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Long-lived states of N2
2: Formation, lifetimes, and identity

T. Andersen,* K. A. Bertelsen, M. K. Raarup, and N. Rud
Institute of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark

J. Olsen
Institute of Chemistry, University of Aarhus, DK-8000 Aarhus C, Denmark

L. Veseth
Institute of Physics, University of Oslo, N-0316 Oslo, Norway

~Received 25 June 1999!

Long-lived metastable states of N2
2 are generated by sputtering surfaces of TiN or BN with keV Cs1 ions.

The lifetimes of the metastable ions have been measured at the storage ring ASTRID. Experimental investi-
gations of the charge exchange of N2

1 ions in alkali-metal vapor and theoretical calculations support the
conclusion that the long-lived N2

2 species are sextet states, originating from the attachment of an electron to
a quintet state of the N2 molecule.@S1050-2947~99!07911-1#

PACS number~s!: 33.20.2t, 33.70.Ca, 33.80.Eh, 33.15.Ta
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I. INTRODUCTION

Atoms like He@1# and Be@2# or molecules like He2 @3#
are unable to form stable negative ions by attaching an e
tron to the ground state, but all three systems are able to f
long-lived ~ms-ms! negative ions by attaching an electron
an electronically excited state@4–6#. The conditions for the
existence of such long-lived metastable states are usual
follows. Positive electron affinity with respect to the ele
tronically excited state of the parent atom; forbidden rad
tive transitions; spin- or symmetry-forbidden autodetachm
for at least one of the fine-structure components; stab
with respect to dissociation and vertical electron detachm
for molecular ions; and weak interaction with the electr
continuum wave.

Negative ions of N2 have been studied extensively@7–9#
experimentally and theoretically over a long period of tim
to gain information about the structural and dynamic prop
ties of these ions and their role in atmospheric processes.
well established that the nitrogen molecule is unable to fo
a stable negative ion by attaching an electron to its gro
state, but short-lived states of N2

2 can be formed by scatter
ing electrons on N2. The short-lived species represent attac
ment of an electron to either the ground state or to an exc
singlet state of molecular nitrogen. Until a few years ago,
the N2

2 resonances which had been observed exhibited v
short lifetimes~ps or shorter! with the well-known2Pg reso-
nance being described as a typical shape-type reson
@10#. In 1997, however, Gnaser@11# and Middleton and
Klein @12# reported the observation of a much longer-liv
N2

2 ion. It was formed by sputtering surfaces of TiN
TiAlN. The efficiency for producing the long-lived N2

2 ion
was rather low with only one molecular negative ion bei
formed per 107 sputtered N atoms@11#. A lower limit for the
lifetime of this long-lived N2

2 ion could be estimated to b
10 ms, based on the time the ions used to pass from the
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source to the detection facility. Preliminary lifetime studi
performed at a modified tandem accelerator have indica
that the lifetime may be much longer than 10ms @13#.

Stimulated by the mass-spectroscopic observations
Gnaser@11#, Sommerfeld and Cederbaum performedab ini-
tio calculations of quartet states of N2

2, which could be po-
tential candidates for the long-lived metastable state@14#.
They proposed that the4Pu state of N2

2, formed by attach-
ing an electron to the lowest-lying triplet state of N2,

3Su
1 ,

was the most likely candidate to explain the experimen
findings. The 4Pu state has the configuratio
(1sg)2(1su)2(2sg)2(2su)2(3sg)2(1pu)3(1pg)2, i.e., with
a hole in the 1pu orbital and with the antibonding 1pg or-
bital being doubly occupied. The4Pu state was found to be
stable with respect to vertical autodetachment by 0.28
but the calculated adiabatic electron detachment energy
negative,20.11 eV. Since it is difficult to perform electro
affinity calculations with very high accuracy for molecul
systems with as many electrons as the N2

2 ion possesses, i
was proposed that zero-point corrections could change
sign of the adiabatic value, making the4Pu state stable with
respect to Coulomb-induced autodetachment. The only de
channel would then be the spin- and symmetry-forbidd
autodetachment to the ground state of N2, a process expecte
to happen on ams-ms time scale.

The theoretical work by Sommerfeld and Cederbaum@14#
initiated the present study, a joint experimental and theo
ical investigation of the properties of the long-lived N2

2

ions, to gain more information about their formation, lif
time, and identity. The experimental part has been focus
on the possible production of the long-lived N2

2 ions, either
from N2

1 ions undergoing charge exchange in alkali-me
vapor or by sputtering surfaces of the nitrogen-contain
materials TiN, BN, and NaN3. In addition, lifetimes have
been determined by means of a time-of-flight technique,
lizing the storage ring ASTRID at Aarhus University@15#.
The theoretical part has been dealing with calculations
binding energies of N2

2 quartet states, using an alternativ
calculation method to the one applied by Sommerfeld a
3627 ©1999 The American Physical Society
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3628 PRA 60T. ANDERSENet al.
Cederbaum@14#, and finally as a consequence of the expe
mental results reported here, a study of N2

2 sextet states
which may be formed by attaching an electron to quin
states of molecular nitrogen.

II. EXPERIMENTAL APPROACH

The experimental investigations were performed partly
the Aarhus Storage Ring Denmark~ASTRID! and partly at
the Aarhus EN tandem accelerator. ASTRID and the exp
mental setup used at this facility for measurements of l
times have been described before@4,16#. Therefore, only the
main parts will be mentioned here. The ring, which is 40
in circumference, has two 45° bending magnets in each
ner, followed by four quadrupole magnets on the strai
sections. The N2

2 ions were injected into the ring from a 20
keV accelerator. Two different types of ion sources we
applied to investigate the production of long-lived N2

2 ions:
a sputter ion source loaded with the nitrogen-contain
compounds TiN, BN, and NaN3 or a plasma-type ion sourc
@17#. In the former, the surfaces of the solid nitroge
containing compounds were sputtered with 2 keV Cs1 ions;
the negative ions produced were accelerated, mass-
charge-state analyzed before being injected into the sto
ring. In the plasma-type ion source, electron bombardmen
molecular nitrogen was utilized to generate intense beam
N2

1 in its ground state. The mass- and charge-state anal
positive ions were passed through a cell containing alk
metal vapor ~potassium!, with the purpose of generatin
negatively charged, molecular nitrogen ions by the char
exchange process. The negative ions were finally injecte
a pulsed beam into the ring. At the tandem accelerator, o
the sputter ion source was applied.

The tandem accelerator has been used to investigate
composition of the negative ions formed having a mass v
close to 28 amu. In addition to N2

2, it was expected that Si2

would be present, the latter as an impurity formed by sp
tering of pump-oil deposits on the solid samples. Addition
impurities with masses close to 28, such as CO2 or AlH2,
have been observed by Gnaser@11#. He applied thin films of
TiAlN on a WC substrate as sputter targets, which proved
contain an appreciable amount of C and O as replacem
for N. These impurities have not been observed in
present study. The relative mass resolution at the tande
approximately 1500, making it difficult to secure a comple
separation of these impurities from N2

2 and Si2. Application
of the stripping technique available at the tandem acceler
followed by mass analysis at masses 12~C!, 16 ~O!, and 27
~Al ! allows, however, an unambiguous analysis of the s
cies with masses close to 28. After stripping the N2

2 ion for
some of its electrons, leading to Coulomb explosion of
molecule, the ratios between N and Si were determined
the following combinations of ions: (N41,Si81),
(N31,Si61), and (N21,Si41).

At the storage ring the negative ion beam intensity w
measured as a function of time by monitoring neutral p
ticles produced by detachment from the N2

2 or Si2 ions, by
means of a neutral particle detector installed in a cham
behind one of the bending magnets. The average rest
pressure in the ring was in the range of 3310211mbar, with
H2 being the dominant rest-gas component. Measuremen
-
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lifetimes in the range from;50 ms to fractions of seconds
are possible at ASTRID. The lower limit is determined b
the revolution time, the upper limit being controlled by th
collisionally induced destruction of the negative ions caus
by the rest gas. Negative ions with binding energies sim
to Si2 @1.389 52~2! eV for the 4S ground state@18## will be
destroyed by the rest gas, resulting in a mean lifetime of 1
s. The experimental conditions for the injected mass 28
beam (N2

2 or Si2) can be varied as far as beam energ
beam intensity, or rest-gas pressure are concerned.

III. THEORETICAL CALCULATIONS

A. Calculations of quartet states

A many-body perturbation method for general mod
spaces@19#, previously successfully applied to calculate t
electron affinities for atoms like Ar and Ca@20#, has been
utilized to predict the properties of quartet states belong
to the N2

2 ion. Starting with Hartree-Fock optimized mo
lecular orbitals for theA 2Pu state of N2

1 with leading con-
figuration (3sg)2(1pu)3, the potential-energy curves for th
A 3Su

1 andB 3Pg states of N2 were calculated around the
respective minima. The leading configurations of these st
are (3sg)2(1pu)3(1pg)1 and (3sg)1(1pu)4(1pg)1, respec-
tively. The potential-energy curve for theA 3Su

1 state was
obtained with single-reference many-body perturbat
theory, complete to third order. A rather extensive basis
of atomic Slater orbitals was used, comprising 22 orbitals
s symmetry, 14 ofp symmetry, and 8 ofd symmetry. Sev-
eral diffuse 2s, 2p, and 3d atomic orbitals were included in
the basis set. In the case of theB 3Pg state,
single-reference perturbation theory turned out to be in
equate and, in addition to the leading configurati
given above, the three excited configuratio
(3sg)1(1pu)2(1pg)3, (2su)1(3sg)2(1pu)3(1pg)2, and
(2sg)1(2su)2(3sg)2(1pu)4(1pg)1 had to be included. Due
to the technical complexity of the multireference method,
perturbation expansion had to be terminated after the sec
order in this case.

The 4Pu and 4Sg
2 states of N2

2 with the leading configu-
rations (3sg)2(1pu)3(1pg)2 and (3sg)1(1pu)4(1pg)2, re-
spectively, were handled with the same basis of atom
Slater orbitals as in the neutral case. Hartree-Fock optimi
molecular orbitals for the4Sg

2 state were used for the pe
turbation expansion in both cases. For the4Pu state, a
single-reference expansion was found to be adequ
whereas a multireference method had to be used
the 4Sg

2 state, with the two excited configuration
(3sg)1(1pu)2(1pg)4 and (2su)1(3sg)2(1pu)3(1pg)3

added to the leading one.

B. Calculations of sextet states

The two lowest-lying sextet states of N2
2 are 6Pg with

the configuration (3sg)1(1pu)3(1pg)2(3su)1 and 6Su
1

with the configuration (1pu)2(1pg)2(3su)1. These states
are obtained from the doubly excited5Pu and 5Sg

1 states of
N2 by attachment of an electron to the 3su orbital. Both of
the anion states dissociate into N(4S)1N2(3P). The 5Sg

1

state dissociates into the ground-state atoms N(4S)1N(4S)
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and the5Pu state into the excited channel N(4S)1N(2D).
Since the5Pu state has a significantly higher energy than
remaining considered states, it will not be discussed furt

The potential-energy curves of the quintet and sex
states were examined using theaugmentedcorrelation-
consistent polarized valence triple-zeta~AUG-CCP VTZ! ba-
sis set@21# and the complete active space self-consistent fi
~CASSCF! method@22# with the valence electrons distrib
uted in an active orbital space comprising the 2s, 2p, and
3p orbitals of each atom. The CASSCF method can be
plied to all regions of a potential-energy curve, but does
produce very accurate results, as the method does not inc
dynamic correlation. The lack of dynamic correlation h
been compensated for by adjusting the potential-ene
curves, so that the asymptotic energy separations ar
agreement with experiment. To obtain the quantitative c
rect results fromab initio calculations, one must use a mo
extensive correlation method and a significantly larger ba
set.

One could argue that an active space comprising only
valence orbitals 2s and 2p should be sufficient to give the
essential features of the potential-energy curves. For the
ion states this choice is problematic considering that the
sociation limit contains both a neutral and a negativ
charged atom. The 2p wave functions should be more di
fuse for the negatively charged atom than for the neutral
however, only a pair ofp orbitals is occupied, theD`h sym-
metry of the molecule enforces the 2p orbitals of the two
atoms to be identical. This problem may be bypassed
reducing the symmetry toC`v , but a more satisfying ap
proach is to keep the correct symmetry and include a sec
set ofp orbitals in the active space. In accordance with
discussion above, one finds that the CASSCF method
duces erratic energies for the anion at long internuclear
tances unless the symmetry is lowered toC`v .

IV. RESULTS

A. Production of long-lived N2
2 ions

The charge-exchange experiments, starting with inte
beams of N2

1 ~more than 50mA! and passing the positiv
ion beam through a cell containing alkali-metal vap
showed no evidence of the formation of long-lived, negat
molecular nitrogen ions. The upper limit for production
long-lived N2

2 ions from N2
1 ions could be estimated to b

;5310210. This result is in good agreement with previo
investigations by Baeet al. @23#, but in contradiction with
those of Hiraokaet al. @24#, who reported the observation o
small quantities of metastable N2

2, which they proposed
could originate from the4Pu state, provided at least on
vibrational level was located below the lowest triplet sta
A 3Su

1 , of N2.
The yield of long-lived N2

2 ions produced from TiN and
BN was roughly the same, whereas no N2

2 formation was
observed by sputtering of NaN3. These three compound
were selected for the sputtering experiments since they
hibit different environments for the N atoms in the so
targets. TiN has a NaCl structure and may be regarde
cubic close-packed arrangements of Ti atoms with N ato
in the octahedral holes. The nitrogen atoms thus have
types of neighbors: N and Ti atoms. BN has a graphitel
structure with B and N atoms alternating in the layer, but
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structure differs from graphite in having the hexagons
rectly under one another~B under N!. Thus a N atom will
always have a different type of atom, in this case a B atom,
as its nearest neighbor, contrary to TiN. In NaN3, the N3

2

ion is linear. By heating NaN3, N2 will be generated. If it is
important for the formation of a long-lived N2

2 ion that a
molecular precursor is present in the solid phase—TiN a
NaN3 have neighboring N atoms—then the production
long-lived N2

2 ions would be expected to be favored b
applying these two substances for sputtering. If, on the o
hand, the long-lived N2

2 ion is generated via interaction be
tween two sputtered N atoms and the Cs coated surfac
the ion source, then it may be expected that TiN and BN
act as suitable sputtering materials, whereas NaN3 may be
less effective. Figure 1 illustrates the relative yields of Nn1

and Si2n1 (n53 and 4! measured at the tandem accelera
after stripping of the 5.1 MeV N2

2 ions. The14 charge state
was favored for both N and Si at the selected acceler
voltage. The ratios N41 to Si81, N31 to Si61, and N21 to
Si41 were measured to be 2, 0.2, and 0.04, respectively.
tailed analysis was performed at the tandem accelerato
secure that the N-containing peaks (N41, N31, and N21) did

FIG. 1. Accelerator mass spectrum of mass 28 produced f
sputtering of TiN at terminal voltage 5.1 MeV. Upper section: T
two peaks are separated by 3.6~4! G by the analyzing magnet com
pared to a calculated mass difference of 3.4 G. Lower section:
two peaks are separated by 2.7~3! G compared to a calculated mas
difference of 2.9 G.
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3630 PRA 60T. ANDERSENet al.
originate from N2
2 and not from other N-containing mol

ecules with mass 28, such as14N13CH or 14N12CH2, but there
was no indication of such a contamination.

B. Lifetime data

An ;25 pA beam of N2
2 ions, generated by sputterin

TiN, was used for the lifetime measurements. Since the
dem accelerator investigation had shown the mass 28 yie
be a mixture of N2

2 and Si2, a reference measurement w
performed using a pure Si2 beam produced by sputtering
pure Si surface. Si2 is known to possess three stable ter
belonging to the 3p3 configuration 4S, 2D, and 2P, with
binding energies of 1.389 521~20!, 0.527 234~25!, and
0.029~5! eV, respectively@18,25#. The investigation of the
lifetime of the Si2 beam showed the presence of a sho
lived component, fitted to 2.0~2! ms, with the stated uncer
tainty reflecting the span of lifetimes obtained when dis
garding data points from the first few round trips in t
storage ring. In addition, a long-lived component~1–5 s! was
present. Such a long-lived component can be attributed to
strongly bound4S and 2D states undergoing electron d
tachment due to collisions with the rest gases, whereas
short-lived component can be assigned to the weakly bo
2P state. Previous studies of weakly bound states of nega
atomic ions, such as Ca2 @26#, Sr2 @27#, and Ba2 @28#, ex-
hibiting binding energies in the range from 24 meV@26# to
144 meV @28#, have shown that such states will appear
decay components with lifetimes in the range 0.5–10 ms

A typical decay curve obtained with the N2
2 beam is

shown in Fig. 2 on a semilogarithmic scale, illustrating
number of not clearly resolvable lifetime components. In
ting the data, two of the components were fixed at the val
dictated by the Si2 decay curve. The minimum number o
exponentials required to give a reasonable fit to the de
curve for the N2

2 beam is four, meaning that at least tw
different components which can be attributed to N2

2 are
present. Due to the very rapid initial decay, only the fi
three data points can be disregarded, which is just on
edge of influence from initial state effects~such as slit scat-

FIG. 2. Semilogarithmic plot of the neutral particle signal (N2

and Si! as a function of time after injection of a 100 keV N2
2 beam.

The solid curve represents a fit to four exponentials.
n-
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tering!. The results obtained for the two components attr
uted to N2

2 are 120~15! and 515~25! ms, respectively, with
the uncertainty representing one standard deviation. Th
results are independent of varying the lifetimes for the S2

components within the ranges of 1.8–2.2 ms and 1–5
since these longer-lived components have a negligible in
ence on the lifetime determination of the shorter-lived co
ponents.

C. Calculations of quartet states

The fact that the long-lived N2
2 ions can only be formed

in a sputter process and not by charge exchange of N2
1 ions

provides evidence against a long-lived quartet state of N2
2,

which has as a parent a triplet state of N2. This observation
has initiated calculations of the potential-energy curves as
ciated with the4Pu and 4Sg

2 states of N2
2, using a different

calculation method from that applied by Sommerfeld a
Cederbaum@14#. Figure 3 shows the result of the calcul
tions.

The energies are calculated with reference to a compu
third-order many-body energy of the N2 ground state at the
internuclear distanceR52.068 a.u. For theA 3Su

1 state of
N2, a minimum in the energy is calculated to be 6.04 eV

FIG. 4. Potential-energy curves for the6Su
1 and 6Pg states of

N2
2 and the associated5Sg

1 state of N2.

FIG. 3. Potential-energy curves for the4Pu and the4Sg
2 states

of N2
2 and the associated3Su

1 and 3Pg parent states of N2.



ue

ta
-

le
f
-
-
he
e
le
b

he
-
he

ad
o

s
ia
u
e
-
w
il

re
tr
h
ish
Th
in

es
ac
te

th
ith
ti
fa
iz

ta-
ike
-
rtet

rgy
the

par-
en

ea-
av-
nted
ave
ed
s
may

t in

tro-

o

he
r
h as

uce
ap-
ec-

ies
of
ent

ions
a

rch

We
el-
to
for

PRA 60 3631LONG-LIVED STATES OF N2
2: FORMATION, . . .
R52.43 a.u. in good agreement with the experimental val
of 6.17 eV and 2.431 a.u.@7#. For theB 3Pg state of N2, the
computed excitation energy at the minimum atR52.38 a.u.
is 7.31 eV, which should be compared with the experimen
values of 2.294 a.u. and 7.35 eV@7#. The energetic lowest
lying negative-ion state,4Pu , exhibits a minimum atR
52.73 a.u. of 6.36 eV and thereby a negative adiabatic e
tron affinity with respect to theA 3Su

1 neutral parent state o
0.32 eV. For the higher-lying4Sg

2 state, the computed mini
mum energy is 6.77 eV atR52.65 a.u., which yields a posi
tive adiabatic electron affinity of 0.54 eV with respect to t
B 3Pg parent state. The4Sg

2 state will, however, be unstabl
with regard to autodetachment to the lowest-lying trip
state with a lifetime estimated by a many-body method to
only 2310215s @19#. Hence, the computed properties for t
lowest-lying quartet states of N2

2 do not support the pro
posal@14# that a quartet state most likely could explain t
existence of the long-lived N2

2 ions.

D. Calculations of sextet states

Figure 4 shows the potential-energy curves for the6Su
1

and 6Pg states of N2
2 and the 5Sg

1 state of N2. As men-
tioned above, the potential curves for the anion were
justed to give the correct asymptotic energy difference, c
responding to an electron affinity of N(3P) of 20.07 eV
@29#. The asymptotic energy of the quintet state has been
to zero. Both sextet states exhibit minima in the potent
energy curves and these minima are below the minim
electronic energy of the quintet state, which near 4 a.u.
hibits a complicated behavior~probably an avoided cross
ing!. The sextet states are thus predicted to be stable
respect to dissociation and electron detachment. The equ
rium distance and dissociation energy of the6Su

1 state are
predicted to be 4.7 a.u. and 0.30 eV, respectively, whe
the 6Pg state is predicted to have an equilibrium geome
of 5.0 a.u. and a dissociation energy of 0.35 eV. At t
current level of approximation it is not possible to establ
which of the two sextet states has the lowest energy.
limited accuracy is evident from the calculation on the qu
tet state, which is predicted to be slightly unstable.

Using a variational calculation on the vibrational stat
one obtains a harmonic frequency of about 0.03 eV for e
of the sextet states, indicating that the lowest-lying sex
state may have a significant number of vibrational states
will be stable with respect to dissociation as well as w
respect to electron detachment. A more accurate calcula
including dynamic correlation and a larger basis set will
vor the above equilibrium geometries and further stabil
the anion states with respect to dissociation.
et
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V. DISCUSSION

The present investigation has shown that long-lived me
stable N2

2 ions can be formed by sputtering substances l
TiN or BN, but not from N2

1 ions via charge-exchange pro
cesses. This provides evidence against a long-lived qua
state of N2

2, which has a parent triplet state of N2, as sup-
ported by our calculations. The calculated potential-ene
curves for two sextet states, on the other hand, exhibit
properties expected for a long-lived metastable state, in
ticular positive adiabatic electron affinity and spin-forbidd
autodetachment to lower-lying triplet or singlet states of N2.
The two electronic sextet states could account for the m
sured lifetimes, which should most likely be regarded as
erage values over some of the vibrational states. Prese
with our experimental results, Dreuw and Cederbaum h
performed a similar theoretical study of possible long-liv
sextet states of N2

2 @30#. The two independent calculation
have reached the same conclusion, that sextet states
account for the observed long-lived N2

2 ions.
The formation of the long-lived N2

2 ions is assumed to
take place via the interaction between two sputtered N(4S)
atoms, forming a quintet state of the N2 molecule, which is
able to bind an extra electron under the conditions presen
the sputter ion source~Cs vapor!. Snowdon and Heiland
have performed optical emission studies of sputtered ni
gen implanted in silicon@31#. They explain the observed
Lewis-Rayleigh afterglow by the recombination of tw
N(4S) atoms leading to the formation of N2 in the 5Sg state,
followed by stabilization at the surface and formation of t
B 3Pg state of N2. The stabilization could, however, unde
the influence of a strong electron donating substance suc
Cs vapor, probably also lead to the formation of a N2

2 ion in
a sextet state.

Sputtering of solid substances as a method to prod
negative atomic ions is well established and routinely
plied in many laboratories performing accelerator mass sp
trometry or exploring the structural and dynamic propert
of negative ions, but it is also well suited for production
negatively charged molecular and cluster ions. The pres
study indicates that some of these molecular negative
are formed in long-living high-spin states, constituting
group of molecular systems so far rather unexplored.
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