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Isotopic and temperature effects on the photoemission and predissociation rates of N (C*X})
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Radiative and nonradiative decay rates of the C2X* electronic state of N, are calculated as a function of
the temperature. This makes it possible to study the effect of the temperature on the photoemission spectrum
and on the ion yields (N*) and I(N;"). It is shown that the temperature has different effects on the isotopes
28N2+, 29N;r, and 30N2+. Our results confirm that, regardless of the temperature, predissociation is the dominant
relaxation mechanism for vibrational states v’ > 3 of the *N,* and *N,* molecules.
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I. INTRODUCTION

Early experiments on electron impact and collisions of He*
ions with N, revealed a strong isotope effect on the radiative
decay of the N;Y(C*E,F — X *X.}) molecular system [1-3].
This photoemission pathway is known as the second negative
2N system of N; [4,5]. Predissociation through an avoided
crossing with the electronic state B2X, ™ comprises an alter-
native decay pathway of the C?%,* state [6-8], becoming a
competitive and even, in some cases, the dominant mecha-
nism, yielding a weakening of the photoemission signals and
decreasing the lifetime of the vibrational levels [6]. The two
unimolecular reactions can be described as

he !
- (1

— NoT(B*Z, T, J") — N(*S) + N*(P), 2)

NP (CP v, ) — No (X2, T v, 07 +

where reaction (1) is constrained by the radiative selection
rule J” =J' £ 1, while reaction (2) is constrained by the
Kronig’s selection rulres [9] J” = J’, ES], = E}g, and occurs
only for v’ > 3. These two competing reactions, schematically
illustrated in Fig. 1, proceed according to the photoemission
A, and predissociation AP" rates. Two experimental meth-
ods have been employed to determine the vibrational resolved
predissociation/photoemission ratios which characterize the
2N system of N;. One method is based on the mass spectro-
metric measurements of the ion yields I,,(N*+) and I,,(N, ™),
from which the predissociation/photoemission ratios can be
obtained as Af)’fed JAS™ = I,(NT)/I,(N> ") [2,10]. The other
method is based on the spectroscopic measurements of the
lifetimes t,,. Since Aj" varies little along the vibrational
levels, Affed can be obtained from 1/7, = A" +Agfed by
using AS™ as in Ref. [6].

Disagreement between recent experimental values [10] and
early measurements [3,11] of the A”*!/A™ ratio, presum-
ably due to different thermal rotational distributions, calls
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for theoretical investigations of the effect of the temperature
on the decay rates. Although predissociation rates including
rotational motion have been calculated before [7], calculated
photoemission rates reported in the literature [11] do not take
into account the rotational motion, and therefore a detailed
analysis of the effect of the temperature on the A]'ffed JAS™ ratio
has not been carried out. Thus, in this work we present a
theoretical investigation of the temperature effect on the two
decay pathways, i.e., photoemission and predissociation, of
the three isotopes N,", ?N,*, and **N,". Our framework
is based on the solution of the Schrodinger equation for the
rovibronic motion of the molecular systems, followed by a
Boltzmann statistical ensemble over the rotational states. For
homonuclear systems the nuclear spins are considered in the
wave functions, and therefore the ortho/para spin isomers
are taken into account. Recent works on B2%,*/X?%, " N, ™
lasing [12,13] also motivate this investigation.

II. THEORY

The aim of this article is to calculate the photoemission
rate A" and the predissociation rate A" as a function of
the temperature 7' for the three isotopes 2N, *, *N,*, and
39N, ™. Our theoretical framework is explained in three con-
secutive sets of calculations. The molecule is assumed to be
aligned along the z axis. The first set of calculations concerns
the electronic structure, i.e., the energies of the electronic
states X2%, ", B?%,*, and C?%,™, as well as the electronic
dipole moment coupling (X*%,"|z|C*%,") and the nonadia-
batic coupling (B%X,|d/dR|C*%, ), are calculated. These
quantities are calculated in a discretized set of internuclear
distances {R;} within the Born-Oppenheimer approximation.
Second, the rovibrational wave functions Wg;(R) for each
potential energy curve, « = X, B, C (given by the electronic
energy plus the nuclei-nuclei repulsion term), are calculated
for the three isotopes **N,*, N,*, and **N,*. Note that each
isotope has its own reduced nuclear mass. The rovibrational
wave functions, electronic dipole, and nonadiabatic cou-
plings allow us to calculate the photoemission rates A%}, and

©2020 American Physical Society


https://orcid.org/0000-0002-3248-9088
https://orcid.org/0000-0001-9151-4768
https://orcid.org/0000-0002-8991-2502
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.102.032802&domain=pdf&date_stamp=2020-09-01
https://doi.org/10.1103/PhysRevA.102.032802
http://ciencias.uis.edu.co/jfperezt/

C. STEMMLE et al.

PHYSICAL REVIEW A 102, 032802 (2020)

-108.4

Predissociation

-108.5 | M3

Energy (units of E)

-108.6 | Photoemission

-108.7

108.8 | N,
15 2 2.5 3 3.5 4 4.5

Internuclear distance (units of ag)

FIG. 1. Representation of the photoemission (vertical ar-
row) and the predissociation (horizontal arrow) pathways of
NS (C2%.F, v/, J'). The vibrational states for v’ > 3 of the C?%*
electronic state can either decay to the X 2% ;r electronic state, emit-
ting one photon, or decay to the continuum of the B2X* electronic

state (yellow-shaded rectangle), breaking the molecular bond.

predissociative rates Afj,rjfi for reactions (1) and (2), respec-
tively. Third, a Boltzmann distribution over the rotational
states for a given temperature 7 is performed. For the 28N2+
and 30N2+ isotopes the nuclear spins are taken into account
in order to describe the ortho and para spin isomers. Thus,
the photoemission and predissociation rates as a function of
the temperature for each vibrational state can be calculated by
weighting the constant rates with the fractional population of
each rotational state. Next we explain each set of calculations
in more detail.

A. Electronic structure of N,

We briefly recap the strategy developed in the previous
work [8]. Accordingly, we assume that the rotational and
vibrational motions do not interact with the electronic motion.
Thus a fixed internuclear distance R is considered for the
electronic calculations. In order to account for electronic
correlation, first, a complete active-space self-consistent field
[14] calculation with nine electrons in eight orbitals and an
aug-cc-pV5Z [15] one-electron basis set (CASSCF(9,8)/aug-
cc-pV5Z) is performed as implemented in MOLPRO [16]. To
ensure smooth curves, the state average includes all doublet
electronic states of the first three dissociation limits with equal
weights. Due to limitation to the largest abelian subgroup Dy,
this includes the following irreducible representations: 7 X
Ag, 6 X Big, T X Byy, 6 x Ay, T x By, T x B3, T X By, and
7 X Bs,. As the second step a multireference configuration in-
teraction including single and double excitations (MRCI-SD)
[17,18] calculation as implemented in MOLPRO [16] follows.
The Davidson correction is not employed. The electronic
correlation of the ground and first excited state of N, has
been analyzed in light of the quantum information theory and
density-matrix renormalization-group method [19].

B. Rovibrational wave functions of N,™

We employ spherical coordinates to describe the nuclear
motion, thus the stationary nuclear wave functions can be
written as a product of a radial function times an angular
function,

Yy (R)
R

where the angular functions YV;uy,(®, ®) correspond to the
spherical harmonics. The ¥, (R) part of the wave functions
is then calculated by solving the radial Schrodinger equation,

Pd>  JJ+1)
2LdR? 2R

where « labels the C2%, ", B*%, ", and X*%,* electronic
states and u = MsMp /(M4 + Mp) the reduced nuclear mass.
Concerning the C?%," and XX, " states, the Fourier grid
Hamiltonian method [20] was employed for calculation of the
bound rovibrational wave functions, whereas the continuum
wave functions of B’X, " states were obtained by integrat-
ing the eigenvalue equation using the Numerov method at
the rovibronic energies of the C2%," state. The asymptotic
amplitude of the continuum wave function was matched to

v R) = Yim, (O, &), 3)

+V“(R)}¢S‘J(R) =Ej vy (R), (4

2 1/4
B __—12
R =7 —_— 5
Ve (Ruax) ( thkm) 5)
with
JJ +1)

Exin = Ey i = VP (Riax) — R (6)

where Rp.x 1S such that the stationary condition

|d W}iw (R)/dR|R_R =0 is satisfied, and it varies from
~14.5ay to ~l4.72:; depending on the reduced mass p of
the isotope and on the J' value. The radiative rates were then
calculated from the rovibrational energies and wave functions
through the expressions [21]

3
R i ESJ’ —Ej, e J
vt T g fic drey )\ 20 + 1

2
x / Yy (R)Dex (R ;| (R)AR| (7
3
L 4 ESy —EYp e J+1
vt T g fic 4eg J\2J +1
2
x / WS (R)Dex (R4 (R)AR)| (8)

where R and P stand for the R branch (J"=J —1)
and P branch (J” =J + 1), respectively, and Dcx(R) =
(X?%,%|z|C?%,T) is the transition dipole function. The terms
(J'/2J + 1) and (J'+ 1/2J' + 1) entered, respectively, in
Egs. (7) and (8), correspond to the Honl-London factors [22].
The photoemission rates summed over the final vibrational
states, and therefore independent of the photon energy, were
calculated as

A =3 (kD e+ K ) ©)

!
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On the other hand, the predissociation rates were calculated
through Fermi’s golden rule,

2

271
/ Ve (R)O(RWE J(R)R| , (10

pred __
Av T

with

. d
O(R) = (2TC(]13)(R)E + TS5 (R)). (11)

The coupling function TC(];) (R), defined by

Tc(lls)(R)Z/CDB(X;R)%QC(X;RMX, (12)

was calculated using finite differences as implemented in
MOLPRO [16], whereas the coupling function TCzB(R) was
estimated to be (see Ref. [8])

T3 (R) ~ T”(R) (13)

C. Rotational statistical ensemble of N,

In order to distinguish between the different isotopes of
N, " beyond the reduced mass u entered in Eq. (4) and to
incorporate the temperature to our observables, we resort to
a statistical ensemble over the rotational states. For simplic-
ity we start by discussing the N," isotope. The fraction
of molecules in the rotational state J' at temperature T is
given by

J + Dexp[ — (ES, —
Qv(T)

with Q,/(T') the corresponding partition function

Qu(T) =Y @I+ exp[ — (ES, — ESo)/ksT].  (15)

ESO)/kBT]

xvu (T) = . U4

Note that ), xy = 1 for each vibrational state v’. Then
the photoemission and predissociation rates at temperature 7'
were calculated as

ASN(T) = Z Xor (T)AS, (16)

ADU(T) = Z Ko (AT (17
j/
The photoemission spectrum I(A) vs A at temperature 7" was
built up as

P W)+ KR, ()
Aem +Apred ’

v'J’
A= he (19)
ES, —EY,’

1) = xvy(T) & (18)

with 7()) the relative photoemission intensity and X the wave-
length of the emitted photon.

For the isotopes 2N, and *N,™ the statistical ensemble
is a little different from that for *N,". Due to the indistin-
guishability of the nuclei, the sample must be considered a
mixture of the ortho and para modifications, i.e., spin isomers
of the nitrogen [4]. 28N2+ is formed by bosons (two nuclei of
4N with integer nuclear spin / = 1), whereas **N," is formed

by fermions (two nuclei of >N with half-integer nuclear spin
I = 1/2). Since radiative and predissociative relaxation occur
without spin conversion, each sample of N, and **N,*
must be considered a mixture of two molecular spin isomers,
i.e., ortho and para molecular nitrogen. Each kind of isomer
has its own partition function. The two partition functions are
given by

QUM(T) = (I + DRI+ 1)) ) +1)
7
xexp[ — (Ey, —Eyy )/ksT],  (20)
OP™(T) = 121 + 1)2(2/ +1)

xexp[—(E,J, Eg, )/ksT], (1)

with the fraction of molecules in rotational state J’ for each
isomer given by the statistical weights

Xy (T) = (0 + DRI+ 12 +1)

exp[ — (Ej, — ’J;’““)/kBT] @
Qotho(T) + QO™ (T)
xPINT) =121 + )27 + 1)
€Xp [ - (EuCJ /J’ )/kBT]
Qorthe(T) + QL’?“‘(T)

. (23

where J/ . is 0 or 1 depending on the parity restriction of the

rotational wave function. Note that ) _,, ( X;’fﬁ’o Bf}r,a) =1
Since the total wave function of 28N2+ (a boson) must be sym-
metric, and the wave function of the electronic state C 2%, T
is antisymmetric with respect to the nuclei interchange, the
ortho (symmetric) nuclear spin states are restricted to having
antisymmetric rotational wave functions, therefore the sum-
mation in Eq. (20) and J’ appearing in Eq. (22) are restricted
to odd values. Accordingly, the para (antisymmetric) nuclear
spin states of the C2%," electronic state are restricted to
symmetric rotational wave functions with even values of J'.
For the isotope **N,* (a fermion) the total wave function must
be antisymmetric, therefore for the electronic state C 2yt
the ortho spin states are restricted to even values of J', whereas
the para spin states are restricted to odd values of J'. So
the photoemission and predissociation rates at temperature
T result from the weighted rates of the mixture of the spin
isomers,

AT = Z XSO (T)AS, + Z XTI THAT,,  (24)

AT = Zx;’f‘h"(T)A"f??+ZX£’353<T>A"559’ 25)

and the photoemission spectrum is built up as a superposition
of the two spectra I°™° () and I°**(1). Note that observables
considered here can be obtained from rovibrational energies,
Eq. (4), photoemission rates, Egs. (7) and (8), and predissoci-
ation rates, Eq. (10); this information is given as Supplemental
Material [23].
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TABLE 1. Comparison of calculated and measured relative vibrational energies AEUC,O = (EVC,0

—E(%) (meV), photoemission rates

A% /107 s7!, and predissociation rates Aﬂff‘é /107 s7! of the C?%,* electronic state of 2N,*. Results of the present work correspond to

V0

para-2N,*.
Quantity Source VBN,

0 1 2 3 4 5 6 7 8
AES, This work 0 254 505 753 998 1239 1476 1709 1937
AESO Ref. [24] theor. 0 254 504 751 994 1233 1468 1699 1924
AES Ref. [25] expt. 0 248 500 748 993 1234 1471 1703 1931
AT This work 1.31 1.37 1.42 1.46 1.49 1.51 1.52 1.53 1.53
AT Ref. [11] theor. 1.56 1.61 1.69 1.71 1.73 1.73
ASH Ref. [6] expt. 1.29 1.12(5)
AP This work 0 0 0 147 313 59.6 102.5 1606  239.7
A Ref. [7] theor. 0 0 0 6.4 146 18.6 50 82 124
AP Ref. [7] expt. 0 0 0 132)  24(6)  50(10)  82(23)  100(38) 278
APt Ref. [6] expt. 0 0 0 246)  19(4) 19(4)

III. RESULTS

Because of its natural abundance, 28N2+ is the isotope most
studied experimentally. Therefore, as a test, we first compare
our results with the relevant physical quantities available in
the literature concerning the 2N system. Table I gathers the
experimental and theoretical data for the vibrational energy
spacing of the C 2%, electronic state and the photoemission
and predissociation rates. To be consistent with the reported
theoretical works, we present values of photoemission rates
for J/ = 0 and predissociation rates for J' = 10 (see Roche
et al. [7]). In general our results are in good agreement with
pioneer works by Erman [6], Roche et al. [7], Baltzer et al.
[25], and Ehresmann et al. [24]. In particular, our photoemis-
sion rates for v/ = 1 and v = 2 are in better agreement with
the experimental values reported by Erman [6], which yield
lifetimes of 72.3 and 70.4 ns, respectively. On the other hand,
our predissociation rates are closer to experimental values
reported by Roche ef al. [7]. It is remarkable that the photoe-
mission and predissociation rates increase as the vibrational
quantum number v’ increases. Nevertheless, changes in the
photoemission rates occur in the range between 1.31 x 10’

and 1.53 x 107 s~!, while the predissociation rates change
greatly, from 14.7 x 107 t0 239.7 x 107 s~!, upon going from
V' =3to v = 8. Because AP*! 3> A for any J, the lifetime
for vibrational states with v’ > 3 is governed by the predis-
sociation process, yielding 6.8 ns for v/ = 3 and 0.42 ns for
v' = 8. Thus, relaxation of the C 2%, state is about 10 times
faster for vibrational states v’ > 3 compared to vibrational
states v’ =0, 1, and 2. Note that the natural energy width
A = h/7 for vibrational states v’ = 3and v’ = 8,9.7 x 107,
and 1.6 x 1073 meV, respectively, are too small compared to
the spacing of the energy levels (753-505) meV = 248 meV
and (1937-1709) meV = 228 meV (see Table I), and therefore
effects of overlapping resonances [26] and perturbation of
vibrational levels v’ through the dissociation continuum [27]
can be neglected.

Table II lists our calculated photoemission (J' = 0) and
predissociation (J' = 10) rates for isotopes 2N, and N, *.
The predissociation rates are compared with the theoretical
and experimental values reported by Roche et al. [7]. For
isotope 2N, the predissociation is still the dominant relax-
ation process, whereas for isotope *’N,* photoemission dom-
inates for vibrational states v = 3, 4, and 5, while predissoci-

TABLE II. Calculated photoemission rates A% /107 s~" and predissociation rates A”0 /107 s~! of the C 2%, * electronic state of 2N, and

V10

ortho-**N,. A comparison is done with calculated and measured predissociation rates reported by Roche et al. [7].

Quantity Source v
3 4 5 6 7 8
29N2+
A This work 1.46 1.49 1.51 1.52 1.53 1.53
AP This work 3.79 7.65 15.11 25.65 39.84 58.37
AE?TE} Ref. [7] theor. 0.97 2.32 4.7 8.5 14. 21.2
APF Ref. [7] expt. 2.33+£0.35 4.60 & 0.60 8.9+ 1.1 174432 233+5 66 =+ 35
30N2+
Ao This work 1.45 1.48 1.51 1.52 1.53 1.53
AP This work 0.32 0.81 1.41 2.74 4.63 7.64
Agﬁg Ref. [7] theor. 0.50 1.08 2.08 3.7 6.0 9.3
AP Ref. [7] expt. 1.26 £0.13 222402 48404 2345 20+4 58 425
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FIG. 2. Photoemission spectrum of N, (C*%,") at T = 300
K; the wavelength is given by A = he/(ES, — EX.,,). (a) Spectrum
for wavelengths ranging from 140 to 210 nm (i.e., Av from +3 to
—8; Av = v —v"). (b) Window displaying the photoemission signal
for the group Av = —7; subgroups corresponding to the initial states
V' =0,1,2,3, 4, and 5 are indicated. (c) R branches and P branches
of the photoemission signals of the group Av = —7.

ation dominates from v > 6. It should be noted that the agree-
ment with experimental data is better for *’N,* than for *'N,*,
presumably due to the fact that the photoemission and predis-
sociation rates are similar and too small compared to those
for 2N,™. So far, our results for the isotopes N, * and 2N, "
are in good agreement with the reported experimental values,
while for the isotope *°N,* the agreement is acceptable.
Next we describe the photoemission spectrum for the three
isotopes; they can be compared with experimental spectra
reported by Holland et al. [28], van de Runstraat ez al. [1], and
Govers et al. [3]. Figure 2 shows /(1) at 300 K for the *N,*
system. Figure 2(a) displays the relative photoemission inten-
sity (arbitrary units) calculated from A = 140 nm to A = 210
nm. Twelve groups of signals can be appreciated. Each group
is made up of all the transitions between two vibrational states
with the same Av. For example, the group around 197 nm
corresponds to the vibrational transitions v — v’ + 7. Each
group is therefore formed by the photoemission from different

(a) o0.02 ‘ ‘

z 28N,*, T = 300 k _

T 0015} v 0T 1
=} . 3 Fy :

g ¢ by
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FIG. 3. Photoemission spectrum of 2N,"(C%%,") at T = 300
K; the wavelength is given by A = he/(ES, — EX.,,). (a) Spectrum
with wavelengths ranging from 140 to 210 nm (i.e., Av from +3 to
—8; Av = v’ —v"). (b) Window displaying the photoemission signal
for the group Av = —7; subgroups corresponding to the initial states
V' =0, 1, 2, and 3 are indicated. (c¢) R branches and P branches of
the photoemission signals of the group Av = —7. Filled and open
circles correspond to the ortho and para spin isomers, respectively.

initial vibrational states V', i.e., a band. Figure 2(b) displays
the different bands v' of the group Av = —7. Each band is
composed of two branches, the R branch (the J' — J' — 1
transition) and the P branch (the J' — J' 4+ 1 transition).
Figure 2(c) displays the two branches of the bands v’ = 0,
1, 2, 3, 4, and 5 of the group Av = —7. Thus, each point
in the spectrum represents a single transition, v'J" — v"J".
Note that the peak intensities of bands displayed in Figs. 2(b)
and 2(c) increase for v/ =0, 1, and 2 and then decrease
abruptly to more or less a constant value for v/ = 3, 4, and 5.
This behavior is a signature of the dominant predissociation
process of vibrational levels v’ > 3. From the P branch of
band v' = 2 [see Fig. 2(c), right panel] one can recognize that
the peak intensity occurs at J' = 7, which corresponds to the
most populated rotational state of 2N,™ at 300 K.

Figures 3 and 4 show the photoemission spectrum for
28N, " at 300 and 50 K, respectively. The effect of the temper-
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FIG. 4. Photoemission spectrum of 2N,"(C2X, ") at T = 50 K.
For details see the caption to Fig. 3.

ature on the photoemission spectrum can be plainly seen. The
same trends found for isotope *’N,* (shown in Fig. 2) hold
for isotope N, ™ at both temperatures. The spectra displayed
correspond to the mixture 7°™° () and 7P*?(1). Figures 3(b)
and 4(b) show the v/ =0, 1, 2, 3, and 4 bands of the group
Av = —7. Filled circles represent 0rtho—28N2+, whereas open
circles show para-28N2+. Note that the intensities of ortho-
2N," are about a factor of 2 larger than those of para-
28N, " and they alternate. This intensity alternation in the ratio
2:1, also observed in the Raman spectrum of N [29], is a
consequence of the relative abundance of the spin isomers
givenby R = (I + 1)/I with I = 1 for 28NZJF. Figures 3(c) and
4(c) exhibit the corresponding R and P branches. Similarly to
PN,*, N, also reveals an abrupt decay of the photoemis-
sion signal for v" > 3 due to the dominant predissociation. As
expected, the bands are sharper at 50 K [compare Fig. 3(b)
and Fig. 4(b)]. At 50 K the most populated rotational states
are J' =3 and J' = 2 for the ortho and para spin isomers,
respectively.

The photoemission spectrum of **N,* at 300 K is shown
in Fig. 5. As in the case of the N," system, the spectrum of
39N, is also made up of a mixture, i.e., /(%) and /P (2.).
Note that the peak intensities of the ortho isomer are about a
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«&;;‘5?% i-:@f? e , .
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FIG. 5. Photoemission spectrum of *N,*(C2X,) at T = 300
K; the wavelength is given by A = hc/(ES » — EX ). (a) Spectrum
with wavelengths ranging from 140 to 210 nm (i.e., Av from +2 to
—8; Av = v —"). (b) Window displaying the photoemission signal
for the group Av = —7; subgroups corresponding to the initial states
V' =0, 1, 2, and 3 are indicated. (c) R branches and P branches of
the photoemission signals of the group Av = —7. Filled and open
circles correspond to the ortho and para spin isomers, respectively.

factor of 3 of the peak intensities of the para isomer, according
to the R = (I + 1)/1 ratio for I = 1/2. Such an alternation of
3:1 in the intensity of the signals has also been observed in
spectroscopic measurements of 30N2+ and used to determine
the nuclear spin of the N isotope [30,31]. We would like to
remark that in this case no abrupt decay is observed in the
photoemission spectrum as in the previous systems. This is
due to the comparable magnitudes of A™ and AP (see results
for 30N2+ in Table II) and therefore the lack of a dominant
process.

Recently, Hrodmarsson et al. [10] have reported new
predissociation/photoemission ratios for the isotopes 28N2Jr
and 30N2+. Their results are based on the ratio I(NT)/I(N,™)
of the signals measured in a mass spectrometer after pho-
toionization of N, with synchrotron radiation. Table III
gathers our results calculated with Eqs. (24) and (25)
at two temperatures. Experimental results reported by
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TABLE III. Calculated predissociation/photoemission ratios A’STEd/Af}',“ at T=50 K and T =300 K. Experimental values of
predissociation/photoemission ratios reported by Govers et al. (1975) [3], Ehresmann et al. (2006) [11], and Hrodmarsson et al. (2019)

[10] are also included.

Source 3 4 5 6 7 8
28N2+
This work (50 K) 10.2 20.7 38.9 66.2 103.3 154.2
This work (300 K) 10.1 21.0 39.5 67.3 105.0 156.9
Ref. [11] expt. 10.0 18 27 61
Ref. [3] expt. 9.8(8.5-11.5) 18(15-22) 33(29-40) 52(42-70) 60(45-90) 160(95-480)
Ref. [10] expt. 32(25-44) 55(36-110) >332 >332
29N2+
This work (50 K) 2.50 4.59 9.00 15.13 23.41 34.31
This work (300 K) 2.75 5.38 10.47 17.65 27.28 40.05
Ref. [3] expt. 1.79 £0.20 3.66 +0.45 6.1 £0.6 109+1.5 14(11-16) 38(8-48)
30N2+
This work (50 K) 0.04 0.74 1.27 241 4.00 6.49
This work (300 K) 0.13 0.51 0.87 1.67 2.80 4.60
Ref. [3] expt. 0.98 £0.10 1.53 £0.10 3.19+£0.20 17.6 £3.5 13.2£2.5 33(1341)
Ref. [10] expt. 1.70 £0.24 3.17+0.18 7.3(6.9-7.8) 46(42-52) 19(18-21) >24
Hrodmarsson et al. (2019) [10], Ehresmann et al. (2006) 160 -
[11], and Govers et al. (1975) [3] are also included. The 140 v=s 28N2t
temperature for experiments on **N,* and *°N,* carried out 120 | , :
by Hrodmarsson et al. is estimated to be 50 K with J =3 §~ 100 F V=L g
. . S <
as the maximum of the rotational distribution [10], whereas = 80 Ve R
the temperature for experiments reported by Govers et al. is Sz 60 F i
estimated to be 300 K with J = 9 as the maximum of the rota- 40 : v'=5
tional distribution [3]. For this reason we report our results for 20 V=3 V=4
50 and 300 K. Note the differences in the experimental results 0 : : : : : : :
0 50 100 150 200 250 300 350 400

reported by Hrodmarsson et al. and those reported by Govers
et al. and Ehresmann et al. It was suggested that differences
in the predissociation/photoemission ratios be attributed to
the thermal rotational distributions in each experiment [10].
Figure 6 exhibits the predissociation/photoemission ratio as
a function of the temperature for the three isotopes **N,*,
29N2+, and 30N2+. As can be seen, the effect of the tem-
perature is more pronounced for *N,*, barely visible for
N,", and negligible in *N,*. These trends agree with
theoretical results reported by Roche et al. [7], who studied
the predissociation/photoemission ratio as a function of the
rotational quantum number J'. In particular, we found that
for *°N,* the photoemission prevails for v/ =3 and V' = 4,
whereas for v/ = 5 predissociation prevails at least until ca.
300 K, where photoemission becomes more important. For
vibrational states v > 6 predissociation dominates at least
until 400 K. In order to guarantee reliability of the results,
a maximum rotational quantum number of J; . = 40 was in-
cluded in the calculations, yielding a population of xl‘)’,‘}}}i a0 =
0.0002 and x};" 55 = 0.0001 at 400 K for all vibrational lev-
els v/, with J' =10 (x99, = 0.0909) and J' = 9 (x}}y =
0.0307) the most populated rotational states.

IV. SUMMARY AND CONCLUSIONS

We have studied the effect of the temperature on the
predissociation and photoemission rates of the molecular

Temperature (K)

50 T T T T T T T
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5> 30 i
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FIG. 6. Predissociation/photoemission ratios for different vibra-
tional states v’ as a function of the temperature.
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isotopes *N,*, #N,*, and **N," in the C?%," electronic
state. For homonuclear systems, the ortho and para spin
isomers have been considered, giving rise to a detailed de-
scription of the photoemission spectrum, e.g., alternating
intensities of successive rotational lines due to the statisti-
cal weights of the spin isomers are visible. For the 28Nz+
and 29N2Jr isotopes the predissociation can be deduced from
the photoemission spectrum as a strong decay of the signal
for v’ > 3, whereas for the *°N," isotope predissociation
can barely be appreciated from the photoemission spectrum.
From our calculations we can conclude that predissocia-
tion is the dominant decay process for isotopes 2N, and
#N,". We have also studied the effect of the temperature
on the predissociation/photoemission ratio for several vibra-
tional levels v'. Our results suggest that differences in the
predissociation/photoemission ratio reported by Hrodmars-
son et al. versus those reported by Govers et al. [3] and Ehres-

mann et al. [11] cannot be attributed to the thermal distribution
of the rotational states. However, we should state that our
theoretical framework considers only direct predissociation of
the C2%, " state and that accidental predissociation [32,33],
not included in our calculations, might play an important role
at low rotational temperatures. A theoretical description of
this phenomenon with both direct and accidental predissocia-
tion pathways is being pursued.
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