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Abstract. Molecular bands associated with the ND(A-X), ND(c-a), ND+(B-X), and ND+(C-X) transitions,
as well as atomic lines of Balmer series and several He and He+ lines, were observed in the collisions of
He+ with ND3 gas target at energies between 17 eV and 833 eV in the center-of-mass frame. Absolute
luminescence cross sections, excitation functions, and the ND(c-a)/ND(A-X) branching ratios (BR) were
determined. The sum of all luminescence cross sections in the 200–600 nm spectral window is below
1 × 10−20 m2 at 833 eV. The ND(c-a)/ND(A-X) luminescence BR increases with collision energy from
BR = 0.20 at 20 eV to BR = 0.30 at 150 eV and up to 833 eV. Computer simulations of the spectra were
used to estimate rotational and vibrational temperatures of the products. The population distributions of
rotational and vibrational states of ND∗(A, c) do not vary appreciably with collision energy.

1 Introduction

Dissociative processes leading to the formation of excited
molecules or atoms are very important in plasma chem-
istry, laser physics, plasma-related technologies and in the
optical plasma diagnostics. The spectroscopic studies of
the dissociation products and their branching into various
excited states are helpful in the analysis of chemical reac-
tions occurring in the laboratory reactors or in space, in
particular in determining the abundance of ions or neu-
tral species. Ammonia is an important molecule which is
present in the atmosphere of the Sun and some its plan-
ets, mainly Jupiter, and, to a lesser degree, the Earth.
Through the emission of NH∗ and NH∗

2 ammonia was dis-
covered in the spectra of comets (e.g. Halley) [1,2] and in
the interstellar matter [3]. Recent studies [4,5] were per-
formed to investigate the interaction of xenon ion space-
craft thrusters with the surrounding gas containing NH3.
Ammonia can dissociate into NH2, NH, N, H, NH+

2 , NH+,
H+

2 , N+ ground state products [6–8], however, there are
also numerous pathways leading to electronically excited
fragments. A complete description of the dissociation re-
action yielding excited states requires not only the iden-
tification of emitters, but also the knowledge of lumines-
cence cross sections, preferably in the form of excitation
functions. All previous studies show that the main optical
signature of the ammonia dissociation is the electronic lu-
minescence of NH molecule. The spectra of imidogen radi-
cal, NH, have been observed before in stars and other light
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sources in space. The electronically excited NH∗ molecule
can be easily formed from ammonia by a variety of phys-
ical and chemical processes.

The early studies of collision induced dissociation of
ammonia used ionic atomic and molecular projectiles and
involved mostly mass spectroscopic detection of the prod-
ucts [9–13]. The optical emission in the dissociation of
NH3 was obtained with VUV-photons from rare gas dis-
charges (see e.g. Ref. [14,15]). More recent studies [16,17]
used synchrotron radiation or other modern VUV sources.
Spectroscopic control of dissociation by pumping vibra-
tional modes with microwave photons was demonstrated
in references [18–20].

There are numerous papers reporting on optical emis-
sion in collision induced dissociation (CID) of NH3 by
electrons (an excellent and comprehensive experimental
work [21] contains references to all earlier studies of this
system). Thermal and accelerated rare gas atoms (Ar, Kr,
Xe) in the metastable 3P0,2 states were also used as the
projectiles [22–24]. Rare gas ions Ar+, Kr+, Xe+, Xe++

colliding with NH3 at ECM up to 200 eV produced rel-
atively intense NH∗ emission [4,5]. The spectra of NH∗
were also observed when NH3 was bombarded with carbon
C+ ions or with hot neutral carbon atoms [25], for these
systems the electronically excited imidogen was formed
not only by collision-induced dissociation but also as a re-
sult of chemical reactions involving atom transfer. Single-
electron charge transfer was studied for He++ collisions
with NH3 [26]. A systematic optical study of dissocia-
tion of ammonia by He+ ions was never performed before,
in the literature one can find only a brief remark [27],
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that the observed NH∗(A-X, c-a) spectra in He-NH3 af-
terglow are probably due to the collisions of NH3 with
helium ions. Helium He+ ion has the highest recombina-
tion energy of all singly charged ions and the energy bal-
ance shows that, in case there are no reaction barriers in-
volved, it should be able to produce electronically excited
fragments of NH3 molecule even at the lowest collision en-
ergies. The goal of the present study is to investigate the
optical emission in the 200–600 nm spectral range for the
He+ ions colliding with ammonia at ECM from 17 eV to
833 eV and in this way to extend the studies of refer-
ence [4] to the lightest rare gas ion. The recorded spec-
tra enable measurements of luminescence cross sections
and the determination of population distributions of the
product states described by vibrational (Tvib) and rota-
tional (Trot) temperature parameters. The latter results
are achieved by comparing the experimental spectra with
the contours obtained by computer simulations.

A major obstacle in the determination of rotational
and vibrational temperatures of NH∗ products is the pre-
dissociation of the NH(A 3Π) and NH(c 1Π) states into
the repulsive NH(1 5Σ−) state [28,29]. Thus a large part
of NH∗(A, c) excited molecules is deactivated in non-
radiative processes. Little affected by predissociation are
only these fragments of the NH(A-X)&NH(c-a) electronic
spectra which are attributed to the transitions from the
v′ = 0 vibrational state, while the emissions from v′ = 1
are substantially weakened, and the contributions from
v′ > 1 are almost completely absent. To diminish the effect
of predissociation, in the present study we use deuterated
ammonia (ND3) as the target gas. The isotopic effect on
vibrational and rotational energy levels causes the ND(A-
X, c-a) spectra of the products to contain more lines, as
more rovibronic levels lie below the value of internal en-
ergy at which predissociation of the ND(A 3Π) and ND(c
1Π) states begins depletion of emitters.

2 Experimental

A schematic of the apparatus was the same as presented
before [30]. The vacuum part was equipped with three
chambers pumped differentially. The first chamber hosted
a hot-cathode Colutron ion source. He+ ions were gener-
ated from helium gas (purity 99.999%) at the ion source
pressure of 20 Pa and the anode-to-cathode voltage of
50 V, to minimize the formation of electronically excited
He+ ions. Helium ions were extracted from the source by a
1000 V potential, and entered a second vacuum chamber,
where they were mass-selected by a magnetic field separa-
tor. The first two chambers were pumped by 1200 L/s oil
diffusion pumps equipped with liquid nitrogen traps. Sub-
sequently, the ions were transported to the third chamber,
passed through a retarder, where they were slowed down
to a required energy, and entered the collision cell through
a slit 1 mm wide, 10 mm high. The collision chamber was
pumped by two parallel turbomolecular pumps (pumping
speeds 1400 L/s and 450 L/s), which maintained the back-
ground pressure below 10−4 Pa during the measurements.

The beam energies were in the 20–1000 eV range (trans-
formation to the center-of-mass system, CM, requires mul-
tiplication of the laboratory beam energy by 20/24), with
corresponding beam currents of 1–70 nA. The ion currents
were recorded continuously with a Keithley picoammeter,
digitalized, and computer-averaged. The ion beam path in
the collision cell was 24 mm, of which the region between
l1 = 6 mm from the entrance slit and l2 = 18 mm was ob-
served by the detection system. ND3 (Aldrich; purity 99%)
gas supply was controlled through a Granville-Phillips au-
tomatic valve. The target gas pressure was measured with
an MKS Baratron capacitance manometer (head type
398 HD), digitalized and computer-averaged; it was kept
below 0.2 Pa, to maintain single-collision conditions. The
light resulting from collisions passed through an MgF2

window and was reflected by an aluminum mirror towards
the entrance slit of a spectrograph. The luminescence spec-
tra were recorded with a 1024-channel “Mepsicron” detec-
tor attached to a modified McPherson 218 spectrograph,
which was equipped with 150, 300, 1200, and 2400 L/mm
interchangeable snap-in gratings blazed at various wave-
lengths. The detector is sensitive only in the 200–600 nm
spectral region. The sensitivity profile was determined us-
ing a standard Osram Wi17/G tungsten ribbon lamp and
a Hamamatsu L656K deuterium lamp [31]. The lumines-
cence signal was about 10–400 cts/s, depending on the
ion beam energy and optical slit width used. The detector
dark count rate was 2 cts/s.

To measure the luminescence intensity on the scale of
absolute cross sections, we have performed several mea-
surements for each of the two selected luminescent re-
actions reported in the literature: (a) for the H+ + N2

collisions at the beam energy of 1000 eV [32] and, inde-
pendently, for the He+ + H2 reaction at the beam energy
of 700 eV [33]. Both scaling reactions gave almost identical
results.

Due to relatively large radiative lifetimes of the molec-
ular ND∗ and ND∗+ emitters, the luminescence cross
sections had to be corrected by factors accounting for es-
cape of electronically excited products from the observa-
tion zone. Firstly, the transfer of kinetic energy from He+

ions to the ND3 target in the laboratory system was calcu-
lated. Secondly, we assumed that the contribution to the
molecular emission comes mostly from central collisions,
so the loss of light occurs only along the direction of the
projectile velocity. This assumption has been checked by
the observations of the collision zone with the detector in
the position-sensitive mode, which enables determination
of coordinates of an emitter inside the collision cell. These
tests have shown that when the spectrograph slit was fully
open, at beam energies above 100 eV most of the light was
emitted from the observation volume determined by the
entrance slit of the scattering cell. Thirdly, we have as-
sumed that the ND∗ product will have the same velocity
as that acquired by ND3 from the ion projectile. Finally,
to calculate the correction factors for escape of emitters we
applied the procedure described in reference [34], using the
derived product velocities, dimensions of the observation
zone and radiative lifetimes. The lifetime of ND(A) equals
to 415 ns [35], for ND(c) it was measured to be 500 ns
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Fig. 1. Overwiew spectrum of luminescence from collisions of
He+ with ND3 at ECM = 167 eV recorded with spectral res-
olution of 0.7 nm. Spectral sensitivity of the detection system
is given by dashed line.

for v′ = 0 and about 230 ns for v′ = 1 [36], for ND+(B)
and ND+(C) we used the values given in reference [37] for
the corresponding electronic states of NH+, namely 980 ns
and 400 ns, respectively.

Computer simulations of the spectra have been per-
formed using formulas from [38] and spectroscopic data
for ND (or NH) from references1 [39–43]. Some spec-
troscopic constants used for ND(c-a) were derived from
the data for NH(c-a) [44] using the mass-ratio rules for
isotope effect [38]. For ND+ the spectroscopic constants
were taken from1 [45–47]. The Hönl-London factors from
references [48–50] were used. The Franck-Condon factors
for ND(A-X) were taken from [51], for ND(c-a), ND+(B-
X), and ND+(C-X) they were calculated using Morse po-
tentials and spectroscopic constants from1 [39–47]. These
FCF data are available upon request.

3 Luminescence spectra

An overview spectrum obtained from collisions of He+

with ND3 at ECM = 167 eV is shown in Figure 1. The
dominant luminescence emitter is ND∗ radical, with the
characteristic ND(A 3Π – X 3Σ−) and ND(c 1Π – a 1Δ)
bands of the Δv = 0 sequence in the 320–350 nm re-
gion. Both upper states of these transitions converge to
the same N(2D) + D(2S) asymptote and predissociate to
the repulsive ND(1 5Σ−) state. In the ND(A-X) spectrum
only four vibrational states (v′ = 0–3) are observed, the
ND(c-a) transition has a clear (v′ = 0 → v′′ = 0) band,
while the (1, 1) band is weakened by predissociation (the
ND(c; v′ = 1) state has the radiative lifetime τ = 236 ns,
which is less than half of τ for v′ = 0). The ND+(B-X)
(Δv = 0) transition can be recognized on the right side of
the Balmer Dγ atomic line, however, the entire ND+(B-
X) spectrum, with other, less intense bands of other se-

1 http://webbook.nist.gov/cgi/cbook.cgi?

ID=C15123009\&Units=SI\&Mask=1000

quences, covers the wavelength region from 380 nm to
510 nm and probably contributes to the rise of the back-
ground in this area. Below 320 nm one can identify the
ND+(C-X) transition. The Balmer series for deuterium
atom is also present, as well as the strongest He line at
388.8 nm, which arises from the He(3 3P) state1. One has
to keep in mind that the molecular species observed in this
experiment have different lifetimes of excited states, there-
fore various products have different rates of escape from
the observation zone and this in turn changes the appar-
ent relative light intensities of molecular bands. We found
that the best conditions for simultaneous demonstration
of all molecular emitters exist at the collision energy just
below 200 eV.

The observed luminescent product channels are listed
below in the order of calculated energy balance ΔE0,
which was obtained for the lowest vibrational and rota-
tional levels of molecular species. A negative value of the
energy balance ΔE0 means that the channel is exoergic,

He+(2P) + ND3(X 1A1) →
→He(1S) + ND+∗(B 2Δ) + D2(X 1Σ+

g ),

ΔE0 = −4.1 eV, (1)

→He(1S) + ND+∗(C 2Σ+) + D2(X 1Σ+
g ),

ΔE0 = −2.7 eV, (2)

→He(1S) + ND∗(A 3Π) + D+
2 (2Σ+

g ),

ΔE0 = −1.1 eV, (3)

→He(1S) + ND+∗(B 2Δ) + D(2S) + D(2S),
ΔE0 = 0.4 eV, (4)

→He(1S) + ND∗(c 1Π) + D+
2 (2Σ+

g ),

ΔE0 = 0.5 eV, (5)

→He(1S) + ND∗(A 3Π) + D(2S) + D+,

ΔE0 = 1.6 eV, (6)

→He(1S) + ND+∗(C 2Σ+) + D(2S) + D(2S),
ΔE0 = 1.9 eV, (7)

→He(1S) + ND∗(c 1Π) + D(2S) + D+,

ΔE0 = 3.2 eV, (8)

→He(1S) + ND+
2 (X 3Σ−) + D∗(4l),

ΔE0 = 4.4 eV, (9)

→He∗(3 3P) + ND+
3 (X 2A

′′
2 ),

ΔE0 = 8.5 eV, (10)

→He(1S) + ND(X 3Σ−) + D∗(4l) + D+,

ΔE0 = 10.5 eV, (11)

→He+∗(4d 2D) + ND3(X 1A1),
ΔE0 = 50.0 eV. (12)

The above channels mostly describe collisional dissocia-
tion of the target, one exception is channel (10), which
denotes a charge transfer with excitation of the neutral-
ized projectile ion, the other exception is channel (12),
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Fig. 2. Luminescence spectra of ND(A-X, c-a) in the region
of Δv = 0 sequence, obtained in the collisions of He+ with
ND3 at ECM = 833 eV and recorded with spectral resolution
of 0.13 nm. The simulated spectrum is shifted upwards for a
better comparison. The full circles mark two groups of selected
rotational lines identified in [41] and in [42]; the groups are
described as (a) and (b), respectively.

corresponding to collision-induced excitation of the pro-
jectile ion. We do not see any evidence of emission from
the following product channels:

→He(1S) + ND+∗(A2Σ−) + D2(X1Σ+
g )

ΔE0 = −4.5 eV, (13)

→He(1S) + ND∗
2(˜A2A1) + D+

ΔE0 = −4.6 eV. (14)

Extremely weak luminescence by these two emitters,
ND+∗(A) and ND∗

2(A), was observed during ammonia
bombardment by electrons [21]. NH+

3 does not show emis-
sion spectrum in the UV-Vis region [52].

All the processes (1)–(14) satisfy the spin conserva-
tion rule. The most exothermic channels of all listed above
are (13) and (14), however, in the recorded spectra their
known spectral features are absent. The ND+(A-X) emis-
sion should lie on top of the ND+(B-X) spectrum, but
the appearance of its Δv = 0 sequence is possibly weak-
ened due to a large difference in equilibrium distances of
the electronic states involved, Δre. In addition, ND+∗(A)
has a longer lifetime (τ = 1080 ns) [37] than ND+∗(B)
(τ = 980 ns) and therefore a higher probability to escape
from the observation zone. In the past, the ND+(A-X)
transition was not observed in similar spectroscopic stud-
ies using accelerated ion beams, while the ND+(B-X) tran-
sition was relatively strong [45,53]. The ND2(˜A 2A1 – X
2B1) transition usually gives a broad “quasi-continuum”
spectrum in the 300–500 nm region. The main obstacle
in recording the spectrum is a long radiative lifetime of
ND∗

2(˜A 2A1), as for NH∗
2(˜A 2A1) it is about 10 μs [54].

In our arrangement, a lifetime of this order allows for a
massive (>98%) escape of emitters from the observation
window.

Fig. 3. The branching ratio of intensities ND(c-a)/ND(A-X)
observed in the spectra for the Δv = 0 sequences of the elec-
tronic transitions.

A fragment of the ND∗ spectrum containing the
Δv = 0 sequences of ND(A-X) and ND(c-a) transitions
is shown in Figure 2. For a better understanding of the
band structure, the wavelengths of selected groups of ro-
tational lines are marked as (a) and (b). These lines
were earlier identified in the Q-branches of ND(c-a)(0,
0) and ND(A-X)(0, 0) in references [41,42], respectively.
The ND(c-a)(Δv = 0) spectrum is partially superimposed
by the ND(A-X) (Δv = 0) emission, therefore after cor-
rections for detector sensitivity, the sum of photons at
wavelengths below 330 nm was found (which can be at-
tributed only to the ND(c-a) (Δv = 0) system), to which
some photons emitted above 330 nm were added. This
latter contribution was estimated using computer simu-
lated spectral contours generated for both electronic tran-
sitions. The intensities of light were corrected for escape
of emitters. The derived branching ratios are given in Fig-
ure 3. One can see that after a slow increase from BR =
0.20 to BR = 0.30, the branching ratio stabilizes at the
latter value up to 833 eV. This behavior of BR can be
explained by the fact that the ND(A) and ND(c) elec-
tronic states of ND derive from the related singlet-triplet
pair of ND∗

3 excited states of essentially the same en-
ergy [55]. The value of the branching ratio reflects the
statistical weight of singlet (c 1Π) to triplet (A 3Π) pop-
ulations, which should be 1:3. This hypothetical 0.33 ra-
tio is slightly disturbed at low ECM by a factor result-
ing from available volume of phase space, with favors
more exoergic states. When the contributed collision en-
ergy is lower, some deficit of ND(c) production vs. the
ND(A) state population occurs, because the former state
lies 1.65 eV above the latter. The BR values were often re-
ported for other systems. For Ar+, Kr+, and Xe++ NH3,
the branching ratio is 0.10 (at 69 eV), 0.07 (at 101 eV),
and 0.04 (at 69 eV), respectively [4]. The authors proposed
that the observed decrease of BR values with increas-
ing ion mass for Ar+, Kr+, and Xe+ occurs because the
NH∗(c) and NH∗(A) molecules are formed via two differ-
ent mechanisms, although both involving excitation of am-
monia, which subsequently dissociates [4]. One has to keep

http://www.epj.org
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Fig. 4. Luminescence of ND+(B-X) in the region of Δv = 0
sequence. Collision energy ECM = 167 eV, spectral resolution
0.35 nm. Trace (a) shows the atomic Dγ line of the hydro-
gen Balmer series together with the molecular spectrum, trace
(b) gives the molecular spectrum with intensity expanded by
the factor of 5, trace (c) is the computer simulated spectrum,
shifted upwards for a better comparison. The He and He+ lines
are at 447.1 nm and 468.5 nm, respectively.

in mind that in some experiments cited above (photodis-
sociation, electron bombardment) the spin-conservation
rule blocks channels leading to NH(A 3Π) + H2 and this
strongly modifies the NH(c/A) product branching ratio.
For e− + NH3 collisions the measured BR(NH(c/A)) =
0.95 at 22 eV and BR = 1.9 at 92 eV [56]; a more reliable
result seems to be BR = 0.75 at 100 eV [21]. For thermal
Ar∗(3P) + NH3 collisions it was found BR = 0.31 in the
afterglow and BR = 0.28 in a low-pressure free jet [23],
while for Ar∗(3P) + NH3 at slightly elevated collision en-
ergies (up to 1.5 eV) the observed BR was between 0.6 and
1.0; it increased to the value between 1.0 and 1.6 after cor-
rections for predissociation [24]. From the comparison of
BR for various systems, one can see that these results are
strongly dependent on the choice of the projectile.

Figure 4 contains the Δv = 0 sequence of the ND+(B-
X) transition observed experimentally (trace (a)), the
same spectrum expanded by the factor of five (trace (b)),
and a computer simulation of the latter (trace (c)). Fig-
ure 5 presents the recorded spectrum in the 265–330 nm
wavelength region (trace (a)), the simulated spectrum
(trace (b)), and the partial contributions to the simulated
spectrum: a superimposed fragment of ND(c-a) emission
(trace (c)) and the contribution of ND+(C-X) (trace (d)).

The experimental spectra could be successfully simu-
lated using rotational and vibrational temperatures given
in Table 1 [4,14,21,23,24,57,58]. For collision energies in
the 70–833 eV range, the shape of the ND* spectrum is
essentially the same. Temperatures describing populations
of the ND(A) and ND∗(c) products are independent of
collision energy, although for the A-state they are higher
than for the c-state. For the He++ ND3, the computer
simulation requires also an individual adjustment of Trot

for each vibrational level of ND∗(A). The rotational and
vibrational temperatures in Table 1 correspond, with one

Fig. 5. Trace (a): luminescence in the 265–330 nm region at
ECM = 167 eV, spectral resolution 0.35 nm; trace (b): sim-
ulated spectrum including all emitters; trace (c): simulated
contribution of ND(c-a); trace (d): simulated contribution of
ND+(C-X).

exception, to only a fraction of eV (ca. 0.1–0.5 eV). Esti-
mates of the temperatures of analogous products obtained
when NH3 has been dissociated by other projectiles (see
the footnotes in Tab. 1) are mostly similar to these ob-
tained in the present work. The vibrational temperature
for ND+(C) is an exception from typical values of Tvib

for neutral products, and suggests a different excitation
mechanism.

4 Luminescence cross sections

The apparent excitation function for the emission ob-
served from the Δv = 0 sequences of ND(A-X) and ND(c-
a) in the 323–346 nm spectral region is shown in Figure 6
by a dashed line and open circles. For collision energies
above 50 eV this function required a correction for escape
of emitters from the observation zone (the procedure is
described in the experimental section). After the correc-
tion, the excitation function (drawn as a continuous line,
full circles) preserves a local maximum at ca. 70 eV, while
above 100 eV it increases monotonically. A somewhat dif-
ferent shape of the excitation function for NH* has been
observed for e− + NH3 [21,57,59]; in reference [21] a max-
imum at 24 eV (for A-X) and at 70 eV (for c-a) is followed
by a slow decrease up to 1000 eV, to a σ∗-value near 30%
of the maximum.

We attribute the production of ND∗(A, c) emitters
to the collision-induced dissociation of the target by He+

ions. The dissociation can occur after the electron transfer
from the target to He+ projectile ion but also when the
charge transfer fails. The latter scenario requires some-
what higher input of collision energy (for production
of ND∗(A) the deficit is ΔE0 = 8.03 eV). From pho-
todissociation experiments and ab initio study for NH3

and ND3 [60] it is known that the first excited sin-
glet state of ND3(A) predissociates into ND2 + D with
very high efficiency and about 3% of the ND2 products

http://www.epj.org
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Table 1. Rotational and vibrational temperatures of the products determined from the observed spectra for the He++ND3

system.

Collision energy Product/transition Rotational Vibrational

/Spectral temperature temperature

resolution Trot Tvib

1000 eV (0.13 nm) ND(A-X) (Δv = 0) for v′ = 0, 1, 2, 3: 4600 K(f)

Trot = 4000 K, 3000 K

2500 K, 1000 K(a,b,c,d,e)

1000 eV (0.13 nm) ND(c-a) (Δv = 0) 1400 K(g,h,i,j,k,l) 2000 K

200 eV (0.7 nm) ND(A-X) (all (v′, v”)) 3200 K(m) 4600 K(n)

200 eV (0.7 nm) ND(c-a) (all (v′, v”)) 1400 K 3000 K

200 eV (0.35 nm) ND+(B-X) (Δv = 0) 1500 K(o) 4000 K

200 eV (0.35 nm) ND+(C-X) (all (v′, v”)) 3000 K(p) >20 000 K

(a) e− + NH3 (Ecoll = 70 eV): Trot = 1730 K [58]; (b) e− + NH3 (120 eV): non-boltzmann population, approx. Trot = 8000 K [56];
(c) e− + NH3 (100 eV): non-boltzmann population, mixture Trot = 4500 K (60%) and 9000 K (40%) [21]; (d) thermal Ar∗(3P0,2) +
NH3: Trot(v

′ = 0) = (2000±500) K, Trot(v’ = 1) = (1000 ± 200) K [23]; (e) Ar∗(3P0,2) + NH3 (1.4 eV): Trot = (2000±750) K [24];
(f) e− + NH3 (70 eV): Tvib = 4000 K [58]; (g) photodissociation of NH3: Trot = 6000 K [14]; (h) e− + NH3 (120 eV):
Trot = (1690 ± 100) K [56]; (i) e− + NH3 (100 eV): Trot = 1240 K [57]; (j) e− + NH3 (100 eV): Trot = 2000 K [24]; (k) thermal
Ar∗(3P0,2) + NH3: Trot(v

′ = 0) = (900± 200) K [23]; (j) Ar∗(3P0,2) + NH3 (1.4 eV): Trot = 900 K [24]; (l) e− + NH3 (100 eV):
Trot = 2000 K [21]; (m) Xe+ + NH3 (103 eV): Trot = 4200 K [4]; (n) Xe+ + NH3 (103 eV): Tvib = 3050 K [4]; (o) e− + NH3

(100 eV): Trot = 3000 K [21]; (p) e− + NH3 (100 eV): Trot(v
′ = 0) = 3000 K, Trot(v

′ = 1) = 5000 K [21].

Fig. 6. Excitation function for ND(A-X) and (c-a) obtained
directly from experiment (open circles, dashed line) and cor-
rected for escape of emitters from the observation zone (full
circles, continuous line).

are in the excited state. At higher energies the dissocia-
tion has more available channels leading to ND∗. Theo-
retical work [55] gave calculated SCF potential curves for
the abstraction process NH3 → NH∗ + H2, which were
later used in the interpretation of results obtained for e−
+ NH3 [21], RG∗ + NH3 [23], and RG+∗ + NH3 [4]. The
NH3 molecule in the ground state X 1A1 pyramidal confor-
mation of C3v symmetry has the (1a1)2(2a1)2(1e)4(3a1)2
electronic configuration. In the first excited state NH3(A),
arising from the 3a1 → 3s Rydberg-type electron promo-
tion, ammonia is planar and has D3h symmetry. In this
new conformation, two electronic states, namely A 3A′′

2
and A 1A′′

2 , are about 0.3 eV apart and about 6.3 eV above

the ground state of NH3(X 1A′
1). In the dissociation pro-

cess, two hydrogen atoms form H2 in C2v symmetry; this
step creates energy barriers, which are somewhat different
for the singlet and triplet surfaces. After surmounting the
barriers, the system evolves towards product states corre-
lating with the NH∗(A 3Π) + H2 (releasing about 2.2 eV)
and NH∗(c 1Π) + H2 (releasing about 0.8 eV) asymptotes.
The measured temperatures reflect these values, if we as-
sume a statistical distribution of energy among all degrees
of freedom of the products. Higher excited states of NH∗

3
lead to the NH∗(A, c) + 2H(2S) products. This mecha-
nism of ND∗(A) and ND∗(c) formation corresponds well
with the observed independence of ND∗ spectra on colli-
sion energy. The maximum at lower energies in Figure 6
can be due to the formation of unstable excited states of
the target, which was suggested for He+ + NH3 below
ECM = 100 eV [12]. In the same spirit, other studies [17]
point out that after the VUV excitation of ammonia above
15.6 eV, there is a possibility of conversion from long-lived
NH∗

3 into NH∗
2 with even longer lifetime. The altering of

the intermediate species could have therefore contributed
to the appearance of the maximum in Figure 6.

For e− + NH3 at collision energy of 100 eV, refer-
ence [21] gives σ∗(A-X, c-a) = (0.049±0.005)×10−20 m2,
the same as the result in reference [61]. For Xe+ + NH3

at ECM = 100 eV, the NH(A-X) emission cross section
is about 0.1 × 10−20 m2 [4]. Our result at this colli-
sion energy is almost identical, although at lower ECM

we found a maximum, while the Xe+ projectile gives
only a little shoulder on the excitation function. The
total charge transfer cross section for He+ + NH3 is
σCT = 10 × 10−20 m2, and it is almost constant through-
out the range of collision energies between 80 eV and
1000 eV [12]. Assuming the same σCT for the deuterated
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Fig. 7. Excitation functions for ND+(B-X) (Δv = 0) (circles)
and ND+(C-X) (Δv = 0) (triangles) obtained directly from
the spectra (open symbols) and corrected for escape from the
observation zone (full symbols).

ammonia target, the luminescence cross section σ∗(A-X,
c-a) obtained in the present work at ECM = 833 eV cor-
responds to the luminescence yield Φ = σ∗/σCT = 3%.

For the ND+(B-X) (Δv = 0) and ND+(C-X) (Δv = 0)
emissions the excitation functions are shown in Figure 7.
The open symbols denote the cross sections derived from
the measured light intensities, which suggest that for
higher collision energies there is more light from the
C-X transition than from the B-X transition, this is how-
ever an artifact. The full symbols mark the cross sections
after corrections for escape of emitters (see experimen-
tal section). Since the radiative lifetime of ND+(B) is
much longer than that of ND+(C), the σ∗(B)-excitation
function is above that of σ∗(C) at all collision energies.
The low-energy ends of the excitation functions resem-
ble those presented in [21] for e− + NH3, where for both
excited states, NH+(B 2Δ) and NH+(C 2Σ−), a maxi-
mum of σ∗ is reached at about 70 eV. Excitation func-
tions with a distinct maximum at 70 eV have been ob-
served also in the experimental studies of NH+

2 and NH+

production in the dissociative ionization of ammonia by
electron impact [62,63]. For higher collision energies, the
NH+∗(B, C) cross sections decrease in [21], while in the
present work for ND+∗(B, C) they increase (see Fig. 7).
Although the ND+∗(B, C) products are formed in the
most exoergic channels observed, (1) and (2), the cor-
responding luminescence cross sections are substantially
smaller than these for the ND∗(A, c) products. Relative
cross sections for the NH+

3 , NH+
2 , and NH+ products of

Ar+, Kr+ + NH3 collisions at 500 eV were measured in
reference [8]. The NH+ fraction (both, unexcited and ex-
cited molecules) was found to be about 2% and the au-
thor concluded that the product channel was the energet-
ically higher NH++ 2H, rather than NH+ + H2. Absolute
emission cross sections measured for e− + NH3 at 100 eV
are about 0.002 × 10−20 m2 and 0.0007 × 10−20 m2 for
NH+∗(B) and NH+∗(C), respectively [21], i.e. they are an
order of magnitude lower than the corresponding ones ob-
tained in the present work.

Fig. 8. Excitation functions for the Dβ line of the Balmer
series and for He 388.8 nm atomic line.

The excitation function for Balmer Dβ (n = 4 → n =
2) line is given in Figure 8. At collision energy of 100 eV
the absolute cross section for Dβ produced in He+ + ND3

is nearly the same as that for the e− + NH3 system [57,61].
The shape of excitation function, however, is similar only
in reference [57], showing an increase of Hβ intensity with
collision energy, while reference [61] reports that the in-
tensity of this atomic line decreases with collision energy.
The components of the Balmer-β line have upper states
4l with lifetimes no longer than 227 ns [64] and there is
no need to apply a correction for escape of emitters. A di-
rect proof of the charge exchange between He+ and ND3

is the He 388.8 nm line. The excitation function of this
line is presented in Figure 8. Equation (10) gives the en-
ergy balance for a hypothetical He+ neutralization process
that requires minimum energy to possibly observe this He
line, however, the excitation function indicates that much
higher collision energies are required to populate this He
state, likely via a channel involving dissociation of the tar-
get molecule.

5 Conclusions

Numerous electronic transitions in diatomic molecules and
atoms, both neutral and ionic, have been observed as the
result of dissociation of deuterated ammonia ND3 by im-
pact of accelerated He+ ions. The dominant light emit-
ter is the ND∗(A, c) molecule. The excited imidogen can
be produced in collision-induced dissociation of the target
by He atoms formed via charge exchange, but also by a
fraction of He+ ions which were not neutralized. The sim-
ilarity of the spectra and almost identical vibrational and
rotational temperatures of ND∗(A, c) products at all col-
lision energies studied, support the view that the emitters
are formed by electron promotion in the ND3 molecule.
The results indicate statistical electronic branching ra-
tio for the ND∗(c/A) states. The available kinetic energy
seems to play little role in the collision dynamics after the
thresholds for luminescent processes have been overcome.

http://www.epj.org
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Other observed emitters are the ND+∗(B, C) cation, the
D* atom, and He∗, He+∗ atoms. All luminescence cross
sections increase with collision energy up to 833 eV, but
the sum of all σ∗ remains below 1×10−20 m2 at the high-
est energy. The excitation functions determined for the
first time in the present work can be useful in modelling
processes in plasma containing helium and ammonia, they
are also important for the analysis of reaction kinetics in
cosmochemistry.
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