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Abstract. Resonance enhanced multiphoton ionization (REMPI) spectroscopy, preferably linked with ki-
netic energy analysis of the resulting photoelectrons (REMPI-photoelectron spectroscopy (PES)), continues
to make enormous contributions to our understanding of the spectroscopy and, in many cases, the decay
dynamics of small molecules in excited (normally Rydberg) electronic states. Here we present results of
recent REMPI and REMPI-PES studies involving the ammonia molecule which provide further illustration
of some of the many opportunities offered by these techniques.

PACS. 33.60.-q Photoelectron spectra – 33.80.Rv Multiphoton ionization and excitation to highly excited
states (e.g., Rydberg states) – 34.50.Gb Electronic excitation and ionization of molecules; intermediate
molecular states (including lifetimes, state mixing, etc.)

1 Introduction

Resonance enhanced multiphoton ionization (REMPI)
spectroscopy is now well-established as a valuable method
for investigating the structure and, in favorable cases, the
decay dynamics of many of the more long lived excited
electronic states (most notably Rydberg states) of small
and medium sized gas phase molecules [1]. Additional in-
formation (for example, structural data for the resulting
ions and/or insight into molecular photoionization dynam-
ics) can be obtained when the REMPI method is com-
bined with kinetic energy (KE) analysis of the accom-
panying photoelectrons – a technique normally identified
with the name REMPI-photoelectron spectroscopy (PES).
The present work highlights recent REMPI and REMPI-
PES investigations of the ammonia molecule as a means
of illustrating many of these strengths [2]. Ammonia has a
pyramidal (C3v) equilibrium geometry in its ground state,
with an electronic configuration most usually written as:

(1a′1)2(2a′1)2(1e′)4(1a′′2 )2; X̃1A′1. (1)

Excited states arising as a result of electronic promotion
from the highest occupied 1a′′2 lone pair molecular orbital
all have planar (D3h) equilibrium geometries. This, and
the modest size of the potential barrier to inversion in the
ground state, justifies description (as above) of the ground
state configuration in terms of D3h symmetry labels.
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The excited electronic states of ammonia have been
the subject of many previous experimental and theoretical
studies, addressing their spectroscopy, their complex pre-
dissociation pathways and, in some cases, their detailed
photochemistry. Much of the earlier spectroscopic work
involved conventional ultraviolet (UV) and, particularly,
vacuum ultraviolet (VUV) gas phase absorption measure-
ments of the vertical electronic spectrum [3–6]. The con-
gested nature of these spectra, however, precluded many
definitive assignments. The congestion arises, in part, be-
cause each electronic transition appears in the form of
a long vibronic progression associated with excitation
of the out-of-plane mode ν′2 (an inevitable consequence
of the Franck-Condon principle and the planar ← pyra-
midal geometry change that results upon electronic pro-
motion from the 1a′′2 orbital), but is compounded by the
spectral line broadening due to predissociation of many of
these excited states. Our current level of understanding is
to a large extent a result of the introduction of REMPI
spectroscopy, allied with jet-cooling techniques, and the
seminal work of Colson et al. [7,8]. They recorded and
compared the three-photon REMPI spectra and the VUV
absorption spectra of both NH3 and ND3 over the
wavenumber range ∼ 62 500–80000 cm−1 and provided
what, at the time, was the most complete global descrip-
tion of the electronic spectrum of ammonia. Much of the
subsequent work has been concerned with extending and
refining parts of this spectroscopic analysis and/or with
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Fig. 1. Diagram showing observed and/or predicted members (with n ≤ 5) of the first few Rydberg series of ammonia. State
labels (following Refs. [2,8]) and symmetries are shown, along with the appropriate value of the principal quantum number, n.

detailed analysis of the predissociation mechanisms affect-
ing some of the lower lying Rydberg states.

The small size and high symmetry of ammonia has en-
couraged description of its molecular orbitals within the
framework of an appropriate united atom (neon), split by
a field of D3h symmetry. All documented excited elec-
tronic states fit within such a model, involving electron
promotion to an orbital with principal quantum number
n ≥ 3; all are thus regarded as Rydberg states. Figure 1
illustrates the lowest energy part of the pattern of states
predicted by this model. For clarity, only states derived
from orbitals with n ≤ 5 and ` ≤ 3 are shown; Rydberg
states involving orbitals with higher n should exhibit the
same energetic pattern, whilst states derived from higher
` functions are not considered further because of their pre-
sumed inaccessibility via a two-photon excitation (such as
considered here) from an initial orbital possessing hybrid
s/p character [1].

The spectroscopy and photochemistry of the first ex-
cited Ã1A′′2 (3sa′1 ← 1a′′2) state of ammonia has been the

subject of much attention. The 298 K NH3(Ã−X̃) ab-
sorption spectrum shows vibrational (a progression in ν′2)
but no rotational fine structure; the 00

0 and 21
0 bands of

the corresponding system in ND3 do exhibit some resolv-
able rotational structure [4]. Our present understanding
of this efficient predissociation process (kpredissociation ∼
1012−1013 s−1) derives from a number of sources: rota-
tional state lifetimes and decay rates deduced from simu-
lation of individual Ã← X̃ vibronic band contours [9,10]
and from direct linewidth measurements of fully resolved
rovibronic transitions revealed by double resonance meth-
ods, e.g. by stimulated emission pumping (SEP) following

multiphoton preparation of C̃′ state molecules [10,11] or

in microwave-optical double resonance experiments [12];

ab initio calculations of the Ã state potential energy sur-
face [13]; and measurements and modeling of the energy
disposal [14,15] and the recoil velocity and angular mo-
mentum vector correlations [16,17] in the NH2 photofrag-
ments. Taken together, these studies now afford a remark-
ably detailed picture of the photofragmentation dynamics
of Ã state ammonia molecules, which have been summa-
rized elsewhere [18,19] and will not be discussed further.

The 3pe′ ← 1a′′2 and 3pa′′2 ← 1a′′2 electronic promotions

give rise to the B̃1E′′−X̃1A′1 and C̃′1A′1−X̃
1A′1 systems,

respectively. Members of the 2n0 vibronic progression as-
sociated with the former transition have been identified,
in both NH3 and ND3, via VUV absorption spectroscopy
[3,20,21], but our detailed understanding of the B̃
state has been much enhanced by two-photon REMPI
spectroscopy studies both under beam conditions [22]
and, with sub-Doppler resolution, in the bulk [23].
Several rotationally resolved double resonance stud-
ies, in which B̃ state levels associated with excita-
tion of one quantum of each of the doubly degen-
erate vibrations ν′3 and ν′4 (built on a progression
in ν′2) were populated following initial excitation of

molecules into selected rovibrational levels of the X̃
[24–26] or Ã [27,28] states have helped clarify the extent of

Jahn-Teller distortion affecting the B̃1E′′ state and prove
that the historically labeled C̃−X̃ system of ammonia ac-
tually involves a vibronic component of the B̃ state. The
C̃′1A′1−X̃

1A′1 system has negligible oscillator strength
in the one-photon spectrum but shows as a well-resolved
progression (in ν′2), interspersed among the various B̃−X̃
features, in both two and three-photon REMPI [7,29,30].

Double resonant multiphoton excitation, via the Ã state,



M.N.R. Ashfold et al.: Multiphoton spectroscopy of ammonia 191

has provided one route to identifying the C̃′ state sym-
metric stretching mode (ν′1) in both NH3 and ND3 [27].
The former was also identified in one of the first REMPI-
PES studies of jet-cooled NH3 molecules [31]. Picosecond
pump-probe REMPI-PES studies have allowed real time
observation of the decay of selected vibronic levels of both
the B̃ and C̃′ states [32].

Progressing to higher energies, the spectrum of ammo-
nia becomes ever more complex, reflecting the increased
electronic state density (see Fig. 1) and the consequent
increase in Franck-Condon accessible vibronic levels as we
approach the first ionization limit (IE = 82 159 cm−1

in the case of NH3 [33]). The availability of rotation-
ally “cold” spectra, obtained using jet-cooled samples,
has been essential in unravelling a significant part of this
congested level structure. Li and Vidal [21] identified a
2n0 vibronic progression in the VUV excitation spectrum
of both NH3 and ND3 by monitoring either fluorescence
from the fraction of NH2 (ND2) photofragments that are

formed in their excited Ã2A1 state or parent ions that re-
sult from absorption of a visible photon by the VUV pre-
pared state (i.e. 1+1’ two color REMPI); rotational anal-
ysis shows that this progression must be associated with
the D̃1E′−X̃1A′1 (3de′′ ← 1a′′2) transition. Parallel analy-
ses of VUV absorption spectra and/or 3+1 REMPI spec-
troscopy [8] indicate that another member of the 3d← 1a′′2
complex (the D̃′′1A′′2−X̃ transition, associated with the
orbital promotion 3da′1 ← 1a′′2), has its electronic origin in

the same energy region, as do the D̃′1A′′2−X̃ (4sa′1 ← 1a′′2)

and D̃′′′1E′′−X̃ (4pe′ ← 1a′′2) transitions. Energetic con-
siderations dictate that the “missing” 1E′′(3de′ ← 1a′′2)
excited state must also lie in this energy range but it re-
mains to be identified. The situation at still higher energies
becomes ever less complete. Virtually all recent progress
[2,34] has come from 2 + 1 REMPI spectroscopy, much
of it in conjunction with REMPI-PES studies similar to
those reported here. In the remainder of this paper we will
concentrate on a number of illustrative examples involving
the ammonia molecule which serve to demonstrate various
of the merits (and some of the remaining limitations) of
the REMPI and REMPI-PES techniques.

2 Experimental

Results described herein were obtained using two com-
plementary experimental set-ups: in Bristol, a home-
built time-of-flight (TOF) mass spectrometer was used to
record mass resolved REMPI spectra of jet-cooled NH3

and ND3 molecules and fragments arising from their pho-
todissociation, whilst in Amsterdam REMPI-PES studies
were performed using a “magnetic bottle” spectrometer.
Both experiments have been described previously [2,35]
and thus only brief descriptions of the apparatus and pro-
cedures are presented here.

REMPI spectra were recorded in Bristol using a pulsed
nozzle to introduce NH3 or ND3 (5% mix seeded in ∼
1 atm Ar) into the source region of a home-built TOF
mass spectrometer. The gas pulses were crossed by the fo-

cused (f.l. 30–50 cm) frequency doubled output of a tun-
able Nd:YAG pumped dye laser. Ions formed by REMPI
in the source region were subjected to two stages of accel-
eration prior to entering a field-free drift region and were
detected by a pair of chevron-configuration microchannel
plates. The resulting signal was accumulated by a digital
oscilloscope and downloaded to a computer via a GPIB
interface for subsequent analysis. To obtain mass selected
REMPI spectra, the dye laser was scanned and only that
part of the total ion signal that fell within a narrow time
window centered on the TOF of the mass of interest was
collected, averaged, and stored. Wavelength calibration (in
the visible spectral region) was achieved by recording the
optogalvanic spectrum of neon excited in a hollow cath-
ode discharge simultaneously with the REMPI spectrum
of interest.

REMPI-PE spectra were obtained in Amsterdam us-
ing an XeCl excimer pumped dye laser system with the
laser output focused (f.l. = 2.5 cm) into the ionization
region of a magnetic bottle photoelectron spectrometer.
These experiments employed an effusive beam of pure NH3

or ND3 vapor. This was intercepted at right angles by
the focused laser beam, and photoelectrons resulting from
each laser pulse were extracted along the third orthogonal
axis into the spectrometer. The measured times of arrival
of the photoelectrons at a pair of MCPs situated at the
end of the 50 cm flight tube were used to determine elec-
tron kinetic energies. A transient digitizer, interfaced to
a PC, recorded pre-amplified output signals from the mi-
crochannel plates. Kinetic-energy-resolved photoelectron
spectra were obtained by progressively stepping the re-
tarding voltage on a grid in the flight tube and, at each
voltage setting, performing a time-to-energy transforma-
tion on just the slowest (i.e. highest resolution) part of the
TOF spectrum, with a resultant 15 meV (FWHM) resolu-
tion at all kinetic energies in the present experiments. To
place the photoelectron kinetic energies on an absolute
scale, the ammonia sample was doped with xenon and
well-documented REMPI transitions terminating on the
two spin-orbit states of the Xe+ ion were then used to cal-
ibrate the REMPI-PE spectra. Some wavelength-resolved
REMPI spectra were also recorded in Amsterdam by mea-
suring both the total and selected energy portions of the
photoelectron yield as a function of excitation wavelength.

3 Results and discussion

Figure 2a shows a mass resolved 2+1 REMPI spectrum of
jet-cooled ND3 (monitoring just parent ions with m/z 20)
recorded using linearly polarized laser radiation at wave-
lengths ∼ 292 nm. Given previous analyses [3,21–23] of

lower 2n0 members of the B̃−X̃ two-photon transition in

NH3 and ND3, and the fact that the B̃−X̃ electronic pro-
motion is known to be carried exclusively by the T 2

1 (A)
component of the two-photon transition tensor [22,23], it
is a relatively straightforward exercise to show that this
particular spectrum involves a 1E′′−1A′1 vibronic transi-
tion, originating from the lower (0+) inversion level of the
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Fig. 2. (a) 2 + 1 REMPI spectrum of ND3 obtained us-
ing linearly polarized laser radiation and monitoring the yield
of ions with m/z 20, as a function of wavelength over the
range 292.68–291.55 nm (2ν̄ = 68 315–68 580 cm−1). (b) Sim-
ulated two-photon excitation spectrum of this B̃−X̃ 212

0 band
obtained using literature values (Ref. [39]) for the ground
state constants, the following excited state parameters: ν0 =
68 446.20(3) cm−1, B = 3.526(5) cm−1, C = 2.84(1) cm−1,
ξ = 0.784(6) and fixing qv and the distortion constants to
0 – determined by least squares fitting in terms of the ap-
propriate symmetric top Hamiltonian (Ref. [22]), a transition
linewidth of 0.9(1) cm−1 (assumed Gaussian and largely de-
termined by the laser bandwidth), a rotational temperature
of 40 K, and assuming the transition to be carried solely by
the T 2

1 (A) component of the two-photon transition tensor; (c)
shows the corresponding simulation that results if we use the
same spectroscopic constants but assume the spectrum to be
due to a 1E′−1A′′2 vibronic transition (as would be the case
if the resonance enhancing B̃ state level had odd v′2 quantum
number and the transition thus originated from the 0− level of
the ground state).

ground state. Thus we can conclude that the 2n level res-
onant at the two-photon energy involves an even number
of out of plane bending quanta; the band origin and ro-
tational constants returned in the best-fit simulation of
the spectrum (Fig. 2b) are consistent with assignment in

terms of 2 + 1 REMPI via the B̃, v′2 = 12 state. Figure 2c
shows a simulated two-photon spectrum using the same
spectroscopic constants for the lower and upper states, but
assuming the spectrum to arise as a result of a 1E′−1A′′2

Fig. 3. (a) 2+ 1 REMPI spectrum of jet-cooled NH3 recorded
using linearly polarized laser radiation and monitoring just
those ions with TOF appropriate to m/z 17, over the wave-
length range 281.21–278.47 nm (2ν̄ = 71 100–71 800 cm−1).
(b) Approximate simulations showing the relative extents of
the two overlapping C̃′−X̃ 28

0 and B̃−X̃ 212
0 band contours

(see text for further details).

vibronic transition (as would be the case if the resonance

enhancing B̃ state level had odd v′2 quantum number and
the transition thus originated from the 0− inversion com-
ponent of the ground state). This provides a much inferior
reproduction of the relative line intensities appearing in
the experimental spectrum (reflecting the different nuclear
spin statistics associated with the J ′′ levels contributing
to the K ′′ = 0 sub-bands that originate from 1A′1(0+) and
1A′′2(0−) vibronic states [21]) and serves to highlight the
level of detail and accuracy achievable with the “tradi-
tional” methods of molecular spectroscopy in cases where
it is possible to observe and analyze the rotational fine
structure associated with an isolated vibronic transition.

Turning now to consider the corresponding B̃−X̃ 212
0

band in the 2 + 1 REMPI spectrum of NH3 we begin to
see some of the potential problems from spectral over-
lap, even in jet-cooled spectroscopy. As Figure 3 shows,
the B̃−X̃ 212

0 band falls on the low wavenumber side
of a more intense feature. Given the simplification af-
forded by jet-cooling and knowledge of the pattern of
vibronic structure appearing at lower wavenumber [2,8,
21], interpretation of this spectral region presents no real
difficulty: the more intense feature can be assigned to
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the C̃′−X̃ 28
0 band. Both this assignment, and that of

the B̃−X̃ 212
0 band, can be confirmed by REMPI-PES

measurements of the kind described below. The ac-
companying band contour simulations are, of necessity,
somewhat approximate since both excited states are pre-
dissociated [29,30] to the extent that lifetime broaden-
ing precludes resolution of individual lines. Ground state
spectroscopic parameters used in their construction were
taken from Urban et al. [36], whilst excited state parame-

ters used were as follows: B̃−X̃ 212
0 : ν0 = 71 315(1) cm−1,

B′ = 5.43(6) cm−1, C′ = 5.9(1) cm−1, ζ = 0.58(6),
with qv and the centrifugal distortion constants fixed
at 0, and a transition linewidth ω = 5.7(3) cm−1 (as-
sumed Lorentzian, and largely determined by the short
excited state lifetime); C̃′−X̃ 28

0: ν0 = 71 483(2) cm−1,
B = 8.1(2) cm−1, C = 5.7(3) cm−1. The best-fit ro-
tational temperature in each case was Trot = 40 K.
The C̃′−X̃ 28

0 band contour simulation assumes contribu-
tions from both the T 0

0 (A) and T 2
0 (A) components of the

two-photon transition tensor (relative amplitudes 1.0:0.8)

and that the C̃′ 28 excited state lifetime shows a rota-
tional level dependence whereby the transition linewidths
(assumed Lorentzian) vary according to the relationship
[2,22,37]:

ωJ′K′ = ω0

{
1 + a[J ′(J ′ + 1) + bK ′2]

}
, (2)

with ω0 = 3.9(2) cm−1, a = 0.7(2) and b = −1.
Spectral congestion and blending, in many cases ex-

acerbated by lifetime broadening, become ever more
problematic at higher energies. By way of illustration,
consider the portion of the jet-cooled NH3 REMPI spec-
trum shown in Figure 4 and, in particular, the features
at 2ν̃ ∼ 78 140 cm−1 and ∼ 78 495 cm−1 (shown on an
expanded scale in the two insets). REMPI-PES holds the
key to definitive assignment in such situations. The Ryd-
berg state (or states) of interest typically have the same
core configuration as the ionic state that lies at the con-
vergence limit of the series to which they belong (i.e.
that of the ground state ion in this case). Thus the fi-
nal NH+

3 ← NH3(Rydberg) ionizing transition(s) will be
between states having very similar equilibrium geometries.
In such cases, we should anticipate that the dominant
Franck-Condon factor will be for the final one-photon ion-
ization step in which all vibrational quantum numbers
are conserved (i.e. ∆v = 0). This is nicely illustrated by
the REMPI-PE spectra shown in Figures 5 and 6. The
former, obtained following excitation of a room tempera-
ture NH3 sample at (a) 286.84 nm (2ν̃ = 69 709 cm−1),
(b) 279.20 nm (2ν̃ = 71 615 cm−1) and (c) 275.56 nm
(2ν̃ = 72 560 cm−1), arise as a result of 2 + 1 REMPI via

the 1123, 1125 and 1126 vibronic levels of the C̃′ state, re-
spectively. The C̃′−X̃ 11

023
0, 11

025
0 and 11

026
0 bands appear

only weakly in the parent two photon excitation spectrum,
but are relatively free from overlap, and thus give “clean”
photoelectron spectra (Fig. 5) each of which is dominated
by a single peak appearing at a kinetic energy wholly
consistent with an ionization step in which both the ν1

and ν2 quantum numbers are preserved. Lower members

Fig. 4. 2+ 1 REMPI spectrum of jet-cooled NH3 recorded us-
ing linearly polarized laser radiation and monitoring just those
ions with TOF appropriate to m/z 17, over the wavelength
range 258.0–254.0 nm (2ν̄ = 77 490–78 720 cm−1). This spec-
trum is a composite, obtained by splicing together two spectra.
Although some adjustments were made to avoid serious dis-
continuities between overlapping spectra, no corrections were
made for variations in laser output energy. The numbers below
the combs in the figure indicate v′2, the upper state out-of-plane
bending quantum number. Relevant features for comparison
with the REMPI-PE spectra presented in Figures 6 and 8 are
shown on an expanded scale above the main spectrum.

of this C̃′−X̃ 11
02n0 progression in NH3 were identified in

one of the first applications of REMPI-PES to NH3 [31].
These spectra are included primarily to demonstrate the
strong propensity for ∆v = 0 transitions in the final one
photon ionization step from the Rydberg states of ammo-
nia, since it is an underlying assumption in much of our
subsequent discussion. Figure 6 shows the corresponding
REMPI-PES obtained following excitation at 254.72 nm
(2ν̃ = 78 495 cm−1), resonant with one of the more promi-
nent features apparent in the jet-cooled excitation spec-
trum shown in Figure 4. The fact that all REMPI-PE
spectra reported herein were recorded using an effusive
jet is significant in this case, because the room tempera-
ture band contour of this transition (and all other transi-
tions) will be substantially wider than that shown in the
jet-cooled excitation spectrum, and spectral overlap will



194 The European Physical Journal D

Fig. 5. REMPI-PE spectra of NH3 obtained following exci-
tation at (a) 286.84 nm (2ν̃ = 69 709 cm−1), (b) 279.20 nm
(2ν̃ = 71 615 cm−1) and (c) 275.56 nm (2ν̃ = 72 560 cm−1).
The three peaks at KE = 2.03, 2.13 and 2.19 eV, respectively,
are consistent with NH+

3 ion formation in the 1123, 1125 and
1126 vibrational states.

Fig. 6. REMPI-PE spectrum of NH3 obtained following exci-
tation at 254.72 nm (2ν̃ = 78 495 cm−1). The dominant peak,
at KE = 4.41 eV, is consistent with ionization to the zero-
point level of the ion, whilst that at KE = 4.20 eV is associ-
ated with ion formation in the v+

2 = 2 level. The identity of
the peak at KE = 4.11 eV is discussed in the text.

be correspondingly greater. The dominant peak appears
with a KE = 4.41 eV. Energy conservation requires that

3hν = IE +Eint(NH+
3 ) +KE(e−). (3)

Three 254.72 nm photons equate to a total energy of
14.60 eV. Thus, given the ionization threshold for form-
ing NH+

3 (X̃) ions, IE = 10.19 eV [33], we conclude that
there is a strong propensity for forming parent ions with
Eint = 0.0 eV, i.e. in their zero-point vibrational level.
This suggests that the Rydberg level of NH3 providing
the dominant resonance enhancement at the two-photon
energy following excitation at 254.72 nm is an electronic
origin. This allows estimation of its quantum defect, δ,
defined according to the relation

2ν̃ = IE − R/(n− δ)2, (4)

where IE = 82 159 cm−1 and R is the Rydberg constant,
109 737 cm−1. The value of δ reflects the extent to which
the Rydberg electron penetrates into the core region and,
as such, is a sensitive indicator of the ` character of the
Rydberg electron. Such information, taken together with
the results even of crude simulations of the corresponding
band contours evident in the jet-cooled REMPI excitation
spectra (which will often suffice to indicate the parallel or
perpendicular nature of the two-photon excitation step),
can be of considerable help in unravelling the vibronic level
structure of small and medium size gas phase molecules at
energies approaching the ionization limit. In this instance
we deduce that the 2ν̃ = 78 495 cm−1 feature is the first
(i.e. 00

0) member of a progression of parallel bands, the
origin of which exhibits a quantum defect, δ = 0.53 (as-
suming n = 6). This we assign in terms of the orbital
promotion 6pa′′2 ← 1a′′2 , resulting in population of an ex-
cited state of 1A′1 symmetry which has been labeled the

G̃′ state [2].
The energy level diagram shown in Figure 7 antici-

pates results presented in Figure 8 by considering a sit-
uation where there are two levels (belonging to different
Rydberg series both of which converge to the same elec-
tronic state of the ion (e.g. the ground state), with bend-
ing quantum numbers v′2 = 2 and 3, respectively, in near
degeneracy. From the foregoing, it should be clear that
one-photon ionization from these levels would result in
preferential formation of NH+

3 (X̃) ions with bending vi-
brational quantum numbers v+

2 = 2 and 3, respectively.
Obviously, these two states of the ion involve different
amounts of internal (vibrational) energy but, since the
particular intermediate levels of interest were near degen-
erate, the overall three-photon absorption will have intro-
duced very similar amounts of energy in each case. Once
again, energy conservation will be satisfied if the pho-
toelectron is ejected with the appropriate kinetic energy
(Eq. (3)). As before, knowing the total energy supplied to
the molecule by the multiphoton absorption process, one
can deduce the vibrational quantum state of the resulting
ion and thus, by Franck-Condon arguments, the vibra-
tional level(s) of the Rydberg state (or states) providing
the resonance enhancement at the two-photon energy, sim-
ply by measuring the photoelectron KEs.
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Fig. 7. Energy level diagram illustrating the origins of the
various sub-groups in the photoelectron KE distribution that
will result in the case of 2 + 1 REMPI via near degenerate
Rydberg levels with bending vibrational quantum number v′2 =
2 and 3, respectively (see text for further detail).

Figure 8 shows three more REMPI-PE spectra, ob-
tained following excitation of a room temperature NH3

sample at (a) 256.09 nm (2ν̃ = 78 074 cm−1), (b)
255.87 nm (2ν̃ = 78 142 cm−1) and (c) 255.71 nm
(2ν̃ = 78 190 cm−1). Note that the first and third of
these REMPI-PE spectra were recorded at wavenumbers
where the jet-cooled excitation spectrum (Fig. 4) shows
no resonance enhancements. This, and the fact that the
wavenumber used when recording (b) differs from that of
the peak in the jet-cooled REMPI spectrum (Fig. 4), again
is merely a reflection of the much broader vibronic band
contours in the room temperature parent excitation spec-
trum. Consider the most intense peak with KE = 4.10 eV
in (a). Three 256.09 nm photons correspond to a total en-
ergy of 14.52 eV. Given IE(v+ = 0) = 10.19 eV [33],
we this time deduce that there is a strong preference for
forming parent ions with Eint = 0.23 eV – equivalent
to 2 quanta of the out-of-plane bending vibration, v+

2 .
Thus we conclude that the Rydberg level providing the
two-photon resonance enhancement following excitation
of room temperature NH3 molecules at 256.09 nm also
carries 2 quanta of out-of-plane bending vibration. Sim-
ilar analysis of the REMPI-PE spectra obtained follow-
ing excitation at 255.71 nm (c) indicates that the result-
ing ions are formed with v+

2 = 3; hence the intermediate
level assignments chosen in Figure 7 and indicated in the
REMPI excitation spectrum shown in Figure 4. Excita-
tion of a room temperature NH3 sample at intermediate
wavelengths (e.g. 255.87 nm) results in some resonance en-

Fig. 8. REMPI-PE spectra of NH3 obtained following exci-
tation at (a) 256.09 nm (2ν̃ = 78 074 cm−1), (b) 255.87 nm
(2ν̃ = 78 142 cm−1) and (c) 255.71 nm (2ν̃ = 78 190 cm−1).
The strongest peak in (a), at KE = 4.10 eV, is consistent with
ionization to the v+

2 = 2 state of the ion, whilst that in (c),
at KE = 4.01 eV, is consistent with formation of ions with
v+

2 = 3. The unlabeled weaker peaks in (a–c) can be assigned
in terms of two photon resonance enhanced ionization via the
Ẽ′′ 24, Ẽ′ 25 and Ẽ′ 26 states and via the Ẽ′−X̃′ 22

111
0 “hot

band”, the band contours of each of which will overlap the
relevant energy range when using a room temperature NH3

sample.

hancement by the band contours of transitions to both of
these intermediate levels, and a more complex REMPI-PE
spectrum results (Fig. 8b).

Similar REMPI-PES measurements at neighbouring
excitation wavelengths allow unambiguous identification
of extended vibronic progressions associated with these
peaks (and with the other resonance enhancements evi-
dent in Fig. 4) and, in each case, determination of the
Rydberg state origin. This, in turn, allows estimation of
the quantum defect, δ, of these various Rydberg origins.
Thus, for example, we deduce that the two-photon reso-
nance at 2ν̃ ∼ 78 140 cm−1 involves contributions from the
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third (i.e. 22
0) member of a progression of perpendicular

bands the electronic origin of which lies at ∼ 76 200 cm−1

and with the fourth (i.e. 23
0) member of a second progres-

sion with electronic origin at 75 335 cm−1. The δ values
for these two origins are ∼ 0.7 and ∼ 0.0 (assuming n = 5
and n = 4 respectively). The former is associated with
the orbital promotion 5pe′ ← 1a′′2 , resulting in popula-
tion of an excited state of 1E′′ symmetry which has been
labeled the F ′′ state [2]. Definitive assignment of the elec-
tronic state supporting the 23

0 band is more problematic;
the near zero quantum defect suggests strongly that the
terminating orbital is either a 4d or 4f Rydberg orbital.

Returning to Figure 6, the astute observer will have
noted the presence of a number of weak features which we
have not yet discussed, but which can be interpreted as
arising from analogous, weaker, overlap of excited states
of NH3 resonant at the two photon energy. The peak at
KE = 4.20 eV is consistent with 2 + 1 REMPI termi-
nating on the v+

2 = 2 level of the ion [33]. Recalling the
2 + 1 REMPI excitation spectrum shown in Figure 4, this
is most readily explicable by assuming some two photon
resonance enhancement by the nearby F̃ ′1A′1−X̃ 22

0 band
which, given that the REMPI-PES data was recorded
using a room temperature sample, is perfectly feasible.
More interesting is the feature at KE = 4.11 eV, with
Eint = 0.3 eV (2420 cm−1). This internal energy is no
simple multiple of ν+

2 , but is most readily interpreted

in terms of the formation of NH+
3 (X̃) ions carrying one

quantum of each of ν+
2 and ν+

4 (ν4 is the e′ degenerate
out-of-plane bending mode) [33]. Again, if we assume a
∆v = 0 ionization step, such an assignment would sug-
gest two-photon resonance enhancement by a 21

041
0 band

in the neutral NH3 molecule which, on energetic grounds,
we must associate with the F̃ ′′1E′′ state with electronic
origin at ∼ 76 200 cm−1 [2]. The vibronic symmetry of
this 2141 level will be 1E′′ ⊗ a′′2 ⊗ e

′ =1A′1. We attribute
it’s unexpected showing in the two photon excitation spec-
trum to accidental near resonance, and vibronic mixing,
with the resonant G̃′1A′1 00 level. Such a 2n0 41

0 transition
is the analogue of those reported previously [24,27] in-

volving the B̃1E′′ state, the first (n = 3) member of the

npe′ ← 1a′′2 Rydberg series to which the F̃ ′′ state also be-
longs. Here, then, we see another example of a situation
where careful analysis of REMPI-PES spectra can reveal
contributions from vibronic mixing between excited state
levels [38] which, by virtue of spectral overlap or their in-
herently weak transition strength, is not recognizable in
the conventional wavelength resolved REMPI excitation
spectrum.

4 Conclusions

This paper presents selected examples involving the
molecules NH3 and ND3 which serve to demonstrate how
a combination of (jet-cooled) REMPI spectroscopy and
companion REMPI-PES studies can provide a wealth of
detailed information relating to the energetic ordering
of Rydberg states in small and medium sized gas phase

molecules, even amongst the myriad of observed features
converging on the first IE. It is not intended to provide
a comprehensive guide to the current state of knowledge
regarding the Rydberg states of ammonia – this can be
found in references [2,7,8]. For a yet more detailed un-
derstanding of the dense manifold of highly excited states
of ammonia it will almost certainly be necessary to take
advantage of the additional spectral simplification and
definition provided by two color double resonance spec-
troscopy methods.
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