing coefficients being obtained numeri-
cally as the eigenvectors from the above matrix diagonalizations.
The intensities of the bands were weighted withAV′V′′‚τ(V′),
whereAV′V′′ are the Bf A emission Einstein coefficients, taken
from ref 24, andτ(V′) is the radiative lifetime as given in refs
25 and 26. The factorτ provides for the proper normalization
to the sum of all other competing emissions, including the small
fraction of B f W radiation.24 Finally, in the simulation the
apparatus resolution function was taken to be triangular with a
slightly wider fwhm (0.5 nm) than that of the true, bell-shaped
function (∼0.45 nm). This allows for the broad but low wings
that the real apparatus function exhibits. The calculation of the
simulated spectrum was based on assumed relative vibrational
and rotational distributions, which were adjusted by trial and
error until an optimum visual overall fit of the synthetic
spectrum with the experimental result was achieved. For
convenience the rotational population was here described by a
Boltzmann distribution with temperaturesTrot, dependent onV′.

Figure 3 shows the simulated spectrum arrived at in this way
as a dashed line. It was obtained with a vibrational distribution
no(V′) and rotational temperaturesTrot(V′) as given in Table 1,
columns 4 and 7 (parentheses indicate a comparatively large
uncertainty). These fit parameters and those for the other spectra
constitute the essential results of this work, and their dynamical
implications are discussed below.

Figure 4 shows the spectrum of the∆V ) 3 sequence, taken
with a (slightly) seeded Kr* beam (Kr:H2 ) 10:15 mbar), but
otherwise the same conditions as for Figure 3. Even a qualitative
inspection reveals important differences: the long-wavelength
edges of each band are less sharply defined than in Figure 3;
the minima between the bands are less marked relative to the
peaks; there is relatively more intensity in the short-wavelength
part (e635 nm) of the spectrum in Figure 4 than in Figure 3.
All of these features point to a higher rotational excitation of
the product for the increased collision energy. The spectrum
simulation bears this out quantitatively: Table I, column 11
shows thatTrot is higher in eachV′ level by about 250 K. The
vibrational population itself, on the other hand (Table I, column
8) does not depend much on the collision energy; there may be
a slight enhancement of the higherV′ levels in Figure 4 (at 94
meVCM), compared to that in Figure 3 (for 69 meVCM), but the
difference is on the order of the error limits.

An interesting result is the higher intensity of the N2 emission
under the seeded conditions. The peak intensity was∼1400 cts
in Figure 3 and∼2500 cts in Figure 4. Taking into account the
data acquisition times of 20 and 8 min, respectively, the intensity
increase upon seeding amounts to a factor of 4.5. In the earlier
work on Xe15 it was found that seeding increased the metastable
atom flux very considerably; using a 1:5 Xe:H2 pressure ratio,
the beam intensity increased by a factor of 13 compared to an
unseeded beam. This may be attributable to a concentration of
Xe* atoms on the beam axis through collisions with the H2

molecules. In the present work, the Kr* flux with and without
seeding was not measured directly. It is therefore impossible
to decide to what extent the observed increase in N2(B) emission
is due to a higher Kr* flux or, alternatively, to a rise of the
energy transfer cross section. However, the very large enhance-
ment of metastable flux that can be achieved with Xe suggests
that most, if not all, of the Kr* “seed gain” factor of 4.5 observed
in this work, using milder seed conditions, is also due to an
enhanced Kr* flux. Unfortunately, the intensity measured with
the higher seed ratio at 190 meVCM cannot be related to those

Figure 5. High-resolution survey spectrum of two sequences, observed
at high collision energy (ECM ) 191 meV), sensitivity-corrected.

Figure 6. Expanded view of the∆V ) 3 section of Figure 5 (top),
compared with its high-resolution simulation (bottom).

Figure 7. Same as Figure 6, for the∆V ) 4 section from Figure 5.
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given above, because in this experiment the high-resolution
monochromator was used.

The spectrum shown in Figure 5 is a composite of seven
exposures, taken at high resolution (0.15 nm fwhm) and with
the 16:34 mbar Kr:H2 seed ratio. A rather wide overlap of
adjacent sections (5 nm on each side) ensured a perfect relative
positioning. As in Figure 2, the fine structure is largely
reproducible and is therefore clearly not due to noise. The two
sequences shown,∆V ) 4 and∆V ) 3, include the bands (12,8)
to (6,2) and (11,8) to (5,2), with heads near 576-607 nm and
625-670 nm, respectively. Note the steep intensity decrease
to the left of the (12,8) band, at 570 nm. This effect, which can
also be seen in Figure 2, demonstrates the well-known predis-
sociation of the B-state level withV′ g 13. In contrast, in the
∆V ) 3 sequence the intensity falls off much more gradually
to the left of the (11,8) band, i.e., in the region 610-620 nm,
where there is some contribution from (12,9) emission.

The correction for the spectral response of the apparatus was
more severe for the results obtained with the high-resolution
spectrometer. Roughly, the sensitivity in the region of∆V ) 3
was about half of that in the∆V ) 4 sequence. The consistency
of the intensity corrections can be checked on the basis of the
known branching ratio between two bands from the sameV′
level, e.g. (9,5) at 589 nm and (9,6) at 638 nm. From the
respective Einstein coefficients24 one finds a (9,5):(9,6) intensity
ratio of 0.69. The observed ratio is 0.62. The agreement is very
satisfactory, considering the experimental error limits.

Expanded views of the same data as in Figure 5, are shown
at the top of Figures 6 and 7 for the separate∆V ) 3 and∆V
) 4 regions, respectively. Below them, the corresponding
computer simulations are given. The apparatus resolution
function was again assumed to be triangular with a slightly
broadened fwhm (0.2 nm vs 0.15 nm), as was done in the low-
resolution simulations, Figures 3 and 4. Note that the (12,9)
band does not appear in Figure 6, because it is too weak on
account of a small Einstein coefficient. The (12,8) band is much
stronger (cf. Figure 5); therefore only the∆V ) 4 sequence,
Figure 7, gives useful information on the population of theV′
) 12 level. On the other hand,V′ ) 5 contributes only to the
∆V ) 3 sequence, Figure 6. The population ofV′ ) 4 can, as in
Figures 3 and 4, only be inferred with a rather large uncertainty,
by means of the short-wavelength tail of the (4,1) band
extending into the (5,2) band.

The relative vibrational populations obtained from the two
independent fits shown in Figures 6 and 7 were identical forV′
) 6-10, and forV′ ) 11 they differed only insignificantly (0.40
vs 0.35), averaged to 0.37). They are given in Table 1 column
12. Both simulations were also done with the same set ofTrot-
(V′) values, Table 1, column 13.

In summary, a comparison of the experimental and the
synthetic spectra demonstrates that nearly all of the observed
fine details are real features, resulting from partially blended
rotational lines belonging to the 27 branches of this complex
3Π-3Σ-electronic transition.

IV. Error Analysis

1. Rotational Distributions. The detailed structure of the
bands, such as is shown in Figures 6 and 7, might conceivably
be affected by partial rotational relaxation of N2(B) in collisions
with the N2(X) reactant gas molecules at the relatively high
density of 1014 cm-3 used. An estimate shows, however, that
this effect is negligible. Katayama has studied rotational
relaxation of N2(B,V)3,J)(0 and 7)) by collisions with Ar at
2.5 Torr and 300 K using a pump-and-probe technique.27

Although absolute cross sections were not measured, the spectra
given in ref 27 show that within 25 ns the rotational transfer
out of the initially populated level is∼45% forJ ) 0 and∼27%
for J ) 7. This translates into total rotational transfer cross
sections of 68 and 36 Å2, respectively. Cross sections in the
50-100 Å2 range for this type of process have also been
measured for other electronically excited molecules colliding
with rare gases and H2 (e.g., for I2(B),28,29Na2(B),30 Li 2(B),31,32

and Li2(A)33). As an example of a heavy molecular collision
partner, the I2(B) + I2 system was studied in ref 28, and total
rotational transfer cross sections of 76 and 45 Å2 were found at
an initial J of 33 and 103, respectively.

Assuming, then, for the present system N2(B) + N2 a cross
section of 50 Å2, one calculates a rate of 2.5× 104 s-1 for
collision-induced rotational relaxation under the conditions used.
This is slow compared to the radiative rate of 2× 105 s-1.25,26

Thus only∼12% of the excited molecules are expected to suffer
such collisions before radiating. Moreover, most of these
collisions change the rotational state by only two or four units
of J (for larger∆J the cross sections are much smaller,27,30,33

which is insignificant for the broadJ-distributions observed in
this experiment (forTrot ) 1500 K, the most probableJ is Jmp

) 18).
2. Intensity Corrections. The measured N2(B-A) band

intensities have to be corrected to allow for the fact that some
N2(B) molecules emit outside of the observation region. Since
the exothermicity of reaction 2 for formation of the low
vibrational levels of the N2(B) product is considerable, while
at the same time the radiative lifetime of the low levels is longer,
the fraction of undetected N2(B,V′) molecules is greater for low
than for highV′. The factors CF(V′) listed in Table 1 correct
approximately for this loss of luminescence light. They were
obtained as follows.

First the mean exothermicity∆E(V′) for a particularV′ level
was calculated, taking into account the observed rotational
product excitation:

Here

is the nominal exothermicity for rotationless product.

with

was taken as the rotational energy of N2(B,V′). It amounts to
only 50-70 meV, depending onV′ and the seed condition, while
∆E varies from 0.26 to 1.74 eV over theV′ range considered;
see Table 1. The vibrational levelV′ ) 13, which is near-
resonant (∆E ) 0.09 eV) with Kr(3P2), is not included here
because N2(B) is strongly predissociated forV′ > 12.34

The translational N2(B) energy is, from the mass ratio,

in the center of mass frame, corresponding to CM velocities

∆E ) ∆E0 - Erot

∆E0 ) E(Kr(3P2)) - E(N2(B),V′)

) 9.915 eV- hc[Te + ωe(V′ + 1/2) - ωexe(V′ + 1/2)
2]

Erot ) hcBV′J(J + 1)

J ) Jmp ) 0.5896xTrot(V′)/BV′ - 1/2

EN2(B) )
mKr

mKr + mN2

∆E ) 0.75∆E
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uN2(B), which range from∼1000 m/s forV′ ) 12 to 3000 m/s
for V′ ) 4. Newton diagrams were then considered for the three
Kr* lab-frame velocities used, 530, 790, and 1240 m/s (corre-
sponding to the Kr* lab system energies given above for the
three seed conditions) and for isotropically distributed mean
velocities of the N2 target molecules (475 m/s at room
temperature). The product N2(B) was assumed to be scattered
strictly forward in the CM system (the assumption of strictly
backward scattering would give almost identical results; for 90°
sideways scattering, too, the results would be the same for the
unseeded beam, and only for the seeded conditions would the
correction then be somewhat greater). The average lab system
N2(B) velocity componentV⊥ perpendicular to the Kr* beam
direction was then estimated fromuN2(B) and the Newton diagram
geometry. Lety0 ) V⊥τ be the mean distance that the N2(B)
molecules travel away from the beam axis during their radiative
lifetime τ. With the observation region extending to(ymax on
either side of the beam axis, the fraction of detected products
will be

For the fiber bundle optics used in the present experiment,ymax

) 6 mm.15 This gives the correction factors CF listed in Table
1, where they are normalized to unity atV′ ) 7. It can be seen
that the most serious light losses occur for the lowest Kr*
velocity (because the Newton diagram geometry gives then the
greatestV⊥ component). In this worst case the corrections for
the highest and lowestV′ amount to∼(40% relative toV′ ) 7.

3. Statistical Uncertainty. The final, optimum fit spectrum
simulations shown in Figures 3, 4, 6, and 7 were arrived at
after about 10 iterations each. The fine adjustment of the relative
vibrational population was made in steps of 0.03 (relative to
1.00 forV′ ) 7), and that ofTrot in steps of 50 K. However, on
this grid adjacent fits showed almost no discernible differences.
The error limit is therefore estimated to be about(0.05 for
n(V′) and(100-150 K (depending onV′) for Trot. The relative
population of the three fine-structure components3Π0,1,2of N2-
(B) was taken to be the same. Some tests were carried out to
detect a possible unequal population of these levels, such as
has been observed in some cases with Xe*+ N2

35,36 and Xe*
+ CO.37 10 different deviations from a 1:1:1 population ratio
were tried, differing by up to factors of three, similar to what
was found for Xe*+ N2. The effect of these variations on the
simulated spectra was, however, still within the bounds of the
experimental noise, so that nothing can be stated about any
propensity for certain fine-structure levels. It is to be noted,

however, that in both the Xe*+ N2 and the Xe*+ CO case
the product rotational temperature was much lower (Trot ) 300-
450° K); the spectrum contour then responds much more
sensitively to a variation of the relative fine-structure level
population.

V. Discussion

1. Kr Reactant State.It is to be expected that the metastable
krypton beam used in the present experiment consisted of a
mixture of Kr(3P2) and Kr(3P0) atoms, having excitation energies
of 9.915 and 10.56 eV, respectively. In our earlier experiments
with metastable Xenon from the same beam source,9 the higher
state Xe(3P0) was found to be significantly populated.38 A
metastable Kr atom beam from a cold cathode discharge has
been measured (by photon electron spectroscopy combined with
laser pumping) to contain about 9% Kr(3P0).39 Even under flow
conditions a similar relative3P0 concentration could be achieved,
provided He carrier gas was used.40 However, in the latter work
it was also shown that reactions of Kr(3P0) with nitrogen do
not give rise to any luminescent product. Using CW dye laser
pumping, 30% of the Kr(3P2) atoms could be converted to Kr-
(3P0), but this did not affect the spectral distribution. In a similar
study,41 despite a careful search, the authors were “unsuccessful
in identifying any N2* emission from the Kr(3P0) + N2 reaction”.
Very likely, these collisions lead to predissociated states of N2.
In any case, it is justified to ascribe the observed luminescence
in this work entirely to Kr(3P2) collisions, eq 2.

2. Direct vs Indirect N2(B) Population. The possibility was
considered that initially the energy transfer from Kr(3P2) occurs
not to the N2(B 3Πg) state directly, but to the N2(W 3∆u) state,
which can radiate in the IR into N2(B).17 The observed N2(B-
A) emission might then be the second step of a cascade; see
Figure 1. The N2(W) vibrational states in the vicinity of the
Kr(3P2) energy (9.915 eV) areV′ ) 13-16, having energy
separations from this energy level of-0.264,-0.121,+0.019,
and +0.156 eV, respectively (calculated with the molecular
constants of N2(W) given in ref 42). If the hypothetical energy
transfer from Kr(3P2) into N2(W) populated preferentially the
nearest-to-resonance, slightly endoergic vibrational level, analog-
ous to the energy transfer from Xe(3P2) into N2(B,V′)5),9 then
N2(W,V)15) would be the dominant product level. The emission
branching ratios into various N2(B) levels are well-known from
the N2(B-W) radiative transition probabilities given in ref 17,
Table 2. They are based on accurate ab initio calculations of
the B-W transition moment.24 Figure 8 shows the expected
N2(B) vibrational population resulting from IR radiative transi-
tions out of the N2(W,V)15) level (solid line). The dots give
the N2(B) vibrational population observed in this experiment
(here for the case of strong seeding, and after correction with

TABLE 1: Vibrational -Rotational Population Distributions of N2(B) Produced by Kr* + N2 Collisions

ECM ) 69 meV ECM ) 94 meV ECM )191 meV

V′ ∆Ea (eV) τb (µs) no(V′)c CFd n(V′)e corr Trot
f no(V′)c CFd n(V′)e corr Trot

f no(V′)c CFd n(V′)e corr Trot
f n(V′)g

12 0.261 4.0 0.57 (0.21) 0.64 (0.13) 0.18 0.71 0.13 1400 0.33
11 0.433 4.1 0.38 0.65 0.25 1100 0.40 0.69 0.28 1350 0.37 0.75 0.28 1450 0.40
10 0.608 4.3 0.57 0.74 0.42 1150 0.63 0.75 0.47 1400 0.65 0.80 0.52 1500 0.72
9 0.787 4.5 0.86 0.82 0.70 1200 0.87 0.83 0.72 1400 0.86 0.85 0.73 1500 0.86
8 0.970 4.8 0.95 0.88 0.84 1250 0.98 0.90 0.88 1450 0.93 0.89 0.83 1550 0.97
7 1.156 5.1 1.00 1.00 1.00 1250 1.00 1.00 1.00 1500 1.00 1.00 1.00 1600 1.00
6 1.346 5.5 0.88 1.14 1.00 1300 0.86 1.11 0.95 1550 0.85 1.08 0.92 1650 0.76
5 1.540 5.9 0.75 1.25 0.94 1300 0.68 1.20 0.82 1650 0.82 1.19 0.97 1750 0.64
4 1.737 6.5 (0.60) 1.41 (0.84) (0.63) 1.37 (0.86) (0.60) 1.30 (0.78) 0.56

a Mean exothermicity for reaction into the N2(B) vibrational levelV′ (see text).b Radiative lifetime of N2(B,V′), from ref 25.c Relative vibrational
level populations as derived from spectrum simulation (raw data).d Correction factors (see text).e Corrected vibrational level population,n(V′) )
CF‚no(V′). f Best-fit rotational “temperatures” as derived from spectrum simulation.g Relative vibrational level population from ref 7.

(CF)-1 )
∫0

ymaxexp(-y/y0) dy

∫0

∞
exp(-y/y0) dy
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CF; see Table 1, third block of data). The comparison shows
that the observed and the “predicted” distributions agree only
at the peak atV(B) ) 7 and also atV(B) ) 8, but otherwise the
calculated distribution is far too narrow. To test for the
possibility that W-state levels other thanV ) 15 are initially
populated, Figure 8 also gives the N2(B) distributions expected
in the case that the adjacent levelsV(W) ) 13, 14, and 16 are

responsible (dashed lines). Again, each of these distributions
individually is not nearly broad enough to be consistent with
the observation. Even a superposition of several of them cannot
explain the experimental distribution in the regionV(B) ) 9-12.
These levels could only be populated by radiation from W-state
levels higher thanV(W) ) 16, which, however, are not
energetically accessible.

Analogously one might also consider the N2(B′ 3Σu
-) state as

a possible precursor to the B-state population. Here theV(B′)
) 11 level, slightly (0.125 eV) endoergic with respect to K(3P2),
might be initially selectively populated. The N2(B′-B) Einstein
coefficients are given in ref 24, Table XIII. They show that B′,
V ) 11 emission would produce a B-state vibrational distribution
that is completely inconsistent with that observed here. It peaks
at V(B) ) 5 and 6,V(B) ) 7 receives only∼26% of the peak
population, and the population ofV(B) ) 8-12 is oscillatory
and less than 10% of the peak. Assuming an initial slightly
exothermic energy transfer into N2(B′,V)10,9), the resulting
B-state distribution would peak sharply atV(B) ) 5 or 4,
respectively, withV(B) ) 7 having only a few percent of the
peak population. Again there is no way of explaining the
observed excitation of N2(B,V)9-12) via emission from the
B′ state in any of its energetically accessible levels.

Thus we conclude that radiative cascades, either via N2(W)
or via the N2(B′) state, cannot make significant contributions
to the observed N2(B) population. The dominant, and probably
only excitation mechanism of N2(B 3Πg) must be the direct
energy transfer from Kr(3P2).

3. Curve Crossing Mechanisms.A. Simplified Model:
Purely RepulsiVe Entrance Channel Potential.The Kr* + N2

reaction (2) is intermediate between the related reactions (1)
for Ar* and (3) for Xe*. This is graphically demonstrated in
Figure 9, which illustrates a possible reaction mechanisms and
is a guide toward an interpretation of the experimental results.

Panels a-c of Figure 9 refer to the Rg*+ N2 reactions (1)-
(3) and show the respective potential energy curves semische-
matically. The entrance channel curves are given for the lower
metastable species Rg*(3P2) + N2 in each case. They are
represented here by purely repulsive potentials, as is suggested
by a simple charge overlap model.43 This model considers the
overlap of the electron density distributions of N2(X 1Σg

+) and
the outermost atomic orbital,ns, of Rg* (n ) 4, 5, 6 for Ar*,
Kr*, Xe*, respectively). For the case of Xe*, the resulting
potential has been calculated in ref 9. Refinements have been
given in ref 9 and particularly in ref 11 and will be considered
below. The rise of the repulsive branch in Figure 9c is taken,
qualitatively, from Figure 5 in ref 9. It corresponds to the onset
of the overlap with the charge density distribution of the Xe*
6s electron, which is given in Figure 9c, bottom (from ref 15,
Figure V.5). This density peaks at 2.50 Å and extends out to
3.60 Å (50% of peak value) from the Xe nucleus. The repulsion
along the Xe*+ N2 potential curve is thus taken to set in just
slightly outward from the 3.60 Å point, at about 4.0 Å (Figure
9c), in agreement with the quantitative curve shown in Figure
5 of ref 9.

The exit channel potential for reaction (3) was modeled
similarly in ref 9 and is also shown as a repulsive curve in Figure
9, for the dominant N2(B) vibrational level V′ ) 5. The
construction of the repulsive part of the exit potential is
explained in ref 9. The two curves intersect at a point marked
by a dot.

The third, attractive curve shown in Figure 9 gives the ionic
N2

-/Xe+ Coulombic potential, as discussed in greater detail in
ref 11. It is defined by its asymptotic value for Xe+(2P3/2) +

TABLE 2: Rotational Temperature (K) of N 2*(W′) Product
from Three Electronic Energy Transfer Reactions

CM collision energy

V′ 56 meV 300 meV

Xe* + N2 f Xe + N2(B, v′)a 4 3500 5000
3 900 1700
2 700 700
1 600b 450

CM collision energy

V′ 69 meV 94 meV 191 meV

Kr* + N2 f Kr + N2 (B, v′) 12 1400
(this work, see Table 1) 11 1100 1350 1450

10 1150 1400 1500
9 1200 1400 1500
8 1250 1450 1550
7 1250 1500 1600
6 1300 1550 1650
5 1300 1650 1750

CM collision energy

V′ 65 meVc 76/89 meVd 161 meVd

Ar* + N2 f Ar + N2 (C, v′) 3 130
2 370
1 1010 (4000)e

0 1960f 1700/1600 2200

a Reference 10; the data on15N2 are also given.b Probably too high;
for 15N2(V)1), ref 10 givesTrot ) 350 K at both energies.c Reference
2. d Reference 12.e Very uncertain, bimodal.f Reference 13 gives at
∼60 meV a bimodal distribution inV′ ) 0.

Figure 8. Dots: observed relative vibrational population distribution
Pvib, as extracted from the high-resolution spectra (ECM ) 191 meV),
using corrections as described in the text. Solid line (normalized at the
peak to the highest experimental point): calculatedPvib distribution of
N2(B) assuming that the B state is not populated by direct E-E-transfer
from Kr(3P2), but instead by a secondary process via the N2(W 3∆u)
state. Specifically, for the solid line it was assumed that initially only
theV ) 15 level of the W state was populated in a near-resonant E-E-
transfer from Kr(3P2), while the N2(B,V′) levels are then populated
radiatively from N2(W,V)15). The dashed lines were calculated
similarly, assuming primary excitation of the somewhat off-resonance
levels N2(W,V)13,14,16) as indicated. It is concluded that none of these
hypothetical processes can explain the observed N2(B) Pvib distribution.
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N2
- (X 2Πg) shown in Figure 9c, top right. This asymptote is

located at the energy IP(Xe)- EA(N2), with the ionization
potential being IP) 12.13 eV and the electron affinity EA)
-1.90 eV.44 Its intersection with the extrapolated asymptotic
Xe* + N2 entrance potential (dashed horizontal line) is marked
by a circle, atRx ) 2.51 Å. This value is very close to the peak
of the Xe*(6s) distribution and is thus deep inside the repulsive
region of the Xe*+ N2 interaction. The crossing between the
Xe* + N2 repulsive branch and the Xe+ + N2

- attractive curve,
at which point the charge transfer, if any, would have to occur,
lies far too high to be accessible at the collision energies used.
Thus in reaction 3 an ionic intermediate certainly plays no role;
the energy transfer to form N2(B) takes place entirely by a
covalent/covalent nonadiabatic curve crossing mechanism, at
the point marked by the dot.

Panels a and b of Figure 9 are organized in the same way as
(c). The entrance channels are again purely repulsive, the
repulsion setting in near the outer 50%-of-peak point of the 4s
electron (for Ar*) and 5s electron (for Kr*) density distributions
shown at the bottom. Lacking precise information on these
distributions, they were here simply scaled down radially,
relative to that for Xe* in panel (c). The scale factors used are
the ratios of the atomic radii〈r〉 of the corresponding alkali
atoms K, Rb, and Cs in their2S ground states, which are 2.77,
2.98, and 3.34 Å, respectively.45

The exit channel potentials are shown for the experimentally
observed, dominant product vibrational level, i.e., N2(C,V′)0)
for Ar* + N2 and N2(B,V′)7) for Kr* + N2 (see Figure 8).
The shape of their repulsive parts, which is not very critical for
the present purpose, is schematic. The vibrational product levels
V′ ) 1 and 2 in (a) andV′ ) 8-13 in (b) would be located

between the entrance and exit channel curves shown. There are
hereno covalent/covalent crossings, even if the relative radial
positions of the entrance and exit repulsive portions were
different from those shown. It is certain in any case that the
repulsive wall of the entrance channels, Rg*+ N2, lies atgreater
reactant separation than that of the exit channels, Rg+ N2(B
or C), since the position of the former is controlled by the
“inflated” radius of the excitedns electron.

The ionic curves, however, drawn in Figure 9a,b analogously
to Figure 9c, do offer a reaction pathway from the entrance to
the exit channels.Twosubsequent nonadiabatic transitions are
required here, at the crossing points marked by dots. It is
instructive to compare the radial position of the ionic curves
relative to the covalent entrance channel repulsion. The locations
of the Rg+-N2

- curves are characterized essentially by the
points where they intersect the Rg*+ N2 energy level (marked
by small circles in each panel of Figure 9, and labeled asRx).
The Rg*+ N2 repulsive region, on the other hand, is summarily
best described by the peak position of the Rg*ns electron
density, also labeled in the figure. It is then seen that for Xe*
+ N2 the two values are nearly equal (2.51 and 2.50 Å,
respectively). For Kr*+ N2, Rx is somewhat greater than the
ns peak density radius (2.40 vs 2.23 Å), and this trend continues
to Ar* + N2 (2.34 vs 2.07 Å). Thus for Xe*, the ionic crossing
radiusRx is dynamically inaccessible, being “shielded” by the
repulsion further out. This reaction proceeds therefore entirely
along covalent curves. For the Ar*+ N2 system, as the other
extreme,Rx is reached during the collision outward from the
region of strong covalent repulsion. This reaction, therefore,
occurs via an Ar+ + N2

- ion pair stage. The case of Kr*+ N2

is intermediate. The crossing radiusRx would appear to be

Figure 9. Diagrams explaining the two possible E-E transfer mechanisms, “covalent-covalent” vs “ionic intermediate”, for the Ar*+ N2, Kr*
+ N2, and Xe*+ N2 reactions ((a)-(c)). Entrance and exit channel potentials are marked by arrows, the third, steep curve in each case is the Rg+

+ N2
- ionic (Coulombic) curve. Its crossing radiusRx, where charge transfer between the reactants would be thermoneutral, is marked by a small

circle. Dots mark the covalent curve crossings. The dashed curves show the charge density distributions of the 4s, 5s, 6s electrons ((a)-(c)), the
outer limbs of which determine the onset of covalent repulsion. Panel c is based on model calculations, (a) and (b) are obtained by scaling to (c)
(for details, see text). Important refinements, such as the splitting of the entrance potential into a repulsive branch, as shown, plus two attractive
branches (omitted here) are discussed later in the text (section V.3.B).
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accessible as with Ar*+ N2, but it is located well within the
tail of the covalent repulsion. Correspondingly, the intersection
of the Kr* + N2 and Kr+ + N2

- curves lies rather high in energy
above the entrance channel asymptote (see the upper dot in
Figure 9b). Thus a considerable activation energy is expected
for this reaction. This may well explain the strikingly small
luminescence cross section in this case, which made the present
experiment so difficult (see above). Even for Ar*+ N2 evidence
for a very small activation energy of this type has been obtained
in flowing afterglow experiments at 90 K vs 300 K.13

B. Refinement: AttractiVe Entrance Potential Components.
The ionic intermediate in the Ar* and Kr*+ N2 reactions leads
quite naturally to low vibrational product levels, with consider-
able reaction exothermicity. This has no counterpart in the Xe*
+ N2 case; therefore N2(B) levels below the resonant levelV′
) 5 would not be expected to be populated.

However, some emission fromV′ ) 1-4 is in fact observed,
albeit with much lower intensity (e20%) than fromV′ ) 5 (see
the revised results given in ref 10, which supersede the early
data from ref 9). To explain these product channels, two
important refinements of the crude potential model of ref 9 are
presented in ref 11: (a) The partial penetration of the target
electron cloud through the Xe 6s shell was included. This
exposes the target to the Xe+ 5p5 core and leads to an additional
attractiVe interaction. (b) The electronic anisotropy of the Xe-
(3P2) atom was considered. The three different orientations of
theJ ) 2 angular momentum with respect to the Xe*-N2 axis
lead to a splitting of the entrance channel potential into three
branches, which was ignored in ref 9. Briefly, expanding the
potential around a P-state atom into spherical harmonics, the
anisotropic (second) term is found to beV2 ) 5/2(VΣ - VΠ),
whereVΣ andVΠ are the electrostatic potentials for theΣ and
Π orientation of the Xe 5p5 shell with respect to the Xe*-N2

axis (in collinear geometry). Diagonalizing the total Hamilto-
nian, inclusive of spin, then yields thethreeadiabatic potentials
V20, V21, and V22, which govern the collision. They are
approximately obtained as the simple expressionsV20 ) V0 +
1/5V2, V21 ) V0 + 2/5V2, andV22 ) V0 - 1/5V2 (eqs 12, 14, and
16 in ref 11).V0 is the isotropic (first) term of the potential
expansion and is identified with the potential from ref 9, but
with the above modification (a) (ref 11, Figure 1).V2 is a
negative term; hence the ordering of the three branches isV22

(top), V20 (middle), andV21 (bottom), as shown in Figure 2 of
ref 11. This figure illustrates the important result that, for
perpendicular N2-Xe* collision geometry, the branchesV20 and
V21 do provide a path toward the exothermic product channels
N2(B,V′<5).

In Figure 9, the splitting of the entrance channel potentials
has for clarity been omitted in all three systems. However, the
modifications (a) and (b) (inclusion of a partially shielded ion-
induced dipole, and the splitting into the three branchesV20,
V21, andV22) will give a qualitatively similar picture for Kr*+
N2, as is shown in ref 11, Figure 2, for Xe*+ N2. The possibility
therefore exists that in the present study the highly exothermic
product channels N2(B,V′)4-12) are, in fact, populated via
entirely covalent potential curves, and not via an intermediate
ion-pair state. The small luminescence cross sections for this
reaction could then be explained similarly as was the weakV′
) 4, 3, 2, 1 emission in the Xe*+ N2 case. Symmetry
arguments presented in ref 11 show that in a rough approxima-
tion the path viaV21 does not contribute at all, andV20 only
with a statistical weight 7 times smaller than that ofV22. V22,
on the other hand, being repulsive, would in the Kr*+ N2 case
only populate N2(B) levelsV′ g 13, which are predissociated

and unobservable. The observed levelsV′ e 12 would all be
due to the statistically heavily disfavored V20 path.

4. Dynamics of the Kr* + N2 Reaction vs Ar* and Xe* +
N2. It is informative to compare the present results on the
rovibrational population distribution of the N2* product with
the corresponding data on the Ar*+ N2 and Xe*+ N2 systems.
One might expect to obtain a clue as to whether Kr* behaves
similarly to Xe*, i.e., controlled by covalent forces, or whether
it involves an ionic intermediate, as Ar* does.

The observed vibrational distributions,Pvib, are bewilderingly
different. Kr* leads to a clear enhancement of N2(B) vibrational
levels in the middle of the accessible range (see Table I and
Figure 8), with no significant dependence on the collision
energy. Ar* impact populates only four vibrational levels of
N2(C), i.e.,V′ ) 3, 2, 1, and 02. The relative population rises
here sharply in the above order, 0.3, 3.0, 16, 100 at 65 meV
collision energy,2 but very similarly also at superthermal
energies.3 Finally, the Xe*(3P2) data show for N2(B), apart from
the strong enhancement of the resonantV′ ) 5 level, a minimum
of Pvib (relative toPvib ) 100 forV′ ) 5) atV′ ) 3: Pvib ) 20,
11, 17, 20 forV′ ) 4-1, averaged over14N2 and15N2 and also
over the energies 56 and 300 meV, on whichPvib again depends
very little.10

SincePvib for Kr* + N2 resembles neither the Ar*+ N2 nor
the Xe*+ N2 distributions, it is not possible to answer the “ionic
vs covalent” question on this basis. The only similarity concerns
the remarkable insensitivity against variations of the collision
energy, but then all three systems share this feature. Thus again,
this comparison is not helpful in arriving at a decision.

For the Xe*+ N2 system, a detailed theoretical treatment of
thePvib distribution has been given.46 The transitions from the
entrance channel to a given N2(B,V′) exit channel, both modeled
by the potentials from ref 11, are treated as sequences of
Landau-Zener processes at each traversed crossing point. With
little adjustment of the parameters, the experimentalPvib

distributions reported in ref 9 could be well reproduced. The
improved, slightly revised data from the later experiments10

could no doubt have been fitted equally well.
Similar treatments of the Ar* and Kr*+ N2 reactions have

not been made. Certainly for Ar*, and perhaps also for Kr*,
the assumed potential model would have to be entirely different
from the Xe case, to incorporate the ionic intermediate. The
success or failure of such a model for Kr*+ N2 could then
help to decide on the presence or absence of a transient ion-
pair state in that case.

Another, potentially promising approach toward a decision
on the type of the Kr*+ N2 energy transfer process is a
comparison of the observed rotational distributions in the three
systems, as expressed summarily by the “temperature”Trot of
the respective Boltzmann fits. Table 2 presents this comparison.
It can be summarized as follows. (a) In practically all casesTrot

increases with increasing collision energyECM. (b) With
increasing exothermicity, i.e., from the high to the low
vibrational levels,Trot increasesin the Ar* and Kr* cases but
decreases(!) in the Xe* reaction.

The property (a) is intuitively plausible. At higher impact
energy the total angular momentum of the collision pair will
also be greater, and it is reasonable to expect that after the
collision the N2* product will internally be more rotationally
excited, too.

The finding (b) appears to indicate that the sequence of curve
crossings through which the reaction path filters down from
the entrance level to a given vibrational exit level is similar in
the Ar* + N2 and Kr* + N2 cases, but very different from that
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in the Xe* + N2 reaction. This lends some support to the idea
that the Kr* + N2 reaction 2 is of the ionic-intermediate type
like the Ar* + N2 collision (1), and fundamentally different
from the covalent mechanism of Xe*+ N2 reaction 3.

The theoretical treatment in refs 11 and 46 did not consider
the Trot distribution, apart from some qualitative remarks. For
example, the preferred collision geometry for population of the
N2(B,V′<5) levels was shown to be perpendicular, consistent
with the high rotational product excitation which the then
available coarse data onTrot

15 showed. The later, much more
precise data from ref 10 revealed clearly the surprising,
decreasing trend ofTrot in going fromV′ ) 4 to 1 (Table 2), but
these results were not available at the time of the work of ref
11, and there is up till now no theoretical analysis of this feature.

This is even more true of the Kr*+ N2 and Ar* + N2

reactions, where not even semiquantitative potentials have been
developed. We just point out here that the superficial similarity
of the trend ofTrot with V′ in these two cases (increasingTrot in
going toward lowerV′) has to be qualified. For one, the
dependence ofTrot on the exothermicity of a given product
channel is much weaker for Kr*+ N2 than it is for Ar* + N2.
In the former case, the range spanned by the present experiment
from V′ ) 12 to 5 represents an additional energy release of
∼1.4 eV, and this is accompanied by aTrot increase of only
200-350 K, depending on the collision energy. In contrast, for
Ar* + N2 the differential energy release between N2(C), V′ )
3 andV′ ) 0 amounts to∼0.7 eV, but the correspondingTrot

increases by∼1800 K at 65 meV (Table 2). Furthermore, the
description of the rotational distributions by the single parameter
Trot is too crude, at least for Ar*+ N2. Here several studies
have shown that theJ′ distribution of the N2(C) product is
actually bimodal.2,11,12For these reasons, the observed depen-
dence ofTrot on V′ may not be a reliable indicator of whether
the Kr* + N2 reaction does, in fact, involve an ionic intermedi-
ate.

Another useful criterion in this respect could be the energy
dependence of the cross section,Q(ECM). Figure 9, although
semischematic, suggests that the crossing of the covalent
entrance potential of Kr*+ N2 intersects the Kr+ + N2 curve
at a point well above the asymptotic reactant energy. The
reaction would then have a considerable activation energy (even
taking into account that the barrier of the low adiabatic potential
will lie a little below the crossing point of the diabatic curve,
due to the “avoided” crossing). The cross section should then
rise strongly withECM. If on the other hand the Kr*+ N2

reaction proceeds via the attractive branchesV20 andV21 of the
entrance potential, then no activation energy would be observed.

In the ionic case, the cross section would be small at the low
collision energies used in this experiment, consistent with the
weak signal observed (see above). At greaterECM, Q should
then rise noticeably. It was, in fact, found that the emission
intensity was∼4.5 times greater at 191 meV than at 69 meV
(which is the reason high-resolution spectra could only be taken
at the highest energy, i.e., with the strongest seeding). However,
this experimental “seed-gain factor” reflects only in part a
possible increase ofQ with ECM. In addition, it is certainly also
partly caused by an increasing concentration of the Kr* atoms
on the beam axis. This density was not measured in the present
work. In similar experiments with seeded Xe* beams, a seed
gain of 10-15 was observed. In that case, the Xe* flux was
measured by means of the secondary electron emission from a
gold-plated surface, and it was found to increase∼12-14 times
upon seeding. Thus the optically observed “seed gain” was
mostly due to the increased Xe* flux. Since the Xe* velocity

was only∼4 times greater with seeding, the Xe* number density
in the beam must also have increased∼3-fold. Probably the
discharge conditions with H2 added to the Xe flow in the source
gave a greater metastable Xe concentration. Similarly, the Kr*
concentration in the present experiment may also have changed
by H2 seeding of the discharge, to an unknown extent. Therefore
the question of whether the Kr*+ N2 reaction has an appreciable
activation energy cannot be settled until reliable measurements
of the relative Kr* flux at different seed conditions have been
made.

VI. Conclusion

This work has yielded extensive, detailed experimental data
on the collisional electronic energy transfer Kr(3P2) + N2(X)
f Kr(1S0) + N2 (B,V′,J′), which in the past has been little
studied, since the luminescence from the N2(B) product is very
weak. Comparing the results with those for the related systems
Xe(3P2) + N2 and Ar(3P2) + N2, distinct parallels as well as
dissimilarities have been found. Even so, a clear assignment of
this reaction to either the ionic-intermediate (as Ar*+ N2) or
the covalent type (as Xe*+ N2) has not been possible. More
theoretical work is now called for, in particular calculations of
the Kr* + N2 potential that can accurately pinpoint the
intersection with the Coulombic Kr+ + N2

-(X) potential. On
the other hand, experimental studies are needed to determine
accurately the threshold behavior of the integral reaction cross
section. This will necessitate the use of crossed beams and
measurements of the relative Kr* flux as a function of energy.

We hope that the present high-resolution data will help to
re-animate the studies of the important process of collisional
electronic energy transfer in the comparatively simple three-
atomic systems, which appears to have been somewhat neglected
in recent years.
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